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a b s t r a c t

A series of organic–inorganic hybrid material with chemically bonding have been prepared through the
precursor (PDCA-Si) derived from 2-pyrrolidinone-5-carboxylic acid, which exhibits a self-organization
cooperation interaction under the coordination to RE3+ (Eu3+, Tb3+). The pure organic silica hybrids
(PDCA-Si) without RE3+ presents the small particle size and main blue luminescence with maximum peak
462 nm occupying a broad band from 425 to 550 nm. When Eu3+ and Tb3+ are introduced, the particle size
of the hybrids increases, indicating the coordination effect has influence on the microstructure of hybrids.
Besides, the corresponding Eu and Tb hybrids (Eu–PDCA-Si, Tb–PDCA-Si) show the characteristic red and
green luminescence of Eu3+ and Tb3+, respectively, which suggests that the efficient intramolecular
energy transfer process take place between carboxylic groups and lanthanide ions take place. The lumi-
nescence lifetimes and quantum efficiencies of them are determined and energy transfer efficiency
between PDCA-Si and Eu3+ (Tb3+) is calculated.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The ambient temperature sol–gel polycondensation is a very
convenient technology to prepare silica-based organic–inorganic
materials [1]. The resulting materials are transparent and have
good mechanical properties such as easily controlling shape, high
homogeneity and purity of products [2]. The choice of the organic
unit is very broad, permitting the formation of many innovative
advanced materials with improved physical and chemical proper-
ties, as well as the promising applications in such fields as optics,
electronics, mechanics, membranes, etc. [3]. Luminescent materi-
als are applied in many important optic devices such as tunable la-
sers, displays and amplifiers for optical communication [4].

The major drawback in photoluminescence analysis is the inter-
ference caused by autofluorescence and light scattering. For this
reason, over the past decade great interest has been centered on
the design of luminescent complexes containing the Eu(III) and
Tb(III) ions, which possess luminescence lifetimes in the micro-
to millisecond range [5]. To obtain an efficient luminescent mate-
rial, the ligand needs to be able to form stable complexes with the
lanthanide ions, to shield the ion from deactivating molecules.
What’s more, the ligand needs to reinforce the energy absorbability
and to transfer it to the metal ion with high efficiency, thereby
All rights reserved.

: +86 21 65982287.
overcoming the intrinsic low absorption coefficients of the metal
ions. This mechanism is called the antenna effect [6]. Recently,
entrapping of lanthanide complexes with b-diketones, aromatic
carboxylic acids, and heterocyclic ligands in sol–gel derived host
structures has been studied to improve the luminescent properties
of the hybrids [7–10].

But the solubility of lanthanide complexes in the sol–gel matrix
is low as a result of the low pH needed for the hydrolysis reaction
[11,12]. Some methods have been put forward to overcome these
solubility problems such as linking organic complexes and inor-
ganic matrix together while shielding the lanthanide ion from
the deactivating groups by a shell of organic ligands [13,14]. The
covalent Si–C bonds grafting the lanthanide complexes to the silica
backbone make the final production be monophasic even at a high
concentration of organic complexes. So the materials’ properties
are improved largely and lanthanide-containing organic–inorganic
hybrid materials processed by sol–gel method are considered to be
good candidates to applications in optical devices.

The development of novel linkages for connecting organic com-
pounds to inorganic solid supports is an important and active area
because the choice of linker is a key consideration in designing a
material since the stability of the linker limits the chemistry in
the synthesis route and the final materials’ properties [15]. In the
former research, many researchers have paid their attentions to
the modification of the siloxanes [16–25]. There are five general
ways to synthesis lanthanide-centered luminescent hybrid materi-
als: carboxyl-modification [26–28], amino-modification [29–31],
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hydroxyl-modification [32–36], sulfide-modification [37] and sul-
fonic-modification [38] etc.

Thus, our specific investigations have concerned about the syn-
thesis of the siloxane-functionalized heterocyclic carboxylic acid as
precursor of hybrids. The structure as well as the texture of the hy-
brid solids are also investigated that how the coordination between
the ions and the ligands in the sol–gel process can impact on the
organization in those amorphous systems. 2-Pyrrolidinone-5-car-
boxylic acid is used as the original reagent, which can react with
3-(triethoxysilyl)-propyl isocyanate and the derived organosilane
precursor could complex with Eu3+/Tb3+ ions. The pyrrolidinone
unit possesses the adjacent –NH group and carboxyl group, which
can produce the chelation effect after the modification of –NH. This
is very important for the whole coordination interaction of the hy-
brid systems. Besides, the carboxyl group may take part in the coor-
dination to stabilize the whole hybrids. They are generally
performed at room temperature where gelation particles have to
be stabilized by chemical cross-linking. As an alternative, we devel-
oped an oil-in-water emulsion process involving the drying gela-
tion on a vacuum line, followed by the rapid condensation of
silicates, leading to stable hybrid micro-particles. The structure of
the deposited silica particles appears to depend on both organosi-
lane concentration and the coordination interactions.
2. Experimental

