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a b s t r a c t

4,5-Dihydroxy-1,3-benzenedisulfonic acid disodium salt (Tiferron, abbreviated as TF) is modified by 3-
(triethoxysilyl)-propyl isocyanate (TESPIC) to afford a novel functional bridge intermediate (named as
TFSi), which is used to coordinate with terbium or zinc ions and further introduced into silica matrices by
Si–O bonds after hydrolysis and polycondensation processes. Subsequently, two luminescent chemically
bonded organic–inorganic hybrid materials are assembled. Both of the two hybrids show the novel sphere-
eywords:
ybrid sphere particle
hemically bonded
hotoluminescence
icrostructure

like microstructure except the Tb system that presents the smaller submicrometer sphere while Zn one
shows the larger micrometer sphere, which may be ascribed to the different coordination behaviors
of metal ions (Tb3+ or Zn2+). Green emission of Tb3+ hybrids and violet-blue luminescence of Zn2+ one
have been achieved within the molecular-based hybrid materials. Besides, both Tb and Zn are introduced
into the same hybrid systems through covalent Si–O bond, whose sphere particle size can be modified.
Especially the photoluminescence can be enhanced, suggesting the intramolecular energy transfer that

t Zn2+
takes place between iner

. Introduction

Organic–inorganic hybrid materials have been widely studied in
he past few years with their unique properties in many fields as
hey combine the advantages of both organic and inorganic parts
1,2]. According to the interaction among the different phases in
ybrid systems, these hybrid materials can be mainly classified

nto two major classes: one is physically mixed with weak inter-
ctions (hydrogen bonding, van der Waals force or weak static
ffect) between the organic and inorganic phase, the other is
hemically bonded with strong covalent bonds [3–7]. The latter
ybrids belong to the molecular-based systems, which can real-

ze the possibility of tailoring the complementary properties of
ovel multifunctional advanced materials through the chemical
onding within the different components in a single material [8].
s for the preparation of such hybrid materials, the sol–gel tech-
ique has proven to be a convenient synthetic method because of

ts unique characteristics, namely low temperature and versatility

9,10]. Lanthanide ions are famous for their unique luminescence
roperties characterized by broad spectral range (from ultraviolet
o infrared regions) and in particular strong narrow-width emis-
ion band in the visible region; a wide range of lifetimes which
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and Tb3+ within the chemically bonded hybrid systems.
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are suitable for various applications. Rare earth containing hybrid
materials have attracted attention for optical applications owing
to their excellent luminescence characteristics from the electronic
transitions between the 4f energy levels [11,12]. Much previous
work has been done on physical mixing methods. Embedding lan-
thanide complexes with aromatic carboxylic acid, �-diketones, or
heterocyclic ligands in a sol–gel derived matrix has been described
in many studies. However these hybrid materials have many dis-
advantages such as that the dopant concentration of complexes
silica matrix is very low and it is hard to obtain transparent
and uniform material. Poor mechanical properties also restrict its
practical application [13–16]. The present work focuses on the lat-
ter hybrid system with lanthanide complex luminescent centers
bonded with a siloxane matrix through Si–O linkages. The key
problem for such materials is to synthesize a new intermediate
as a covalent bridge, which can not only develop chelating effects
that can bind to rare earth ions but also act as precursors of inor-
ganic network [17–19]. Until now, some kinds of typical organic
ligands for rare earth ions as molecular precursors have been
modified with cross-linking silane reagents to design functional
bridge, such as aromatic carboxylic acids [20–24], �-diketones
[25–27], nitrogen heterocyclic ligands [28–32]. On the basis of

the research, the polymer chain also can be introduced into the
rare earth hybrid systems [33,34]. It needs to be referred that
some reports have been made for the influence of metal coordi-
nation systems on the microstructure or photophysical properties
of hybrid materials while little discussion has been found for 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.2009.07.013
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ig. 1. Scheme of the syntheses process of TFSi and the predicted structure of the hy
he similar feature.

nfluence of metal ion itself on the microstructure or luminescence
f them.

In the context, terbium and zinc hybrid materials have been
ssembled from a special precursor of Tiferron. Through the hydro-
en atom between hydroxyl groups Tiferron (TF) and the internal
ster group of TESPIC (see Fig. 1) the functional bridge (TFSi)
s achieved and further used to construct the hybrid materials
denoted Tb–TF–Si, Zn–TF–Si, Tb(Zn)–TF–Si), which was reacted
ith tetraethoxysilane (TEOS) by hydrolysis and condensation.

