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This work focuses on the synthesis of a series of silica-based
organic-inorganic hybrid materials, containing different
Schiff-base organic compounds, through a covalent self-as-
sembly process. We first prepared three functional molecular
bridges that can both coordinate to lanthanide ions (Eu®* and
Tb3*) and form inorganic Si-O-Si networks with tetraethoxy-
silane (TEOS) from cohydrolysis and copolycondensation
processes. Meanwhile, we selected N-heterocyclic ligands
[1,10-phenanthroline (Phen) and 2,2'-bipyridine (Bipy)] as
the second ligands to act as the main energy donor to absorb
abundant energy in the UV/Vis region and to transfer the

energy to the corresponding lanthanide ions to sensitize their
emission. The introduction of the second ligand can also take
the place of the coordinated H,O and thus reduce the
quenching effect of the OH group. Measurements of the pho-
toluminescent properties of these materials show that the ter-
nary lanthanide/inorganic/organic hybrids present stronger
luminescent intensities and higher emission quantum effi-
ciencies. The resulting amorphous materials exhibit regular,
uniform microstructures and no phase separation occured
since the organic and inorganic compounds were covalently
linked through Si-O bonds through a self-assembly process.

Introduction

Because of their unique photophysical properties, lantha-
nide ions are well known as important components in pho-
tonics, especially with regard to their application in phos-
phors, lasers, and optical amplifiers./! The interesting
chemical and photophysical properties of the Ln* ions are
mostly attributed to the shielding of the 4f electrons from
interactions with their surroundings by the filled 5s> and
5p° orbitals.”) However, the direct Ln** photoexcitation is
not very efficient, with the low molar absorption coeffi-
cients limiting the light output. Organic chelates are well
known to be efficient sensitizers for the luminescence of lan-
thanide ions. These organic chromophores typically present
effective absorption and a much broader spectral range
than the corresponding Ln** ions and the energy they ab-
sorb can be transferred to nearby Ln>* ions by an effective
intramolecular-energy-transfer process. This process is
called lanthanide luminescence sensitization or antenna ef-
fect.l’] Complexes of Ln3* with various organic molecules,
such as aromatic carboxylic acids, B-diketonates, calixar-
enes, cryptands, and heterocyclic ligands, have been de-
scribed in some recent studies.[*! These materials, emitting
efficiently in the near-UV, visible, and NIR spectral regions,
are of great interest for a wide range of photonic applica-
tions, such as tunable lasers, amplifiers for optical com-
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munications, components of the emitter layers in multilayer
organic light-emitting diodes (OLEDs), light concentrators
for photovoltaic devices, and so on.!

However, with regard to the technological applicability,
the somewhat low thermal and photochemical stability, to-
gether with the poor mechanical properties of lanthanide
complexes result in some disadvantages. In order to over-
come these drawbacks lanthanide complexes have been en-
capsulated into polymers,® liquid crystals,[’? and sol-gel de-
rived organic-inorganic hybrids (mostly siloxane-based
ones). Organic-inorganic hybrid materials have been devel-
oped over the past two decades affording materials with
desired properties, since they combine some advantages of
organic compounds (easy processing with conventional
techniques, elasticity and organic functionalities) with prop-
erties of inorganic oxides (hardness, thermal and chemical
stability, transparency), and thus have attracted consider-
able attention.®! The sol-gel route is the most commonly
employed method for the preparation of organic-inorganic
hybrids at the macro/micro-scale, as well as at the molecular
level under mild conditions. Moreover, by modifying the
sol-gel processing conditions the microstructure, the exter-
nal shape, or the degree of combination between the or-
ganic and the inorganic phases can be further controlled.”)

Organic-inorganic hybrids can be classified according to
the interaction established between the organic and inor-
ganic components:[' the physically doping hybrids and
chemically bonding one. Carlos et al. have done important
work and have recently written a review on the lanthanide-
containing light-emitting organic—inorganic hybrids.['!]
Binnemans has provided a more extensive and more recent
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overview of the different types of lanthanide-based hybrid
materials and compared their respective advantages and
disadvantages.['?l Our research team has done extensive
work where we have concentrated on covalently grafting the
ligands to the inorganic networks in which the luminescent
centers of the lanthanide complexes are bonded with a si-
loxane matrix through Si-O linkages. We have successfully
realized six paths to construct the functional silylated pre-
cursors. In addition, after the modification, we assembled
the above modified bridge ligands with lanthanide ions and
tetraethoxysilane (TEOS) to compose hybrid systems with
covalent bonds and obtained a series of stable and efficient
molecular hybrid materials for use in optical areas.!'3!

