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In  this  paper,  two  Schiff-base  compounds  (N,N′-bis(salicylidene)-1,3-ethylenediamine  (BSEA)  and
N,N′N′′-tris(salicylidene)-(2-aminoethyl)  amine  (TSAEA))  are  modified  with  a crosslinking  reagent  iso-
cyanate propyl  triethoxysilane  (TESPIC)  to achieve  two  linkages  (BSEASi  and  TSAEASi).  Then  metallic
(Ni2+,  Mn2+, Co2+)  inorganic/organic  hybrids  with  functionalized  Schiff-base  linkages  are  prepared  with
vailable online 12 July 2011

eywords:
chiff base linkage
etallic organic/inorganic hybrids
esoporous hybrids

coordination  bonding.  Then  the  corresponding  mesoporous  hybrids  with  BSEASi  functionalized  SBA15
host are  assembled.  All these  hybrids  are  characterized  in  detail  and  particularly  the  photoluminescence
of  them  shows  that they  all show  the  luminescence  of  the  organically  bonded  host  and  metal  ions  that
only  disturb  it.

© 2011 Elsevier B.V. All rights reserved.

uminescence

. Introduction

Inorganic/organic hybrid materials have been subjected to the
ramatic development in the field of materials science since they
ot only combine the respective beneficial characters of organic
nd inorganic components, but also often exhibit unique proper-
ies that exceed what would be expected for a simple mixture of the
omponents [1,2]. Among the most important types are so-called
he chemically bonded hybrids through the integration of chemical
onding within the different units in a complicated system, which
an realize the possibility of tailoring the complementary proper-
ies of both components to obtain novel multifunctional materials
ith attractive behaviors, such as mechanical, thermal and other
hysical and chemical properties [3,4].

Among the silica-based hybrids organically modified
olysilsesquioxane as a linkage is mainly studied in the field
f organic–inorganic hybrid materials through the sol–gel tech-
ology between different silicon alkoxides [5–7]. Carlos et al.
ave done an important work and lately given a review on the

anthanide-containing light-emitting organic–inorganic hybrids
8–10]. More recently, Binnemans gives a more extensive overview
f the different types of lanthanide-based hybrid materials and
ompared their respective advantages and disadvantages [11].

ur research team is presently engaged in the extensive work
nd we concentrate on covalently grafting the ligands to the
norganic networks in which lanthanide complexes luminescent

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

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.07.006
centers, which are bonded with a siloxane matrix through Si–O
linkage and we have successfully realized six paths to construct the
functional silylated precursors. 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 series of stable and efficient
molecular hybrid materials in optical areas [12–18].

Further, the organic–inorganic mesoporous hybrids through the
modification of mesoporous host have been paid attention for their
advantages: firstly, the organic groups can be dispersed in the pore
or in the surface and cannot traffic the pore channel; secondly,
organic groups can provide the whole materials systems with some
new functions such as the electronics, optics, and magnetic. These
advantages will embody the hybrid with flexible modification of
physical and chemical properties, which can be expected to develop
some new practical application. So lately, a lot of work has been
shifted to the preparation of mesoporous hybrids [19–24].

Schiff-base derivatives belong to the compounds with double
bonds between nitrogen and carbon atoms, which can exhibit var-
ious properties to be applied to such fields as organic synthesis,
catalyst, liquid crystal and bioinorganic chemistry [25–27].  In term
of the superior flexibility of them in the synthesis and modification,
Schiff-base can be introduced in the inorganic/organic hybrid mate-
rials systems through the coordination of the electron in their N or
C atoms to metal ion. This not only can form chelates with metal
ions but also can enhance the functionality of organic groups. Most

of the Schiff-base ligands are synthesized from the salicylidene
or its derivative with diamine. Few reports on materials having
Schiff-base derivatives covalent with the silica network and their
photoluminescence properties have been reported [28,29].  We

dx.doi.org/10.1016/j.jallcom.2011.07.006
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:byan@tongji.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.07.006
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B. Yan et al. / Journal of Alloys an

ave synthesized series of Schiff-base modified silica hybrids and
atherly prepared the mesoporous hybrids [30,31],  which can pos-
ess interesting blue or blue-green luminescence in visible region.

In this paper, on the basis of our previous work, we introduce the
etal ions in the hybrid systems through the coordination bond-

ng and prepared six kinds of metallic (Ni2+, Mn2+, Co2+) centered
ybrids with two Schiff-base modified covalent linkages and then
ssembled the corresponding mesoporous hybrids with SBA-15
ost. The detailed characterization and luminescence are reported.

