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A series of hybrid micro-particles have been prepared from functionalized benzimidazole-5-carboxylic
acid (BMZC) through an organization process under the coordination to RE3+ (Eu3+, Tb3+), whose leaf-
shaped morphology and photoluminescence are studied. The coordination effect of rare earth ions has
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great influence on the sol–gel assembly reaction, the microstructure and luminescent behavior.
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. Introduction

Lanthanide complexes have been well known to give sharp and
ntense emissions under the irradiation of ultraviolet light [1]. The

echanism of those processes usually described as antenna effect:
he ligand absorb the energy of ultraviolet light and transfer it to
he lanthanide ion with high efficiency. Then the emission from
he lanthanide ions’ excited state will be observed [2]. Because
f the excellence of lanthanide ion, lanthanide complexes are
ncreasingly used in many devices, such as light-emitting diodes,
uminescent probes, labels and sensors [3]. The major drawback
f lanthanide complexes is their low thermal stabilities. So the
anthanide complexes are suitable only for applications in an appro-
riate temperature range. A way to solve these difficulties is to link
hese complexes to inorganic matrix with covalent bonds [4,5]. In
hese organic–inorganic matrices, usually designated as organically

odified silicates, the multifunctional characters provided by the
rganic segments are combined with the thermal and mechan-
cal stability of a siloxane-type network [4,5]. The development
f novel linkages for tethering organic compounds to inorganic
olid supports is an area of active investigation and there are five

ays to synthesis lanthanide centered luminescent hybrid mate-

ials: amino-modification [6–8], hydroxyl-modification [9–11],
arboxyl-modification [12–14], methylene-modification [15–17]
nd sulfide-modification [18,19].

∗ Corresponding author. Tel.: +86 21 65984663; fax: +86 21 65982287.
E-mail address: byan@tongji.edu.cn (B. Yan).

010-6030/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2009.04.017
Sol–gel method has been taken as the classical approach to
prepare silica-based organic–inorganic hybrid materials due to
the advantages such as low-temperature processing and easy
shaping, higher sample homogeneity and purity [20]. More-
over, the location of the organic segments can be prior tuned
through segments–matrix interactions (covalent bonds, hydro-
gen bonds, ionic and van der Waals bonds) [21]. Even when
all the silica materials obtained by sol–gel route are always
amorphous systems, the possibility of self-organization in these
hybrid materials has been demonstrated by using very specific
organic precursors such as linear spacers presenting rigid or
semi-rigid geometries or a di-urea based precursor that exhibit a
strong interaction by H-bonding [22–24]. In all the cases inves-
tigated, only weak interactions between the organic moieties
such as van der Waals, London, or �–� staking were able to
induce an organization. Thus, the introduction of an organic
group appeared like a factor favorable for the existence of an
organization into these amorphous systems since the X-ray scat-
tering exhibits diffraction signals, but never any Bragg peak
[25].

We use benzimidazole-5-carboxylic acid (BMZC) as the original
reagent. It can react with 3-(triethoxysilyl)-propyl isocyanate. Then
the precursor was submitted to complex with Eu3+/Tb3+ ions and to
a sol–gel process in order to obtain the anticipant hybrid materials.
They are generally performed at room temperature where gela-

tine particles have to be stabilized by chemical cross-linking. As
an alternative, we developed an oil-in-water (o/w) emulsion pro-
cess involving the drying gelatine 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

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.2009.04.017
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epend on both organosilane concentration and the coordination
nteractions.

. Experimental

.1. Chemicals and procedures

Starting materials were purchased from Aldrich or Fluka and
ere used as received. All normal organic solvents were purchased

rom China National Medicines Group and were distilled before uti-
ization. Terbium and europium nitrates were obtained from the
orresponding oxides in dilute nitric acid.

