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a b s t r a c t

This work focuses on the preparation and the study of the luminescence properties of series ternary
lanthanide molecular hybrid materials. We selected 1,10-phenanthroline as a second ligand to introduce
into the binary hybrid system in which an organic functional compound 1,2,4-triazole was included.
The further investigation of the luminescence properties proves that, after the addition of the 1,10-
phenanthroline, the energy levels matching degree between the organic segments and RE ions is more
eywords:
ybrid material
hemically bonded
,10-Phenanthroline
hotophysical property

suited and appropriate so that the final ternary hybrid materials show stronger luminescence intensity,
which substantiating that the heterocyclic ligand would become the main energy donor and has the
possibility to sensitize Ln3+ ions via an intramolecular energy transfer process, at the same time, the
luminescent quantum efficiencies of the ternary systems are also highly improved compared with the
binary systems. Besides, the introduction of the second ligands don’t change the disorder structure of the
siliceous skeleton and thus no phase separation be observed in the hybrid systems. We may expect to

t hyb
obtain stable and efficien

. Introduction

Sol–gel derived organically modified silica materials have
ttracted a great deal of interests for photonic applications because
hey combine the thermal stability and the mechanical strength
f the silica together with the optical characteristics of active
rganic complexes [1,2]. The introduction of the organic molecules
r macromolecules into the Si–O–Si network allow the synthe-
is of bulk materials with adjustable properties [3,4], furthermore,
he multifunctional alkoxysilanes makes it possible to create direct
hemical bonds between the organic and inorganic components
5] and the as-derived molecular-based materials can exhibit

onophasic appearance even at a high concentration of organic
omplexes.

Rare earth complexes have been well known as important
omponents in luminescent materials owing to their excel-
ent luminescent characteristics form the electronic transitions
etween the 4f energy levels. The luminescent mechanism is well

nown as an intramolecular energy transfer from the ligands to the
etal ions, which is called the “antenna effect” [6–8]. However, the

ractical use of these complexes as luminescent devices has been
estrained because of their pool photo and thermal stability and

∗ Corresponding author. Tel.: +86 21 65984663; fax: +86 21 65982287.
E-mail address: byan@tongji.edu.cn (B. Yan).
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rid materials in optical or electronic areas from this method.
© 2009 Elsevier B.V. All rights reserved.

mechanical properties. To overcome these weaknesses, a few stud-
ies in terms of the constructing organic–inorganic hybrid materials
by incorporating the rare earth complexes into a polymer matrix,
especially the Si–O–Si matrix, have appeared [9,10]. According to
the type of interactions between the organic and the inorganic com-
ponents, the hybrids can be categorized into two main classes [11]:
Class I materials concern the conventional doping systems in which
only weak interactions (such as hydrogen bonding, van der Waals
forces, or weak static effects) exist between organic and inorganic
moieties. One way to obtain this kind of materials is to dope the sil-
ica gels with organometallic complexes. Inhomogeneous dispersion
of two phases and leaching of the photoactive molecules frequently
occur in this sort of hybrid materials. Class II materials belong to the
molecule-based composite materials in which the organic and inor-
ganic phases are linked together through strong chemical bonds
(covalent, ion-covalent, or coordination bonds), and the as-derived
molecular-based materials exhibit monophasic appearance even at
a high concentration of rare earth complexes [12–19]. Moreover,
the reinforcement of thermal and mechanical resistances has been
clearly established.

