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Two novel molecular sulfide bridges have been achieved through the modification of 4-
mercaptobenzoic acid by two crosslinking reagents (3-methacryloyloxypropyl trimethoxysilane,
3-glycidoxypropyltrimethoxysilane). Then six kinds of lanthanide (Eu?*, Th3*)/zinc organic-inorganic
hybrid materials through the chemical bonds (coordination bond and covalent bond) have been assem-
bled. All of these hybrid materials exhibit homogeneous microstructures, suggesting the occurrence of
self-assembly of the inorganic network and organic units. Especially, the photophysical properties of
these hybrid systems are studied in detail, which present three-color luminescence (blue for Zn?*, red
for Eu3* and green for Tb3*).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Organic-inorganic hybrid materials have been attracted great
attention because of their extraordinary properties to combine
the mutual advantages of both organic and inorganic networks
[1-4]. They have great potential values for many applications
due to the synergy between the properties of two different
building blocks. Generally speaking, the inorganic parts can offer
the good mechanical properties and the organic parts can act
as functional units [5]. Most of these hybrid materials can be
prepared by the sol-gel technology, which derives from the hydrol-
ysis/polycondensation reactions of metal alkoxides and exhibits
unique characteristics such as convenience, low temperature and
versatility [6-8].

Lanthanide complexes are famous for their special lumi-
nescence properties consisting of broad spectral range, strong
narrow-width emission band in the visible region, wide range
of lifetimes, etc. So in the past few decades, inorganic matrices
doped with lanthanide organic complexes have been reported for
optical applications owing to their excellent luminescence char-
acteristics [9-11]. Firstly, the conventional doping method is used
to synthesize the hybrid materials, unfortunately they are unable
to solve the problem of the clustering of emitting centers, inho-
mogeneous dispersion of the two phases, and leaching of the
photoactive molecules for only weak interactions (such as hydro-
gen bonding, van der Waals forces, or weak static effects) exist
between organic and inorganic moieties [12]. Therefore, another
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appealing method to construct hybrid materials containing chem-
ical bonds has emerged [13,14], which reveals that the possibility
of tailoring the complementary properties of novel multifunc-
tional advanced materials can be realized. Franville et al. have
concentrated on the modification of pyridine-dicarboxylic acid or
their derivatives and resulted in strong Eu3* ions’ emissions due
to efficient ligand-to-metal energy transfer [15]. Zhang and his
co-workers are focused on the modification of the heterocyclic
ligands like 1,10-phenanthroline and 2,2’-bipyridyl [16,17]. Car-
los and co-workers have prepared hybrids that contain OCH,CH,
(polyethylene glycol, PEG) repeated units grafted on to a siliceous
backbone by urea (-NHC(=0)NH-), orurethane (-NHC(=0)0O-)
bridges [18,19]. Our research team has also carried out extensive
work in the preparation of molecular hybrids by modifying the
amino groups [20,21]; the carboxylate group [22,23]; the hydroxyl
groups [24-26]; sulfonic groups [27]; the methylene group [28] of
the organic ligands for rare earth ions. After the modification, the
above modified bridge ligands can be assembled with lanthanide
ions and tetraethoxysilane (TEOS) to compose the chemically
bonded hybrid systems.

It is well know that the mercapto group is active in many reac-
tions [28-30]. We also have achieved the modification of the mer-
capto group of some organic compounds to assemble hybrid mate-
rials [31,32]. So in this paper, sulfide bond is selected to construct
the linkage between inorganic/organic parts. Two kinds of silane
crosslinking reagents, 3-methacryloyloxypropyltrimethoxysilane,
3-glycidoxypropyltrimethoxysilane are chosen to modify the 4-
mercaptobenzoic acid to afford to two kinds of molecular bridge.
Subsequently, two series of luminescent hybrid molecular-based
materials are assembled through chemical bonds via sol-gel pro-
cess.
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2. Experimental
2.1. Materials

Starting materials are purchased from Aldrich and are used as
received. All organic solvents are purified by common methods
before utilization. Tetraethoxysilane (TEOS) is distilled and stored
under N, atmosphere. Europium and terbium nitrates are prepared
by dissolving lanthanide oxides in concentrated nitric acid.

2.2. Synthesis of precursors

Two precursors are prepared according to the procedures in
Ref. [31,32] and depicted in Fig. 1, using 4-mercaptobenzoic acid
(T) as starting reagent [33]. The modifications are performed by
the addition of 3-methacryloyloxypropyl trimethoxysilane (S1), 3-
glycidoxypropyltrimethoxysilane (S, ), respectively.