The synthesis of hybrid precursor BMZCSi (Fig. 1). The hybrid pre-
ursor was prepared as follows: 0.97 g (6 mmol) BMZC was first
issolved in 15 mL pyridine by stirring and then 1.48 g (6 mmol)
-(triethoxysilyl)-propyl isocyanate was added to the solution by
rops. The whole mixture was refluxing at 70 ◦C for 6 h. The solution
as condensed to evaporate the solvent and then the residue was
ried on a vacuum line. A purple oil was obtained. Elemental anal-
sis for BMZCSi: C18H27N3SiO6. Calcd: C, 52.79; H, 6.65; N, 10.26%.
ound: C, 52.41; H, 6.42; N, 9.97%. 1H NMR (CDC13, 500 MHz) 0.62
t, 2H, H3), 1.22 (t, 9H, H1) 1.60 (m, 2H, H4), 3.16 (q, 2H, H5), 3.83
q, 6H, H2), 4.14 (t, 1H, H6), 7.90 (d, 1H, H8), 7.91 (d, 1H, H7), 8.08 (s,
H, H10), 8.29 (s, 1H, H9), 12.79 (s, 1H, H11).
The sol–gel preparation of BMZC–Si hybrids (Fig. 1). 0.6 mmol
ybrid precursor and 1.2 mmol tetraethoxysilane (TEOS) were dis-
olved in 5 mL ethanol with stirring. The mixture was agitated
agnetically to achieve a single phase in a covered Teflon beaker for

our hours, and then 30 mL water was added under gentle magnetic

Fig. 1. Scheme for typical procedures for the pre
tobiology A: Chemistry 205 (2009) 122–128 123

stirring to form an initial o/w 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 preparation of Tb(Eu)–BMZC–Si hybrids containing rare
earth ions was prepared as follows (Fig. 1). 0.6 mmol precursor was
dissolved in 5 mL ethanol with stirring. 0.2 mmol RE(NO3)3·6H2O
(RE = Tb, Eu) and 1.2 mmol tetraethoxysilane (TEOS) were added
into the solution. The mixture was agitated magnetically to achieve
a single phase in a covered Teflon beaker for four hours, and then
30 mL water was added under gentle magnetic stirring to form an
initial o/w 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. All the samples of these hybrids are opaque
solids but there is no complex going out from the hybrid mate-
rials for they are linked through the Si–O bonding network from
the hydrolysis and copolycondensation process. To investigate the
phase of lanthanide ion in hybrids, terbium nitrates mixed simply
in BMZC–Si was prepared according to the percentage composition
of Tb⊂BMZC–Si.

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 (Pro-
ton Nuclear Magnetic Resonance) spectra were recorded in CDCl3
on a BRUKER AVANCE-500 spectrometer with tetramethylsilane

paration of BMZCSi and hybrid materials.
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TMS) as inter reference. Solid-state 29Si magic-angle spinning
MAS) NMR spectrum was recorded at 79.46 MHz using a Bruker
vance 400 spectrometer. The chemical shifts were quoted in
pm from tetramethylsilane. Diffuse reflectance ultraviolet–visible
pectra (DRUVS) of hybrid materials were recorded with a BWSpec
.24u 42 spectrophotometer. Luminescence (excitation and emis-
ion) spectra of these solid complexes were determined with a
F-5301 spectrophotometer whose excitation and emission slits
ere 5 and 3 nm, respectively. And the fluorescence decay prop-

rties were recorded on an Edinburgh Analytical Instruments. The
-ray diffraction (XRD) measurements were carried out on pow-
ered samples via a “BRUKER D8” diffractometer (40 mA 40 kV)
sing monochromated Cu K�1 radiation (� = 1.54 Å) over the 2�
ange of 10–70◦. Scanning electronic microscope (SEM) images
ere obtained with a Philps XL-30. The quantum yield of the

amples was determined using an integrating sphere (150 mm
iameter, BaSO4 coating) of Edinburgh Instruments. The quantum
ield can be defined as the integrated intensity of the luminescence
ignal divided by the integrated intensity of the absorption signal.
nly the intense luminescence band of the 5D0 → 7F2 transition
round 612 nm was measured by the integrating sphere, but this
ntensity value was corrected by taking into account the relative
ntensity of the other transitions (as determined from the steady-
tate luminescence spectrum in the 550–750 nm region). In this
ay, an intensity value that corresponds to the total luminescence
utput was obtained. The absorption intensity was calculated by

ubtracting 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. Two
imilar cuvettes were used for both the solid sample (which was
laced inside the cuvette) and the reference solution. Care was

Fig. 2. Infrared spectra for BMZC (a), the precursor BMZCSi
tobiology A: Chemistry 205 (2009) 122–128

taken to obtain a reproducible placement of the cuvette in the
integration sphere.