On the basis of former work, in this paper we synthesize
three kinds of Schiff-base compounds (denoted as 0-BASB,
p-BASB, and m-BASB) containing a hydroxy group and a
carboxyl group. The hydrogen-transfer nucleophilic ad-
dition reaction takes place between the hydroxy group and
3-(triethoxysilyl)propyl isocyanate (TESPIC) to achieve the
molecular precursor (0-BASB-Si, p-BASB-Si, and m-
BASB-Si), and the lanthanide ions (Eu** and Tb3*) are co-
ordinated through the carboxyl groups. A series of chemi-
cally bonded lanthanide/inorganic/organic hybrid materials
(0-BASB-Si-Ln-Phen, 0-BASB-Si-Ln-Bipy, p-BASB-Si-Ln-
Phen, p-BASB-Si-Ln-Bipy, m-BASB-Si-Ln-Phen, and m-
BASB-Si-Ln-Bipy, Ln = Eu or Tb) were thus constructed.
Their physical characterization and photophysical proper-
ties are reported in detail.

Results and Discussion

1 Spectra Analyses for the Intermediate Product, the
Silylated Precursors, and the Hybrid Materials

1.1 Nuclear Magnetic Resonance (NMR) Spectroscopy
Analysis

The 'H NMR spectroscopic data, relative to the organic
compound BFPP, the Schiff-base compounds (0-BASB, p-
BASB, and m-BASB), and the silylated precursors (o-
BASB-Si, p-BASB-Si, and m-BASB-Si), are in full agree-
ment with the proposed structures. The '"H NMR chemical
shifts from the OH bond are observed at around 3.20 ppm
in the Schiff-base compounds (0-BASB, p-BASB, and m-
BASB) and have disappeared in the corresponding silylated
precursors (0-BASB-Si, p-BASB-Si, and m-BASB-Si),
which indicate the accomplishment of the hydrogen-transfer
reaction between ~OH and TESPIC. The signal observed
for the amino group —-CONH- further confirms the grafting
reaction. Furthermore, integration of the 'H NMR signal
corresponding to the ethoxy group shows that no hydrolysis
of the precursor occurred during the grafting reaction.

1.2 FTIR Spectra

The synthesis of the intermediate product, BFPP, the
Schiff-base compounds (0-BASB-Si, p-BASB-Si, and m-
BASB-Si), and the grafting reaction of the Schiff-base com-
pounds with TESPIC can also be confirmed by the FTIR
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spectra. Figure S2 (I) shows the IR spectra of BFPP (A), o-
aminobenzoic acid (B), TESPIC (C), 0-BASB (D), and o-
BASB-Si (E) in the 4000-400 cm ! range. The emergence of
the strong vibration bond of OH at 3466 cm™!, together
with the characteristic absorption peaks of the Ar-O-CH,
group located at around 1240, 1035 cm™!, proves the forma-
tion of the organic compound BFPP.['¥ The apparent char-
acteristic absorption peak at 3471, 3374 cm™! of amino
groups is not observed in the IR spectrum of TESPIC. This,
together with the emergence of the strong vibration bonds
of C=N at around 1623 cm ™!, proves the formation of the
Schiff-base compound 0-BASB. The presence of a series of
strong bands at 2975, 2928, 2886 cm™! from the vibrations
of methylene —(CH,);— and the disappearance of the stretch
vibration of the absorption peaks at 2277 cm™! for N=C=0
of TESPIC indicate that 0-BASB has successfully been
grafted onto TESPIC. The stretching vibration of Si—C lo-
cated at about 1200 cm! and the stretching vibration of Si—
O at 1107 cm™!' and 1077 cm™!, together with the bending
vibration at 460 cm™!, indicate the absorption of the silox-
ane bonds. The p-BASB-Si and m-BASB-Si systems present
similar features to those of the 0o-BASB-Si system.

