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Abstract

Photophysical and photochemical properties of rhodamine B molecules encapsulated into various mesoporous molecular sieves were investigated
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y absorption and emission spectra and fluorescence decay. The different fluorescence properties were observed within different RhB/Me-MCM-48
Me = Ce, Fe, Cr) composites. There were larger blue shifts in fluorescence spectra when RhB included in Ce-MCM-48 than that in Fe-MCM-48
nd Cr-MCM-48. However, the much larger electron transfer efficiencies from excited dye molecules to iron and chromium oxide occurred within
he system of RhB/Fe-MCM-48 and RhB/Cr-MCM-48 than that within the system of RhB/Ce-MCM-48. The effects of Ce-containing amounts on
he fluorescence properties were also investigated in detail.
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. Introduction

Photoinduced electron transfer in heterogeneous hosts with
arious dyes has been studied extensively with reference to
olar energy utilization [1]. Especially, laser dyes have been
ncluded in solid matrixes such as minerals [2], polymers [3],
ol–gel hosts [4] and porous inorganic materials in order to
ncrease their photostability [5]. MCM-48, a mesoporous molec-
lar sieve, invented by Mobil [6,7] in 1992, has attracted
onsiderable attention because of its high surface area, three-
imensional channel, ordered pore structure array, and nar-
ow pore size distribution. The MCM-48 materials with these
nique properties have promising utility for incorporation of
arge organic molecules to improve the efficiency of photo-
lectricity conversion and study the photophysical and pho-
ochemical properties about organic molecules incorporated
n host. In addition, the tetrahedral Si (IV) in the Si-MCM-
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48 framework can be replaced by other metal ions such as
Al (III), Ti (IV), Mn (II), and other transition metal ions
[8–10]. This makes it possible to modify the Si-MCM-48 frame-
work to enhance the electron transfer efficiency of incorpo-
rated molecules such as rhodamine B (RhB), which is one
of the most readily available and useful reagents for use as
an organic laser dye with a higher absorption coefficient and
fluorescence yield for collecting and utilizing photoenergy
[11,12].

In this paper, we report the encapsulation of rhodamine
B into the three-dimensional channels of Si-MCM-48 and
Ce-MCM-48, Fe-MCM-48, Cr-MCM-48. We study in detail
the effect of Si-MCM-48, Ce-MCM-48, Fe-MCM-48 and
Cr-MCM-48 on the photophysical and photochemical prop-
erties of rhodamine B through absorption and fluorescence
spectra. In addition, we demonstrated the fluorescence
properties of rhodamine B in Ce-MCM-48 with different
cerium contents. In a word, study on their photolumines-
cence in MCM-48 and Me-MCM-48 (Me = Ce, Fe, Cr) may
provide useful information for taking advantage of solar
energy.
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.09.018
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2. Experimental section

2.1. Synthesis of molecular sieves Si-MCM-48 and
Me-MCM-48 (Me = Ce, Fe, Cr)

The Si-MCM-48 molecular sieves were prepared as fol-
lows: 10 mL of tetraethylorthosilicate (TEOS) was mixed
with 50 mL of deionized water and the mixture was vig-
orously stirred for 40 min, then 0.9 g of NaOH solution
was added into mixture. After another 60 min of vigor-
ously stirring, 10.61 g of cetyltrimethylammonium bromide
(CTAB) was added to the mixture and continued stirring
for 60 min. The typical composition of final gel mixture
was 1.0TEOS:0.65CTAB:0.5NaOH:62H2O. The mixture
was heated for 72 h at 393 K in an autoclave under static
condition, the resulting MCM-48 product was filtered,
washed with distilled water and dried at 373 K. The as-
synthesized samples were then calcined for 4 h at 550 ◦C, after
increasing the temperature to 550 ◦C at 1 ◦C/min of heating
rate.

The Me-MCM-48 (Me = Ce, Fe, Cr) was synthesized by the
same procedure used for Si-MCM-48 except that the required
Ce (NO3)3·6H2O, Fe (NO3)3·9H2O, Cr(NO3)3·9H2O, which as
Ce, Fe, Cr source, respectively, added after the NaOH was added
completely.
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Scheme 1. The molecular structure of rhodamine B (RhB).

2.3. Characterization

X-ray power diffraction (XRD) patterns of all samples were
recorded on Rigaku D/MAX-2550 diffractometer using Cu Ka
radiation of wavelength 1.541 Å. The diffuse reflectance UV–vis
spectra were recorded with VARIAN Cary 500. The fluorescence
spectra of all samples were recorded with Cary Eclipse fluo-
rescence spectrophotometer. The decay curves were recorded
on Edinburgh F 900 fluorescence lifetime spectrometer. The
lifetimes were calculated from the decay curves by using the
least-square method. All the above measurements were carried
out at room temperature.