3. Results and discussion

The Fourier Transform Infrared spectra (FTIR) for BMZC (a),
the precursor BMZCSi (b), BMZC–Si hybrids (c) and Tb–BMZC–Si
hybrids (d) are shown in Fig. 2.Three adjacent sharp peaks at
2982 cm−1, 2934 cm−1 and 2886 cm−1 in curve of precursors (b) are
�as(CH2) and �s(CH2) of the long carbon chain in precursors. And
1H NMR spectra relative to the precursors are in full agreement
with the proposed structures. In the spectra of hybrid materials,
the spectra are dominated by the �(Si–O–Si) absorption bands at
1120–1000 cm−1. These indicated the formation of siloxane bonds.
The �(O–H) came from the absorbed water in the hybrid mate-
rial. The �(Si–C) vibration located in the 1173 cm−1 in IR spectra of
hybrid materials was consistent with the fact that no (Si–C) bond
cleavage occurred during modification, hydrolysis and condensa-
tion reactions. The decrease of other peaks’ intensities may be due
to the containing of the organic groups by the silicate inorganic
host which occurred in the hydrolysis and condensation process.
Coordination of lanthanide ions by the ligands is clearly shown by
infrared spectroscopy. In spectrum of precursors (b), the �(COO−)as

vibrations is located at 1730 cm−1 and the �(COO−)sy vibrations is
located at 1417 cm−1. But in the spectrum of the hybrid material II
(d), the �(COO−)sy vibration is shifted to the 1384 cm−1 while it is

still located at 1417 cm−1 in the BMZC–Si (c). The shift is a proof of
the coordination of the carboxylic group to the metallic ion with
the oxygen atoms.

Furtherly, the selected 29Si MAS NMR spectrum of Tb–BMZC–Si
hybrids is displayed in Fig. 3. Distinct resonances can be observed

(b), hybrid material BMZC–Si (c) and Tb–BMZC–Si (d).
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Fig. 3. Selected 29Si MAS NMR spectrum of Tb–BMZC–Si hybrids.

or the siloxane [Qn = Si–(OSi)n(OH)4−n, n = 2–4] and organosiloxane
Tm = R–Si–(OSi)m(OH)3−m, m = 1–3] species [26–28]. The relative
ntegrated intensities of the organosiloxane T1, T2, and T3 NMR
ignals can be employed to estimate the degree of hydrolysis-
ondensation of organic functional groups [26–28]. Compared with
1 and T2 organosiloxane centers, the predominance of T3 [the
3:(T3 + T2 + T1) ratio is 0.73] and no T0 peaks suggest that the
ydrolysis and condensation reactions of the organic functionality
BMZC–Si) in the ordered structure are nearly complete, indicat-
ng a strong linkage (three Si–O–Si covalent bonds) between the
rganic ligand and the silica matrix [26–28].

The phosphorescence spectrum of the precursor is recorded
Fig. 4). The curve exhibited a broad phosphorescence band which
orresponds to the triplet state emission of the precursor. The peak
s located at 430 nm. So the triplet state energy of precursor is
3,255 cm−1 in the precursor. According to the energy transfer
nd intra-molecular energy mechanism [29,30], it can be predicted
hat the triplet state energy of precursor is more suitable for the
uminescence of terbium ion (20,500 cm−1) than europium ion

17,250 cm−1). When the gap of the energy levels between the lig-
nd and europium ion is large, the energy transfer will be hampered.

The X-ray diffraction graphs of BMZC, BMZC–Si hybrids,
b–BMZC–Si hybrids and Tb⊂BMZC–Si hybrids are shown in Fig. 5.

Fig. 4. The phosphorescence spectrum of BMZCSi.
Fig. 5. The X-ray diffraction graphs of BMZC (a), BMZCSi (b), Tb–BMZC–Si hybrid
material (c) and Tb⊂BMZC–Si (d).

In the spectrum of BMZC, there are characteristic X-radiation peaks
of BMZC crystals. However, the diffractogram of hybrid materi-
als reveals that all of the hybrid materials with 10◦ ≤ n ≤ 70◦ are
mostly amorphous. To BMZC–Si hybrids, there are several small
peaks protruding from the baseline which are attributed to the
regular arrangement of the organic groups. What is more, there
are totally amorphous in the Tb–BMZC–Si hybrids. To exclude the
impact of lanthanide nitrates, the XRD spectrum of Tb⊂BMZC–Si
hybrids is measured. Between BMZC–Si hybrids and Tb⊂BMZC–Si
hybrids, some peaks protrude around 22◦ and the intensities of
narrow peaks decrease which means that the peaks of terbium
nitrate is located around 22◦ and simply mix could not lead to a
total amorphous. Comparing Tb–BMZC–Si with Tb⊂BMZC–Si, the
peaks of terbium nitrates and the peaks appeared in BMZC–Si are
all disappeared which means that the lanthanide ions coordinated
with ligand in the host other than terbium nitrates. It can be con-
cluded that because of the coordination between lanthanide ions
and the precursors the regular arrangement of the organic groups
in BMZC–Si are disturbed.