Recently we have synthesized a family of organic–inorganic

molecular hybrid materials containing functional triazole hete-
rocyclic organic components [20]. And the intramolecular energy
transfer mechanism between the organic triazole heterocyclic
ligand with the RE ions was investigated. However, a key issue
that remains in these organic modified materials is that the

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:byan@tongji.edu.cn
dx.doi.org/10.1016/j.jphotochem.2009.05.009
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uminescence lifetimes and the quantum yields of the emission
n these kinds of hybrids are much lower. This may be because
he radiative transition of RE ions incorporated into the sol–gel
erived Si–O–Si matrices can be quenched due to coupling with
he vibrations of their environments, in particular with the –OH
roups of Si–OH and H2O molecule. Moreover, the energy levels
atching degree between the organic segments and RE ions may

e not suited and appropriate. In order to solve this problem, in this

tudy, we introduced 1,10-phenanthroline as a second ligand to
oordinate with the RE ions and a series of ternary hybrid systems
ere presented. Compared with the binary hybrid systems, we

an see that the presence of the second ligand 1,10-phenanthroline
n the ternary hybrid systems can prevent the quenching of the

Fig. 1. Scheme of the synthesis process of the hybrid materials MAMT-Si-Ln-Phen-3
tobiology A: Chemistry 206 (2009) 32–39 33

emission of RE ions, decreased the spectral width and increased
the decay time as well as the emission intensity of the RE ions, and
thus improve the quantum yields of the hybrids.

2. Experimental

2.1. Physical measurements
FT-IR spectra (KBr) were measured within the 4000–400 cm−1

region on a Nicolet model 5SXC spectrophotometer. The X-ray
diffraction (XRD) measurements were carried out on powdered
samples via a BRUKER D8 diffractometer (40 mA/40 kV) using
monochromated CuK�1 radiation (� = 1.54 Å) over the 2� range of

11, MAMT-Si-Ln-Phen-212, EAMT-Si-Ln-Phen-311 and EAMT-Si-Ln-Phen-212.
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0◦–70◦. Differential scanning calorimetry (DSC) and thermogravi-
etric analysis (TGA) were performed on a NETZSCH STA 449C with
heating rate of 10 K/min under a nitrogen atmosphere (flow rate:
0 mL/min). Scanning electronic microscope (SEM) images were
btained with a Philips XL-30. Reflectivity spectra were recorded on
Bws003 spectrometer equipped with a diffuse reflectance acces-

ory. Fluorescence excitation and emission spectra were obtained
n a RF-5301 spectrophotometer with 1.5 nm excitation and 1.5 nm
mission slits. Luminescent lifetimes were recorded on an Edin-
urgh FLS 920 phosphorimeter using a 450 W xenon lamp as
xcitation source (pulse width, 3 �s).

.2. Materials

Europium and Terbium nitrates were obtained from their cor-
esponding oxides in concentrated nitric acid. Tetraethoxysilane
TEOS) was distilled and stored under a N2 atmosphere. The sol-
ents were purified before been used. Other starting reagents were
sed as received.

.3. Synthesis

The organic compounds 3-alkyl-4-amino-5-mercapto-1,2,4-
riazole (MAMT and EAMT) and the silylated precursors (MAMT-Si
nd EAMT-Si) were synthesized using a procedure described
reviously [20]. The hybrid materials (MAMT-Si-Ln-Phen-311,
AMT-Si-Ln-Phen-212, EAMT-Si-Ln-Phen-311, EAMT-Si-Ln-Phen-

12) were prepared according to the procedure depicted in Fig. 1.
A typical procedure for the preparation of the hybrid materi-

ls was as follows. 2 mmol of the precursor (MAMT-Si or EAMT-Si)
as dissolved in 20 mL of absolute ethanol, the solution was
armed to 40 ◦C, then a stoichiometric amount of Ln(NO3)·6H2O

nd 1,10-phenanthroline were added. The resulting mixture was
ept warmly about 5 h with stirring. After that TEOS and H2O were
dded warmly. The mole ratio of Precursor (MAMT-Si or EAMT-
i)/Ln(NO3)·6H2O/1,10-phenanthroline/TEOS/H2O was 3:1:1:6:24
or MAMT-Si-Ln-Phen-311 (EAMT-Si-Ln-Phen-311), and 2:1:2:4:16
or MAMT-Si-Ln-Phen-212 (EAMT-Si-Ln-Phen-212). After the addi-
ion, one drop of diluted hydrochloric acid was added to the final
tirring mixture to promote hydrolysis. After the individual hydrol-
sis of the silylated precursors and TEOS, an appropriate amount of
examethylene-tetramine was added to adjust the pH value of 6–7,
nd the polycondensation reactions between hydroxyl groups of
oth the silylated precursors and TEOS would take place. The result-