All of the obtained hybrid materials were also charac-
terized by infrared spectroscopy and they show similar fea-
tures. The IR spectra of 0-BASB-Si-Eu-Phen (a), 0-BASB-
Si-Eu-Bipy (b), 0-BASB-Si-Tb-Phen (c), and o0-BASB-Si-
Tb-Bipy (d) are shown in Figure S1 (IT). The broad absorp-
tions of the v(Si—C) vibration, which are located in the
1200-1192 cm™! wavelength range, and the [v(Si-O-Si)] vi-
bration, which are located in the 1109-1060 cm! wave-
length range can be seen in all of the spectra. The presence
of the v(Si—C) absorption is consistent with the fact that no
(Si—C) bond cleavage occurs, while the absorption of v(Si—
0O-Si) indicates the formation of siloxane bonds during the
hydrolysis/condensation reactions. However, in the spectra,
the v(O-H) vibration at around 3400 cm™! can also be ob-
served, which confirms the existence of residual silanol
groups and the presence of H>,O molecules. The v(Si-OH)
stretching vibration at 956 cm™! is further evidence of the
incompleteness of the condensation reactions. Furthermore,
the complexation of Ln3* with the organic compound in all
of the hybrids can also be shown by infrared spectroscopy.
Compared with the silylated precursor 0-BASB-Si, the
v(COOH) vibrations at about 1684 cm~! become very weak,
while the v,((COO") and the v{(COO") vibrations located at
1592 and 1389 cm™!, respectively, become much stronger.
This is ascribed to the complexation of the Ln3* ion with
the oxygen atom of the COO™ group in the hybrids. The
Ar-O-CH, vibrations in all of the hybrids are weakly
shifted, which means that the oxygen atom of the Ar-O-
CH, group does not take part in the complexation with the
Ln3* ion. As we know, it is very difficult to prove the exact
structure of these types of noncrystalline hybrid materials
and it is barely possible to solve the coordination behavior
of lanthanide ions. But their main composition and coordi-
nation effect can be predicted according to the lanthanide
coordination chemistry principle and the functional groups
of the organic unit. The hybrid BASB-Si-Eu-Phen structure,
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shown in Figure S1, was predicted from infrared spec-
troscopy and other previously reported references.['>] How-
ever, the presence of residual Si-OH groups in the com-
plexes cannot be excluded. Similar features are observed for
the p-BASB-Si and m-BASB-Si hybrids.

1.3 Powder XRD Spectra

The room-temperature X-ray diffraction patterns (deter-
mined from 10 to 70°) of the hybrid materials 0-BASB-Si
hybrids, o0-BASB-Si-Eu-Phen, o0-BASB-Si-Eu-Bipy, p-
BASB-Si-Eu hybrids, p-BASB-Si-Tb-Phen, p-BASB-Si-Tb-
Bipy, m-BASB-Si hybrids, m-BASB-Si-Eu-Phen, and m-
BASB-Si-Tb-Bipy, reproduced in Figure S3, reveal that all
the obtained hybrid materials are totally amorphous over a
wide region. All the diffraction curves show similar broad
peaks, with angle 20 centered around 22°, which is charac-
teristic of amorphous silica materials and are ascribed in
the literature to encompass three distinct contributions in
lamellar bridged silsesquioxanes.['8! The structural unit dis-
tance, calculated using the Bragg law, is approximately
4.11 A. This may be ascribed to the coherent diffraction of
the siliceous backbone of the hybrids.!'”l The absence of
any crystalline regions in these samples correlates with the
presence of organic chains in the host inorganic frame-
work.['81 In addition, none of the hybrid materials contain
measurable amounts of phases corresponding to the pure
organic compound or free Ln nitrate, which is an initial
indication of the formation of the true covalent-bonded
molecular hybrid material.