2.1. Chemicals and procedures

Starting materials were purchased from Aldrich or Fluka and
were used as received. All normal organic solvents were purchased
from China National Medicines Group and were distilled before
Fig. 1. The scheme for the typical procedures for the preparation
utilization according to the literature procedures [39]. Terbium
and europium nitrates were obtained from the corresponding oxi-
des treated by dilute nitric acid.

The typical procedures for the preparation of hybrid precursor
(PDCA-Si) and hybrid material are described in the Fig. 1. 0.775 g
(6 mmol) 2-pyrrolidinone-5-carboxylic acid was first dissolved in
15 mL pyridine by stirring and then 1.484 g (6 mmol) 3-(triethoxy-
silyl)-propyl isocyanate was added to the solution by drops. The
whole mixture was refluxing at 80 �C for 4 h. The solution was con-
densed to evaporate the solvent and then the residue was dried on
a vacuum line. A colorless oil was obtained. 1H NMR (CDC13,
500 MHz) 0.68(t, 2H, H3), 1.22(t, 9H, H1) 1.71(m, 2H, H4), 2.28(t,
2H, H7), 2.45(m, 2H, H8), 3.14(q, 2H, H5), 3.83(q, 6H, H2), 4.87(t,
2H, H9), 7.02 (t, 1H, H6), 10.0(s, 1H, H10).

The sol–gel derived hybrid PDCA-Si was prepared as follows:
0.6 mmol hybrid precursor PDCA-Si and 1.2 mmol tetraethoxysi-
lane (TEOS) were dissolved in 5 ml ethanol with stirring. The mix-
ture was agitated magnetically to achieve a single phase in a
covered Teflon beaker for 4 h, and then 30 ml water was added un-
der gentle magnetic stirring to form an initial o/w (oil-in-water)
macro-emulsion for an hour. After that, it was dried on a vacuum
line at 60 �C immediately. After aged until the onset of gelation
which occurred, the gels were collected for the physical properties
studies.

The sol–gel derived hybrid containing lanthanide ions Eu–
PDCA-Si and Tb–PDCA-Si were prepared as follows: 0.6 mmol hy-
brid precursor was dissolved in 5 ml ethanol with stirring. And
0.2 mmol RE(NO3)3 � 6H2O (Tb(NO3)3 � 6H2O and Eu(NO3)3 � 6H2O,
respectively) and 1.2 mmol tetraethoxysilane (TEOS) was added
into the solution, respectively. The mixture was agitated magneti-
cally to achieve a single phase in a covered Teflon beaker for 4 h,
and then 30 ml water was added under gentle magnetic stirring
of hybrid precursor PDCA-Si and the corresponding hybrids.
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to form an initial o/w (oil-in-water) macro-emulsion for an hour.
After that, it was dried on a vacuum line at 60 �C immediately.
After aged until the onset of gelation which occurred, the gels were
collected for the physical properties studies.

2.2. Measurements

Fourier transform infrared (FTIR) spectra were measured within
the 4000–400 cm�1 region on an (Nicolet model 5SXC) infrared
spectrophotometer with the KBr pellet technique. 1H NMR (Proton
Nuclear Magnetic Resonance) spectra were recorded in CDCl3 on a
BRUKER AVANCE-500 spectrometer with tetramethylsilane (TMS)
as inter reference. Diffuse reflectance ultraviolet-visible spectra
(DRUVS) of hybrid materials were recorded with a BWSpec
3.24u_42 spectrophotometer. Luminescence (excitation and emis-
sion) spectra of these solid complexes were determined with a RF-
5301 spectrophotometer whose excitation and emission slits were
5 and 3 nm, respectively. And the fluorescence decay properties
were recorded on an Edinburgh Analytical Instruments. The X-
ray diffraction (XRD) measurements were carried out on powdered
samples via a ‘‘BRUKER D8” diffractometer (40 mA_40 kV) using
monochromated Cu Ka1 radiation (k = 1.54 Å) over the 2h range
of 10–70�. Scanning electronic microscope (SEM) images were ob-
tained with a Philps XL-30. The quantum yield of were determined
using an integrating sphere (150 mm diameter, BaSO4 coating) of
Edinburgh Instruments. The spectra were corrected. The quantum
yield can be defined as the integrated intensity of the luminescence
signal divided by the integrated intensity of the absorption signal.
Only the intense luminescence band of the 5D0 ?