ng mixture was agitated magnetically to achieve a single phase and
hermal curing was performed at 60 ◦C in a covered Teflon beaker
or about 6 days until the sample solidified. The obtained molec-
lar hybrid materials were collected as monolithic bulks and then
ashed with ethanol and dried at 80 ◦C for about 2 days. The final
aterials were ground into powdered material for the photophys-

cal studies.

. Results and discussion

.1. FT-IR spectra

All of the obtained hybrid materials were characterized by
nfrared spectroscopy. The IR spectra of (A) MAMT-Si-Eu-Phen-
11, (B) MAMT-Si-Tb-Phen-311, (C) MAMT-Si-Eu-Phen-212, (D)
AMT-Si-Tb-Phen-212 are shown in Fig. 2. The most obvious
ands located at 1317, 1385, 1485, 1505 cm−1, originating from the
,10-phenanthroline group, are growing stronger in the MAMT-Si-
n-Phen-212 hybrids when the amount of the 1,10-phenanthroline
re larger. The broad absorptions of the (�(Si–O–Si)) vibration
ocated in 1109–1040 cm−1 wavelength ranges can be seen in all
Fig. 2. Infrared spectra of the hybrid materials (A) MAMT-Si-Eu-Phen-311, (B)
MAMT-Si-Tb-Phen-311, (C) MAMT-Si-Eu-Phen-212, (D) MAMT-Si-Tb-Phen-212 in
the 4000-400 cm−1 range.

of the spectra, which can indicate the formation of Si–O–Si net-
work during the hydrolysis/condensation reactions. The presence
of the �(Si–C) absorption located in 1200–1192 cm−1 wavelength
ranges is consistent with the fact that no (Si–C) bond cleav-
age occurs [13]. Further, the accomplishment of the coordination
reaction of Ln3+ can be clearly shown by infrared spectroscopy.
The �(C O) vibrations of the –CONH– groups and the �(C N)
vibrations of the 1,2,4-triazole groups are shifted to lower fre-
quency (�� = 10–40 cm−1), This is ascribe to the complexation
of the Ln3+ ion with the silylated precursors in hybrids [13,20].
Meanwhile, the twisting bending vibrations at 854 and 740 cm−1

which belong to the absorption of hydrogen atoms of 1,10-
phenanthroline have almost disappeared, this fact firmly prove
that the 1,10-phenanthroline can effectively coordinate to the rare
earth ions [21]. The formation of H2O molecule during the hydrol-
ysis/condensation reactions can also be clearly indicated by the IR
spectra. The vibration signal around 3400 cm−1, which is the most
intense in the spectra, together with the presence of a signal in
around 1628 cm−1, is the characteristic of H2O molecule. Likewise,
the IR spectra of EAMT-Si hybrid systems (not given) present similar
results.

3.2. Powder XRD

The X-ray diffraction patterns of the hybrid materials
MAMT-Si-Ln-Phen-311, MAMT-Si-Ln-Phen-212, EAMT-Si-Ln-Phen-
311, EAMT-Si-Ln-Phen-212 are reproduced in Fig. 3. In general,
when a material contains a large crystalline region, the peak
observed is usually sharp and its intensity is strong, whereas that
of amorphous material is rather broad [22]. From the spectra we
can see that all the materials are totally amorphous. All the diffrac-
tion curves show the similar broad peaks, with angel 2� centered
around 22.3◦, which are characteristic of amorphous silica materials
[23]. Compared with the previous work we have done [20], it seems
that the introducing of the second ligand (1,10-phenanthroline)
has not changed the disorder structure of the siliceous skeleton.
The structural unit distance, calculated using the Bragg law, is
approximately 3.98 Å, a little bigger than the hybrids in which 1,10-
phenanthroline was not included (3.83 Å). This may be ascribed to