Modification of 4-mercaptobenzoic acid by 3-methacryloyloxy-
propyltrimethoxysilane 0.308g (2 mmol): 4-Mercaptobenzoic acid
is first dissolved in 15mL toluene by stirring and then 0.497 g
(2 mmol) 3-methacryloyloxypropyl trimethoxysilane is added to
the solution dropwise. The whole mixture is refluxing at 60°C for
4 h by an addition of three drops of triethylamine as catalyst. After
filtration, the solution is then condensed to evaporate the solvent.
The residue is dried on a vacuum line and yellow oil is obtained
(named as Pq).

Modification of 4-mercaptobenzoic acid by 3-glycidoxypropy-
Itrimethoxysilane 0.308g (2 mmol): 4-Mercaptobenzoic acid and
0.473 g (2 mmol) 3-glycidoxypropyltrimethoxysilane are dissolved
in 15 mL pyridine. The whole mixture is refluxing at 80°C for 4 h.
After being condensed to evaporate the solvent and dried on a vac-
uum line under argon atmosphere, the solution turns to be yellow
oil (named as P3).

2.3. Synthesis of the hybrid materials

The sol-gel-derived hybrid materials are prepared as follows:
0.5 mmol sulfonamide precursor (P; for example)is dissolved in the
mixture of 5 mL DMF and 2 mL ethanol by stirring. Then 0.17 mmol
Eu(NO3)3-6H,0 and 1.0 mmol tetraethoxysilane (TEOS) are added
into the solution to enhance the sol-gel process. The molar ratio of
Eu(NO3)3-6H,0/P1/TEOS is 1:3:6. One drop of diluted hydrochlo-
ric acid is added to promote hydrolysis reaction. At the beginning
of the reaction, the individual hydrolysis of the silylated precur-
sors and TEOS are predominant. After hydrolysis, an appropriate
amount of hexamethylene-tetramine is added to adjust the pH
value to 6-7 and then the polycondensation reactions take place
between hydroxyl groups of both the silylated precursors and TEOS.
The resulting mixture is agitated magnetically in a covered Teflon
beaker for an hour. After that, it is aged at 60°C for the gelation
in 3 days. The gels are collected and ground as powder materi-
als for the property studies. The europium hybrids can be named
as Eu-M; . When Eu(NOs3)3-6H,0 is replaced by Tb(NOs3)3-6H0,
Zn(AC);-2H,0 in the reagents, another two series of hybrid mate-
rials could be prepared.

2.4. Physical measurement

All measurements are performed under room temperature.
Fourier transform infrared (FTIR) spectra are recorded within the
4000-400 cm~! region on an (Nicolet Nexus 912 A0446) infrared
spectrophotometer with the KBr pellet technique. Ultraviolet
absorption spectra are recorded with an Agilent 8453 spectropho-
tometer. The X-ray diffraction (XRD) measurements are carried out
on powdered samples via a “BRUKER D8” diffractometer (40 mA to
40kV) using monochromated Cu Ka1 radiation (A = 1.54 A) over the

20 range of 10-70°. Scanning electronic microscope (SEM) images
are obtained with a Philps XL-30. UV-vis diffuse reflectance spec-
tra (UV-vis DRS) of dry pressed disk samples are obtained on a
Lambda-900 UV-vis spectrophotometer and BaSQy is used as a ref-
erence standard. Luminescence (excitation and emission) spectra
of these solid complexes are determined with a RF-5301 spec-
trophotometer. Luminescence (excitation and emission) spectra of
these solid complexes are determined with a RF-5301 spectropho-
tometer. And the fluorescence decay properties are recorded on an
Edinburgh Analytical Instrument.

3. Results and discussion

Fig. 2 shows the FTIR spectra for 4-mercaptobenzoic acid (T),
selected precursor (Py) and the hybrid material (Tb-M,), respec-
tively. By comparing curve T and P,, the modification reaction
of 4-mercaptobenzoic acid can be evidenced by the vanishing of
V(S-H) at 2554 cm~! and an increase of v(C-S-C) at 695-655 cm™!.
Two adjacent sharp peaks at 2951 cm~! and 2843 cm™! in curves
for P, are v;5(CHy) and vs(CH,) of the long carbon chain in pre-
cursor. This phenomenon can also prove the grafting reaction.
The broad peak at 3066-2844 cm™! in curve T is the coupling of
two 4-mercaptobenzoic acids’ carboxyls and it turns into broad
peak of v(O-H) at 3454cm~! in curves of P,. The introduc-
tion of the organic groups in the silicate inorganic host which
occurs in the hydrolysis and condensation process caused the
decrease of other peaks’ intensities in the curve of Tb-M;. The
V(Si-C) vibration located in the 1193cm~! is consistent with
the fact that no (Si-C) bond cleavage occurred during hydroly-
sis and condensation reactions [20]. The broad absorption band
at 1200-1100cm~?! (v(Si-0-Si)) indicates the formation of silox-
ane bonds [34]. The v(O-H) vibration located at 3454cm~! can
be due to the molecule water in the final hybrid material. The
coordination reaction between Ln3* ions and the ligands is also
clearly shown by infrared spectroscopy. The v(COO~) vibrations
shift to lower frequencies (Av=40-70 cm~!) after the metallic ion
coordinating to the oxygen atom of the carbonyl group [15]. In
the IR spectra of precursor (P,), the v(COO~) vibration locates at
1422 cm~1. But in the IR spectra of the hybrid material (Tb-M,),
the v(COO~) vibration shifts to the 1384 cm~1. The shift is a proof
for the coordination effect between the carboxylic group and the
metallic ion.

