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a b s t r a c t

A novel luminescent hybrid bimodal mesoporous silicas (LHBMS) were synthesized via grafting 1,8-

Naphthalic anhydride into the pore channels of bimodal mesoporous silicas (BMMs) for the first time.

The resulting samples were characterized by powder X-ray diffraction (XRD), N2 adsorption/desorption

measurement, Fourier transform infrared spectroscopy (FT-IR), Transmission electron microscopy

(TEM), UV–vis absorption spectroscopy, and Photoluminescence spectroscopy (PL). The results show

that 1,8-Naphthalic anhydride organic groups have been successfully introduced into the mesopores of

the BMMs and the hybrid silicas are of bimodal mesoporous structure with the ordered small

mesopores of around 3 nm and the large mesopores of uniform intra-nanoparticle. The excellent

photoluminescent performance of LHBMS has a blue shift compared to that of 2-[3-(triethoxysilyl)

propyl-1 H-Benz [de]isoquinoline-1, 3(2 H)-dione, suggesting the existence of the quantum

confinement effectiveness.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

Recently, the design of systems in controlled release and drug
delivery has excited much interest, and most of the people have
tried to find some materials as supports of drugs to control their
release and carry delivery [1,2], however, the toxicity of the above
mentioned supports has been a major problem [3,4]. Therefore, to
find a good material which is non-toxic is one of the key points in
the research of drug-carrying nowadays. Since the discovery of
mesoporous silicas in 1992 [5], functionalized mesostructural
materials have been studied extensively due to their potential
applications in several fields, such as adsorption [6], sensors [7],
catalysis [8], optoelectronic nanodevices [9], and so on.

Recently, mesostructural silicas have been researched as drug-
delivery vehicles, owing to their unique properties, such as non-
toxic nature and good biocompatibility [10]. With well-defined
mesopore channel with around 3 nm and controllable particle
size in the range of 20–100 nm, the bimodal mesoporous silicas
(BMMs) were developed in our research group, which are recently
used for controlling release and drug delivery support [11].

In the progress of carrying drug, how to track and even diagnose
the effectiveness of the drug delivery is the focal point to the success
of this research, namely, the drug delivery support must be
functionalized by fluorescent dyes with characteristic spectra. Up to
now, only few contributions have been published [12–14]. Some
ll rights reserved.
groups proposed the luminescent nanoparticles such as quantum dots
(QDs) to target cancer cells in biomarking [15–19]. For instance, Wu
group [16] has used QDs linked to immunoglobulin G and
streptavidin to label the breast cancer, and the results indicate that
QD-based probes are specific for the intended targets and are brighter,
which is a promising luminescent material for fluorescence-based
applications, however, it has relatively unstable luminescence spectra
compared with traditional organic fluorophore.

It is well known that derivatives of 1,8-Naphthalic anhydride, 1, 4,
5, 8-naphthalene have been widely used in optical devices and light-
emitting materials, owing to their interesting photophysical proper-
ties [20]. By combining the advantages of 1,8-Naphthalic anhydride
and the BMMs, herein, we report the post-treatment of novel
organic–inorganic hybrid material. Firstly, the BMMs would be
modified by (3-Aminpropyl) triethoxysilane (APTES), and then 1,8-
Naphthalic anhydride was grafted on the mesopore surface of BMMs.

With the help of various analytical methods, the characteriza-
tion and related photoluminescence mechanism of the obtained
1,8-Naphthalic anhydride-containing mesoporous hybrid silicas
are discussed in detail.
2. Experimental section

2.1. Chemicals

Cetyltrimethylammonium bromide commonly (CTAB) was
obtained from Beijing Chemical Factory. Ammonia and tetraethyl
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orthosilicate (TEOS) were provided by Beijing Yili Chemical
Factory. APTES and 1,8-Naphthalic anhydride were supplied by
Alfa Aesar Company. N, N-dimethyl formamide (DMF) and
tetrahydrofuran (THF) were purified under reduced pressure. All
the materials were all A.R. grade. Doubly distilled water was used
in all experiments.