7F2 transition
Fig. 2. Infrared spectra of PDCA (a), the precursor PDCA-Si (b), hyb
around 612 nm was measured by the integrating sphere, but this
intensity value was corrected by taking into account the relative
intensity of the other transitions (as determined from the steady-
state luminescence spectrum in the 550–750 nm region). In this
way, an intensity value that corresponds to the total luminescence
output was obtained. The absorption intensity was calculated by
subtracting the integrated intensity of the light source with the
sample in the integrating sphere, from the integrated intensity of
the light source with a blank sample in the integrating sphere.

3. Results and discussion

3.1. Characterization of composition and microstructure

The Fourier transform infrared (FTIR) spectra for PDCA (a), the
precursor PDCA-Si (b), hybrid materials PDCA-Si (c) and Tb–
PDCA-Si (d) are shown in Fig. 2. The peak at 3420–3306 cm�1 in
curve of 2-pyrrolidinone-5-carboxylic acid Fig. 2a is the unique
vibration of NH group. The broad peak at 3064–2817 cm�1 in curve
of 2-pyrrolidinone-5-carboxylic acid (a) is the coupling of two car-
boxyl groups and it turned into broad peak of m (O–H) at 3454 cm�1

in curve of precursor Fig. 2b. Two adjacent sharp peaks at
2929 cm�1 and 2872 cm�1 in curve of precursors Fig. 2b are
mas(CH2) and ms(CH2) of the long carbon chain in precursors [40].
And 1H NMR spectra relative to the precursors are in full agree-
ment with the proposed structures. In the spectra of hybrid mate-
rials (PDCA-Si and Tb–PDCA-Si), the spectra are dominated by the m
(O–H) at 3454 cm�1 and m (Si–O–Si) absorption bands at 1120–
1000 cm�1. The m (O–H) came from the absorbed water in the hy-
rid material PDCA-Si (c) and hybrid material Tb–PDCA-Si (d).



Fig. 3. Selected diffuse reflectance ultraviolet-visible spectra (DRUVS) of PDCA (a),
PDCA-Si (b) and Tb–PDCA-Si (c).

Fig. 4. The X-ray diffraction graphs of PDCA (a), PDCA-Si (b) and Tb–PDCA-Si (c) and
Tb(NO3)3 � 6H2O/PDCA-Si (d) hybrid materials.
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brid material. The m (Si–C) vibration located in the 1175 cm�1 in IR
spectra of hybrid materials (see Fig. 2) was consistent with the fact
that no (Si–C) bond cleavage occurred during modification, hydro-
lysis and condensation reactions [26–28]. The broad absorption
band at 1120–1000 cm�1 (m (Si–O–Si)) indicated the formation of
siloxane bonds [40]. The decrease of other peaks’ intensities may
be due to the containing of the organic groups by the silicate inor-
ganic host which occurred in the hydrolysis and condensation pro-
cess. Coordination of lanthanide ions by the ligands is clearly
shown by infrared spectroscopy. In spectrum of precursors
Fig. 2b, the m (COO�)as vibrations is located at 1650–1550 cm�1

and the m (COO�)sy vibrations is located at 1406 cm�1. But in the
spectrum of Fig. 2d, the m (COO�)sy vibration is shifted to the
1384 cm�1. The shift is a proof of the coordination of the carboxylic
group to the metallic ion with the oxygen atoms [26–28].

Fig. 3 shows the diffuse reflectance ultraviolet-visible spectra
(DRUVS) of PDCA (a), hybrid material PDCA-Si (b) and hybrid mate-
rial Tb–PDCA-Si (c). In the spectra, the absorption peak around
290 nm corresponded to the n ? p* electronic transition of carbox-
ylic group [26–28]. The increase of intensities from 280 nm to
322 nm corresponds to the coordination of carbonyl oxygen to lan-
thanide ions. The broad absorption band is favorable for the energy
transfer and luminescence of Eu or Tb ions.