. Experimental

.1. Starting materials and chemicals

Pluronic P123 (EO20PO70EO20, Aldrich), 3-(triethoxysiyl)-propyl isocyanate
TESPIC, Lancaster), and tetraethoxysilane (TEOS, Aldrich) are distilled and stored
nder nitrogen atmosphere. All the other reagents are analytically pure and from
hanghai Chemical Plant. The solvents are purified according to the literature pro-
edures [32].

.2. The synthesis of Schiff base compounds, the functionalized precursors

The di-Schiff base compound N,N′-bis(salicylidene)-1,3-ethylenediamine
BSEA) and tri-Schiff base compound N,N′N′′-tris(salicylidene)-(2-aminoethyl)
mine (TSAEA) and the silylated precursors (BSEASi, TSAEASi) are prepared
ccording to the procedure depicted in Refs. [29–31].  BSEA: 85%. TSAEA: yields
6%. 1H NMR (CDC13): ı 2.70 (t, 6H, NCH2); 3.67 (t, 6H, CH2N CH); 6.85, 6.94, 7.24,
.30  (12H, Ar); 8.40 (s, 3H, ArCH); 13.02 (s, 3H, OH). TSAEASi: yields 68%. 1H NMR
CDC13): ı 0.60 (t, 6H, CH2Si); 1.22 (t, 27H, CH3CH2); 1.60 (m,  6H, NHCH2CH2CH2Si);
.70 (t, 6H, NCH2); 3.17 (m,  6H, NHCH2); 3.60 (q, 18H, SiOCH2); 3.67 (t, 6H,
H2N CH); 6.85, 6.92, 7.25, 7.32 (12H, Ar); 8.01 (t, 3H, NH); 8.41 (s, 3H, ArCH) [1].

.3.  The synthesis of the metallic covalently bonded hybrids

The precursor (BSEASi, TSAEASi, 1 mmol) is dissolved in DMF  (20 mL), and
uitable amount of metal salts, TEOS, and H2O are added. The molar ratio of
recursor/TEOS/H2O is 1:(2)2:6. And then one drop of diluted hydrochloric acid is
dded to promote hydrolysis reaction. After 2 h, a small amount of hexamethylenete-
ramine (0.05 g) is added to stimulate the polycondensation reaction. The resulting
olution is vigorously stirred for 4 h. The resulting sol is aged in covered Teflon
eakers at room temperature until the onset of gelation, after that thermal treat-
ent is performed at 60 ◦C until the sample solidified. The powder materials are

hen obtained after being washed with ethanol and dried for 2 days (see Fig. 1A).

.4. Synthesis of metallic Schiff-base functionalized SBA-15 mesoporous hybrids

SBA-15 host structure is synthesized according to the reported procedure using
luronic P123 as a structure-directing agent and tetraethyl orthosilicate (TEOS) as

 silica source under acidic conditions [33,34]. And then the mesoporous materials
-BSEA-SBA-15 and (M = Ni, Co, Mn)  are synthesized from acidic mixture with the

ollowing molar composition: 0.0172 P123:0.83 TEOS:0.17 BSEA-Si:6 HCl:208.33
2O. P123 (1.0 g) is dissolved in the deionized water (7.5 g) and 2 M HCl solu-

ion (30 g) at room temperature. A mixture of BSEASi and TEOS is added into the
bove solution with stirring for 24 h and transferred into a Teflon bottle sealed in an
utoclave, which is heated at 100 ◦C for 48 h. The solid product is filtered, washed
horoughly with deionized water, and dried at 65 ◦C. Removal of copolymer surfac-
ant P123 is conducted by Soxhlet extraction with ethanol under reflux for 2 days.
he material is dried in a vacuum and shows light-yellow color (Fig. 1B).

.5. Physical characterization

1H NMR spectra were recorded on a BRUKER AVANCE-500 spectrometer with
etramethylsilane (TMS) as internal reference using CDCl3 as solvent. IR spectra were

easured within the 4000–400 cm−1 region on an infrared spectrophotometer with
he  KBr pellet technique. The Ultraviolet absorption spectra were taken with an
gilent 8453 spectrophotometer (CCl4 solution). X-ray powder diffraction patterns
ere recorded on a Rigaku D/max-rB diffractometer equipped with a Cu anode in a