. Experimental

.1. Starting materials

Lanthanide nitrate was obtained by dissolving lanthanide oxide
n concentrated nitric acid. 4,5-Dihydroxy-1,3-benzenedisulfonic
cid disodium salt (Tiferron) and TESPIC were provided by Lancaster
ynthesis Ltd. and the solvents used were purified by common
ethods. Other starting reagents were used as received.

.2. Synthesis of TFSi

A typical procedure for the preparation of TFSi was as follows:
mmol of Tiferron was first dissolved in N,N-dimethyl formamide

DMF) by stirring and then 3 mmol of TESPIC was added dropwise to

he solution. The whole mixture was refluxed at 60 ◦C under argon
or 8 h. After the filtration of the precipitates, clear oil Tiferron–Si

as furnished. Then this oil precursor was purified in DMF and
ried on a vacuum line in order to evaporate the solvent. Finally a
ale yellow viscous liquid of TFSi was obtained. The purity of the
aterials: here Tb–TF–Si is set as an example, and Zn–TF–Si and Tb(Zn)–TF–Si show

TFSi can be tested by comparing the point operation result of TF
and TFSi. The elemental analysis data: Anal. Calc. for C18H27O9NSi:
C, 34.31; H, 4.48; N, 2.49. Found: C, 34.47; H, 4.13; N, 2.22%. 1H NMR
(CDC13, 500 MHz) C16H25O12NS2Si: ı 8.02(s, 1H, ArOH), 7.71(t, 1H,
CONH), 7.32(s, 2H, Ar), 3.73(q, 6H, SiOCH2), 2.88(m, 2H, NHCH2),
1.61(m, 2H, CH2CH2CH2Si), 1.24(t, 9H, CH3CH2), 0.59(t, 2H, CH2Si)
(Fig. S1).

2.3. Preparation of Tb–TF–Si by sol–gel process

The synthesized precursor TFSi was dissolved in DMF and
tetraethoxysilane (TEOS) and H2O were added while stirring,
and then one drop of diluted hydrochloric acid was added to
promote hydrolysis. A stoichiometric amount of Tb(NO3)3·6H2O
was added to the final stirring mixture. The molar ratio of
Tb(NO3)3·6H2O:TFSi:TEOS:C2H5OH was 1:3:3:9 (Fig. 1). After the
treatment of hydrolysis, 2 ml dimethylformamide (DMF) and an
appropriate amount of hexamethylenetetramine were added to
adjust the pH value to about 6.5. The mixture was stirred to achieve
a single phase and thermal treatment was performed at 60 ◦C
until the sample solidified. These hybrid materials belong to non-
crystalline solids (see Fig. S2).

2.4. Preparation of Zn–TF–Si by sol–gel process
The synthesized precursor TFSi was dissolved in DMF and
tetraethoxysilane (TEOS) and H2O were added while stirring,
and then one drop of diluted hydrochloric acid was added to
promote hydrolysis. A stoichiometric amount of Zn(Ac)2·2H2O
was added to the final stirring mixture. The molar ratio of
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n(Ac)2·2H2O:TFSi:TEOS:C2H5OH was 1:2:2:6 (Fig. 1). After the
reatment of hydrolysis, 2 ml dimethylformamide (DMF) and an
ppropriate amount of hexamethylenetetramine were added to
djust the pH value to about 6.5. The mixture was stirred to achieve
single phase and thermal treatment was performed at 50 ◦C until

he sample solidified.

.5. Preparation of Tb(Zn)–TF–Si by sol–gel process

The synthesized precursor TFSi was dissolved in ethanol and
etraethoxysilane (TEOS) and H2O were added while stirring,
nd then one drop of diluted hydrochloric acid was added to
romote hydrolysis. A stoichiometric amount of metal salt pre-
ursors (Tb(NO3)3·6H2O and a different ratio of Zn(Ac)2·2H2O)
as added to the final stirring mixture. The molar ratio

f (Tb(NO3)3·6H2O + Zn(Ac)2·2H2O)/TFSi/TEOS/H2O was 1:3:6:24.
fter the treatment of hydrolysis, 2 ml dimethylformamide (DMF)
nd an appropriate amount of hexamethylenetetramine were
dded to adjust the pH value to about 6.5. The mixture was stirred
o achieve a single phase and thermal treatment was performed at
0 ◦C until the sample solidified. The hybrid material prepared from
b3+ was denoted as hybrid Tb3+. Using the same method, we also
repared Tb3+ and Zn2+ co-hybrid solid state materials by mixing
b3+ and Zn2+ at different ratios (Tb3+:Zn2+ = 1:1) and denoted these
s Tb(Zn)–TF–Si (see the scheme in Fig. 1).