The scanning electron micrographs (SEM) of these hybrid mate-
rials can give some proofs from the texture. Fig. 6 demonstrates
that micro-particle materials were obtained. In the sol process, the
o/w macro-emulsion is decisive and responsible for the materials’
final texture. The texture of lamina is easy to understand because
the weak interactions between the organic moieties such as van der
Waals, London, or �–� staking were able to induce an organization
in o/w macro-emulsion [22–24]. These images for the hybrid mate-
rials demonstrate that a homogeneous, molecular-based material
was obtained where no phase separation was observed because of
strong covalent bonds bridging between the inorganic and organic
phases. In addition, uniform leaf-shaped micro-particles can be
observed on the surface of the hybrid material, mainly through the
formation of the backbone of Si–O–Si and its polycondensation. The
micro-particle BMZC–Si is located in around 0.5–1 �m dimension.
The texture of Tb–BMZC–Si and Eu–BMZC–Si seem to be slightly
different with BMZC–Si because they were prepared by same pro-
cess. But the texture of agglomerate in BMZC–Si disappeared in
Tb(Eu)–BMZC–Si. And the texture of Tb(Eu)–BMZC–Si is more uni-
form. It may be owing to the coordination between organic groups
and lanthanide ions that the configurations of the organosilane are

mixed up and it is difficult to form a large organization, whose par-
ticle sizes are in the 0.1–0.2 �m dimension. Because of the different
chelation effect between organic groups and Tb3+ or Eu3+ ions, the
configurations of the organosilane is mixed up and it is difficult to
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Fig. 6. The scanning electron micrographs of the covalently bonded h

orm an organization under the weak interactions such as �–� stak-
ng. As mentioned in the experimental, the hybrid materials could
e received through a polycondensation reaction between the ter-
inal silanol groups of BMZCSi and the OH groups of hydrolyzed

EOS. At the beginning of the reaction, the individual hydrolysis
f BMZCSi and TEOS are predominant. The next step is related to
he polycondensation reactions between hydroxyl groups of both
MZCSi and TEOS. By these methods, the covalently bonded hybrids
MZC–Si can be achieved. Similarly, the molecular-based compos-

tes bearing the RE–O coordination bond and Si–O covalent bonds
an also been obtained after the introduction of Tb3+ or Eu3+. It
s worthy pointing out that the self-assembly phenomenon exists
n the non-crystalline hybrid systems through chemical bonding
covalent bonding and coordination bonding, strong interaction),
hich is hardly to be reported.

The diffuse reflectance ultraviolet-visible spectra (DRUVS) of
MZC, BMZC–Si and Tb–BMZC–Si are shown in Fig. 7(a). In the
pectra, the absorption peak around 300 nm corresponded to the
→ �* electronic transition of carboxylic acid group. The similar-

ties among three kinds of materials prove that the modification
f the BMZC–Si did not change the energy level of the carboxylic
cid group. Fig. 7(b) is the excitation spectra of the resulting hybrid
aterials, which is monitored at 545 nm under room temperature.

he spectra exhibits a broad excitation bands centered at 300 nm
n the UV range. The excitation spectrum is consistent with the
ltraviolet spectra.
The luminescence behaviors of all of the materials have been
nvestigated at 298 K by direct excitation of the ligand (300 nm).
ig. 8(A) illustrates typical photoluminescence spectra of the
MZC–Si. Because no lanthanide ions are doped in them, this kind
f hybrid materials can only emit the luminescence of the whole
micro-particles: BMZC–Si (A), Eu–BMZC–Si (B) and Tb–BMZC–Si (C).