�  range from 0.6 to 6◦ Nitrogen adsorption/desorption isotherms were measured
t  the liquid nitrogen temperature, using a Nova 1000 analyzer. Before the mea-
urements, the samples were outgassed for 2 h in the degas port of the adsorption
pparatus at 423 K. Surface areas were calculated by the Brunauer–Emmett–Teller
BET) method and pore size distributions were evaluated from the desorption

ranches of the nitrogen isotherms using the Barrett–Joyner–Halenda (BJH) model.
hermogravimetric analysis (TGA) is performed on a Netzsch STA 409 at a heat-
ng  rate of 15 ◦C/min under nitrogen atmosphere. The fluorescence excitation and
mission spectra were obtained on RF-5301 spectrophotometer. All spectra are
ormalized to a constant intensity at the maximum.
Fig. 1. The scheme for the chemically bonded hybrids M-BSEA-Si (M = Ni, Co, Mn)
(A)  and mesoporous hybrids M-BSEA-SBA-15 (M = Ni, Co, Mn) (B).

3. Results and discussion

Fig. 2A shows the FT-IR spectra of selected metallic chemically
bonded hybrids Ni-BSEA-Si and Co-BSEA-Si, both of which show
the similar feature. The main absorption peaks of Schiff-base all
can be found in the IR spectra of hybrids. There are three absorption
peak at 1080 cm−1 (�as, Si–O), 800 cm−1 (�s, Si–O) and 450 cm−1 (ı,
Si–O–Si), suggesting that the formation of Si–O–Si network within
the hybrid system. In addition, the appearance of 1650 cm−1 and
1500 cm−1 is due to the amide group (–CONH–) of BSEASi. The
wide band at around 3000 cm−1 and 3400 cm−1 corresponds to
the hydroxyl groups of association, which derives from the H2O
molecules or incompletely hydrolysis of Si–OH group in the sol–gel
process. In addition, the bands at the range of 2850–3000 cm−1 to
the vibrations of methylene –(CH2)3– are present and the stretch
vibration of the absorption peaks at 2250–2275 cm−1 for N C O
of TESPIC disappear, revealing the modification of TESPIC by Schiff-
base compounds. In the low frequency regions, the apparent peak
corresponding to the M–O  coordination bonds can be observed
at around 470 cm−1. Fig. 2B presents the FT-IR spectra of the
three metallic mesoporous hybrids. The apparent characteristic
absorption peaks of amino groups cannot be observed at the high

frequency except for the wide absorption bands ascribed to the H2O
molecule within the hybrid system. In addition, the amide reac-
tions of TESPIC with Schiff-base are verified by the bands located at
around 1600 cm−1 of the vibration absorption and 1500 cm−1 of the
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properties together. Further, both of them exhibit many dendritic
stripe microstructure, which is dispersed regularly on the surface of
the hybrid material. New small branches emerge at the end of each
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ig. 2. The FT-IR spectra of BSEASi bridge, hybrids BSEA-Si-Ni and BSEA-Si-Co (A)
nd  mesoporous hybrids M-BSEA-SBA-15 (M = Ni, Co, Mn)  (B).

ending vibration of amide groups (–CONH–). Besides, the bands
t the range of 2850–3000 cm−1 to the vibrations of methylene
(CH2)3– are present and the stretch vibration of the absorp-
ion peaks at 2250–2275 cm−1 for N C O of TESPIC disappear,
evealing the modification of TESPIC by Schiff-base compounds.
he absorption bands at 460, 800 and 1080 cm−1 are ascribed as
he asymmetry, symmetry stretching vibration and plane bending
ibration, respectively, suggesting that the formation of Si–O–Si
etwork structure in the mesoporous systems.

Fig. 3 shows the XRD patterns of metallic chemically bonded
ybrids through Schiff-base linkage. Thus, the presence of diffrac-
ion peaks can be used to evaluate the structural order at long
ange or periodicity of the material [35]. The wide diffractograms
ithout apparent sharp peak of these patterns show that all the
ybrids are amorphous or non-periodic. The broad peak centered
round 22◦ in the XRD patterns may  be ascribed to the coherent
iffraction of the siliceous backbone of the hybrids [36]. The organic
omplex which was covalently linked into silica matrixes by the
trong Si–C bonds did not change the overall disorder structure of
he siliceous skeleton. The formation of the true covalent-bonded

olecular hybrid materials can be proved by the fact that none
f the hybrid materials contains measurable amounts of phases
orresponding to the pure organic compound. No diffraction of lig-
nds and metal salts can be found in the curves, which suggests
hat these hybrids belong to the complicated system to molecu-

ar degree and not simple physically doping. The small-angle X-ray
iffraction (SAXRD) patterns are popular and efficient method to
haracterize highly ordered mesoporous material with hexagonal
ymmetry of the space group p6mm. The SAXRD patterns of pure
2θ / 

Fig. 3. The XRD patterns of hybrids Ni-BSEA (A), Mn-BSEA (B) and Co-BSEA (C).

