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a b s t r a c t

Four novel trinuclear europium complexes with two tris-b-diketones ligands have been synthesized, and
the chemical structures of ligands and complexes were characterized by FT-IR, UVevis, 1H NMR, 13C NMR,
XRD, ESI-MS, and element analysis. The potoluminescent properties of trinuclear complexes in solid and
THF solution were investigated. All trinuclear complexes exhibited strong relative luminescent intensity
and long luminescent lifetime. Meanwhile, the results of lifetime decay curves indicated that only one
chemical environment existed around the europium ion. The intrinsic luminescent quantum yields (FLN)
and experimental intensity parameters of trinuclear complexes were obtained based on the emission
spectra and luminescent lifetime of 5D0 excited state for europium ion. All trinuclear europium
complexes exhibited relative high intrinsic luminescent yield and intensity parameters. Especially, due to
the contribution of addition two europium lumophors in trinuclear europium complexes, the trinuclear
complexes containing TTA exhibited much longer lifetime and higher intrinsic quantum yield than
mononuclear europium complex Eu(TTA)3phen.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

As one of the most promising next generation low cost full color
flat panel displays, organic light-emitting diodes (OLEDs) have
attracted much research interest science of Tang and Van Slyke
pioneering work in 1987 [1]. For commercial application, three
primary colors of blue [2,3], green, and red are basically required.
Until now, pure red luminescent material is still a challenge,
although many transition metal complexes showing red emission
have been reported [4e6]. Among those red light-emitting mate-
rials, europium complexes are particular and attractive, because
they can emit highly monochromatic red light at around 612 nm
with half peak bandwidths of 5e10 nm due to the electronic tran-
sitions of the central europium ion. In addition, they can offer 100%
emission intrinsic quantum efficiency theoretically since this kind of
transition is not restricted by the spin inhibition rule [7]. Such
characteristics originate from the inner 4f electrons which are
shielded from their outer filled 5s and 5p shells. Unfortunately,
the long luminescent lifetimes of europium ion result in a low
absorption coefficient. To overcome the problem, organic ligands
.

All rights reserved.
which have much large absorption coefficient are usually coordi-
nated to sensitize europium complexes. So the design and synthesis
of organic ligands with larger absorption coefficient are very
important to improve the europium complexes luminescent prop-
erties. Recently, many organic ligands with larger absorption coef-
ficient have been designed and synthesized.

One efficient approach to increase the luminescent properties is
to introduce ligands with multiple binding sites [8e10]. So far, the
organic europium complexes have been studied for twenty years.
However, the great majority of europium complexes studied is
mononuclear and binuclear complexes [11e14]. There are few
reports of the synthesis and properties for trinuclear europium
complexes [15].

We have been interested in studying luminescent properties
for tris(8-quinolinolato)aluminum complexes and lanthanide
complexes [16], and have recently used tris-b-diketonates as
sensitizers for lanthanide luminescence [17], the result indicated
that one tris-b-diketones can coordinated three lanthanide ions
and improve the lanthanide complexes luminescent properties.
Our previous work and some reported results [8,17e19] showed
that the luminescent properties of dinuclear and trinuclear
lanthanide complexes were higher thanmononuclear ones, and the
lifetimes of dinuclear and trinuclear complex were longer than
mononuclear ones.
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In this paper, to further improve the luminescent properties of
europium complexes, four novel trinuclear europium complexes
based on two tris-b-diketones ligands were designed and synthe-
sized. The structures of the ligands and trinuclear europium
complexes were characterized by FT-IR, UVevis, 1H NMR, 13C NMR,
ESI-MS, element analysis. The photoluminescent properties and
thermal stability were investigated by photoluminescent (PL)
spectroscopy and thermogravimetric analysis (TGA), respectively.
For all trinuclear europium complexes, every tris-b-diketones
ligand contains three b-diketones, and can coordinate with three
europium ions. We expect that these trinuclear complexes can
exhibit excellent luminescent properties.

2. Experimental section

2.1. Materials and measurements

Starting materials were of reagent grade and used without further
purification, unless otherwise stated. All solvents were purified with
conventional methods before used. Mesitylene, Dibenzoylmethane
(DBM), potassium tert-butoxide, 2-thenoyltrifluoroacetone (TTA), and
phenanthroline were purchased from Aldrich Chemical Company.
Eu2O3 (99.99%) was purchased from a Chinese company, Beijing
Founder. EuCl3.6H2O ethanol solution was obtained by dissolving
Eu2O3 in concentrated chlorhydric acid.

Melting points were determined on SGW X-4 micro-melting
point apparatus (Shanghai PSE Co. Ltd). Elemental analysis data
were obtained from Vario EL elemental analyzer. NMR spectrawere
taken on a DRX-400 MHz (Bruker) superconducting-magnet NMR
spectrometer with TMS as an internal standard. FT-IR spectra were
carried out using an RFX-65A (Analects) Fourier Transform Infrared
Spectrometer. Thermogravimetric analysis (TGA) was performed
with Pyris 1 TGA instrument at a heating rate of 10 �C/min under
nitrogen atmosphere. UVevis absorption spectrum was deter-
mined on a Shimadz spectrophotometer. The photoluminescence
(PL) measurements in solid state and THF solution were conducted
in a Hitachi F-4600 florescence spectrophotometer. Luminescence
lifetimes were obtained with the PLSP20 steady state spectrometer
with a pulsed xenon lamp. X-ray diffraction (XRD) measurements
were carried out with a Rigaku Diffractometer (D/MAX-12000).