organically modified Si–O network hybrid system (composed by
organic group and Si–O matrix). There is a broad band from 420
to 550 nm (�max = 470 nm). Fig. 8(B) exhibits typical photolumines-
cence spectra of the Eu–BMZC–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 transfer from the carboxylic
ligand to europium (III) is not perfect, as can be noticed that the
residual ligand emission before 550 nm is still strong. A prominent
feature that may be noted in these spectra is the low intensity ratios
of I(5D0 → 7F2)/I(5D0 → 7F1). The intensity (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 sym-
metry [31]. When the interactions of the rare-earth complex with
its local chemical environment are stronger, the complex becomes
more non-symmetrical and the intensity of the electric-dipolar
transitions becomes more intense. As a result, 5D0 → 7F1 transition
(magnetic-dipolar transitions) decreased and 5D0 → 7F2 transition
(electric-dipolar transitions) increased. In this situation, the inten-
sity ratios are approximately 2.3 which mean that the matrix did
not disturb the coordination between the organic groups and lan-
thanide ions. Fig. 8(C) illustrates typical photoluminescence spectra
of Tb–BMZC–Si hybrids. Narrow-width emission bands with max-
ima at 487 and 543 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 and
5D4 → 7F5 transitions of Tb3+ ions. The lower baseline in the spectra

suggests that energy transfer efficiency between the organic groups
and Tb3+ ions is higher than that between the organic groups and
Eu3+ ions.

The luminescence decays of the hybrid material fit a single-
exponential rule (Fit = A + B1 × exp(−t/T1)), confirming that all
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Fig. 7. (A) Diffuse reflectance ultraviolet–visible spectra (DRUVS) of BMZC (a), hybrid
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ences [32,33], the energy transfer efficiency from BMZC–Si to Eu3+
aterial BMZC–Si (b) and hybrid material Tb–BMZC–Si (c); (B) the excitation spec-
rum of BMZC–Si.

anthanide ions lie in the same coordination environment. The
esulting lifetime of the europium and terbium hybrids is 0.615
nd 0.965 ms, respectively. What is more, it appears as a general
rend that the lifetimes in this hybrid material are similar as those
n the corresponding organic complexes which range is from 0.2
o 1.7 ms, indicating an important maintenance of luminescent sta-
ility for the covalently bonded molecular network in the hybrid
ystems. The luminescent lifetime of terbium hybrids is longer than
hat of europium ones, which is the similar order to the lumines-
ent intensity, indicating both BMZC–Si show the more suitable
or the luminescence of Tb3+ than Eu3+. The quantum yield of
hem was determined using an integrating sphere (150 mm diam-
ter, BaSO4 coating) of Edinburgh Instruments. The spectra were
orrected. The quantum yield can be defined as the integrated
ntensity of the luminescence signal divided by the integrated
ntensity of the absorption signal. Only the intense luminescence
and of the 5D0 → 7F2 transition around 612 nm was measured by
he integrating sphere, but this intensity value was corrected by
aking into account the relative intensity of the other transitions
as determined from the steady-state luminescence spectrum in
he 550–750 nm region). In this way, an intensity value that corre-
ponds to the total luminescence output was obtained. Comparing

he value of luminescent quantum efficiencies, it can be found that
hey show the similar rule to the value of luminescent lifetimes.
he luminescent quantum efficiency of terbium hybrids (24.5%)
s higher than that of europium one (7.7%), suggesting the fact of
Fig. 8. Photoluminescence spectra of the covalently bonded hybrid micro-particles:
BMZC–Si (A), Eu–BMZC–Si (B) and Tb–BMZC–Si (C).

different energy match and intra-molecular energy transfer pro-
cess. At last, we can predict the energy transfer efficiencies for
the two covalently bonded lanthanide hybrid materials [32,33]. For
Eu–BMZC–Si and Tb–BMZC–Si, BMZC–Si can be considered as the
host and the energy donor for Eu3+ or Tb3+ (energy acceptor) with
luminescent quantum efficiency of 29.4%. On the basis of the refer-
in Eu–BMZC–Si hybrids (26%) is much lower than that between
BMZC–Si and Tb3+ in Tb–BMZC–Si hybrids (83%). The higher energy
transfer efficiency for Tb hybrids leads to the higher luminescent
quantum efficiency.
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. Conclusions

A novel kind of aromatic carboxylic acid, benzimidazole-
-carboxylic acid (abbreviated as BMZC) is modified by 3-
triethoxysilyl)-propyl isocyanate through the hydrogen atom
ransfer addition reaction. Then the functionalized molecular pre-
ursor (BMZCSi) occurs a sol–gel assembly process under the
nduced coordination effect of RE3+ (Eu3+, Tb3+), resulting in a series
f chemically bonded hybrid micro-particles. The microstructure
nd photoluminescence have been studied in details. Especially the
ybrids present interesting leaf-shaped morphology. The coordi-
ation effect of rare earth ions has great influence on the sol–gel
ssembly reaction, the microstructure and luminescent behavior.
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