.6. Physical measurements

All measurements were completed under room temperature
xcept for phosphorescence spectra. Elemental analyses (C, H,
nd N) were carried out by the Elementar Cario EL elemen-
al analyzer. NMR spectra were recorded in CDCl3 on a Bruker
vance-500 spectrometer with tetramethylsilane (TMS) as internal
eference. Ultraviolet absorption spectra of these powder samples
5 × 10−4 mol/L acetone solution) were recorded with an Agilent
453 spectrophotometer. Phosphorescence spectra (5 × 10−4 mol/L
HCl3 solution) at 77 K and fluorescence excitation and emission
pectra at room temperature were obtained on a PerkinElmer
S-55 spectrophotometer. All spectra are normalized to a con-
tant intensity at the maximum. The fluorescence decay properties
ere recorded on an Edinburgh FLS920 phosphorimeter. The lumi-
escent quantum efficiency was determined using an integrating
phere (150 mm diameter, BaSO4 coating) from Edinburgh FLS920
hosphorimeter. The spectra were corrected for variations in the
utput of the excitation source and for variations in the detector
esponse. The quantum yield can be defined as the integrated inten-
ity of the luminescence signal divided by the integrated intensity
f the absorption signal. The absorption intensity was calculated
y subtracting the integrated intensity of the light source with the
ample in the integrating sphere from the integrated intensity of
he light source with a blank sample in the integrating sphere.

. Results and discussion

.1. The characterization of molecular bridge TFSi

The 1H NMR spectrum relative to the silylated precursor TFSi is
n full agreement with the proposed composition and structure. The
ccomplishment of the hydrogen transfer reaction between OH and
he TESPIC can be indicated by the 1H NMR chemical shift relative to
H bond, which is observed in the TF compound and is disappeared
n the corresponding silylated precursor TFSi. Furthermore, the sin-
le peak with 7.71 chemical shift observed for CONH attributed to
CONH– group demonstrates formation of urethane bond. We want
o find the distinction of the chemical shifts of methylene peaks
eighboring N atom between TFSi and TESPIC, which indicates no
Fig. 2. IR spectra of TF (A) and TFSi (B).

apparent difference (1.61 for TFSi and 1.64 for TF). The 1H NMR sig-
nals corresponding to ethoxy groups show that no hydrolysis of the
precursor occurred during the grafting reaction.

The IR spectra for TF (A), TFSi (B) are shown in Fig. 2. The occur-
rence of the grafting reaction was evidenced by bands at about
1664 cm−1 due to the absorption of amide groups (CONH) and the
–COO– group formed at 1736 cm−1, while the character stretching
vibration of the –N C O group located 2274 cm−1 disappears and
the introduction of 3-(triethoxysilyl)-propyl isocyanate is testified
by the broad bands located at 1073 cm−1 (�Si–O–Si) and 798 cm−1

(ıSi–O–Si) in graph (C). All these facts verified that TESPIC has been
successfully grafted onto the hydroxyl group of Tiferron [35]. The
complete grafting reaction was also proved by the strong peak at
around 2927 cm−1 due to the vibrations of the methylene (–CH2–)
groups in the TEPIC. Besides, it can also be checked that there exist
one slight weak absorption peak at 2354 cm−1 due to isocyanate
group of TESPIC at the range of 2200–2300 cm−1. The stretching
vibrations of (–NH–) and (nSi–C) located at 3431 and 1190 cm−1 are
evident in the IR spectra of TFSi. Furthermore, the strong absorp-
tion band at 1039 cm−1 (Si–O–Si) substantiates the formation of
siloxane bonds.

Fig. 3a shows the ultraviolet absorption spectra of TF (A), TFSi

(B). Almost the same absorption band can be observed for the major
�–�* electronic transitions A → B (both the maximum absorption
peaks of 242 nm), suggesting both of them possess the aromatic
group of Tiferron fragment. Besides, the peak centered at 276 nm
in the spectrum of TF disappears in the spectrum of TF–Si, which
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ig. 3. (a) Ultraviolet absorption spectra for TF (A), TFSi (B) and (b) phosphorescence
pectra of TFSi.

ay be due to the two possible reasons. One is the fact of the mod-
fication of TF grafted by TESPIC and introduction of TEPSPIC group
an have great influence on the electronic distribution state in the
hole molecular fragment and the corresponding absorption spec-

rum [21–24]. The other may be ascribed as the distinct aggregate
f TF and TFSi in solution for the different molecular structure and
omposition.