2.2. Synthesis of 1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene

1,3,5-tris(bromomethyl)-2,4,6-trimethylbenzene was prepared
according to the procedure described in the literature with some
modification [20]. Mesitylene (12 g, 100 mmol), paraformaldehyde
(10.26 g, 340mmol) and 75ml of glacial acetic acidwas rapidly added
to a 150 ml three neck round bottom flask with 75 ml of HBr/acetic
acid solution during magic stirring. The mixture solution was heated
to 95 �C and kept at this temperature for 8 h, then poured into 200ml
of water to give amounts of white solid. The product from filtering
was washed with 200 ml of anhydrous ethanol, and thenwas filtered
and dried overnight at 60 �C to give 33.5 g of title compound, yield
85%, mp 183e186 �C. FT-IR (KBr) (cm�1): 785, 1446.1, 2922. 1H NMR
(400 MHz, CDCl3): d 2.44 (s, 9H, AreCH3), 4.56(s, 6H,eCH2Br). 13C
NMR (100 MHz, CDCl3): d 12.1, 27.5, 134.7, 137.1.

2.3. Synthesis of 1,3,5-tris(bromomethanyl)benzene

Mesitylene (10.12 g, 84 mmol), NBS (45.30 g, 255 mmol) and
AIBN (45.9 mg) were heated to reflux at 90 �C in 120 ml of dry CCl4
under N2 with stirring for 40 h. The solution was then cooled in an
ice bath and the succinimide was filtered off and washed with
carbon tetrachloride. The filtrate was washed by saturated sodium
hydrogen carbonate solution and water, and then dried with
anhydrous Na2SO4. The volume was reduced to approximately
50 ml and then light petroleum (100 ml) was added. The solution
was placed in freezer and the resulting oily solid was filtered off.
This progress was repeated several times and the crops of oily solid
were combined. The product was then recrystallized from light
petroleum to yield 1,3,5-tris(bromomethyl)benzene as colorless
needles, yield 40% (1.5 g), mp 87e89 �C 1H NMR (400 MHz, CDCl3):
d 4.44 (s, 6H, eCH2Br), 7.34(s, 3H, ArH). Anal. Calcd. for C9H9Br3: C,
30.29; H, 2.54; Found: C, 30.51; H, 2.37.

2.4. General procedure of synthesis of tris-b-diketones

Tris-b-diketones were synthesized according to that discussed
in reference [21]. Dibenzoylmethane (30 mmol) was added to
a refluxing solution of tert-butanol (250 ml) and potassium tert-
butoxide (20 mmol). 10 mmol of 1,3,5-tris (bromomethyl)-2,4,6-
trimethylbenzene or 1,3,5-tris(bromomethanyl)benzene was then
added in some portions followed by a catalytic amount of potas-
sium iodide. The mixture solution was kept at reflux temperature
for 48 h, then tert-butanol was removed under reduced pressure,
the residue product was separated by dichloromethane (150 ml)
and water (100 ml), organic phase was dried over anhydrous
sodium sulfate. Some pale-yellow oil was given when dichloro-
methane was removed in vacuum, the oil was solidified for two
days to get pale-yellow solid. This was recrystallized from ethyl
acetate to give colorless crystalline.

1,3,5-Tris(30-methyl-20, 40-pentanedione)-2,4,6-trimethylbenzene
(H3L1) was synthesized in a yield 72%(5.9 g), mp 207e209 �C 1H
NMR (400 MHz, CDCl3): d 7.24e7.69 (30H, m, Ph), 5.01(3H, t,
COCHCO), 3.40(6H, d, CH2), 1.90(9H, s, CH3). 13C NMR (100 MHz,
CDCl3): d 17.2(CH3), 30.2(CH2), 58.2(CH), 128.6(CH), 128.7 (C),
133.5(CH),133.8(CH),134.9(C),135.9(C),196.2(C]O). (Found: C,82.49;
H, 5.96; C57H48O6 requires C, 82.57; H, 5.84) FT-IR(KBr): n (C]O) 1693,
1660 cm�1. ESI-MS(m/z): 851(M þ Na)þ.

1,3,5-Tris(2,2-dibenzoylethyl) benzene (H3L2) was prepared in
a yield 65%(5.1 g), mp 87e89 �C 1H NMR (400 MHz, CDCl3): d 16.88
(s, 3H, eOH) 7.97e7.99 (d, 12H, Ph) 7.52e7.56 (t, 6H, Ph) 7.46e7.50
(t, 12H, Ph), 6.85 (s, 3H, Ph), 3.41 (s, 6H, eCH2). 13C NMR(100 MHz,
CDCl3): d 34.8(CH2), 58.5(CH), 128.5(CH), 128.8(CH), 133.5(CH),
135.8(C.), 139.9(C), 195.4(C]O). (Found: C,81.73; H, 5.87; C54H42O6
requires C, 82.42; H, 5.38) FT-IR(KBr): n (C]O) 1697, 1670 cm�1.
ESI-MS (m/z): 810(M þ Na)þ.