the coherent diffraction of the siliceous backbone of the hybrids
[24,25], the second ligand did not influence the backbone of the
hybrids much. The absence of any crystalline regions in these sam-
ples is due to the presence of organic chains in the host inorganic
framework [26]. In addition, none of the hybrid materials contains
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ig. 3. The X-ray diffraction (XRD) graphs of the hybrids MAMT-Si-Ln-Phen-311,
AMT-Si-Ln-Phen-212, EAMT-Si-Ln-Phen-311 and EAMT-Si-Ln-Phen-212.

easurable amounts of phases corresponding to the pure organic
ompound (silylated precursors MAMT-Si and EAMT-Si or 1,10-
henanthroline) or free RE nitrate, which is an initial indication
or the formation of the true covalent-bonded molecular hybrid

aterials.

.3. Differential scanning calorimetry (DSC) and
hermogravimetric analysis (TGA)

Differential scanning calorimetry (DSC) and thermogravimetric
nalysis (TGA) were performed to examine the thermal activities
f the hybrid materials. Fig. 4 shows the TGA and DSC traces of
he hybrids MAMT-Si-Tb-Phen-311, MAMT-Si-Tb-Phen-212, EAMT-
i-Tb-Phen-311 and EAMT-Si-Eu-Phen-212. From the curves we can
ee that, all the samples show the similar change trends in weight
osses, and two main degradation steps can be obviously found. The
rst weight loss between 200 and 400 ◦C was attributed to the ther-
al degradation of the organosilicate framework, involving Si–C,
–C, and C–N bond cleavage [27]. Whereas the slight weight loss
eyond 400 ◦C was ascribed to the release of water formed from the
urther condensation of silanols in the silica framework. Because
here are even some Si–OH groups on the silica surface and these

ig. 4. The DSC and TGA traces of MAMT-Si-Tb-Phen-311, MAMT-Si-Tb-Phen-212,
AMT-Si-Tb-Phen-311 and EAMT-Si-Eu-Phen-212.
tobiology A: Chemistry 206 (2009) 32–39 35

groups have the ability to undergone condensation to form Si–O–Si
networks with the increasing treatment temperature. The thermal
stability of the ternary hybrids is higher enhanced than that of
binary systems and the weight losses under 200 ◦C are disappeared,
This may because the second ligand 1,10-phenanthroline has taken
the place of the coordination H2O molecule and a more stable
coordination structures were formed thus enhanced the thermal
activities. The slight differences (<2%) of the weight losses for them
may be due to the different organic silylated precursors (MAMT-
Si or EAMT-Si) and the different degrees of the polycondensation
reactions. Otherwise, the MAMT-Si-Tb-Phen-212 and the EAMT-Si-
Eu-Phen-212 hybrids show an improved thermal stability (about
40 ◦C in degradation temperature) than the MAMT-Si-Tb-Phen-311
and the EAMT-Si-Tb-Phen-311 hybrids. This may be due to the coor-
dination modality of the hybrid systems. Because the second ligand
1,10-phenanthroline has an excellent coordination capability to rare
earth ions and the larger amount of the addition in MAMT-Si-Tb-
Phen-212 and the EAMT-Si-Eu-Phen-212 systems may proved a
more stable coordination structures and thus affect the thermal
activities. However, it seems that the exchange of the Eu3+ ions or
Tb3+ ions has no influence on the thermal stabilities of the hybrids.
This might be due to the structures of the siliceous skeleton were
not changed. Likewise, The MAMT-Si-Eu-Phen-311, MAMT-Si-Eu-
Phen-212, EAMT-Si-Eu-Phen-311 and EAMT-Si-Tb-Phen-212 hybrid
systems present similar results.