1.4 UVIVis Diffuse Reflection Absorption Spectra

Diffuse reflectance experiments were performed on pow-
dered materials for all of the materials. The corresponding
diffuse reflection absorption spectra of p-BASB-Si-Eu hy-
brids, p-BASB-Si-Eu-Phen, p-BASB-Si-Tb-Phen, p-BASB-
Si-Tb-Bipy, and p-BASB-Si-Tb-Bipy are given in Figure S4.
All of the spectra exhibit broad absorption bands in the
UV/Vis range 200-500 nm. These absorption bands corre-
spond to the transition from the ground state to the first
excited state (So—S;) of the organic ligands, including
Phen, Bipy, and the organosilanes. They are more specifi-
cally attributed to the m— n* transitions occurring in the
Phen, Bipy conjugating units, and the aromatic groups of
the organosilanes. For p-BASB-Si-Ln-Phen and p-BASB-
Si-Ln-Bipy a blue shift of the absorbance edge is observed
compared with the p-BASB-Si hybrids. The absorbance
bands of p-BASB-Si-Ln-Phen and p-BASB-Si-Ln-Bipy are
mainly located at about 200-400 nm, which partially over-
laps with the fluorescence excitation spectra (wide bands at
325-364 nm in Figure 2). In terms of the above phenomena,
it can primarily be predicted that after the addition of the
Phen and Bipy complexes the extent to which the energy
levels between the hybrid host and lanthanide ions match
one another is more suited and appropriate for the organic
fragments of the hybrid to absorb abundant energy in the
UV/Vis region and transfer the energy to the corresponding
2292
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lanthanide ions. The 0-BASB-Si and m-BASB-Si hybrid
systems present similar features to those of the p-BASB-Si
hybrids.

2 Scanning Electron Micrographs

The scanning electron micrographs for the hybrid materi-
als demonstrate that a homogeneous system was obtained.
Figure 1 shows the selected micrographs for the 0o-BASB-
Si hybrid (A), 0-BASB-Si-Eu-Phen (B), 0-BASB-Si-Eu-Bipy
(C), p-BASB-Si-Tb-Phen (D), m-BASB-Si-Eu-Phen (E),
and m-BASB-Si-Tb-Phen (F) hybrid materials. In most
cases the surface morphology of materials is of great impor-
tance for many technical applications requiring well-defined
surfaces or interfaces. From Figure 1 we can see that all the
samples show a homogeneous system and that no phase
separation could be observed. This may be because the co-
valent bonding (Si—O-Si) enhanced the miscibility of the
organic compounds and the silica matrixes so that the inor-
ganic and the organic phases together exhibit their distinct
properties under monophasic conditions. The 0-BASB-Si
hybrids have large block-structure microstructures with
smooth surfaces as observed in Figure 1 (A). However, the
micromorphology of the hybrids containing the Phen-Ln or
Bipy-Ln complexes seems to be quite different from that of
the 0-BASB-Si hybrids, which are composed of many regu-
lar and uniform microballoon sphere-like microstructures
that are about 20-30 um in size. The differences between
the microstructures may be due to the addition of the Ln
complexes. For the 0-BASB-Si hybrids without the Ln com-

- um

E

Figure 1. The selected SEM images for ternary lanthanide hybrid
materials with organic and inorganic networks: 0-BASB-Si hy-
brids (A), 0-BASB-Si-Eu-Phen (B), 0-BASB-Si-Eu-Bipy (C), p-
BASB-Si-Tb-Phen (D), m-BASB-Si-Eu-Phen (E), and m-BASB-Si-
Tb-Phen (F).
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plexes the single hydrolysis and polycondensation reaction,
which takes place between ethoxy—ethoxy, silanol-silanol,
and ethoxy-silanol groups, occurs without any outer inter-
action disturbance. After the addition of the Phen-Ln or
Bipy-Ln complex a more stable eightfold-coordinated struc-
ture with the Ln3* ions is formed, which may readily pro-
vide orientation and induction ability. The hydrolysis and
the polycondensation rate may decrease. Also, the organiza-
tion may be induced under the chelation effect as well as
other weak interactions such as van der Waals, London,
and m— 7 stacking. In conclusion, the former only involves
the sol-gel process (cohydrolysis and copolycondensation
processes), while in the latter a strong coordination reaction
occurs between the Ln3* complexes and the BASB-Si host,
which has a great influence on the sol-gel process and the
microstructure or physical properties of the hybrids. This
causes the large differences in the micromorphology of the
hybrids.