2.5. General procedure of synthesis of trinuclear Eu-complexes

Ligand H3L1 or H3L2 (0.5 mmol), Phen.H2O( 1.5 mmol) and 0.2 g
potassium tert-butoxide were dissolved in 50 ml anhydrous
ethanol, then the solution was heated to 60 �C, 20 ml anhydrous
ethanol with EuCl3.6H2O (1.5 mmol) was gradually added to the
solution. After 1 h, corresponding b-diketone (3 mmol) was added
to the mixed solution and reacted at this temperature for another
10 h, mixed solutionwas cooled to room temperature and removed
solvents, residual solid was dissolved by 50 ml chloroform, and
washed three times with 80 ml water every time, then removed
chloroform through reduced pressure to give the desired trinuclear
europium complexes.

Eu3(DBM)3(phen)33H2OL1 was prepared in a yield 70% as
light-yellow powder. 1H NMR (400 MHz, CDCl3): d, ppm 10.96(br
s, PheneH), 10.58(br s, PheneH), 9.94(br s, PheH), 8.93(br s, PheH),
7.98e8.13(br d, PheH), 7.24e7.48(br d, PheH), 6.49e6.70(br d,
PheH), 5.84(br s, PheH), 4.71(br s, COCHCO), 3.13(br s, eCH2),
2.72(br s, H2O), 2.32(br s, eCH3). (Found: C, 63.92; H, 4.15; N, 3.01.
Eu3C138H114N6O18 requires C, 63.74; H, 4.42; N, 3.23) FT-IR(KBr):
n (C]O) 1596, 1551 cm�1, (C]C)1518 cm�1, (Eu/O) 515 cm�1,
(Eu/N) 422 cm�1.
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Eu3(DBM)6(phen)3L2 was prepared in a yield 75% as light-yellow
powder. 1H NMR (400 MHz, CDCl3): d, ppm 10.99(br s, PheneH),
10.59(br s, PheneH), 10.01(br s, PheH), 8.96(br s, PheH), 7.96(br s,
PheH), 7.48e7.52(br d, PheH), 7.24(br s, PheH), 6.72(br s, PheH),
6.03(br s, PheH), 4.82(br s, COCHCO), 3.26(br s, eCH2). (Found:
C,68.9; H, 4.15; N, 2.83; Eu3C180H129N6O18 requires C, 69.30; H, 4.17;
N, 2.69.) FT-IR(KBr): n (C]O) 1597, 1550 cm�1, (C]C)1518 cm�1,
(Eu/O) 515 cm�1, (Eu/N) 422 cm�1.

Eu3(TTA)6(phen)3L1 was prepared in a yield 65% as milk-white
powder. 1H NMR (400 MHz, CDCl3): d, ppm 10.19(br s, phen-H),
9.52(br s, ephen and PheH), 8.48(br s, PheH and TheH), 8.14(br s,
PheH), 7.45(br d, PheH), 6.93(br s, TheH and pheneH),
6.27e6.46(br d, TheH and PheH), 4.43(br s, COCHCO), 3.04(br
s, eCH2), 2.34(br s, eCH3). (Found: C,53.39; H, 3.05; N, 2.81;
Eu3C141H96F18N6O18S6 requires C, 53.77; H, 2.98; N, 2.67.) FT-IR(KBr):
n (C]O) 1601, 1539 cm�1, (C]C)1512 cm�1, (Eu/O) 460 cm�1,
(Eu/N)418 cm�1.

Eu3(TTA)6(phen)3L2 was prepared in a yield 77% as milk-white
powder. 1H NMR (400 MHz, DMSO-d6): d, ppm 9.09(br s,
pheneH), 8.49(br s, ephen and PheH), 7.95e7.99(br s, PheH and
TheH), 7.77(br s, PheH), 7.44(br d, PheH), 6.48(br s, TheH and
pheneH), 6.3(br s, TheH and PheH), 4.51(br s, COCHCO), 3.68(br
s, eCH2). (Found: C, 51.61; H, 2.68; N, 2.97. Eu3C138H87N6F18O18S6
requires C, 53.34; H,2.82; N, 2.70.) FT-IR(KBr): n (C]O) 1596,
1539 cm�1, (C]C) 1509 cm�1, (Eu/O) 461 cm�1, (Eu/N)
418 cm�1.
3. Results and discussion