3.4. Scanning electron micrograph (SEM)

Fig. 5 shows the selected micrographs for (A) MAMT-Si-Tb-
Phen-311, (B) EAMT-Si-Tb-Phen-311, (C) MAMT-Si-Tb-Phen-212,
(D) EAMT-Si-Eu-Phen-212. In most cases, surface morphology of
materials is of great importance for many technical applications
requiring well-defined surface or interfaces. From the figure we
can see that all the samples show a homogeneous system and no
phase separation could be observed. That may because the cova-
lent bonding (Si–O–Si) enhanced the miscibility of the organic
compounds and the silica matrixes, so the inorganic and the
organic phases can exhibit their distinct properties together via
a self-assemble process during the hydrolysis/polycondensation
process. Basically, the sol–gel synthesis of organic-silica hybrid
materials mainly involves three steps, that is, hydrolysis, con-
densation and polycondensation [28], these three steps cannot
be totally isolated, and they proceed in parallel rather than in
sequence. Their relative rates determine the final structure of the
wet silica gel [29]. There are many granules on the surface of the
MAMT-Si-Tb-Phen-311 and EAMT-Si-Tb-Phen-311 hybrids, while
in MAMT-Si-Tb-Phen-212 and EAMT-Si-Eu-Phen-212 hybrids, the
granules become bigger and some scale like microstructure can
be observed. This may be attributed to the condensation reac-
tion, which takes place between ethoxy–ethoxy, silanol–silanol
and ethoxy–silanol groups, leading to the formation of siloxane
chains. Meanwhile, the different degree of the polycondensation
reaction caused the different sizes of the granules in the surface
of the hybrids. Furthermore, the further hydrolysis of the remain-
ing alkoxy groups and polycondensation (or gelation) between
chains gives rise to a three-dimensional, cross-linked solid net-
work of siloxane (Si–O–Si), which is an indication for the formation
of the network structures seeing from the MAMT-Si-Tb-Phen-311
and EAMT-Si-Tb-Phen-311 hybrids. For MAMT-Si-Tb-Phen-212 and
EAMT-Si-Eu-Phen-212 hybrids, it is indicated that the tendency to
form one-dimensional chain-like structure after the more addi-

tion of the second ligand has become the important tendency
competed with the tendency to form the polymeric Si–O–Si net-
work, which forms the final dendritic stripe microstructure that
can be seen from the SEM of the EAMT-Si-Eu-Phen-212 hybrids
obviously.
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ig. 5. SEM images for molecular-based hybrid materials with organic and inorgani
12, (D) EAMT-Si-Eu-Phen-212.

.5. Diffuse reflectivity spectra

Diffuse reflectance experiments were performed on all of the
owdered materials and the corresponding absorption spectra of
A) MAMT-Si-Eu-Phen-311, MAMT-Si-Eu-Phen-212, EAMT-Si-Eu-
hen-311, EAMT-Si-Eu-Phen-212 and (B) MAMT-Si-Tb-Phen-311,
AMT-Si-Tb-Phen-212, EAMT-Si-Tb-Phen-311, EAMT-Si-Tb-Phen-

12 are shown in Fig. 6. All of the spectra exhibit the similar broad
bsorption bands in the UV–vis range (220–350 nm), which par-
ially overlap with the fluorescence excitation spectra (wide bands
t 250–380 nm in Fig. 7(A) and (B)). This absorption band may
orrespond to transition from the ground states of the organic
igands to the first excited states (S0 → S1). It is more specifically
ttributed to � → �* transition of the 1,2,4-triazole group and the
,10-phenanthroline group. Compared with the hybrid systems we
ave reported previously [20], a red shift is observed in the spec-
ra after the introduction of the 1,10-phenanthroline. According
o Dexter’s exchange energy transfer theory, the intramolecular
nergy transfer efficiency mainly depends on the matching degree
etween the ligand’s triplet state energy and lanthanide iron’s
mission energy and thus influence the luminescence intensity
f hybrid material. Established on this theory we can primarily
redicted that, energy transfer process will occur from MAMT (or
AMT) to 1,10-phenanthroline, substantiating that the heterocyclic
igand will become the main energy donor and have the possibility
o sensitize Ln3+ ions. Furthermore, after the introduction of second
igand 1,10-phenanthroline, the organic segments can absorb more
bundant energy in ultraviolet-visible extent and the energy levels