The X-ray diffraction graphs of PDCA (a), hybrid material PDCA-
Si (b) and hybrid material Tb–PDCA-Si (c) and hybrid material
Tb(NO3)3 � 6H2O/PDCA-Si (PDCA-Si doped with terbium nitrates)
(d) are shown in Fig. 4. In the spectrum of PDCA (a), there are char-
acteristic X-radiation peaks of 2-pyrrolidinone-5-carboxylic acid
crystals. But the diffractogram of hybrid materials reveals that all
of the hybrid materials with 10� 6 n 6 70� are mostly amorphous.
To hybrid material PDCA-Si (b), it is totally amorphous and domi-
nated by a broad peak centered 22�. However, in the Hybrid mate-
rial Tb–PDCA-Si (c) there are some narrow peaks protrude from the
baseline which are attributed to the regular arrangement of the or-
ganic groups. This is consistent with the suggestion of coordination
interactions between lanthanide ions and carboxylic acid groups
which was proved previously. To exclude the impact of lanthanide
nitrates, hybrid material I simply doped with Terbium nitrates
according to the ratio of previous experiment description of hybrid
material Tb(NO3)3 � 6H2O/PDCA-Si are prepared and its XRD spec-
trum (d) is measured. From the spectra (d), the intensities of broad
peak still exists which means that simply mix could not eliminate
the broad peak. Comparing (c) and (d), the difference proved the
coordination between the lanthanide ions and ligands.
The scanning electron micrographs (SEM) of these hybrid mate-
rials can give some proofs from the texture. In Fig. 5, left graph is
hybrid material PDCA-Si and right graph is hybrid material Tb–
PDCA-Si. These are mostly owing to the adapting sol–gel treatment.
In the sol process, the o/w macro-emulsion is decisive and respon-
sibility for the materials’ final texture. The difference between two
hybrids is the scale of two kinds of particles and it can be resolved
easily. In hybrid material PDCA-Si, because of the hydrogen-bond,
organic groups aggregated. In the hybrid material Tb–PDCA-Si,
the coordination between organic groups and lanthanide ions dis-
turbed the regular arrangement of the organic moieties so the par-
ticle scale of the hybrid material Tb–PDCA-Si is smaller than that of
the hybrid material PDCA-Si. Carboxylic acids are already well-
known to be good chelating groups to sensitize luminescence of
lanthanide ions [7]. The mechanism usually described for sensitized
emission in lanthanide complexes proceeds through the following
steps. At the first, the ligands absorb energy via a ground singlet-ex-
cited singlet transition. Then the energy takes lossless intersystem
crossing process to transfer from the excited singlet to the triplet
state. After the energy transfer from the excited state of ligands to
the emissive state of rare earth ions, the characteristic emission of
the excited lanthanide ions can be observed.

This hybrid material system presents a number of advantages:
(i) the hybrid particles exhibit a micrometric structure, and not a
continuous hybrid network, so that they are convenient to use
and need not to be ground; (ii) the synthesis does not involve
any high temperature process and the time needed is shortened.
In this study, it has been shown that the modification is practical
and the obtained hybrid materials possess good physical proper-
ties. As one synthesis method, it can be easily applied to other or-
ganic compounds and to different modified alkoxysilanes.
Furthermore, the current molecular design method can be conve-
niently applied to other hybrid systems. The desired properties
can be tailored by an appropriate choice of the precursors. So this
kind of molecular-based hybrid material can be expected to be a
promising candidate for tailoring desired properties to the host
in many fields of applications.

3.2. Photophysical properties

The luminescence behaviors of all of the materials have been
investigated at 298 K by direct excitation of the ligands (290 nm).
Representative emission spectra are given in Figs. 6–8, respec-
tively. Fig. 6 illustrates typical photoluminescence spectra of the



Fig. 5. The selected scanning electron micrographs of the hybrid material: (a)
PDCA-Si and (b) Tb–PDCA-Si.

Fig. 7. The emission spectra of the hybrid material Eu–PDCA-Si.

Fig. 8. The emission spectra of the hybrid material Tb–PDCA-Si.
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hybrid material PDCA-Si. Because no lanthanide ions are intro-
duced in them, this kind of hybrid materials can only emit the
luminescence of the organic group. The peak of the emission is lo-
cated at 460 nm. Fig. 7 illustrates typical photoluminescence spec-
tra of the europium hybrid material Eu–PDCA-Si. The maxima of
these bands are at 590 and 613 nm which is associated with
5D0 ?

7F1 and 5D0 ?
7F2 transitions, respectively. The energy trans-

fer from the carboxylic ligand to europium (III) is not perfect, as
can be noticed to the residual ligand emission from 500 to
570 nm. A prominent feature that may be noted in these spectra
is the high intensity ratios of I(5D0 ?