3.1. Design and synthesis of ligands and trinuclear
europium complexes

Synthetic routes for the ligands and europium complexes are
outlined in Scheme1. TheH3L1 andH3L2 ligandswere readily prepared
in high yield (>65%) from the corresponding tri(bromomethyl)
benzene and dibenzoylmethanE (DBM) by refluxing in tert-butanol in
the presence of t-BuOK. The resulting tris-b-diketones were readily
purified by crystallization from acetic ester, and the 1H NMR and 13C
NMR spectra are in accord with the presence of high levels of
symmetry. The ligand H3L1 exists only one single tautomer, the dike-
tone form, was observed by both 1H and 13C NMR spectra in deuter-
ochloroform. However, for ligand H3L2, the enol tautomer was
observed by 1H and 13C NMR spectra.
Scheme 1. Synthetic routes for ligands a
Europium complexes are commonly synthesized by dissolving
ligands in warm ethanol, neutralized pH ¼ 7 with dilute sodium
hydroxide solution, followed by the addition of the europium chlo-
ride solution. We attempted to prepare trinuclear europium
complexes by the commonly procedure of heating with europium
chloride and the correspondingb-diketones ligand in thepresence of
NaOH. Unfortunately, we failed. This because of the tris-b-diketones
was decomposed in the presence of NaOH. In order to prepare tri-
nuclear europium complexes, we used t-BuOK instead of NaOH as
base, because the tris-b-diketones can not reactionwith t-BuOK. The
structures of trinuclear europium complexes were shown in Fig. 1.

Some reports showed that introducing ligands with multiple
binding sites to lanthanide complexes can increase the luminescent
properties of lanthanide complexes [8,17e19]. Recently, the great
majority of europium complexes studied was mononuclear and
binuclear complexes. There were few reports of the synthesis and
properties for trinuclear europium complexes. So we designed and
synthesized two tris-b-diketones ligands, every tris-b-diketones
ligand can chelate three europium ions, and prepared four novel
trinuclear europium complexes using tris-b-diketones as ligands.
We attempted these trinuclear europium complexes can enhance
the luminescent properties. Meanwhile, as well-known, the pres-
ence of CeH oscillators in the molecules can efficiently quench the
luminescence of emitting center europium ion. Due to H3L1 ligand
containing three methyl groups in center benzene ring, we
presumed the luminescent properties of trinuclear europium
complexes based on ligand H3L1 could be weaker than trinuclear
europium complexes based on H3L2 under the same conditions.
3.2. FT-IR analysis

The FT-IR spectra of the ligands and corresponding europium
complexes were shown in Fig. 2. The FT-IR spectra of trinuclear
europium complexes based on DBM (or TTA) as another b-diketone
ligand were analogical because the ligands H3L1 and H3L2 were
similar. For these europium complexes based on DBM as another
b-diketone ligand, the characteristic stretching vibration absorption
peaks of eC]O in H3L1 (or H3L2) and DBM shifted from ca.
1697 cm�1 to 1601 cm�1, and a new absorption peak was observed
at 1550 cm�1, which attributed toeC]C stretching vibration of H3L1

(H3L2) and DBM coordinated to with europium ion. The results
suggested that the coordination bonds were formed between
the H3L1 (H3L2) and europium ion. The ring vibration of 1,
10-phenanthroline was observed at 1517 cm�1, although the
nd trinuclear europium complexes.



Fig. 2. FT-IR spectra of ligands and trinuclear europium complexes.

Fig. 1. The structures of trinuclear europium complexes based on tris-b-diketones as ligand, (a) Eu3(DBM)3(phen)33H2OL1, (b) Eu3(DBM)6(phen)3L2, (c) Eu3(TTA)6(phen)3L1, (d)
Eu3(TTA)6(phen)3L2.
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intensity was relatively weaker. Meanwhile, two new absorption
peaks were observed at ca. 514 cm�1 and 422 cm�1, they were
attributed the stretching of O/Eu and N/Eu, respectively. For
these europium complexes based on TTA as another b-diketone
ligand, the typical asymmetric vibrations of the carbonyl group of
TTA and H3L1 (H3L2) were observed at about 1600 cm�1 from the FT-
IR Spectra of corresponding complexes, the bond at about 580 cm�1

revealed the presence of O/Eu, which could not be observed in
ligands. Meanwhile, the peaks of phen at 738 cm�1 and 852 cm�1

corresponding to the stretching vibration of CeH bonds shifted to
723 cm�1 and 845 cm�1, respectively. These FT-IR results further
confirmed the conformation of the trinuclear europium complexes.
3.3. 1H NMR spectra analysis

The lanthanide-based complexeswereknownas shift reagents due
to paramagnetism of the lanthanide ion. Therefore, the peaks of
ligands in lanthanide complexesweredifferentwith free ligands.Here,
we chosen the trinuclear europium complex of Eu3(TTA)6(phen)3L2 as
an example discussed the chemical shift in 1H NMR spectrum. The 1H