atching degree between the organic segments and RE ions is more

uited and appropriate so that the final ternary hybrid materials
an be expected to have strong luminescence via an intramolecular
nergy transfer process, which can be proved by the intension of
he emission peaks in 450–700 nm ranges. Meanwhile, the signals
orks, (A) MAMT-Si-Tb-Phen-311, (B) EAMT-Si-Tb-Phen-311, (C) MAMT-Si-Tb-Phen-

of 591, 614, 685 nm in Fig. 6(A) and 490, 545 nm in Fig. 6(B) were
also observed in the spectra, which due to the corresponding Eu3+

and Tb3+ ions, respectively. For MAMT-Si-Ln-Phen-212 and EAMT-
Si-Ln-Phen-212 hybrid systems, the intensities of the signals are
largely improved compared with the MAMT-Si-Ln-Phen-311 and
EAMT-Si-Ln-Phen-311 hybrid systems. It is indicated that the addi-
tion of the second ligand 1,10-phenanthroline can largely sensitize
the emission of rare earth ions, this can also be proved by the fluo-
rescence spectra in Fig. 7(A). However, for terbium hybrid systems,
the intensities of the signals are not largely different, which mean
the sensitization effect for terbium ions is not obviously compared
with europium ions. Even so, the sensitization effect can also be
obviously seen from the fluorescence spectra in Fig. 7(B).

3.6. Photoluminescence properties

Fig. 7 shows the excitation and emission spectra of the
europium hybrid materials (A) MAMT-Si-Eu-Phen-311, MAMT-
Si-Eu-Phen-212, EAMT-Si-Eu-Phen-311, EAMT-Si-Eu-Phen-212 and
the terbium hybrid materials (B) MAMT-Si-Tb-Phen-311, MAMT-Si-
b-Phen-212, EAMT-Si-Tb-Phen-311, EAMT-Si-Tb-Phen-212. From

the spectra we can see that, excellent emissions of lanthanide
ions were obtained because the introduction of the second ligand
1,10-phenanthroline. The excitation spectra were obtained by mon-
itoring the emission of Eu3+ or Tb3+ at 614 or 545 nm. For Eu3+

hybrids, all the systems have similar excitation spectra that are
dominated by a broad band from 250 to 380 nm with the max-
imum peak at about 330 nm. As a result, the emission lines of

the hybrid materials were assigned to the characteristic 5D0 → 7F1
and 5D0 → 7F2 transitions at 590 and 614 nm, respectively, while
the emission lines of 5D0 → 7F3 and 5D0 → 7F4 are too weak to
be observed. The 5D0 → 7F2 emission around 614 nm is the most
predominant transition, which agrees with the amorphous char-
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ig. 6. The ultraviolet-visible diffuse reflection absorption spectra of europium
ybrid materials (A) MAMT(EAMT)-Si-Eu-Phen-311, MAMT(EAMT)-Si-Eu-Phen-212,
nd the terbium hybrid materials (B) MAMT(EAMT)-Si-Tb-Phen-311, MAMT(EAMT)-
i-Tb-Phen-212.