2.2. Synthesis of BMMs

In a typical preparation process, CTAB (2.6115 g) was stirred
with 104 ml of doubly distilled water at room temperature until it
fully dissolved. When it became a clear homogeneous solution,
TEOS (8 ml) was then introduced drop wise under vigorous
stirring. After a few minutes, a white gel began to form. Following
the addition 4 ml of ammonia immediately, the viscosity of the
mixture gradually increased, turning into a white gel. This gel was
repeatedly washed with doubly distilled water for several times
and filtered. Then the mixture was dried at 120 1C for 3 h. To
remove the surfactant, the resultant precipitate was calcined from
room temperature to 550 1C with a heating rate of 5 1C/min. Then
the temperature was held constant at 550 1C for 6 h.

2.3. Synthesis of APTES-BMMs

The APTES-BMMs was prepared as follows (seen in Scheme 1):
firstly, the BMMs was heated to 150 1C and kept at that
temperature for 5 h to remove physisorbed water. Then 0.5 g of
BMMs was dissolved in 50 ml dried THF under vigorous stirring at
25 1C. About 0.586 ml APTES was added drop wise to the mixture
under continuous stirring for 10 min. After stirring for 5 h, the
resulting functionalized samples were collected by filtration, and
washed for three times by petroleum ether to remove the
unreacted APTES and subsequently dried at 80 1C for 4 h,
yielding a fine pale yellow powder.

2.4. Synthesis of luminescent hybrid bimodal mesoporous silica

(LHBMS)

The LHBMS was prepared as follows (seen in Scheme 2): a
solution of 0.25 g APTES-BMMs in 25 ml dried DMF was placed in
a 100 ml three-necked round-bottom flask equipped with a
condenser, a thermometer, and an inlet for nitrogen,
respectively, and the desired amount of 1,8-Naphthalic
anhydride was added to the stirred mixture. The weight ratios
of the constituents in the start synthesis progress were W (1,8-
Naphthalic anhydride): W (APTES-BMMs)¼X: 1(X¼5% (wt), 10%
(wt), 20% (wt), respectively). After stirring for 5 min at 25 1C and
then heating at 130 1C for 3 h in an oil bath under nitrogen
atmosphere, it was found that the color of the mixture turned into
orange quickly. After cooling to room temperature, The resultant
precipitates were collected by filtration, washed using acetic acid
OH
OH
OH

+NH2(CH2)3Si(OEt)3

O
O
O

Si NH2

Scheme 1. A schematic representation of the modification process.
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Scheme 2. A schematic represent
to remove excess 1,8-Naphthalic anhydride and then dried
overnight at 150 1C. Thus, the LHBMS composite was produced,
which denoted LHBMS-5, LHBMS-10, and LHBMS-20, respectively.

2.5. Characterization

The X-ray diffraction (XRD) patterns were recorded with a
BRUKER/AXS D8 ADVANCE diffractometer at a scanning rate of
0.51/min in 2y ranging from 0.61–101 with CuKa radiation
(l¼0.15418 nm), and the accelerating voltage was set at 35 kV
with a 20 mA flux. The transmission electron microscopy (TEM)
was performed on an electron microscope (JME-2010 F) under
200 kV accelerating voltage. The Fourier transform infrared
(FT-IR) spectra were observed on TENSOR27 BRUKER using a KBr
disk. The UV–vis spectra were carried out in the wavelength range
of 200–800 nm with a double-beam UV-2450 spectrophotometer
by using ethanol aqueous solution as reference. The photolumines-
cence spectroscopy (PL) was obtained on F7000 luminescence
spectrometer equipped with a Xenon lamp of 450 W as an
excitation light source. The nitrogen adsorption/desorption iso-
therms at �196 1C were obtained using a Micromeritics ASAP
2000 system. All the samples were outgassed at 90 1C overnight
prior to gas adsorption. The corresponding pore size distribution
of all samples was calculated by the BJH (Barrett–Joyner–
Halenda) model on the basis of desorption branches.
3. Results and discussion

3.1. XRD analysis

The XRD patterns of samples: a (BMMs), b (APTES-BMMs), and
c (LHBMS-10) are shown in Fig. 1. As can be seen, the samples all
display the characteristic (1 0 0) diffraction peak of the
mesoporous structure at 2y in the range of 1.81–21, indicating
O

O

N
O
O
O

Si

ation of the grafting process.