3 Photoluminescence Properties of the Hybrid Materials

3.1 Photoluminescence Spectra

The binary lanthanide hybrids with Schiff-base function-
alized polysilsesquioxane bridges show very weak (Fig-
ure S5) luminescence and only the Dy— ’F, transition of
Eu** (°Dy—Fs transitions of Tb?*) can be detected. On
the basis of the enhancement of luminescent intensities of
active lanthanide ions (such as Eu** and Tb**) by the ad-
dition of the second ligands in solution or solid complexes,
we selected 2,2'-bipyridine and 1,10-phenanthroline as the
second ligands to coordinate with the lanthanide ions in
the cohybrid molecular materials. The introduction of the
second ligand may take the place of the coordinated H,O
and thus reduce the quenching effect of the -OH group. In
addition, the extent to which the energy levels between the
organic segments and lanthanide ions match one another is
more suited and appropriate as the second ligand, Phen or
Bipy, becomes the main energy donor and thus reduces the
nonradiative energy loss compared with the binary systems.
Figure 2 shows the excitation and emission spectra of the
europium hybrid materials (I) p-BASB-Si-Eu-Phen (A), m-
BASB-Si-Eu-Phen (B), p-BASB-Si-Eu-Bipy (C), and m-
BASB-Si-Eu-Bipy (D) and the terbium hybrid materials (IT)
p-BASB-Si-Tb-Phen (A),  0-BASB-Si-Tb-Phen (B),  p-
BASB-Si-Tb-Bipy (C), and m-BASB-Si-Tb-Bipy (D). From
the spectra we can see that the characteristic emissions of
lanthanide ions are obtained, especially after the introduc-
tion of the second ligand Phen. The excitation spectra were
obtained by monitoring the emission of Eu’* or Tb** at
614 or 545 nm, respectively. For the Eu®* hybrids, all the
systems have similar excitation spectra that are dominated
by a broad band from 325 to 364 nm with the maximum
peak at about 345 nm. As a result the emission lines of the
hybrid materials were assigned to the characteristic
5D0—>7Fj (J =1, 2, 3, and 4) transitions at 590, 614, 650,
and 685 nm, respectively. The *Dy— "F, emission around
614 nm is the most predominant transition. For the Tb*
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hybrids, a broad band centered at around 350 nm is ob-
served in the excitation spectra and as a result the emission
lines were assigned to the *D,— ’F; transitions located at
490, 544, 587, and 622 nm, for J = 6, 5, 4, and 3, respec-
tively. The most striking green fluorescence (°D,— "F5) was
observed because this emission is the most intense one.
From the discussion on the photoluminescence spectra
mentioned above we can see that the fluorescence intensities
of molecular hybrids are much more enhanced when the
second ligands are added to the hybrids, especially for the
addition of 1,10-phenanthroline. This may be because the
second ligand, Phen or Bipy, has become the main energy
donor. It can absorb abundant energy in the UV/Vis region
and transfer the energy to the corresponding lanthanide
ions. So the problem of the Schiff-base compound not sen-
sitizing the emission of the lanthanide ions was effectively
avoided. Meanwhile, the steric effect of the Schiff-base com-

@
A= 614nm A= 345nm

= A A
S 5D__7F /
S B 0 2 /B Em
7] Ex
Q
‘B
o) o}
£ D
2 c
-~ 5 i
% DO__. F1 D
14

T T T T ¥ T y T

300 400 500 600 700
Wavelength (nm)
Q)
A__=545nm
em
A

Ex /
=
S B
(2]
2
‘@
c
2
£
[0
=
©
[0)
x

D

L T T T ¥ T L T L T
300 350 400 450 500 550 600

Wavelength (nm)

Figure 2. The selected excitation and emission spectra of the ter-
nary europium hybrid materials (I): p-BASB-Si-Eu-Phen (A), m-
BASB-Si-Eu-Phen (B), p-BASB-Si-Eu-Bipy (C), m-BASB-Si-Eu-
Bipy (D) and the ternary terbium hybrid materials (II): p-BASB-
Si-Tb-Phen (A), 0-BASB-Si-Tb-Phen (B), p-BASB-Si-Tb-Bipy (C),
m-BASB-Si-Tb-Bipy (D).
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pound, which affects the coordination modality of Ln ions,
can also have an influence on the fluorescence of the
hybrids.

3.2 Luminescence Decay Times (t) and Emission Quantum
Efficiency () of the °D, Excited State of the Europium
Ion for the Euv’* Hybrids

In order to further investigate the luminescence efficiency
of these covalent hybrids, we selectively determined the
emission quantum efficiencies of the excited state >Dj of the
europium ion for the Eu®* hybrids based on the emission
spectra and lifetimes of the D, emitting level (Figure S6).
Assuming that only nonradiative and radiative processes
are essentially involved in the depopulation of the 3D, state,
the quantum efficiency of the luminescence step, #, can be
defined as how well the radiative processes compete with
the nonradiative processes. The detailed principles and
methods were adopted from ref.[!]