The UV absorption spectra of 4-mercaptobenzoic acid (T) and
two precursors (P;-P4) are shown in Fig. 3. The absorption bands
corresponded to the m— 7* electronic transition in the curve of
T and two precursors located at 274, 254 nm, respectively. It is
obvious that a blue shift of the major m— 7" electronic tran-
sition occurs. So it is estimated that during the modification of
4-mercaptobenzoic acid, the change of the group connected to
the phencynonate increases the energy difference levels among
electron transitions. In the UV absorption spectra of Py, the absorp-
tion peak corresponded to the n — 7™ electronic transition (R strip)
locates at 290 nm. This can be attributed to the residual S; in the P;
components. The wide absorption bands in the ultraviolet region of
these two precursors are favorable for the effective intramolecular
energy migration.

The selected XRD patterns of the two europium hybrid materi-
als in Fig. 4 reveal that they are totally amorphous with range of
10° <n < 70°. These broad signals correspond to the existence of a
short-range order in the material [35]. These broad signals in two
curves centered on 23° in the XRD patterns because of the coher-
ent diffraction of the siliceous backbone in the hybrids [36,37].
The absence of any crystalline regions in these samples correlates
well with the presence of organic chains in the host inorganic
framework. It can be concluded that neither pure crystalline 4-
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Fig. 1. Scheme for synthesis of two precursors (A) from the modification of 4-mercaptobenzoic acid and the selected predicted composition of Eu-M, (B).

mercaptobenzoic acid nor crystalline lanthanide complexes occur
throughout the range of these hybrids.

Fig. 5 shows the selected UV-vis DRS curves of Eu-M;, Th-M;
hybrids, which both have broad absorption band ranging from 200
to 480 nm. This suggests that the organic part plays an important
role in the energy absorption process. The negative absorption peak
corresponding to the characteristic emission peak at 614 nm of the
active europium ions can be observed in the spectrum of Eu-M,
hybrids. These negative absorption peaks are due to the "Dy — ’F,
transitions of the Eu3* ion excited by the UV component in the inci-
dent ray during the measurement. The spectrum of Tb-M; hybrids
shows that the negative absorption peak is the characteristic emis-
sion peak at 545 nm of the active terbium ions.

Fig. 6 illustrates typical photoluminescence spectra of the
europium hybrid materials. All these emission spectra exhibit that
the emission consisting of the Dy — ’F;, °Dg — ’F, transitions at
590 and 613 nm, respectively, while the emission lines of °Dg — 7F3
and °Dy — 7F4 are too weak to be observed. The Dy — 7F, emission
around 613 nm is the most predominant transition, which agrees
with the amorphous characters of the hybrid materials. Besides,
there exists apparent emission in the short wavelength region at
around 550 nm, which may be ascribed to the emission of the
ligand. This phenomenon shows that the intramolecular energy
transfer between the ligand and the europium ions is not so effi-

cient because the triplet state energy of ligand is not suitable for
the luminescence of europium ion.

Fig. 7 illustrates typical photoluminescence spectra of the ter-
bium hybrid materials. The emission lines are assigned to the
5Dy — 7F transitions located at 487, 542, 581 and 619nm, for
J=6, 5, 4, 3, respectively. Among these emission peaks, the most
striking green luminescence (°D4 — 7Fs) and blue luminescence
(°D4 — Fg) indicated that the effective energy transfer took place
between the ligand and the chelated Tb3* ions. The green emis-
sion is stronger than that of the blue one. The reason may be
that the emission to °D4 — 7Fg is an electronic dipole transition,
which is greatly influenced by the ligand field. While the emis-
sion to °D4 — 7F5 belongs to a magnetic dipole transition and is
less influenced by the ligand field. Besides, these bands due to the
emission of the ligand cannot be clearly found in the spectra of
terbium hybrid materials, suggesting that there exist more effec-
tive energy transfer process in the terbium hybrids than europium
ones.