cters of the hybrid materials. From the spectra, we can see that
he fluorescence emission intensities of these kinds of materials
re determined in the order: EAMT-Si-Eu-Phen-212 > MAMT-Si-Eu-
hen-212 > EAMT-Si-Eu-Phen-311 > MAMT-Si-Eu-Phen-311, which
ndicate that the second ligand 1,10-phenanthroline can efficiently
ensitize the luminescence of Eu3+ ions, the more the amount of
he 1,10-phenanthroline are added, the stronger the intension of
he fluorescence emissions of the hybrids are. From the spectra we
an also see that, the exchange of the silylated precursors (MAMT-Si
nd EAMT-Si) has nearly no influence on the fluorescence emis-
ion intensities. This can also prove that the 1,10-phenanthroline
ecome the main energy donor and the effective energy transfer
ake place between the MAMT-Si-Phen (or EAMT-Si-Phen) with
he chelated Eu3+ ions. For Tb3+ hybrids, a broad band centered
t around 330 nm was observed in the excitation spectra and as
result, the emission lines were assigned to the 5D4 → 7FJ tran-
itions located at 490, 544, 587 and 622 nm, for J = 6, 5, 4 and 3
espectively. The most striking green fluorescence (5D4 → 7F5) was
bserved due to the fact that this emission is the most intense one.
orresponding to the emission spectra of Eu3+ hybrids, the fluores-
ent intensities of Tb3+ hybrids change with the same sequence,
Fig. 7. The excitation and emission spectra of the europium hybrid materials
(A) MAMT(EAMT)-Si-Eu-Phen-311, MAMT(EAMT)-Si-Eu-Phen-212, and the terbium
hybrid materials (B) MAMT(EAMT)-Si-Tb-Phen-311, MAMT(EAMT)-Si-Tb-Phen-212.

that is EAMT-Si-Tb-Phen-212 > MAMT-Si-Tb-Phen-212 > EAMT-Si-
b-Phen-311 > MAMT-Si-Tb-Phen-311. Compared with the binary

hybrid systems we have reported previously [20], the fluorescence
intensities of molecular hybrids are much enhanced when the sec-
ond ligands are added to the hybrids, especially for the addition
of 1,10-phenanthroline. This is a good method to prepare materials
with strong luminescence emissions.

3.7. Luminescence decay times (�) and Emission quantum
efficiency (�)

The typical decay curves of the ternary europium hybrid
materials were measured using a selective excitation wavelength
of 330 nm, and they can be described as a single exponential
(Ln(S(t)/S0) = −k1t = −t/�), indicating that all Eu3+ ions occupy the
same average coordination environment. The typical decay curve
of the MAMT-Si-Eu-Phen-311 hybrid material is shown in Fig. 8 as
an example and the resulting lifetimes of Eu3+ hybrids were given in
Table 1. The influence of 1,10-phenanthroline can be illustrated by
comparing the ternary systems with the corresponding binary sys-
tems reported previously [20]. The Eu3+ lifetimes in ternary hybrid

materials are much longer than those in the corresponding binary
materials, this may be ascribed to the reducing of the quenching
effect by –OH– group from the coordinated H2O after the intro-
duction of the second ligand 1,10-phenanthroline. In addition, the



38 J. Liu, B. Yan / Journal of Photochemistry and Photobiology A: Chemistry 206 (2009) 32–39

Table 1
The luminescence efficiencies and lifetimes for the europium hybrid materials MAMT-Si-Eu-Phen-311, MAMT-Si-Eu-Phen-212, EAMT-Si-Eu-Phen-311 and EAMT-Si-Eu-Phen-
212.

Hybrids 	01 (cm−1)a 	02 (cm−1)a A0J (s−1) Ar (s−1) Anr (s−1) � (�s)b � (%)

MAMT-Si-Eu-Phen-311 16978 16313 50,371 421 603 977 41.1
MAMT-Si-Eu-Phen-212 16978 16313 50,257 307 787 914 28.1
EAMT-Si-Eu-Phen-311 16978 16313 50,332 382 629 989 37.8
E 50,4
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AMT-Si-Eu-Phen-212 16978 16313

a The energies of the 5D0 → 7FJ transitions (	0J).
b For 5D0 → 7F2 transition of Eu3+.

nergy levels matching degree between the organic segments and
E ions is more suited and appropriate as the 1,10-phenanthroline
ecome the main energy donor and thus reduces the non-radiative
nergy loss compared with the binary systems.