On the basis of the above discussion, we have determined
the quantum efficiencies of the europium hybrid materials.
As shown in Table 1, it can be seen that the value 7 mainly
depends on the values of two quanta: one is the lifetime
and the other is [/Iy; (red/orange ratio). If the lifetimes
and red/orange ratio are large the quantum efficiency must
be high. The quantum efficiencies of the europium hybrid
materials have been determined to follow the order: p-
BASB-Si-Eu-Phen > 0-BASB-Si-Eu-Phen > m-BASB-Si-
Eu-Phen > p-BASB-Si-Eu-Bipy > 0-BASB-Si-Eu-Bipy >
m-BASB-Si-Eu-Bipy. The quantum efficiencies of p-BASB-
Si-Eu-Phen (30.7%), 0-BASB-Si-Eu-Phen (27.1%), and m-
BASB-Si-Eu-Phen (23.4%) are much higher than those of
p-BASB-Si-Eu-Bipy (10.0%), 0-BASB-Si-Eu-Bipy (6.9%),
and m-BASB-Si-Eu-Bipy (6.1%). So we can see that Phen
is the better ligand for sensitizing the emission of the lan-
thanide ions. Furthermore, the quantum efficiencies of the
BASB-Si-Eu-Phen hybrid systems are much higher than the
hybrid materials with functional calix[4]arene organic ingre-
dients (below 17%),12%1 or those with functionalized thiosal-
icylic acids (below 21%)2! from our previous work. This
may be because the higher coordination atoms can be pro-
vided by these types of hybrids, and thus the more stable
eightfold-coordinated structure with Ln* ions effectively
reduces the quenching effect by the -OH group. The abso-
lute luminescence quantum-efficiency data should be accu-
rately obtained with an integrating sphere and a calibrated
detector setup for solid materials.!!!l In this article we only
want to compare the photoluminescent behaviors of dif-
ferent hybrid materials, so the relative comparison using
calculated values from lifetime and emission spectra is con-
venient and feasible. Certainly, the relative values of lumi-
nescent quantum efficiencies may be higher than the abso-
lute values because they are only obtained from lifetime and
spectrum data. Since the synthesis process can be easily ap-
plied to other organic ligands and to different alkoxysilanes
we may be able to obtain stable and efficient hybrid materi-
als for use in optical or electronic areas, because the desired
properties can be tailored by an appropriate choice of the
precursors and the addition of the second ligands.
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Table 1. The luminescence efficiencies and lifetimes for the euro-
pium hybrids.

Hybrids Ao12[51] Arag '] sy [A
0-BASB-Si-Eu-Phen 50, 296 346 784 27.1
0-BASB-Si-Eu-Bipy 50, 148 198 351 7.0
p-BASB-Si-Eu-Phen 50, 306 356 864 30.7
p-BASB-Si-Eu-Bipy 50, 180 230 432 10.0
m-BASB-Si-Eu-Phen 50, 271 321 731 23.4
m-BASB-Si-Eu-Bipy 50, 135 185 329 6.1

[a] For the excited state °Dy, of Eu**, whose error is =50 ps. [b] For
the D, quantum efficiency.

Conclusions

In summary, a series of lanthanide molecule-based hy-
brids containing organic Schiff-base compounds and inor-
ganic networks (Si—O-Si) were assembled. Thanks to the
addition of the second ligand of Phen and Bipy these hy-
brids present stronger luminescent intensities and a higher
emission quantum efficiency, especially after the addition of
Phen. This is a result of the second ligand acting as the
main energy donor to absorb energy and to transfer the
energy to the corresponding lanthanide ions through an in-
tramolecular energy-transfer process. Uniform microstruc-
tures of these hybrids were also obtained where the organic
and the inorganic compounds were covalently linked
through Si-O bonds through a self-assembly process. The
synthesis process can easily be applied to other organic li-
gands and to different alkoxysilanes and hence we may be
able to obtain stable and efficient hybrid materials with the
desired properties for use in optical or electronic areas.