Fig. 1. XRD patterns of samples, (a) BMMs, (b) APTES-BMMs, and (c) LHBMS-10.
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that the ordered pore channel arrangement of all the samples has
not been destroyed. However, as compared with Fig. 1a for BMMs,
the (1 0 0) position of Fig. 1b for APTES-BMMs, and Fig. 1c for
LHBMS-10 has shifted to a lower angle with a value of d-spacing
from 4.345 nm to 4.934 nm to 4.617 nm, respectively, due to the
location of the guest species to the pore surface of BMMs [10,11].
On the other hand, in comparison with BMMs (seen in Fig. 1a), the
(1 0 0) peak intensity of LHBMS-10 (Fig. 1c) decreases obviously,
implying the disordered mesostructure, which could be ascribed
to the random distribution of functional groups during the
process of modification and grafting (seen in Scheme 1 and
Scheme 2) [21], which is in good agreement with other hybrid
materials reported in the literatures [22,23]. In addition, the
(1 0 0) peak intensity of the APTES-BMMs in the presence of
amine groups (Fig. 1b) is higher than that of BMMs (Fig. 1a), the
main reason is that the mesoporous may be restructured in the
modification stage.

As seen in Fig. 2, it can be found that the intensity of the 100
diffraction peaks decreases along with increasing 1,8-Naphthalic
anhydride amount, suggesting that the mesoporous structural
ordering degree of the LHBMS decreases. Meantime, the d-spacing
value of the (1 0 0) diffraction peak increases in turn from
4.345 nm for sample a (in Fig. 2a) to 4.713 nm for sample b (in
Fig. 2b), 4.721 nm for sample c (in Fig. 2c), and 4.787 nm for
sample d (in Fig. 2d), respectively, suggesting that the pore wall of
the hybrids becomes gradually thicker with increasing amount of
1,8-Naphthalic anhydride than that of the BMMs. Further results
could be given in the following section.
3.2. TEM analysis

The TEM images of the BMMs (a), APTES-BMMs (b), and
LHBMS-10 (c) are displayed in Fig. 3, which clearly show a large
number of uniform mesopores with pore size of about 3 nm,
providing further evidence that the mesoporous structural
integrity was maintained, even that after the incorporation of
1,8-Naphthalic anhydride (in Fig. 3c for sample c), which is in
good agreement with the conclusion from the XRD patterns. At
the meantime, the morphology of all samples presents spherical
particle, in which geometric size increases from 20 nm for sample
a, to 25 nm for sample b, and 35 nm for sample c, respectively.
Fig. 2. XRD patterns of BMMs powder doped with different 1,8-Naphthalic

anhydride amounts (a) 0%, (b) 5%, (c) 10%, and (d) 20%.
3.3. N2 sorption analysis

The N2 adsorption/desorption isotherms of the BMMs (a),
APTES-BMMs (b), and LHBMS-10 (c) are shown in Fig. 4, and their
texture parameters are given (insert). As displayed in Fig. 4, the
samples all show reversible type IV adsorption/desorption
isotherms, which exhibit two inflections, indicating that all the
samples are in the presence of bimodal mesopore. As we can see
from the Fig. 4a, the first step of isotherm ascribed to the nitrogen
capillary condensation at a relative pressure range of 0.35–0.4 P/P0,
corresponding to the small mesopore with mean pore size of ca.
2.9 nm, indicative of framework-confined mesopores [21], the
second one is found at 0.7–0.9 P/P0 of type IV with an obvious
H1-type hysteresis loop, which is steeper than the first one,
clearly meaning that the large mesopores with narrow pore size
distribution centered at ca. 20 nm.