SBA-15 mesoporous silica, Ni-BSEA-SBA-15, Co-BSEA-SBA-15 and
Mn-BSEA-SBA-15 are presented in Fig. 4. All the materials exhibit
three well-resolved diffraction peaks at the range of 0.8–2.0◦ that
can be indexed as (1 0 0), (1 1 0), and (2 0 0) reflections associated
with 2-D hexagonal symmetry (p6mm), confirming a well-ordered
mesoporous structure in these samples. Compared with the SAXRD
pattern of pure SBA-15, the d1 0 0 spacing values of M-BSEA-SBA-15
are hardly changed (see Table 1) except for the slight decrease of
diffraction intensity, indicating that the ordered hexagonal meso-
porous structure of SBA-15 retains intact after the introduction of
organic group and the presence of guest moieties onto the meso-
porous framework of SBA-15 produce the decrease of crystallinity
[20].

The selected scanning electron micrographs of the chemically
bonded hybrids are shown in Fig. 5 (A for Ni-BSEA-Si, B for Co-
BESA-Si and C for Mn-BSEA-Si). The uniform frameworks on the
surface of all the hybrid materials demonstrate that homogeneous
systems containing covalent bonds between the organically modi-
fied group (BSEASi) and inorganic matrices, and coordination bonds
between BSEASi and metal ions are obtained. It can be found that
no phase separation appears in these hybrid materials and the inor-
ganic and organic phases in the hybrids can exhibit their distinct
2θ   (degree)

Fig. 4. Small angle X-rays diffraction patterns of mesoporous hybrids SBA-15 (A),
Ni-BSEA-SBA-15 (B), Mn-BSEA-SBA-15 (C) and Co-BSEA-SBA-15 (D).
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Table 1
The structural data of mesoporous hybrids of SBA-15, Ni-BSEA-SBA-15, Co-BSEA-SBA-15 and Mn-BSEA-SBA-15.

Sample d (nm) a0 (nm) SBET (m2/g) V (cm3/g) DBJH (nm) t (nm)

SBA-15 10.26 11.85 752 1.02 6.02 5.83
Ni-BSEA-SBA-15 10.51 12.14 511 0.94 5.95 6.19
Mn-BSEA-SBA-15 10.15 11.72 480 0.91 5.91 5.81
Co-BSEA-SBA-15 9.81 11.33 439 0.77 5.51 5.82

d ce are
c

d
t
t
m

F
B

1 0 0 is the d(1 0 0) spacing, a0 the cell parameter (a0 = 2d1 0 0/
√

3), SBET the BET surfa
alculated by a0 − D.
endritic stripe, and the stripes will continue to grow according to
he direction of these branches to form the final structure. With
he introduction of metal ions, the coordination reaction between

etal ions and BSEASi will compete with the cohydrolysis and

ig. 5. The SEM images of selected hybrids Ni-BSEA-Si (A), Co-BSEA-Si (B) and Mn-
SEA-Si (C).
a, V the total pore volume, DBJH the average pore diameter, and t  the wall thickness,

copolycondensation reaction in the formation of the whole hybrid
material system. So the coordination interaction will have influ-
ence on the construction of the three-dimensional Si–O–Si network
structure in the hydrolysis and polycondensation process. In con-
clusion, the microstructure of the hybrid materials depends on
many factors, and both organic ligands and rare ions can largely
influence the self-assemble process of the hybrids.

Fig. 6 presents the N2 adsorption–desorption isotherm (top plot)
and the pore size distribution (bottom plot) for pure SBA-15, Ni-
BSEA-SBA-15, Mn-BSEA-SBA-15 and Co-BSEA-SBA-15 mesoporous
materials. They all show Type IV isotherms with H1-type hysteresis
loops at high relative pressure according to the IUPAC classifica-
tion [37,38],  which belongs to the typical character of mesoporous
materials with highly uniform size distributions. From the two
branches of adsorption–desorption isotherms, the presence of a
sharp adsorption step in the P/P0 region from 0.6 to 0.8 and a
hysteresis loop at the relative pressure P/P0 > 0.7 show that the
materials process a well defined array of regular mesopores. The
specific area and the pore size have been calculated by using
Brunauer–Emmett–Teller (BET) and Barrett–Joyner–Halenda (BJH)
methods, respectively, whose structure data of all these meso-
porous materials (BET surface area, total pore volume, pore size,
etc.) are summarized in Table 1. It is known that calcined SBA-15 has
a high BET surface area (752 m2/g), a large pore volume (1.02 cm3/g)
and pore size (5.83 nm), indicative of its potential application as
a host in luminescence materials. After functionalized with BSEA
through covalent bond, the M-BSEA-SBA-15 mesoporous hybrids
exhibit a smaller specific area and a slightly smaller pore size and
pore volume in comparison with those of pure SBA-15, which might
be due to the presence of organic BSEA group on the pore sur-
face and the co-surfactant effect of BSEASi, which interacts with