Experimental Section

Physical Measurements: Fourier transform infrared (FTIR) spectra
were measured within the 4000-400 cm ! region with a Nicolet
model 5SXC spectrophotometer using KBr disks. Nuclear mag-
netic resonance (NMR) spectra were recorded with a Bruker AV-
ANCE-400 spectrometer with tetramethylsilane (TMS) as the in-
ternal reference. Scanning electron microscope (SEM) images were
obtained with a Philips XL-30. The surface of the powdered sample
was coated with gold before the measurement was taken. The X-ray
diffraction (XRD) measurements were carried out with powdered
samples with a Bruker D8 diffractometer (40 mA/40 kV) using mo-
nochromated Cu-K,; radiation (2 = 1.54 A) over the 20 range of
10° to 70°. Reflectivity spectra were recorded with a Bws003 spec-
trometer equipped with a diffuse reflectance accessory. Fluores-
cence excitation and emission spectra were obtained with an RF-
5301 spectrophotometer with a 3 nm excitation slit and a 5nm
emission one. Luminescent lifetimes were recorded with an Edin-
burgh FLS 920 phosphorimeter using a 450 W xenon lamp as the
excitation source (pulse width, 3 ps).

Chemicals: 3-(Triethoxysilyl)propyl isocyanate (TESPIC) was pur-
chased from the Lancaster Company, other starting materials were
purchased from Sinopharm Chemical Reagent Co., Ltd. (SCRC).
Tetraethoxysilane (TEOS) was distilled and stored under a N, at-
mosphere. The solvents were purified according to literature pro-
cedures.!??! Europium and terbium nitrate were obtained by dissolv-
ing Eu,O5; and TbyO; in concentrated nitric acid, respectively.
Other starting reagents were used as received.
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Synthesis: The intermediate product 1,3-bis(2-formylphenoxy)-2-
propanol (denoted as BFPP) was synthesized according to the pro-
cedure in ref?3 The Schiff-base compounds (denoted as 0-BASB,
p-BASB, and m-BASB) and the corresponding silylated precursor
(denoted as 0-BASB-Si, p-BASB-Si, and m-BASB-Si) were pre-
pared according to the procedure depicted in Figure S1 (I). The
predicted structure of the hybrid p-BASB-Si-Ln-Phen, obtained
from the co-condensation process between ~OH groups of the si-
lylated precursor BASB-Si and TEOS, is shown in Figure S1 (II).

Synthesis of Schiff-Base Compounds (0-BASB, p-BASB, and m-
BASB): BFPP (1.501 g, 5.0 mmol) was dissolved in absolute etha-
nol (50 mL) and o-aminobenzoic acid (1.371 g 10 mmol) dissolved
in absolute ethanol (50 mL) was then added dropwise. The resulting
mixture was heated under reflux for about 8 h. After cooling, the
solvent was removed in vacuo and the precipitate was filtered off.
The crude product was purified by recrystallization from absolute
ethanol and finally obtained as white crystals; yield 1.91 g (71.2%)).
'H NMR (CDCl3, 400 MHz): 6 = 3.22 (br., 1 H, OH), 4.24-4.62
(m, 5 H, CH,CHCH,), 6.98-8.01 (m, 16 H, ArH), 9.01 (s, 2 H,
CH=N), 12.53 (s, 2 H, COOH) ppm.

p-BASB and m-BASB were prepared in a manner similar to the
procedure described above for 0-BASB. Recrystallization from ab-
solute ethanol gave the desired products as white crystals. p-BASB:
Yield = 78.2%. 'H NMR (CDCl3;, 400 MHz): 6 = 3.19 (br.,, 1 H,
OH), 4.34-4.66 (m, 5 H, CH,CHCH,), 6.95-8.01 (m, 16 H, ArH),
8.93 (s, 2 H, CH=N), 12.63 (s, 2 H, COOH) ppm. m-BASB: Yield
= 75.4%. '"H NMR (CDCl3, 400 MHz): 6 = 3.26 (br., 1 H, OH),
4.20-4.59 (m, 5 H, CH,CHCH,), 6.93-8.01 (m, 16 H, ArH), 8.97
(s, 2 H, CH=N), 12.55 (s, 2 H, COOH) ppm.