The low temperature phosphorescence spectrum of TFSi was
easured at nitrogen atmosphere (77 K) and the triplet state energy

f them can be determined based on the maximum phospho-
escence band. As revealed by the phosphorescence spectra of
FSi (Fig. 3b), the maximum phosphorescence band is located at
46 nm and the triplet state energy of TFSi can be determined to
e 22421 cm−1. According to the intramolecular energy mecha-
ism [36,37], the intramolecular energy transfer efficiency depends
hiefly on two energy transfer processes: the first one leads from
he triplet level of ligands to the emissive energy level of the Ln3+

on by Dexter’s resonant exchange interaction [38]; the second one
s just an inverse energy transfer by a thermal deactivation mecha-
ism [39]. Both energy transfer rate constants depend on the energy
ifferences between the triplet level of the ligands and the resonant
missive energy of Ln3+. So the energy difference has the opposite
nfluence on the two energy transfer processes and there should

xist an optimal energy difference between the triplet state posi-
ion of organic ligands and the emissive energy level of Ln3+ ions.
rom these energy differences, it can be seen that all these ligands
an sensitize europium and terbium ions (see the scheme in Fig.
3).
Fig. 4. SEM image of Tb–TF–Si (a), Zn–TF–Si (b) and Tb(Zn)–TF–Si (c).

3.2. The microstructure and reaction mechanism of hybrid sphere
particles

The scanning electron micrographs of Tb–TF–Si and Zn–TF–Si
are shown in Fig. 4. These images for the hybrid materials demon-
strate that the molecular-based materials have been obtained
where no phase separation can be observed because of chemi-
cal bonding bridge between the inorganic and organic phases. In
addition, uniform spherical particles can be observed on the sur-

face of the hybrid material, mainly through the formation of the
backbone of Si–O–Si and its polycondensation. The microsphere of
Tb–TF–Si is located in around 0.5 �m dimension. The micromor-
phology of Zn–TF–Si seems to be different with Tb–TF–Si while
they were prepared by same process, whose particle sizes are in
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Fig. 5. Ultraviolet-visible diffuse reflection absorption spectra of Tb–TF–Si (A) and
Zn–TF–Si (B) hybrid materials.
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he 2.0 �m dimension. Because of the different chelation effects
etween organic groups and Tb3+ or Zn2+ ions, the configurations of
he organosilane are mixed up and it is difficult to form an organiza-
ion under the weak interactions such as �–� staking. Tb(Zn)–TF–Si
hows the same sphere microstructure with the similar particle size
o Zn–TF–Si, suggesting the Zn ions play the important role in the
ormation of microstructure of Si–O in the sol–gel process.

As mentioned in Section 2, the hybrid materials could be
eceived through a polycondensation reaction between the ter-

inal silanol groups of TFSi and the OH groups of hydrolyzed
EOS. The possible reaction models of TEOS and TFSi were illus-
rated in Fig. S4. At the beginning of the reaction, the individual
ydrolysis of TFSi and TEOS is predominant. However, the subse-
uent process is related to the polycondensation reactions between
ydroxyl groups of both TFSi and TEOS. Similarly, the molecular-
ased composites bearing the M–O coordination bond and Si–O
ovalent bonds can also be obtained after the introduction of Tb3+ or
n2+. Here we named the cooperation of both TFSi and TEOS within
he in situ sol–gel process as cohydrolysis and copolycondensation
similar to copolymerization of organic monomer). Comparing the
b–TF–Si and Zn–TF–Si hybrids, there exists an apparent distinc-
ion. Although there exist coordination reaction between Tb3+ (or
n2+) and TFSi, which have great influence on the sol–gel process
nd the microstructure or physical properties of the hybrids. For
–TF–Si hybrids, when M ions (M = Tb or Zn) was introduced, the

helation effect between Tb3+ or Zn2+ and TFSi naturally influences
n the hydrolysis and polycondensation processes of TF–Si directly,
urther influence on the growth tendency or rate of the final hybrids,

hich can control the microstructure and luminescent properties of
hem [40]. As we know, Tb3+ possesses the high coordination num-
er (8 or 9) than Zn2+ (4 or 6), so the chelated ability of Tb3+ to TF–Si

s stronger than that of Zn2+ to TF–Si and can have greater influence
n the control of hybrids’ microstructure. Subsequently, the coor-
ination effect intervenes the normal sol–gel process and limits
rowth rate and particle size and especially the Tb–TF–Si presents
he smaller particle size. The interpretation has been verified from
he above SEM patterns.