Fig. 8 shows the selected emission spectra of the zinc hybrid
materials. The luminescence principle of zinc hybrids is differ-
ent from that of lanthanide molecular hybrids. The luminescence
of Lanthanide molecular hybrids are based on the intramolecular
energy transfer between ligand and Ln3*, but the luminescence of
zinc molecular hybrid systems derives from the ligands influenced
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Fig. 2. FTIR spectra for 4-mercaptobenzoic acid (T), P, and Th-M,.

by the disturbance of Zn%*. The wide emission peaks of both zinc
hybrids are located at the range of 450-500 nm.

The typical decay curve of these two Eu3* hybrid materials
are measured and they can be described as a single exponential
(Ln(S(t)/So) = —kqt=—t/T), indicating that all Eu3* ions occupy the
same average coordination environment. The resulting lifetime
data of Eu3* hybrid materials are given in Table 1. We selectively
determine the emission quantum efficiencies of the Dy excited
state of europium ion for Eu3* hybrids on the basis of the emission
spectra and lifetimes of the >Dg emitting level, the detailed lumi-
nescent data are shown in Table 1. The quantum efficiency of the
luminescence step, n expresses how well the radiative processes
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Fig. 3. Ultraviolet absorption spectra of 2-mercaptonicotinic acid (T) and two pre-
cursors (P12).

Relative Intensity / a.u.

10 20 30 40 50 60 70
20/°

Fig. 4. X-ray diffraction (XRD) graphs of the hybrid material Eu(Zn)-M ;.

(characterized by rate constant A;) compete with non-radiative
processes (overall rate constant Ap;) [38-40].
p— Ar
= Ar + Anr
So quantum efficiency can be calculated from radiative tran-
sition rate constant (A;) and experimental luminescence lifetime.
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Fig. 5. UV-vis DRS spectra of Eu-M; and Tb-Mj.
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Fig. 7. Emission spectra of terbium hybrid materials.

Among A; can be obtained by summarizing over the radiative rates
A for each 5Dg — 7F transitions of Eu3*. Since >Dy — ”Fy belongs
to the isolated magnetic dipole transition, it is practically inde-
pendent of the chemical environments around the Eu3* ion, and
thus can be considered as an internal reference for the whole spec-
trum, the experimental coefficients of spontaneous emission (Agy)
can be calculated. On the basis of the above discussion, the quan-
tum efficiencies of these two kinds of europium hybrid materials
can be calculated and the related data and the result are given in
Table 1.The quantum efficiencies of the two kinds of europium com-
plex hybrid materials can be determined in the following order:

Relative Intenisties / a.u.

. T i T ] T A 1
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Fig. 8. Emission spectra of zinc hybrid materials.
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Table 1
The luminescence efficiencies and lifetimes of the europium covalent bonded
hybrids.
Systems Eu-M; Eu-M,
7 (ms) 0.60 0.50
Vg (cm~')? 16,978 16,926
Upz (cm~') 16,308 16,304
Ugs (cm~1)2 15,413 15,327
Upa (cm~1)? 14,936 14,316
Inn® 122.3 433
Ina? 167.7 226.4
Ios® 53.5 33.0
Ios® 479 30.6
Ao1 (s71) 50 50
Aoz (s71) 714 271.7
Aoz (s71) 241 42.1
Aoa (s71) 223 41.8
Arad (s71) 167.8 405.6
n (%) 10.1 20.3

2 The energies of the 5Dy — ”F; transitions (V).
b The integrated intensity of the Do — 7F; emission curves.

Eu-M, > Eu-Mj, which are not in agreement with the order of life-
times. This disagreement can be due to the influence of red/orange
ratio (Ipz/Ip1 ). The red/orange ratio of the Eu-M, is much higher than
the other three materials, and this made the quantum efficiencies
of Eu-Mj, the highest when the lifetimes are similar. From the equa-
tion of 7, it can be seen the value n mainly depends on the values
of two quantum: lifetimes and red/orange ratio (Iyz/Ip1). If the life-
times and red/orange ratio are large, the quantum efficiency must
be high. The different composition of the hybrid materials may have
influence on the luminescent lifetimes and quantum efficiencies.

4. Conclusions

In summary, a new series of luminescent chemically bonded lan-
thanide (and zinc) hybrid materials have been achieved using the
4-mercaptobenzoic acid derivative precursors. The different func-
tional molecular bridges have some influence on the photophysical
properties such as luminescent lifetimes and quantum efficiencies.
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.
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