Compared to the three isotherms of samples (a–c) in Fig. 4, it is
clearly shown that the adsorbed amount of samples a, b, and c
gradually decreases in the P/P0 value of the inflection point on the
desorption branch of the isotherms, indicating that their BET
surface areas have been decreased, due to the grafting of the
surface of BMMs with the functional groups. On the other hand,
the position of the inflection point of the isotherm is related to a
diameter in the mesopore range [24]. The adsorption branches of
isotherms for all samples reveal an inflection at a relative pressure
value of about 0.42, suggesting that these samples have similar
small pore size of around ca. 2.9 nm (seen in Fig. 4 insert), which
is in good agreement with the conclusion from the XRD patterns
and TEM images.

Meanwhile, the points of second inflection on the adsorption
branches of isotherm for samples a, b and c show the increase at a
relative pressure value of about 0.80, 0.78, and 0.75, respectively,
implying that the large mesopore size of these samples has
decreased. However, their large hysteresis loop appears at a
relative pressure P/P0 of 0.80–0.90 in the isotherms, which reveal
uniform mesopores with a narrow pore size.

The insert of Fig. 4 shows that the similar the small mesopore
with mean pore size of around 2.9 nm for all samples a, b and c,
the large pore size decreases from 20 nm for BMMs, to 17.8 nm for
APTES-BMMs, and to 16.6 nm for LHBMS-10, indicating the
presence of a bimodal mesopores after post-treatment, and then
grafting of the surface with the functional groups. From the
results discussed with the evidence of above TEM images, we can
conclude that these hybrid materials contain a bimodal mesopore
system, and the large mesopores may be contributed by the intra-
particle spaces, and the particle size being quite uniform.

With the incorporation of the APTES into BMMs surface, the
pore volume of sample b (APTES-BMMs), decreases dramatically
from 1.29 to 0.83 cm3/g, and its BET surface area decreases from
918 to 579 m2/g as well in Fig. 4 (insert), which implies that the
amine groups have been indeed inserted into the mesopore
channels of the BMMs [10,11]. Along with the grafting of the 1,8-
naphthalic anhydride, the pore volume and the BET surface area
of sample c (LHBMS-10) in Fig. 4 (insert) further decrease to 0.73
and 521 m2/g.
3.4. FT-IR analysis

Fig. 5 shows the FT-IR spectra (4000–400 cm�1) of BMMs (a),
APTES-BMMs (b), and LHBMS-10 (c). As can be seen, all samples
exhibit strong bands in the 1000–1250 cm�1 range,
corresponding to the asymmetric Si–O stretching vibration [10].
The peak at 802 cm�1 arises from the symmetric Si–O stretching
vibration, whereas the peak at 460 cm�1 can be assigned to the
Si–O–Si bending vibration. The peak at 960 cm�1 in Fig. 5a



Fig. 3. TEM images of samples, (a) BMMs, (b) APTES-BMMs, and (c) LHBMS-10.

Fig. 4. N2 adsorption/desorption isotherms of samples, (a) BMMs, (b) APTES-

BMMs, (c) LHBMS-10, and texture parameters of samples (insert). Notes: SA1 is the

surface area, MSPS2 the mean small pore size, MLPS3 the mean large pore size, and

PV4 the pore volume.

Fig. 5. FT-IR spectra of samples, (a) BMMs, (b) APTES-BMMs, and (c) LHBMS-10.
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originates from the stretching vibrations of Si–OH, comparatively,
small shift peak at 960 cm�1 is observed in Fig. 5b and c, denoting
the lack of Si–OH group in samples b and c. In addition, the peaks
at 3200, 1417, and 2930 cm�1 for samples b and c, indicate the
N–H bending, the C–H stretching vibration, and the C–N
stretching, respectively, which further confirm the presence of
–CH2NH2 functional group [23,25]. Moreover, the absorption
band appearing around 699 cm�1 in Fig. 5b belongs to O–Si–C,
indicating that the pore surface of BMMs has been successfully
modified with the –Si (CH2)3NH2 group. Especially, in Fig. 5c, The
extra peaks at 1705, 1657, and 1379 cm�1, corresponding to the
characteristic absorption band of 1,8-Naphthalic anhydride, imply



Fig. 7. Emission spectra of (a) 2-[3-(triethoxysilyl) propyl-1H-Benz [de]isoquino-

line-1, 3(2H)-dione and (b) LHBMS-10.
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that the luminescent groups have been grafted into pore channel
of hybrid materials in sample c [25,26].

