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High luminescence quantum yields and long luminescence
lifetime from Eu(III) complex containing two crystal water

based on a new �-diketonate ligand
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Abstract

New members of family of Eu(III) complex based on the thenoylacetophenone have been synthesized and characterized. The compounds were
found for high metal luminescence quantum yields and long luminescence lifetime, especially for compound with two crystal water, corresponding
with other compounds containing two crystal water. The result is attributed to high molar absorption coefficients of the Eu(III) complex according
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o UV–vis and emission spectra. The high molar absorption coefficients balance quenching effect from O H oscillators of water contained in
ompound.
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. Introduction

Luminescent rare earth complexes, particularly europium
iketonates, have been intensively studied with respect to appli-
ations for luminescence and as laser materials [1]. Since the
ature of ligands surrounding lanthanoid complexes strongly
nfluence the photophyical properties, such as relative intensity,
uantum yield and luminescent life decay, it may be possible to
une them to the desired purpose. The design of molecular lig-
nds with defined architecture is important in order to investigate
tructure versus properties relationships in lanthanide solid-state
ramework structures [2], liquid crystalline materials [3], sensors
4] or luminescent label design [5] for specific biomolecule inter-
ctions. Ligand design has been based mainly on structure that
ncapsulates the lanthanide such as macrocycles and cryptands
6], podands [7] or shell-type ligands [8]. In this context, there is
lso the great majority of works [9] which study the various sec-
nd ligand of lanthanide to overcome quenching effect attributed
o crystal water contained in lanthanide complex for vibrational
uenching of O H oscillators. But there are few considerations

to balance the quenching effect by improving energy transfer
ratio and absorption efficiency, resulting from the existence of
water. Here, we extend the synthesis of europium complexes
based on a new ligand of thenoylacetophenone (TAP). And the
optophysical properties of those new compounds were measured
and the new ligand in presence of crystal water for complete
energy transfers to the europium center and their utilization
as red emitters in EL devices were explored. This europium
complex appears to be the breakthrough of preparing and using
lanthanide complex in water-containing system.

2. Experiment

2.1. Synthesize TAP and its Eu3+ complexes

Acetyl thiophene was synthesized according to the follow-
ing procedure. Thiophene (84 g) and acetic anhydride (83.5 g,
95%) were added into three-neck flask and then added phosphate
(5.0 g, 85%) under stirring at 50 ◦C. The mixture was stirred for
3 h at 100–110 ◦C. Water was added after finishing the reaction
and cooling the reactive mixture. Oil layer was washed by the
∗ Corresponding author. Tel.: +86 551 3607874; fax: +86 551 3601704.
E-mail address: syyi@ustc.edu (Q. Zhang).

Na2CO3 aqueous solution and water to pH at 7 and then were
dried with anhydrous Na2SO4. After removal of the Na2SO4,
the pure product was obtained by distilling under reduced pres-
386-1425/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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sure (0.91 MPa) at 124–136 ◦C. TAP and its Eu(III) complexes
were synthesized by the Clasien condensation method [10] and
according to the procedure [10] reported before, respectively.
Structure of TAP and its Eu(III) complexes were determined by
NMR, IR spectra and element analysis.

2.2. Measurement and instrument of optical properties

The absorption spectra were measured with a SHIMADZU
UV-2401PC spectrophotometer. The emission spectra of flu-
orescence and phosphorescence spectra were obtained with
SHIMADZU RF-5301PC spectrofluorometer and Perkin-EImer
LS55 luminescence spectrometer, respectively. Luminescence
quantum yields were obtained with SHIMADZU UV-2401PC
and RF-5301PC spectrofluorometer. Luminescence lifetime was
measured with lifetime spectrofluorometer (Fluorolog-3-TAU).

3. Results and discussion

3.1. Preparation and characterization of ligand and its
Eu(III) complex

Here a facil synthetic route of �-diketone ligand with thio-
phene chromophores and phenyl group which affects the lumi-
nescence lifetime and quantum yield of rare earth complexes
is developed. The structures of acetyl thiophene and TAP were
m
δ

(
δ

3
E
a
s
t
p
g
T
E

Fig. 2. IR spectra of (A) Eu(TAP)3·Phen and Eu(TAP)3·2H2O complex.