Fig. 3. 1H NMR spectrum of trinuclear europium complex Eu3(TTA)6(phen)3L2.
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NMR spectrum of the complex obtained at 400 MHz in d-DMSO
solution was shown in Fig. 3. Although line broadening of certain
peaks close to paramagnetic europium ion was observed, full assign-
ments have been achieved using high resolution instruments to avoid
signal overlap. The 1HNMR spectrum of Eu3(TTA)6(phen)3L2 exhibited
a broad singlet at 3.68 ppm, which integrated six protons and was
assigned as proton of k position. The single peak at 4.51 ppm was
attributable to the protons at the position (COCHCO) of the six TTAs.
The peak at 6.30 ppmwas attributed to the overlap of o andmposition
protons. Protons of b and n position appeared as a singlet peak at
6.48 ppm, with the expected integral value (12 H). A broad singlet at
7.44ppmwasassigned to theprotonsof i and f position for ligandH3L2,
which integrated12protons. The e andgpositionprotonsof phenyl for
ligand H3L2 were observed at 7.77 ppm, which integrated 9 protons.
The triplet peaks at 7.95e7.99 ppm were assigned to the protons of l
position for TTAs and h position for ligand H3L2. The protons of a, c
position and d, j position were appeared at 9.09 ppm and 8.49 ppm,
and which integrated 12 and 9 protons, respectively.
3.4. UVevis analysis

The UVevis absorption spectra for the ligands and trinuclear
europium complexes in THF solution (1 �10�5 mol/L) were shown
Fig. 4. UVevis spectra of ligands and trinucear europium complexes in THF solution
(1 � 10�5/L).
in Fig. 4. The UVevis absorption spectra of complexes (a) and (b)
were analogical because the absorption spectra of lanthanide
complexes were attributed to the organic ligands and the absorp-
tion of lanthanide ions was so weak that can be neglected. For
complexes (a) and (b), two main absorption bands at ca. 283 nm
and 356 nm were observed, which were attributed to the single-
tesinglet p/p* enol absorption. For complexes (c) and (d), the
main absorption bands were located at ca. 273 nm and 343 nm. Due
to the formation of larger conjugated chelate rings in the trinuclear
europium complexes, the main absorption bands shifted to longer
wavelengths compared with corresponding ligands.
3.5. XRD analysis

The crystallization of europium complexes can lead to dimin-
ished device performance of luminescent materials. In order to
know the crystalline properties of these trinuclear complexes, the
XRD patterns for all complexes were obtained and shown in Fig. S1.
In the XRD patterns of these complexes powder in the figures, it
was clearly found that some characteristic crystal peaks at 2q angle
of 5e25� for complexes (b), (c) and (d). The complex (a) was
amorphous material, which was attributed to the effect of coordi-
nated water molecules in the complex.
3.6. Thermogravimetric analysis (TGA)

The thermal stability of the complexes is very important
because the decomposition leads to decrease device performance
of europium ion complexes. To investigate the thermal stability of
all trinuclear complexes, thermogravimetric analysis (TGA) were
carried out at a heating rate of 10 �C min�1 under a nitrogen
atmosphere. Fig. S2 presented the thermogravimetric weight loss
curves of all complexes. As seen from the TG curves, the decom-
position progress of complexes (b) and (c) were similar. The TG
curves were showed that the temperatures of the thermoal
decomposition of these two complexes were higher than 250 �C,
which made device fabrication by vacuum evaporation more
feasible. In the first step of decomposition of these complexes
a weight loss of about 45% corresponded to loss of ligands TTA and
H3L1 for complex (c), and ligands DBM and H3L2 for complex (b).
The second step occurred from 463 �C to 610 �C for complex (c)
(weight loss about 22%), to 593 �C for complex (b), which were
attributed to the decomposition of phen. The complex (a) had
amass loss (ca. 6%) from 50 �C until 100 �C, which was attributed to
the loss of coordinated and physically water molecules. On further
heating, the complex loses weight continuously, the weight loss in
the temperature range 100e421 �C amounted to a weight loss of
48%, corresponding to the decomposition of ligands DBM and H3L1.
The third weight loss (32%) occurred from 421 �C to 633 �C, which
was attributed to the decomposition of phen. For complex (d), there
were two main successive mass loss stages from 50 �C to 800 �C.
The first mass loss stage started at 116 �C, ended at 404 �C and
reached the largest rate at 349 �C with mass loss percentage of
68.1%, which was attributed to the mass loss (calculated value
65.9%) of ligands TTA and H3L2. The second stage with about 17.6%
mass loss started at 420 �C, finished at 670 �C and reached the
largest rate at 615 �C, the mass loss percentage was near the loss of
three phen molecules from the complex (calculated value 17.4%).
The residual percentage weight (about 14.3%) at the end of the
decomposition of the complex was near the mass value (calculated
17.1%) of Eu2O3. These results suggested all trinuclear europium
complexes exhibited good thermal properties.



Fig. 5. The PL spectra of trinuclear europium complexes in solid state. (a) Excitation
spectra ( lem ¼ 613 nm for all complexes), (b) Emission spectra ( lex ¼ 367 nm for
complexes a and b, 364 nm for complexes c and d).
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3.7. Photoluminescent properties

3.7.1. Luminescence spectra
b-diketone is already well-known to be a good chelating group

to sensitize the luminescence of the europium ion. The mechanism
is usually described as the antenna effect: the organic ligands
reinforce the energy absorption ability and transfer is to europium
ion with high efficiency. Then the characteristic emission from the
europium ions excited state will be observed [22].