surfactant and reduces the diameter of the micelles [39].

Fig. 7A and B shows the excitation and emission spectra of
the covalently bonded hybrid materials Ni-BSEA-Si, Co-BSEA-Si
and Mn-BSEA-Si. From the excitation spectra, both Ni-BSEA-Si and

1.00.80.60.40.20.0

100

200

300

400

500

600

700

800

D

C
B

Vo
lu

m
e 

A
ds

or
be

d 
(c

m
3 /g

)

Rela tive  Press ure  (P/ P0 )

A

Fig. 6. The N2 adsorption–desorption curves of mesoporous hybrids SBA-15 (A),
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Fig. 8. Luminescent excitation (A) and emission (B) spectra of mesoporous hybrids
ig. 7. Luminescent excitation (A) and emission (B) spectra of hybrids Ni-BSEA-Si,
o-BSEA-Si and Ni-TSAEA-Si.

n-BSEA-Si hybrids show the similar maximum excitation peak
f around 250 nm while it is at 230 nm for Co-BSEA-Si hybrids.
his indicates that the different transition metal ions have appar-
nt influence on the energy absorption of the complex system
hrough the coordination interaction between them and the C O
f the organically BSEASi group. Subsequently, the corresponding
mission spectra of the three covalently bonded hybrids show dif-
erent bands in the ultraviolet–visible region, which is similar to the
xcitation spectra. Both Ni2+ and Mn2+ hybrids present the maxi-
um  emission peaks at around 400 nm,  while Co2+ hybrid system

xhibits the peak of 350 nm.  As the d orbital is sensitive to the lig-
nds and the three transition metal ions have strong coordination
nteraction with the C O group of BSEASi, so the luminescence of
he whole hybrid system is affected obviously.

For the mesoporous hybrids, the luminescence behavior has
lso shown the differences compared to that of the above hybrid
ne (Fig. 8). For the excitation spectra in Fig. 8A, Co-BSEA-SBA-
5 hybrids show the maximum excitation peak at 235 nm while
i-BSEA-SBA-15 and Mn-BSEA-SBA-15 hybrids show the ref-shift
f maximum excitation peak at 245 nm.  For the same BSEA func-
ionalized SBA-15, different transition metal ions still affect energy
bsorption of the whole hybrid system through the coordination
ond of M–O  C, which is not generally corresponded to the results

f covalently bonded hybrids without mesoporous host. This sug-
ests that the strong coordination effect of transition metal ions
omplex system has large and complicated influence on the lumi-
escence behavior of the whole system, which is difficult to predict
Ni-BSEA-SBA-15, Co-BSEA-SBA-15, Mn-BSEA-SBA-15.

clearly. Different from the non-mesoporous hybrids, the emission
spectra of the three mesoporous hybrids show different bands in
the ultraviolet–visible region, which is similar to the excitation
spectra. Both Ni2+ and Mn2+ hybrids present the maximum emis-
sion peaks at around 400 nm,  while Co2+ hybrid system exhibits
the peak of 350 nm.  As the d orbital is sensitive to the ligands and
the three transition metal ions have strong coordination interac-
tion with the C O group of BSEASi, so the luminescence of the
whole hybrid system is affected obviously. As well the emission
spectra show different phenomena, both Co and Mn  mesoporous
hybrids possess the blue emission centered in 470 nm,  while Ni
system presents the ultraviolet light at 370 nm.  The big distinction
between them cannot be understood exactly.

4. Conclusions

To sum up, some metal ions (Ni2+, Co2+, Mn2+) organic–inorganic
hybrid materials have been prepared through the functionalized
Schiff-base linkage and the corresponding mesoporous hybrids are
also assembled with SBA-15 host. All these hybrids are charac-
terized and especially the luminescence properties of them are
investigated, suggesting that the metal–O coordination bond has

an apparent influence on the excitation and emission of the whole
hybrid system.
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