Synthesis of Silylated Precursors (o-BASB-Si, p-BASB-Si, and m-
BASB-Si): A typical synthetic procedure was as follows: The Schiff-
base compound (1.0 mmol; 0-BASB, p-BASB, or m-BASB) was
dissolved in THF (10 mL). 3-(Triethoxysilyl)propyl isocyanate (de-
noted as TESPIC) (1.0 mmol) dissolved in THF (10 mL) was then
added dropwise while stirring, and the mixture was kept at 60 °C
overnight under argon in a covered flask. After cooling the solvent
was removed in vacuo and the residue was washed three times with
hexane (20 mL). A clear yellow oil was obtained. 0-BASB-Si: 'H
NMR (CDCl;, 400 MHz): 6 = 0.61 (t, 2 H, CH,Si), 1.02 (m, 2 H,
NHCH,CH,CH,Si), 1.24 (t, 9 H, CH;CH,), 2.58 (m, 2 H,
NHCH,), 3.81 (q, 6 H, SiOCH,), 4.21-4.61 (m, 5 H, CH,CHCH,),
6.94-8.04 (m, 16 H, ArH), 7.42 (t, 1 H, NH), 9.03 (s, 2 H, CH=N),
12.74 (s, 2 H, COOH) ppm. p-BASB-Si: 'H NMR (CDCls;,
400 MHz): 6 = 0.62 (t, 2 H, CH,Si), 1.10 (m, 2 H,
NHCH,CH,CH-Si), 1.25 (t, 9 H, CH3;CH,), 2.60 (m, 2 H,
NHCH,), 3.80 (q, 6 H, SiOCH,), 4.04-4.52 (m, 5 H, CH,CHCH,),
6.88-8.11 (m, 16 H, ArH), 7.39 (t, 1 H, NH), 8.89 (s, 2 H, CH=N),
12.80 (s, 2 H, COOH) ppm. m-BASB-Si: 'H NMR (CDClj;,
400 MHz): ¢ = 0.61 (t, 2 H, CH,Si), 1.12 (m, 2 H,
NHCH,CH,CH,Si), 1.23 (t, 9 H, CH3CH,), 2.68 (m, 2 H,
NHCH,), 3.80 (q, 6 H, SiOCH,), 4.24-4.62 (m, 5 H, CH,CHCH,),
6.86-8.03 (m, 16 H, ArH), 7.52 (t, 1 H, NH), 8.91 (s, 2 H, CH=N),
12.73 (s, 2 H, COOH) ppm.

Synthesis of the Molecular Hybrid Materials Containing Lanthanide
Ions (0-BASB-Si-Ln-Phen, 0-BASB-Si-Ln-Bipy, p-BASB-Si-Ln-
Phen, p-BASB-Si-Ln-Bipy, m-BASB-Si-Ln-Phen, and m-BASB-Si-
Ln-Bipy, Ln = Eu3* or Tb3*): A typical procedure for the prepara-
tion of the hybrid materials was as follows: The precursor (o-
BASB-Si, p-BASB-Si, and m-BASB-Si) and the second ligand
(Bipy or Phen) were dissolved in a chloroform solution and a stoi-
chiometric amount of Ln(NO;)-6H,O was added. After 3 h, TEOS
and H,O were added while stirring, and then one drop of diluted
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hydrochloric acid was added to promote hydrolysis. The mmol ratio
of Ln(NOs)-6H,O/BASB-Si/Bipy (or Phen)/TEOS/H,O was
2:3:2:12:48. After the treatment of hydrolysis for 6 h an appropriate
amount of hexamethylenetetramine was added to adjust the pH
value to 6-7. The resulting mixture was agitated magnetically to
achieve a single phase, and thermal treatment was performed at
60 °C in a covered Teflon® beaker for about 6 d until the sample
solidified. The obtained gels were washed with ethanol and dried
at 90 °C for another 2 d. The final molecular hybrid materials were
collected as monolithic bulks and were ground into powdered ma-
terials for the photophysical studies. Free-Ln materials 0-BASB-Si
hybrids, p-BASB-Si hybrids, and m-BASB-Si hybrids were prepared
in the same manner without the addition of the second ligand and
Ln(NO;):6H,0.

Supporting Information (see footnote on the first page of this arti-
cle): Figures of the synthetic process, infrared spectra, X-ray dif-
fraction graph of hybrid materials, UV/Vis diffuse reflection ab-
sorption spectra, and excitation and emission spectra of the binary
lanthanide hybrid materials.
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