3.7.2. Fluorescent excitation and emission spectra of the trinuclear
europium complexes

The photoluminescent (PL) properties of all trinuclear europium
complexes in solid state and solution were investigated in detail at
room temperature. The excitation spectra of all complexes in solid
and THF solution were obtained by monitoring the 5D0/

7F2 tran-
sition of europium ion, which were shown in Fig. 5(a) and Fig. 6(a),
respectively. For solution excitation spectra, there were two intense
board bands at 250e330 nm and 350e425 nm. While in solid state
excitation spectra, it can be seen clearly that intense board bands
between 250 nm and 425 nm dominate the large portions of
excitation spectra of all europium complexes, which were attrib-
uted to the p/p* transitions of ligands (H3L1, H3L2, DBM and TTA)
Fig. 6. The PL spectra of trinuclear europium complexes in THF solution (1�10�5/L). (a)
Excitation spectra ( lem ¼ 613 nm for all complexes), (b) Emission spectra( lex¼ 404 nm
for complexes a and b, 382 nm for complexes c and d).
from the comparison of the UVevis spectra in Fig. 4. The excitation
spectra of all trinuclear europium complexes in solid state, in
addition to the intense broad bands, a weak excitation peak was
observed at 463 nm, which result from the 5D0/

7F1 transition of
europium ion. In comparison with the excitation broad bands of
ligands, the direct excitation peaks of europium ion were much
weaker. This suggested that emissions of europium by ligands were
much more efficient than direct excitation of the trinuclear euro-
pium complexes. Meanwhile, the strongly bright red emissions of
trinuclear europium complexes in THF solution, upon illuminating
with a 365 nm excitation light provided by a 12 w ultraviolet lamp,
can be easily observed by the naked eye (Fig. 7).

The mechanism of the energy transfer from ligands to metal
ions has been widely discussed to interpret the luminescence of
lanthanide compounds [23]. From the results discussed above, we
can presume that the energy gaps of the europium ions were
comparable with the triplet state energy of the ligands H3L1 and
H3L2, and then efficient energy transfer can take place from ligands
to europium ions. These complexes exhibited characteristic red
emission of europium ions by 365 nm excitation and suggested
these complexes can be potential red fluorescent materials.

The emission spectra of these complexes in solid state were
shown in Fig. 5(b), and characteristic europium ion emissions were
observed. The lines were distributed mainly in the 450e700 nm
range, which were associated with the 4f / 4f transitions of the
5D0 excited state to its low-lying 7FJ(J ¼ 0, 1, 2, 3 and 4) levels of
europium ions. No emission peaks from the ligands were observed
under this excitation, further confirming that the energy transfer
from ligands to europium ion center was quite efficient in all tri-
nuclear europium complexes. As well-known, the emissions of
Fig. 7. CIE coordinates diagram of trinuclear europium complexes in solid state and in
THF solution.
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europium ions were usually employed as a sensitive probe to
investigate the coordination and local environment around cations.
For europium ion transitions, observed in the emission spectrum,
occur via three main mechanisms: forced electric dipole, magnetic
dipole, and dynamic coupling. From the emission spectra, we can
see the emissions bands at about 580 nm and 653 nm were very
weak since their corresponding transitions 5D0 / 7F0,3 were
forbidden both in magnetic and electric dipole schemes. A prom-
inent feature that may be noted in these spectra was very high
intensity of 5D0/

7F2 transition at 613 nm. It was well-known to us
that the 5D0 /

7F1 transition was a parity allowed magnetic dipole
(MD) and was nonsensitive to the local structure environment,
while the 5D0 / 7F2 transition was a typical electric dipole (ED)
transition andwas sensitive to the coordination environment to the
europium ion. When the interactions of the rare-earth complex
with its local environment were stronger, the complex becomes
more nonsymmetrical, and the intensity of the electric-dipolar
transitions becomes more intense. As a result, the integration
intensity ratio of the 5D0/

7F2 transition to 5D0/
7F1 transition

(I2/I1) has been widely used as an indicator of europium ion site
symmetry. The calculated results were shown in Table 1.

Whether in solid state or THF solution, the intensity rations of
these trinuclear complexes were very high. In solid state, the
intensity rations (I2/I1) of the complexes (a), (b), (c) and (d) were
13.15, 15.02, 9.72, and 8.83, respectively. And in THF solution were
16.33, 16.54, 13.48, and 13.27, respectively. This ratio was only
possible when the europium ion did not occupy a site with inver-
sion symmetry. It was clear that strong coordination interactions
take place between the organic ligands and europium ion. Further,
the emission spectra of the complexes showed only one line for
5D0/

7F0 transition, indicating that the presence of a single
chemical environment around the europium ions [24,25]. In addi-
tion, no emission from the ligands was observed in Fig. 5(b), this
indicated that a very efficient energy transfer occurred from the
ligands to the central europium ion.