Table 1
Quantum yield and lifetime of the emitting levels in the Eu(TAP)3·2H2O and
Eu(TAP)3·Phen compounds

Compound Eu(TAP)3·2H2O Eu(TAP)3·Phen

Lifetime (�s) 829 868
Quantum yield (%) 61.6 62.0

The values for the Eu compounds are at room temperature.

1.60). Eu(TAP)3·Phen, C, 60.2% (theory 61.2); N, 2.75% (the-
ory 2.70); H, 2.53% (theory 2.40).

3.2. Luminescent quantum yields and luminescent lifetime
from Eu(III) complexes

The lifetime measurements and luminescent quantum yield
q were made for the Eu(TAP)3·2H2O and Eu(TAP)3·Phen com-
pounds. The results are presented in Table 1. The luminescent
quantum yield q for the Eu(TAP)3·2H2O and Eu(TAP)3·Phen
compounds were obtained following the procedure described in
expression 1. The q value is defined as the ratio between the
number of photons emitted by the Eu(III) ion and the number
of photons absorbed by the ligands. According to the method

a) ace
onitored and identified by NMR as shown in the Fig. 1(a):
7.69 (a, 1H), δ7.62–7.63 (b, 1H), δ7.10–7.13 (c, 1H), δ2.55
d, 3H) and Fig. 1(b): δ8.11–8.11 (a, 3H), δ7.60–7.64 (b, 2H),
7.50.25–7.25 (c, 3H), δ1.25 (d, 2H), respectively.

Reaction of TAP with a metal chloride hexahydrate in a
:1 ratio in presence of triethylamine leads to formation of
u(TAP)3L (L = 2H2O, Phen(1,10-phenanthroline)). The solids
re soluble in DMSO and slightly soluble in THF and acetone
olvents. IR and element analysis were employed to identify
he molecular species. The IR spectra of final rare earth com-
lexes in Fig. 2 show C O group at 1594.83–1611.2 cm−1, Phen
roup at 1532.8–1568.14 cm−1 and C C group at 1494.4 cm−1.
he result of element analysis of the products is shown:
u(TAP)3·2H2O, C, 52.9% (theory 53.3); H, 1.71% (theory

Fig. 1. 400 MHz NMR spectrum of: (
 tyl thiophene and (b) TAP in CDCl3.
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Fig. 3. Absorption spectra of: (A) TAP, (B) Eu(TAP)3·2H2O and (C)
Eu(TAP)3·Phen complex in DMSO.

developed by Bril et al. at Philips Research Laboratory [11],
the q value for a given sample can be determined by compari-
son with standard phosphors, whose quantum yields have been
previously determined by absolute measurements. This method
provides absolute yield while avoiding absolute measurements,
which are in general complicated. The quantum yield qx of a
sample is thus determined as follows:

qx =
{

1 − Rst

1 − Rx

} {
�ϕst

�ϕs

}
qst (1)

where Rst and Rx are the amount exciting radiation reflected
by the standard and by the sample, respectively, and qst is
the quantum yield of the standard phosphor. The terms �ϕst
and �ϕs give the integrated photo flux (photons s−1) for the
sample and the standard phosphors, respectively. The stand
in our case was sodium salicylate, which has a broad emis-
sion band with the maximum at 616 nm and q = 60% at room
temperature [12]. The results show that the method is accu-
rate within 10%, in agreement with the accuracy reported in
previous work [11]. The luminescent lifetime and luminescent
quantum yield q for the Eu(III) compounds are considerable
high, compared with the similar Eu(III) complexes with lig-
and of trifluorothenoyl–acetone (HTTA) and dibenzoylmethane
(DBM) [9,12]. This is consistent with emission from a state with
a strong triplet character. Especially note was given to the quan-
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Fig. 4. Ligand luminescent spectra of: (A) Eu(TAP)3·2H2O and (B)
Eu(TAP)3·Phen complex in DMSO solution; λexc = 350.

ligand �* energy level of Eu(TAP)3·2H2O in DMSO had no
change, comparing with the ligand of TAP. However, when sec-
ond ligand of Phen was introduced, the ligand �* energy level
of Eu(TAP)3·Phen in DMSO changed, which was confirmed by
change of the maximum absorption from 357 to 389 nm.

To investigate the photophysical properties of the energy
donor singlet–singlet �–�* state of the ligand, the luminescent
properties of the Eu(III) complexes was examined. The room-
temperature luminescent spectra of Eu(III) complexes in DMSO
solution exhibits a broad emission band with λmax = 438 nm
(228310 cm−1) (Fig. 4) attributing to ligand �–�* transition,
which suggests the lowest �* (singlet) state not depend on the
second ligand of water or Phen.