.3. The photoluminescent properties of hybrid sphere particles

The ultraviolet-visible diffuse reflection absorption spectra of
he Tb–TF–Si and Zn–TF–Si hybrid materials are given in Fig. 5
a) for Tb3+ and (b) for Zn2+, respectively. It is observed that the
ide absorption band (200–450 nm) covering the whole ultravi-

let region and extending to visible region for Fig. 5(a), it can
e predicted that the TF group has absorbed abundant energy in
ltraviolet-visible bands to transfer the energy to terbium ions in
he hybrid material and the intramolecular energy transfer pro-
ess has been completed efficiently. Then the final hybrid material
b–TF–Si can be expected to obtain the feature luminescence of
b3+, which is proved in the luminescence spectra. From Fig. 5(b)
or Zn–TF–Si hybrid material, it can be observed the absorption
and of it has been enlarged further compared with terbium sys-
em, so the introduction of Zn ion gives rise to a large improvement
f absorption of ligands for the formation of rich conjugate system.

All the excitation spectra of Tb–TF–Si, Zn–TF–Si and Tb(Zn)–
F–Si by monitoring the emission of 543 nm show the similar fea-
ure because the main excitation is originated from TFSi groups.
ig. 6 gives the selected excitation spectrum of Tb–TF–Si hybrids,
hich presents a broad excitation band at the range of 220–370 nm
ith the maximum excitation peak of 320 nm. This band can be
scribed as the strong ultraviolet absorption from the aromatic
roup of TFSi host. The strong excitation of TFSi fragment is favor-
ble for the energy and luminescence of Tb3+. Besides, no apparent
xcitation corresponded to f–f transition of Tb3+ can be observed,
uggesting that the main excitation energy is attributed to the TFSi Fig. 6. Selected excitation spectrum of the Tb–TF–Si hybrid material.
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Table 1
The photoluminescent data for covalently bonded hybrid materials.

Hybrid materials Tb–TF–Si Zn–TF–Si Tb(Zn)–TF–Si

Excitation-bands
(nm)

323 304 320

Emission bands
(nm)

487, 546, 582, 619 412 488, 545, 582, 619

Lifetime (�s) 585 284 630
Quantum efficiency

(%)
11.3 16.5 12.9

Energy transfer – 78
ig. 7. Emission spectra of the Tb–TF–Si, Zn–TF–Si and Tb(Zn)–TF–Si hybrid mate-
ials.

ragment (not Tb3+) within the hybrid system and the energy trans-
er exists between TFSi fragment and Tb3+. This can be verified by
he emission spectra of Tb–TF–Si hybrids.

The emission spectra of the Tb–TF–Si, Zn–TF–Si and Tb(Zn)–
F–Si are shown in Fig. 7. The emission lines of the Tb–TF–Si were
ssigned to the 5D4 → 7FJ (J = 6, 5, 4, and 3) transitions at 487, 543,
82 and 619 nm, respectively for terbium ion and striking char-
cteristic green luminescence was attained. The smooth baseline
n the spectra suggests that energy transfer between the organic
roups and Tb3+ is efficient, suggesting that the suitable energy
atch between the triplet state energy of TFSi and the resonant

missive energy of Tb3+ and takes agreement with the predict from
hosphorescent spectrum. From the emission spectra of Zn–TF–Si
e can find that a broad violet-blue emission bands with maximum
eak locating at 415 nm. The nature for the luminescent spectrum
f Zn hybrid system is different from that of Tb one, which belongs
o the luminescence of ligand TFSi disturbed by Zn ions through
he coordination bond. So in the hybrid system with mixed central

etal ions, Zn2+ may behave as an inert ion to improve the energy
ransfer and luminescence of Tb3+.