According to the emission spectrum and the lifetime of the Eu3+

rst excited level (�, 5D0), the emission quantum efficiency (�) of
he 5D0 Eu3+ excited state can be determined, and the detailed lumi-
escent data was shown in Table 1. On the basis of the emission
pectra and lifetimes of the 5D0 emitting level, we selectively deter-
ined the emission quantum efficiencies of the 5D0 excited state

f europium ion for Eu3+ hybrids. Assuming that only non-radiative
nd radiative processes are essentially involved in the depopulation
f the 5D0 state, the quantum efficiency of the luminescence step,
can be defined as how well the radiative processes compete with
on-radiative processes, the detailed principles and methods were
dopted from Refs [30–38].

= Ar

Ar + Anr
(1)

exp = (Ar + Anr)
−1 (2)

= Ar�exp (3)

r = ˙A0J = A00 + A01 + A02 + A03 + A04 (4)

0J = A01

(
I0J

I01

)(
	01

	0J

)
(5)

here Ar and Anr are radiative and non-radiative transition rates,
espectively. Ar can be obtained by summing over the radiative
ates A0J for each 5D0 → 7FJ transitions of Eu3+ [30–38]. Since

7
D0 → F1 belongs to the isolated magnetic dipole transition, it
s practically independent of the chemical environments around
he Eu3+ ion, and thus can be considered as an internal reference
or the whole spectrum, A0J is the experimental coefficients of
pontaneous emissions, among A01 is the Einstein’s coefficient of

Fig. 8. The decay curves of MAMT-Si-Eu-Phen-311 hybrid material.
01 451 604 948 42.7

spontaneous emission between the 5D0 and 7F1 energy levels. In
vacuum, the value of A01 can be determined to be 50 s−1 approxi-
mately (A01 = n3A01 (vacuum)) [38]. I is the emission intensity and can
be taken as the integrated intensity of the 5D0 → 7FJ emission bands
[37,38]. 	0J refers to the energy barycenter and can be determined
from the emission bands of Eu3+’s 5D0 → 7FJ emission transitions.
Here the emission intensity I, taken as integrated intensity S of the
5D0 → 7F0–4 emission curves.

From the discussion mentioned above, it can be seen the value
� mainly depends on the values of two quanta: one is lifetime and
the other is I02/I01 (red/orange ratio). If the lifetimes and red/orange
ratio are large, the quantum efficiency must be high. As shown in
Table 1, the ternary hybrid systems exhibit much higher quantum
efficiencies than the binary hybrid systems, this finding agrees with
the results from the luminescent intensities and lifetimes. So we can
see that the addition of the second ligand into the hybrids not only
enhance the materials’ luminescent intensities, but also extend the
materials’ luminescent lifetimes and thus improve the materials’
quantum efficiencies.

4. Conclusion

In summary, in order to obtain luminescent materials with
stronger luminescent intensities as well as higher emission quan-
tum efficiency, we successfully prepared a series of ternary
lanthanide molecular hybrid materials containing functional 1,2,4-
triazole and 1,10-phenanthroline organic segment. Measurements
of the photoluminescent properties of these materials show that
the ternary rare earth/inorganic/organic hybrids present stronger
luminescent intensities, longer lifetimes, and higher luminescent
quantum efficiencies than the binary hybrids, indicating that the
introduction of the second ligand can sensitize the luminescence
emission of the overall hybrid system. In addition, all of these
ternary hybrid materials exhibit homogeneous microstructures and
morphologies, suggesting the introduction of the second ligand
does not change the structure of the siliceous skeleton and the self-
assembly process occur between the inorganic network and organic
chain. As the synthesis process can be easily applied to other binary
systems, we may expect to obtain stable and efficient hybrid mate-
rials in optical or electronic areas for the desired properties can be
tailored by an appropriate choice of the precursors and the addition
of the second ligand.
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