3. Results and discussion

3.1. XRD analysis

Powder XRD patterns of calcined Si-MCM-48, Me-MCM-
48 (Me = Ce, Fe, Cr) and Ce-MCM-48 with different Ce-doped
contents are shown in Fig. 1. As Fig. 1(a) shown that all materials
exhibit eight distinguishable Bragg peaks that can be indexed to
different (h k l) reflections. These reflections verify the presence
of cubic phase (Ia3d) with well crystallinity and high long-range
order and no impurity phase is detected. Fig. 1(b) also shows
the diffraction peaks of Ia3d cubic structure, which indicating
t
s
w
i

F M-48
o

.2. Inclusion of rhodamine B into Si-MCM-48 and
e-MCM-48 (Me = Ce, Fe, Cr)

Calcined Si-MCM-48, Ce-MCM-48, Fe-MCM-48, Cr-
CM-48 molecular sieves (100 mg) were heated at 200 ◦C for
h to remove water adsorbed on the surface, then at once

ransferred to a flask and allowed to cool to room temper-
ture under N2 atmosphere. Rhodamine B (5 mL × 10−5 M;
hown in Scheme 1) aqueous solution was added into the
ask; after 24 h, the solids were filtered and washed thor-
ughly with the solvents until the solution was clear, which
ndicated that the dye molecules attached to the external sur-
ace of Si-MCM-48, Ce-MCM-48, Fe-MCM-48, Cr-MCM-48
ave been removed. Then the samples were dried for characteri-
ation.

ig. 1. (a) Powder XRD patterns of calcined Si-MCM-48, Ce-MCM-48, Cr-MC
f Ce-MCM-48 with different Ce-doped contents.
hat the long-range order MCM-48 were synthesized. Fig. 1(b)
hows that the intensities of the XRD peaks of Ce-MCM-48
ith different Ce contents decrease with the Ce content increas-

ng in the samples, suggesting that the mesoporous structures

, Fe-MCM-48 with a Si/Me of 100 (Me = Ce, Cr, Fe); (b) powder XRD patterns
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Fig. 2. Diffuse reflectance UV–vis spectra of calcined (a) Cr-MCM-48, (b) Ce-
MCM-48, (c) Fe-MCM-48 with a Si/Me of 100 (Me = Ce, Cr, Fe).

of Ce-MCM-48 become less uniform upon the introduction of
Ce into the framework and the cubic lattice is destroyed. The
contents of cerium in the present samples are not quantified and
just the values calculated from the raw materials.

3.2. Diffuse reflectance UV–vis spectroscopy

The diffuse reflectance UV–vis spectroscopy is known to be
a very sensitive probe for the identification and characterization
of metal ion coordination and its existence in the framework
and/or in the extraframework position of metal containing zeo-
lites and mesoporous materials. Fig. 2 depicts the UV spectra of
the calcined Ce-MCM-48, Cr-MCM-48, Fe-MCM-48 samples.
The Ce-MCM-48 sample shows a single peak with a maxi-
mum at 300 nm. The position of ligand to metal charge transfer
(O2− → Ce4+) spectra depends on the ligand field symmetry sur-
rounding the Ce center. The electronic transitions from oxygen to
cerium require higher energy for a tetracoordinated Ce4+ than for
a hexa-coordinated one [13]. Therefore, it may be inferred that
the absorption band centered at 300 nm for Ce-MCM-48 samples
is due to the presence of one type of well-dispersed Ce4+ species

(presumably in a tetra-coordinated environment). The Fe-MCM-
48 sample shows a strong absorption in the 200–300 nm region
(a clearly distinguished peak at λ = 225 nm) attributed to the
charge-transfer (CT) transitions involving isolated framework
Fe3

+ in (FeO)4
− tetrahedral geometry [14]. The Cr-MCM-48

sample shows two peaks around 370 and 272 nm, the latter being
relatively broad, it indicates that two intense O → Cr6+ charge
transfer bands of a chromate species are dominated in the cal-
cined Cr-MCM-48 [15].

3.3. Fluorescence spectra

In this paper, the emission spectra are obtained by exciting at
respective maximum excitation wavelength.