It can be recognized that the luminescent intensities of active
anthanide ions (such as Eu3+ or Tb3+) can be enhanced of by inert
anthanide ions (i.e. La3+, Gd3+, Lu3+, Y3+) in chemically bonded
ybrid systems [41]. We intercalated Tb3+ and Zn3+ into co-hybrid
olecular materials through the chemical bonded Si–O network

fter the co-hydrolysis and co-polycondensation process. Emission
pectrum of Tb(Zn)–TF–Si is shown in Fig. 7, it can be seen that the
mission lines of hybrid material are assigned to the characteris-
ic 5D4–7FJ (J = 6, 5, 4, and 3) transitions of Tb3+ at 488.5, 543, 584
nd 616 nm, respectively, and the luminescent intensity at 543 nm
s strongest for the 5D4–7F5 emission which is the most prominent
ne. In addition, we can see that the intensity of the spectrum is
lightly stronger than that of Tb–TF–Si. The mechanism of this co-
uminescence enhancing effect is as follows: it is proverbial that TF
an absorb radiant energy and then transfer it to Tb3+. Because the
are earth nitrates hydrolyze and polymerize together with TF–Si
nd TEOS, we consider that Tb3+ and Zn2+ exist in the same molecu-
ar hybrids at molecular degree through the chemical bonded Si–O
etwork. It can be presumed that the intramolecular energy trans-

er occurs and the transfer process from the energy donor (TF–Si)

o Tb3+ is enhanced, which agrees with the similar phenomenon
n other systems. In this sort of co-luminescence system, the dis-
ance between Tb–TF–Si and Zn–TF–Si is small, the energy of TF–Si
n the Zn–TF–Si can be transferred to Tb3+ through intramolecu-
efficiency (%)

lar energy transfer, which lead to the enhanced luminescence of
Tb3+ in the hybrids. From Fig. S4, we can see that each of Tb–TF–Si
molecular fragments is surrounded by many Zn–TF–Si molecular
fragments, then these Zn–TF–Si molecular fragments form a cage
which acts as an energy-insulating sheath that can prevent collision
with water molecules and decrease the energy loss of Tb–TF–Si,
thus luminescence quantum efficiency and luminescence intensity
have been improved greatly. In addition, from Fig. 7, the character-
istic emission of Zn2+ is not observed. This is due to the fact that
Zn2+ possesses a relatively stable half-filled 4f shell and the excited
state of Zn2+ is higher than the triplet state of TF–Si, so the energy
of TF–Si cannot be transferred to Zn2+ by an intramolecular energy
transfer process.

Besides, we selectively measured the luminescent lifetimes
and quantum efficiencies of Tb–TF–Si, Zn–TF–Si and Tb(Zn)–TF–Si,
respectively, which has been given in Table 1. The lifetime for
Zn–TF–Si (284 �s) is less than that of Tb–TF–Si (585 �s) and
Tb(Zn)–TF–Si (630 �s), respectively, which may be due to the dif-
ferent luminescent mechanism. Zn–TF–Si hybrid material belongs
to the luminescence of ligand disturbed by Zn ion, while Tb cen-
tered hybrid materials (Tb–TF–Si (585 �s) and Tb(Zn)–TF–Si) are
the luminescence of Terbium ion. Besides, the luminescent life-
times of Tb–TF–Si (585 �s) and Tb(Zn)–TF–Si (630 �s) show no
apparent difference, which is similar to the luminescence quan-
tum efficiencies of them. Further, we can select Zn–TF–Si unit as
the energy donor and Tb–TF–Si as the energy acceptor in the mixed
chemically bonded Tb(Zn)–TF–Si hybrids, then the energy trans-
fer efficiency can be determined as 78% according to the method
in Ref. [42]. The slight enhancements of luminescent intensity, life-
time and quantum efficiency of Tb(Zn)–TF–Si compared to Tb–TF–Si
suggest that Zn ion behaves as inert meta ion to have influence
on the intramolecular energy transfer in the hybrid Tb(Zn)–TF–Si
through the chemically bonded Si–O network.

4. Conclusion

In summary, we have modified 4,5-dihydroxy-1,3-
benzenedisulfonic acid disodium salt (Tiferron) to achieve a
functional bridge molecule with a cross-linking molecule TESPIC.
Three novel kinds chemically bonded hybrid materials with blue
green (Tb–TF–Si, Tb(Zn)–TF–Si) and violet-blue (Zn–TF–Si) lumi-
nescence have been prepared by sol–gel process based on the
hydrolysis and polycondensation of organosilane. The microstruc-
ture and photophysical properties for these hybrids are discussed,
showing the different photoluminescent behaviors and Zn has
influence on the luminescence of terbium in mixed chemically
bonded systems. The coordination between the metal ions and the

ligands in the sol–gel process can impact on the organization in
those amorphous systems.
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