The ligand phosphorescence was clearly observed in the 77 K
luminescent spectra of Eu(III) complexes (Fig. 5). As the energy
of the ligand-centered triplet state did also not depend signifi-
cantly on the second ligand of water or Phen, according to the
same luminescent band of 497 nm (20121 cm−1) for the two
Eu(III) complexes. The luminescent band of 497 nm is assigned
to 0–0 transition of the energy of the �–�* level for Eu(III) lan-
thanide ligands of TAP. The energy of this state is higher than
and close to the emitting excited state of Eu(III) (17210 cm−1)

F
c

um yield and lifetime of Eu(TPA)3·2H2O complex different
rom other rare earth complexes in previous works with the low
uantum yield and short lifetime for containing crystal water
olecules [9,13,14]. That has almost the same value of quan-

um yield and lifetime, compared to the second ligand of Phen
no H2O).

.3. Absorption and luminescent properties of Eu(III)
omplexes

The UV–vis absorption spectra of TAP and its Eu(III) com-
lexes were shown in Fig. 3 and exhibited an intense band (ca.
50–390 nm), attributing to �–�* characteristic enol absorp-
ion of the enol form �-diketones. It is easily known that the
ig. 5. Luminescent spectra of: (A) Eu(TAP)3·2H2O and (B) Eu(TAP)3·Phen
omplex in DMSO at 77 K; λexc = 350 nm.
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Fig. 6. Excitation and luminescent spectra of (A) Eu(TAP)3·2H2O and (B)
Eu(TAP)3·Phen complex in DMSO.

confirming the suitability of the ligand as sensitizer for that lan-
thanide of Eu(III).

Although the excitation spectra (Fig. 6) of Eu(III) complex
was inconsistent to absorption spectra (Fig. 3), they all show a
maximum band at around 350 nm, confirming that energy trans-
fer takes place from the ligand to Eu(III) ion. Light excitation
(ca. 350 nm) into the ligand �–�* state of Eu(III) complex in
DMSO is followed by the strong red luminescence and charac-
teristic of the 5D0–7FJ (J = 0–4) luminescent bands of Eu(III).
Eu(III) complexes showed similar luminescent and excitation
spectra, suggesting that the 4f state of Eu(III) and excited state
of TAP was independent on the second ligand.

In Fig. 7, we show the energy level diagrams of ligand and
Eu(III) excited states. For the compounds with water and Phen,
the triplet state (2) is same at 20,121 cm−1 that is agreement
with the result in luminescent spectra at 77 K. However, the
maximal absorption sate of compounds with water and Phen
is different, corresponding to the level (4) and (3) as shown in
Fig. 7, respectively. It is clear that Eu(TPA)3·2H2O complex has
higher absorption coefficients, comparing with Eu(TAP)3·Phen
at excitation bands around 350 nm. So high luminescent quan-
tum yields and long luminescent lifetime from Eu(TPA)3·2H2O
complex can be obtained, which is different from previous work
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that is believed to result from difference of triplet state (2) in
[15].

4. Conclusions

Results of this work represent a novel ligand design based on
diketonate lanthanide complexes with interesting in luminescent
properties. NMR spectroscopy and element analysis had been
used to fully confirm the preparation of new Eu(III) complexes.
The complexes has long luminescent lifetime and high lumines-
cent quantum yields even in the case of the presence of H2O.
These results indicate that the energy transfer process is efficient
in Eu(III) complex with H2O, resulting from high absorption
efficiency and not resulting from change of singlet and triplet
energy level, which is confirmed by luminescent (luminescence
and phosphorescence) spectra and UV–vis absorption spectra
of ligand and its Eu(III) complex. So it can well overcome the
problem that strongly luminescence quenching was observed
in previous Eu(III) complexes with water for its O H oscil-
lators. In our systems, the magnitude of the lifetime and the
luminescent efficiency of the Eu(III) complexes are higher and
longer comparing with previous Eu(III) complex with crystal
water molecules, which indicate that such results are attributed
to delicate balance between highly energy transfer efficiency and
quenching effect from O H oscillators of water.
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ig. 7. Simplified energy diagram showing the singlet (3) and triplet (2) state of

igand, the excited state (6) and the maximal absorption sate of Eu(TAP)3·2H2O
5) and Eu(TAP)3·Phen (4).
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