Fig. 3(a) shows the absorption of RhB in aqueous solu-
tion and Si-MCM-48, Ce-MCM-48, Fe-MCM-48, Cr-MCM-48.
Compared with absorption in aqueous solution, the absorption
within Si-MCM-48 and Ce-MCM-48, Fe-MCM-48, Cr-MCM-
48 barely shows shoulder peak at about 525 nm. It indicates
that the RhB molecules mainly exist in a monomer form within
mesoporous materials due to its high surface area [16]. Accord-
ing to Fig. 3(b), it can be known that the maximum emission
of RhB in aqueous solution at about 581 nm, and the peak of
the fluorescence spectra of RhB in the Si-MCM-48 at around
586 nm, which red shifting 6 nm compared with that in aque-
o
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ig. 3. Absorption (a) and emission (b) spectra of RhB in aqueous solution at λex

t λext = 558 nm and Cr-MCM-48 at λext = 555 nm.
us solution. This result is attributed to the reduction of the
OMO–LUMO band gap caused by the confinement effect [17],
hen RhB dyes are incorporated into MCM-48, the HOMO and
UMO energy levels all increase due to the confinement effect,
ut the HOMO energy increases more than that of LUMO,
o the HOMO–LUMO band gap reduces compared with that
n solution [18], resulting in the red shift of absorption spec-
ra. Meanwhile, the intensity of maximum emission of RhB in
i-MCM-48 distinctly decreases compared with that in aque-
us solution. It can be explained by the interaction between
ye molecules and silanols groups on the surface of MCM-48,
hich resulting in the energy transfer from excited state of RhB

o MCM-48 so that increasing the non-radiated transition of
ye-excited state and decreasing the fluorescence emission [19].
ig. 3(b) also shows that compared with that in aqueous solution
nd Si-MCM-48, the blue shifts are observed in doped metal ions
e-MCM-48 (Me = Ce, Fe, Cr), at the same time, the intensities

2 nm, Si-MCM-48 at λext = 560 nm, Ce-MCM-48 at λext = 541 nm, Fe-MCM-48
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Table 1
Relative quantum yields s (slopes of intensity vs. dye content plots)a of rho-
damine B (RhB) in various mesoporous materials

Numbers RhB in various mesoporous materials s (ppm−1)

1 Si-MCM-48/RhB 2.5
2 Ce-MCM-48/RhB 2.2
3 Cr-MCM-48/RhB 0.91
4 Fe-MCM-48/RhB 0.34
5 1% Ce-MCM-48/RhB 2.2
6 2% Ce-MCM-48/RhB 1.16
7 4% Ce-MCM-48/RhB 1.63

aReference to [21].

of the fluorescence spectra of RhB in Me-MCM-48 all decrease
at different degrees compared with that in aqueous solution
and Si-MCM-48. These results indicate that the RhB molecules
interact with framework Ce4+, Fe3+, Cr6+. It is also found that
the maximum emission of RhB in Ce-MCM-48 blue shifts about
30 nm compared with that in aqueous solution, however, the blue
shifts are only 4 and 7 nm in Fe-MCM-48 and Cr-MCM-48,
respectively. This result indicates that the isolated tetrahedrally
coordinated cerium oxide moieties in the mesopores have a
strong interaction with RhB molecules to be effective in anchor-
ing RhB molecules in a highly dispersed state. Therefore, the
strong interaction of RhB organic molecule with isolated frame-
work Ce4+ should be coordinated. The �-conjugation is changed
because of the interaction of RhB with Ce4+, and the transition
energy increases with a decrease of �-conjugation, so the max-
imum emission of RhB has a large blue shift [20]. However, the
maximum emission of RhB in Cr-MCM-48 and in Fe-MCM-
48 only blue shifts 4–7 nm, it can be explained by the weak
coordination between Fe3+, Cr6+ and RhB. On the other hand,
the intensities of fluorescence spectra of RhB in Cr-MCM-48
and in Fe-MCM-48 are much lower than that in Si-MCM-48
and aqueous solution. In addition, the relative quantum yields
of rhodamine B in various mesoporous materials are listed in
Table 1. The relative quantum yields are expressed as s, the
slopes of plots of fluorescence intensity versus the RhB con-
tent in ppm [21]. It can be seen that the relative quantum yield
o
4

due to the higher electron transfer efficiency between metal ions
(Fe3+, Cr6+) and RhB than that with rare earth ion (Ce4+). Das
et al. [22] also proved that iron and chromium were efficient
quenchers.

Fig. 4 shows the changes in the intensity and peaks of flu-
orescence emission and fluorescence excitation spectra of RhB
encapsulated in Ce-MCM-48 doped with different contents of
cerium and Ce-MCM-48 without RhB encapsulated. It can be
seen that the Ce-MCM-48 without RhB encapsulated has not
fluorescence emission and excitation spectra. It was found that
the maximum emission intensities of RhB firstly decrease with
the cerium content increasing, then increase with the cerium
content increasing. In addition, the relative quantum yields of
rhodamine B in Ce-MCM-48 doped with different contents of
cerium are listed in Table 1. From Table 1, it can be seen that
the relative quantum yield of RhB in different Ce-containing
Ce-MCM-48 decreases in the following order 1% Ce-MCM-
48 > 4% Ce-MCM-48 > 2% Ce-MCM-48. It can be explained
that the electron transfer efficiency from excited dye molecules
to electron acceptors (Ce4+) increases with the cerium con-
tent doped increasing, which quenched the fluorescence of dye
molecules [23,24]. However, on the other hand, the more of iso-
lated framework Ce4+, the more of RhB molecules introduced
into the channels of molecular sieves, so the intensity of emis-
sion and relative quantum yield increase with the cerium content
doped increasing. Therefore, because of the above two combi-
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w 8/RhB
f RhB in MCM-48 decreases in the following order Si-MCM-
8 > Ce-MCM-48 > Cr-MCM-48 > Fe-MCM-48. This result is