7F2)/I(5D0 ?
7F1). The inten-

sity (the integration of the luminescent band) ratio of the
5D0 ?

7F2 transition to 5D0 ?
7F1 transition has been widely used

as an indicator of Eu3+ site symmetry [41]. 5D0 ?
7F1 transition is
Fig. 6. The emission spectra of hybrid material PDCA-Si.
magnetic-dipolar transitions and insensitive to their local structure
environment while 5D0 ?

7F2 transition is electric-dipolar transi-
tions and sensitive to the coordination environment of the Eu3+

ion. When the interactions of the rare-earth complex with its local
chemical environment are stronger, the complex becomes more
nonsymmetrical and the intensity of the electric-dipolar transi-
tions becomes more intense. As a result, 5D0 ?

7F1 transition (mag-
netic-dipolar transitions) decreased and 5D0 ?

7F2 transition
(electric-dipolar transitions) increased. In this situation, the inten-
sity ratios are approximately 4.5. This ratio is only possible when
the europium ion does not occupy a site with inversion symmetry
[42]. It is clear that the strong coordination interactions took place
between the organic groups and lanthanide ions. Fig. 8 illustrates
typical photoluminescence spectra of the terbium hybrid material
Tb–PDCA-Si. Narrow-width emission bands with maxima at 487,
543, 580 and 619 nm are recorded. These bands are related to
the transition from the triplet state energy level of Tb3+ to the dif-
ferent single state levels and are attributed to the 5D4 ? 7F6,
5D4 ?

7F5, 5D4 ? 7F4 and 5D4 ? 7F3 transitions of Tb3+ ions, respec-
tively. And the efficiency is higher than that from the carboxylic
group to Eu3+ ion.

The luminescence decays of the hybrid material fit a single-
exponential rule (Fit = A + B1

* exp(�t/T1)), confirming that all lan-
thanide ions lie in the same coordination environment. The result-
ing lifetime of the europium and terbium hybrids is 0.74 ms and
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0.81 ms, respectively. What’s more, it appears as a general trend
that the lifetimes in this hybrid materials are similar as those in
the corresponding organic complexes which range is from 0.2 to
1.7 ms [43], indicating an important maintenance of luminescent
stability for the covalently bonded molecular network in the hy-
brid systems. The resulting lifetime data of Eu and hybrids were gi-
ven in Table 1. The luminescent lifetime of terbium hybrids is
longer than that of europium ones, which is the similar order to
the luminescent intensity, indicating both PDCA-Si show the more
suitable for the luminescence of Tb3+ than Eu3+.

Furtherly, we selectively determined the emission quantum
efficiencies of the 5D0 excited state of europium ion for Eu3+ hy-
brids on the basis of the emission spectra and lifetimes of the
5D0 emitting level, the detailed luminescent data were shown in
Table 1. The quantum efficiency of the luminescence step, g ex-
presses how well the radiative processes (characterized by rate
constant Ar) compete with non-radiative processes (rate constant
Anr) [44–52]:

g ¼ Ar=ðAr þ AnrÞ ð1Þ

Non-radiative processes influence the experimental luminescence
lifetime (sexp) by the equation [43–51]

sexp ¼ ðAr þ AnrÞ�1 ð2Þ

So quantum efficiency (g) can be calculated from radiative transi-
tion rate constant and experimental luminescence lifetime from
the following equation [44–52]:

g ¼ Arsexp ð3Þ

where Ar can be obtained by summing over the radiative rates for
each 5D0 ? 7FJ transitions of Eu3+ [44–52]

Ar ¼
X

A0J ¼ A00 þ A01 þ A02 þ A03 þ A04 ð4Þ
A0J ¼ A01ðI0J=I01Þðt01=t0JÞ ð5Þ

Here A0J is the experimental coefficients of spontaneous emissions,
among A01 is the Einstein’s coefficient of spontaneous emission be-
tween the 5D0 and 7F1 energy levels, which can be determined to be
50 s�1 approximately [48] and as a reference to calculate the value
of other A0J. I is the emission intensity and can be taken as the inte-
grated intensity of the 5D0 ?

7FJ emission bands [45,46]. t0J refers to
the energy barrier and can be determined from the emission bands
of Eu3+’s 5D0 ?

7FJ emission transitions. The branching ratio for the
5D0 ? 7F5,6 transitions can be neglected as they both are not de-
tected experimentally, whose influence can be ignored in the
depopulation of the 5D0 excited state [44–52]. Since 5D0 ?