As well-known, for europium ion, the sensitive ability of ligand
TTAwas better than ligand DBM, so the relative emission intensity of
corresponding trinucleareuropiumcomplexesbasedonTTAas ligand
were stronger than these complexes based on DBM as ligand under
the same conditions. Among these trinuclear europium complexes,
the relative luminescent intensity for the corresponding complexes
based on H2L1 were weaker than these complexes based on H3L2 as
ligand, it was can be explained by non-radiative deactivation of the
energy of excited state as a result of their interaction with high
frequency stretching vibrations of CeH groups, because ligand H3L1

containing with three methyl groups in center benzene ring [26,27].
In addition to the emission spectra of solid complexes, the room

temperature emission spectra of all trinuclear europium complexes
in THF solution were investigated (Fig. 6(b)). Compared with the in
solid state, no great differences in emission spectra for all complexes
in THF solution are observed except no splitting in the 5D0/

7F1 and
5D0/

7F2 transitions.
Table 1
Solid state and solution luminescent data of trinuclear europium complexes.

Complexes In solid state

s(ms)b Atot(s�1) Arad(s�1) Anrad(s�1) I2/I1c

a 0.36 2818.5 760.03 2058.3 13.15
b 0.35 2877.69 804.31 2073.38 15.02
c 1.06 943.4 540.6 402.8 9.72
d 1.12 892.86 555.89 336.97 8.83
Eu(TTA)3Phena 0.69 1456 698.5 757.5 e

a Those values for Eu(TTA)3Phen were reported in Ref [32].
b The integrated intensity ratio of the 5D0/

7F2 transition to 5D0/
7F2.

c For 5D0/
7F2 transition of europium ions.
Whether in solid or THF solution, the CIE chromaticity coordi-
nates of all trinuclear europium complexes from emission spectra
(l ¼ 365 nm) were nearly x ¼ 0.65 and y ¼ 0.33, these results
showed pure red color around 100% in the CIE gamut space (Fig. 7).
The result was important because it indicated an advantage for
rare-earth complexes for preparing OLEDs.

3.7.3. Luminescence decay times (s) and emission quantum yield
3.7.3.1. In solid state. To better understand the PL properties of
trinuclear europium complexes in solid state, the room temperature
(RT) luminescence decay curves of the 5D0 excited state were
measured bymonitoring themost intense emission lines (5D0/

7F2)
of europium ion center at 613 nm, and under excitation 325 nm
Xenon lamp. As shown in Fig. S3, the decay curves of all complexes
exhibited monoexponential behavior, indicative of the presence of
a single chemical environment around the europium ion in these
complexes, which was in agreement with the results of only one
5D0/

7F0 line in the emission spectra. The luminescence time values
(s) of (a), (b), (c) and (d) are 0.36, 0.35,1.06, and 1.12ms, respectively.
The shorter lifetime of europium ion in complex (c) compared to
that of complex (d) may be caused by the quenching of stretching
vibrations of CeH group in ligand H3L1.

The intrinsic luminescence quantum yield (FLN) of the 5D0 emis-
sion level in these trinuclear europium complexes at room temper-
ature was obtained based on the luminescence data (emission
spectra and emission decay curves of these complexes). Eq. (1)
a means to determine the FLN values from experimental spectro-
scopic data [28].

FLN ¼ Arad
Arad þ Anrad

(1)

Where, Arad and Anrad are radiative and non-radiative transition
rates, respectively. The denominator in Eq. (1) is calculated from the
lifetime of the emitting level (1/s ¼ Arad þ Anrad). In the case of
europium luminescence the value of Arad can be estimated by
spectral analysis with the help of Eq. (2) [29].

Arad ¼ A0e1hu0e1

S0e1

X4

J¼0

S0eJ
hu0eJ

(2)

Where, J represents the final 7F0e6 levels, S is the integrated intensity
of the particular emission lines and hw stands for the corresponding
transition energies. A0e1 is the Einstein coefficient of spontaneous
emission between the 5D0 and the 7F1 Stark levels. The branching
ratios for the 5D0/

7F5,6 transitions must be neglected as they are too
weak to be observed experimentally. Therefore, their influence can be
ignored in the depopulation of the 5D0 excited state. The 5D0/

7F1
transition does not depend on the local ligand field seen by europium
ions and, thus, may be used as a reference for the whole spectrum, in
vacuo A0e1 ¼ 14.65 s�1 [30]. An average refractive index equal to 1.5
was considered, leading to A0e1 z 50 s�1.
In THF solution

FLN (%) U2(10�20 cm2) U4(10�20 cm2) I2/I1 F (%)

26.97 11.3 1.5 16.33 2.97
27.95 12.6 1.3 16.54 3.76
57.3 16.1 1.6 13.48 30.25
62.3 18.4 1.8 13.27 32.18
48 26.3 5.7 e e
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According to the above discussion, the intrinsic luminescence
quantum yield of these trinuclear europium complexes in solid can
be determined, as shown in Table 1.

3.6.4. In THF solution
Solution luminescent yield of the trinuclear europium

complexes were determined using quinine sulfate (dissolved in
0.5 M H2SO4 with a concentration of 10�6 M, assuming FPL of 0.55)
as a standard [31]. The luminescent efficiency was calculated
according the following formula:

F ¼ Fr
Ar

A
$
S
Sr
$
n2

n2r
(3)

Where F is the fluorescence quantumyield, S represents the area of
the corrected emission fluorescence spectrum, A is the absorbance
of the solution at the exciting wavelength, and n is the refractive
index of the solvent used. The subscript r denotes the reference
substance that its fluorescence quantum yield is already known.
The calculated results were shown in Table 1.