ig. 4. Excitation (a) and emission (b) spectra of RhB in Ce-MCM-48 with dif
avelength was 535 nm for 1% Ce-MCM-48/RhB, 525 nm for 2% Ce-MCM-4
ation effects, the relative quantum yield and intensity of RhB
n 2% Ce-MCM-48 is lower than that in 1% Ce-MCM-48 and
% Ce-MCM-48. At the same time, the blue shifts of maxi-
um emission of RhB also increase with the cerium content

oped increasing. The maximum emission of RhB blue shifts
nly 27 nm in 1% Ce-MCM-48 compared with that in aqueous
olution, however, it blue shifts about 51 nm in 2% Ce-MCM-
8 compared with that in aqueous solution, but it only blue
hifts another 2 nm in 4% Ce-MCM-48. These results can be
xplained by the following reasons: most of the Ce atoms in the
e-MCM-48 samples occupy site-isolated positions within the

ilica framework, except for high Ce content samples. The highly
ispersed tetra-coordinated Ce4+ species play an important role
f effective adsorption sites. At the local areas of microenviron-
ent, the number of framework Ce4+ ions is increased with the

t cerium contents and Ce-MCM-48 without RhB incorporation. The excitation
, 513 nm for 4% Ce-MCM-48/RhB, respectively.
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Fig. 5. Fluorescence decay profiles of RhB in Ce-MCM-48 with different cerium contents.

Table 2
The fluorescence data of RhB in Ce-MCM-48

Host τ1(ns) τ2(ns) χ2

1% Ce-MCM-48 0.17 10.42 1.033
2% Ce-MCM-48 0.80 7.68 1.056
4% Ce-MCM-48 0.75 7.66 1.081

content of doped Ce increasing. Therefore, the more numbers
of framework Ce4+ ions coordinate with single RhB molecule,
the larger decrease of �-conjugation is occurred. The blue shifts
of maximum emission of RhB increase with the cerium con-
tent increasing. However, when the content of cerium doped
increases to 2%, the number of framework Ce4+ ions has reached
saturation at the local areas. Continuing to increase the content
of cerium doped, the blue shift barely increases.

3.4. Fluorescence lifetime

Fig. 5 shows that all RhB in Ce-MCM-48 are found to exhibit
biexponential decay, irrespective of the content of cerium 1, 2
and 4%. The two lifetimes are designated as τ1 (short) and τ2
(long). Kano et al. [25] suggest that two types of existing state, in
solution and absorbed on surface, account for the biexponential
decay. Similarly, two types of absorbing state may interpret our
results: (i) RhB molecules absorb on the isolated surface Ce4+

site and (ii) RhB molecules absorb on the silanol site. For the
(i) form, the RhB molecules are tightly fixed and become more
rigid, moreover electron transfer from the RhB molecules to the
d orbit of Ce existed, so the excited state of the (i) form is more
stable than that of the (ii) form, namely, the τ1 belongs to (ii)
form and τ2 belongs to (i) form. In addition, Table 2 shows that
the lifetime gradually decreases with the increasing of content of
c
a
f
i
t

4

t
F

molecules mainly existed in monomer form within MCM-
48 and Me-MCM-48, which avoided the aggregation of dye
molecules. The fluorescence results showed that the electron
transfer from excited dye molecules to the cerium, iron and
chromium oxide occurred within the system of RhB/Me-MCM-
48. It also showed the electron transfer efficiencies between RhB
and iron, chromium ions were much higher than that between
RhB and cerium ion. In addition, the maximum emission of RhB
molecules within Ce-MCM-48 showed the larger blue shift than
that within Fe-MCM-48 and Cr-MCM-48. This result indicated
the coordination effect of dye molecules with Ce4+ ions was
much higher than that of dye molecules with Fe3+ and Cr6+

ions. It was also found that the blue shift of maximum emission
of RhB within Ce-MCM-48 increased with the cerium content
increasing. However, the lifetime of RhB within Ce-MCM-48
decreased with the cerium content increasing.
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