7F1 be-
longs to the isolated magnetic dipole transition, it is practically
independent of the chemical environments around the Eu3+ ion,
and thus can be considered as an internal reference for the whole
spectrum, the experimental coefficients of spontaneous emission,
Table 1
Photoluminescent data of all hybrid materials.

Hybrids PDCA-Si Eu–PDCA-Si Tb–PDCA-Si

I02/ I01 – 10.01 –
s (ms) – 0.54a 0.81b

1/s (s�1) – 1850 –
Ar (s�1) – 280 –
Anr (s�1) – 1570 –
nw – �1.5 –
g (%) 28 11 (15c) 21
gET (%) – 39 75

a For 5D0 ?
7F2 transition of Eu3+.

b For 5D4 ? 7F5 transition of Tb3+.
c Luminescent quantum efficiency from the determination with luminescent

spectrum and lifetime.
A0J can be calculated according to the equation [44–52]. Here the
emission intensity, I, taken as integrated intensity S of the
5D0 ? 7F0-4 emission curves, can be defined as below:

Ii�j ¼ �hxi�jAi�jNi � Si�j ð6Þ

where i and j are the initial (5D0) and final levels (7F0-4), respec-
tively, xi�j is the transition energy, Ai�j is the Einstein’s coefficient
of spontaneous emission, and Ni is the population of the 5D0 emit-
ting level.

On the basis of the above discussion, the quantum efficiency of
the europium hybrids can be determined as 15%, which is higher
than the absolute quantum efficiency (11%) from experimental
measurement, which reveals that there exist some errors for the
spectrum and lifetimes. From the equation of g, it can be seen
the value g mainly depends on the values of two quantum: one
is lifetimes and the other is I02/I01 (red/orange ratio). If the lifetimes
and red/orange ratio are large, the quantum efficiency must be
high. Comparing the value of luminescent quantum efficiencies,
it can be found that they show the similar rule to the value of lumi-
nescent lifetimes. The luminescent quantum efficiency of terbium
hybrids is higher than that of europium one, suggesting the fact
of different energy match and intramolecular energy transfer pro-
cess. Besides, the three different color hybrids (PDCA-Si, Eu–PDCA-
Si and Tb–PDCA-Si) possess the same order of luminescent effi-
ciency, which can be expected to achieve the white luminescence
from the suitable composition of the three hybrid components.
The deep research to modify the composition ratio of the three
luminescent species (blue, green and red luminescent component)
to obtain the white luminescent is underway.

In order to study the coordination environment surround lan-
thanide ions especially the influence caused by vibrations of water
molecules, according to Horrocks’ previous research [53,54], it is
therefore expected that probable number of coordinated water
molecules (nw) can be calculated as following equation:

nw ¼ 1:05ðAexp � AradÞ ð7Þ

Based on the results, the coordination number of water molecules
(Eu containing hybrid materials) can be estimated to be about 1.5.
The coordination water molecules produce the severe vibration of
hydroxyl group, resulting in the large non-radiative transition and
decreasing the luminescent efficiency.

At last, we can predict the energy transfer efficiencies (gET) of
the two covalently bonded lanthanide hybrid materials [55,56]

gET ¼ 1� gDA=gD ð8Þ

Here gDA, gD represent the quantum efficiencies of coexistent en-
ergy-donor and individual donor, respectively. For Eu–PDCA-Si
and Tb–PDCA-Si (gDA), PDCA-Si can be considered as the host and
the energy donor for Eu3+ or Tb3+ (energy acceptor, gD). On the basis
of the references [55,56], the energy transfer efficiency from PDCA-
Si to Eu3+ in Eu–PDCA-Si hybrids (39%) is lower than that between
PDCA-Si and Tb3+ in Tb–PDCA-Si hybrids (75%). The higher energy
transfer efficiency for Tb hybrids leads to the higher luminescent
quantum efficiency.
4. Conclusions

In summary, a new kind of luminescent hybrid molecular-based
materials have been achieved by an adapting traditional sol–gel
method based on an o/w process and organosilane polycondensa-
tion. One molecule bridge PDCA-Si is designed and then three
covalently bonded hybrid materials exhibiting three multi-color
luminescence (blue for PDCA-Si, green for Tb–PDCA-Si and red
for Eu–PDCA-Si) were constructed through the coordination to
europium or terbium ions. Especially the quantum efficiency and
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energy transfer efficiency of Tb hybrids are higher than those of Eu
one.
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