Whether in solid state or THF solution, these trinuclear europium
complexes exhibited relative high luminescence quantum yield,
indicating that the energy transfer from ligands to emitted center
europium ions was very efficient. From the Table 1, we found the
trinuclear europium complexes based on TTA as another b-diketone
ligand exhibited higher luminescence quantum yield than these
complexes based on DBM as another b-diketone ligand. This finding
was in agreement with the results from luminescent emission
intensity. In solid state, the complexes (a) exhibited the lowest
luminescent quantum yield (26.97%) in these complexes, which was
mainly due to the quenching effect of coordinated water in this
complex and the energy loss of CeH oscillator in ligand H3L1. Espe-
cially, due to the contribution two addition europium ion lumophors,
the luminescent quantumyield of trinuclear europium complexes (c)
and (d) (57.3% and 62.3%) were higher than that mononuclear euro-
pium complex (h ¼ 48%) [32]. The result indicated that the intro-
duction of ligands with multiple binding sites in europium complex
could effectively increase the quantumyield of europium complexes.

3.7.4. JuddeOfelt intensity parameters
To investigate the possible structural changes around the

emitting center europium ion among these trinuclear complexes,
the JuddeOfelt intensity parameters U2 and U4 (the U6 parameter
was not determined because the 5D0/

7F6 transition could not be
experimentally detected) can be calculated from the emission
spectra as the reference [25,33]. In particular,U2 wasmore sensitive
to the symmetry and sequence of ligand fields. To produce faster
europium radiation rates, antisymmetryical europium complexes
with large U2 parameters need to design. The spontaneous emis-
sion probability A0l (l ¼ 2, 4) of the transitions were related to its
dipole strength according to the equation [25]:

A0l ¼
�
64p4n3

�.���3hð2Jþ1Þ
���
D���n

�
n2þ2

�.
9
���SðEDÞ þSðMDÞ

E
(4)

Here, n is the average transition energy in cm�1, h is Planck
constant, 2J þ 1 is the degenerancy of the initial state. S(ED) and S(MD)
are the electric dipole strength and magnetic dipole strengths,
respectively. Among all these transitions, 5D0/

7F0, 3, 5 transitions are
forbidden both in magnetic and electric dipole schemes (S(ED) and
S(MD) are zero). In addition, 5D0/

7F1 transition is the isolated
magnetic dipole transition and has no electric dipole contribution,
which is practically independent of the lanthanide ions chemical
environment and can be used as a reference. The JuddeOfelt param-
eters U2 and U4 can be calculated according to the equation [34]:
Ul ¼ 3hc3A0el

4e2w3c
D
5D0kUhlik7FJ

E2 (5)

Where, e is the electromic charge. c¼ n0(n02þ 2)2/9 is a Lorenz local
field correction. The square reduced matrix elements are
<5D0kU(2)kF2 > 2¼ 0.0032 and<5D0kU(4)kF4> 2¼ 0.0023 [35], and
an average index of refraction equal to 1.5 was used. The U2 and U4
intensity parameters for all complexes were shown in Table 1. A
point to be noted in these results was the relatively high U2
parameter for all complexes. This might be interpreted as being
a consequence of the hypersensitive behavior of the 5D0/

7F2
transition, indicating that the europium ion was in a highly polar-
izable chemical environment in these trinuclear complexes.
4. Conclusions

In this work, a series of novel trinuclear europium complexes with
tris-b-diketones have been designed, synthesized and characterized
by FT-IR, 1H NMR, 13C NMR, ESI-MS, XRD, UVevisible, photo-
luminescence (PL) spectroscopy, element analysis and thermogravi-
metic analysis (TGA). Whether in solid state or THF solution, the
emission spectra for all complexes displayed the characteristic emis-
sion lines for europium ion. The results of decay curves and emission
spectrum of trinuclear complexes indicated that there was only one
luminescence center, and europium ion was located in a polarized
chemical environment. On the basis of the emission spectra and life-
time of the 5D0 emitting level, the intrinsic luminescence quantum
yield VLN and experimental intensity parameters (U2,4) of the 5D0

europium ion excited state were calculated, these results indicated all
complexes exhibited relative highVLN and U2. Due to the presence of
CeH oscillators in ligand H3L1, the VLN of the trinuclear europium
based on H3L1 as ligandwereweaker than the complex based on H3L2

as ligand. Further, the trinuclear europium complexes with TTA
exhibited much longer lifetime and higher VLN than mononuclear
europium complex. Especially, due to the contribution of addition two
europium lumophors in trinuclear europium complexes, these
complexes containing TTA exhibited much longer lifetime and higher
intrinsic quantum yield than mononuclear europium complex
Eu(TTA)3phen. The result indicated that the introduction of ligands
with multiple binding sites in europium complex could effectively
increase the quantum yield of europium complexes. The CIE chro-
maticity coordinate presented high red color purity 100%.Meanwhile,
TGA results showed that all complexes had good thermal stability.
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