From these observations, it is shown that the functional groups
and luminescent molecules can be successfully incorporated into
the mesoporous channel of BMMs via post-treatment and grafting
method.

3.5. UV–vis analysis

Fig. 6 displays the UV–vis absorption spectra of samples
including a: BMMs, b: APTES-BMMs, c: 2-[3-(triethoxysilyl)
propyl-1 H-Benz [de]isoquinoline-1, 3(2 H)-dione, and d:
LHBMS-10. As shown in Fig. 6c, the fluorescent molecule shows
a narrow adsorption at 240 nm and a broad adsorption band
centered at 335 nm. After being introduced into the APTES-BMMs
with functional group (sample d), there is no obvious change of
the characteristic peak (in Fig. 6d), Meantime, it is worth noticing
that there is no adsorption peak in the range of 200–800 nm for
samples a and b (seen in Fig. 6a and b). Therefore, it can be easily
concluded that the adsorption peaks of LHBMS-10 in Fig. 6c result
from the incorporation of luminescent molecule [26].

3.6. Photoluminescence analysis

The emission properties of samples (a 2-[3-(triethoxysilyl)
propyl-1 H-Benz [de]isoquinoline-1, 3(2 H)-dione, b LHBMS-10)
are investigated in the solid state at room temperature. Both the
samples show a strong emission band between 400 and 500 nm
upon excitation at 300 nm in Fig. 7, suggesting that these
emission lines are due to the primary transition present in the
functional groups of the fluorescent materials. In Fig. 7a, one well-
resolved emission band can be easily observed with a maxima at
about 464 nm [26], which is attributed to p–p* character of the
S0–S1 transition. After loading on APTES-BMMs, the emission
spectra of sample b (in Fig. 7b) were distinctly blue-shifted to
lower wavelength with a maxima at 444 nm, which is more
symmetric than that of 2-[3-(triethoxysilyl) propyl-1 H-Benz
[de]isoquinoline-1, 3(2 H)-dione, meaning the existence of
quantum confinement effectiveness, and the possible
interactions between the fluorescent molecule and the surface
of the mesopore. These results are consistent with other
luminescent dye dispersed in the mesopore reported previously
Fig. 6. UV–vis absorption spectra of samples, (a) BMMs, (b) APTES-BMMs,

(c) 2-[3-(triethoxysilyl) propyl-1H-Benz [de]isoquinoline-1, 3(2H)-dione, and

(d) LHBMS-10.
[27,28]. When the organic molecules were introduced into the
mesopores channel, they were very difficult to aggregate in the
mesoporous channels of BMMs, and therefore fluorescent
molecules should be highly dispersed as similar to monomers,
which is beneficial to increase the fluorescent molecule energy
between the ground state and the excited state [29].
4. Conclusions

In summary, we have successfully synthesized novel lumines-
cent hybrid mesoporous silicas by the incorporation of 1,8-
Naphthalic anhydride into the mesoporous channels of BMMs.
The XRD patterns and TEM images reveal that the organic groups
have been successfully introduced into the mesopores of the
BMMs without disrupting the mesostructure after the incorpora-
tion of the functional groups. The N2 sorption data indicate that
the pore size, surface area, and the pore volume of LHBMS
decrease in comparison to BMMs. FT-IR and UV–vis spectra
identify the structural coordination of the organic complex and
the mesoporous silica matrix. The PL spectra, which are used to
characterize the optical behavior of samples, show that the
characteristic wavelength of LHBMS has a blue shift as compared
with that of 2-[3-(triethoxysilyl)propyl-1 H-Benz[de]isoquino-
line-1,3(2 H)-dione, suggesting the existence of the quantum
confinement effectiveness.
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