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Nanosized ZnS has been prepared inside MCM-41 hosts by two related schemes, both of
which are derived from surface modification methods. The ZnS-containing MCM-41 samples
with and without the functional groups (ethylenediamine groups in this case) were designated
as ZnS-ED-MCM-41 and ZnS-MCM-41(cal), respectively. The ZnS-MCM-41 composites
were characterized by powder X-ray diffraction patterns, transmission electron microscopy,
energy disperse spectra, N2 adsorption-desorption isotherms, UV-vis diffuse reflectance
spectra, and photoluminescence (PL) spectra. The ZnS was mainly formed and retained in
the channels of the MCM-41 host, and its growth was controlled by the channels. In contrast,
the amount of ZnS on the external surface is much smaller. The existence of ZnS inside the
MCM-41 hosts resulted in a considerable decrease in surface area, pore diameter, and pore
volume, and a massive blue shift in the UV-vis spectra was observed. In comparison with
the ZnS-MCM-41(cal) sample, a dramatic increase in PL emission for the ZnS-ED-MCM-
41 sample was observed, which was suggested to arise from a strong interaction between
the ZnS clusters and the organic component. The nature of the PL spectra has been
tentatively attributed to the sulfur vacancies in the present experiment. Finally, the synthesis
of other sulfides, such as CdS and CuS clusters, has also been explored inside the channels
of the MCM-41 host.

Introduction

In the past 2 decades, great efforts have been dedi-
cated to the study of nanosized materials, which possess
many novel properties that differ considerably from
those of the bulk.1 Because of the size quantization
effects and potential applications in optoelectronics, low-
dimensional semiconductor materials, including zero-
dimensional quantum dots and one-dimensional quan-
tum wires, have attracted special attention. Great
advancement has been made in preparing nanostruc-
tured semiconductor materials in recent years;2 for
example, such materials have been prepared in colloids,3
polymer matrixes,4 self-assembled monolayers,5 and
zeolites.6 Among these, to use porous materials as hosts
for limiting the growth of clusters inside their pores is
a relatively promising scheme. Several methods have

been explored to fabricate such nanoclusters in the pores
of zeolites, such as cation exchange7 followed by in situ
post-treatment and by the MOCVD method.8 Copper
nanoparticles and microsized fibers have been synthe-
sized by using carbon nanotubes as the template.9
In2O3

10 and silver11 nanoparticles inside irregular me-
soporous materials have also been prepared through
incipient wetness impregnation of In2(SO4)3 and AgNO3,
followed by thermal treatment.

Since the discovery of the novel mesoporous molecular
sieves M41S in 1992,12 much effort has been dedicated
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to exploiting their formation mechanism,13 surface
modification,14 and inclusion chemistry.15,16 MCM-41 is
a very attractive member in the M41S series due to its
one-dimensional and hexagonal arrays of mesopores
that can be adjusted within the range of 1.5-30 nm.
The MCM-41 materials loaded with nanoclusters within
their channels have received considerable attention in
the past several years, and many nanoclusters have
been encapsulated into their channels, such as Ge,17

Fe2O3,18 GaAs,19 InP,20 ruthenium carbonyls,21 Ru-Ag
bimetallic nanoparticles,22 and GaN.23 Very recently, we
also succeeded in the synthesis of nanosized ZnO24 in
the channels MCM-41 materials by means of a surface
modification scheme. The size of the ZnO clusters was
found to be <1.8 nm.

ZnS is a semiconductor with a wide band gap and is
used commercially as a phosphor and in thin-film
electroluminescent devices. ZnS nanocrystals in colloids
were recently prepared by Sooklal et al.25 and Murase
et al.26 Although II-VI semiconductor nanoclusters are
currently well investigated because of their many
potential applications, there are far fewer studies on
ZnS nanoclusters than on CdS and CdSe, which is most
likely due to the fact that their bulk band gap is already
in the ultraviolet range. In this work, we report our
results to illustrate that the mesoporous silica MCM-
41 materials can be used as hosts to synthesize nano-
sized ZnS in their channels by two related schemes, both
of which are derived from surface modification of the

MCM-41 materials. The MCM-41 sample was first
functionalized with ethylenediamine groups, and then
Zn2+ in ethanol solution was absorbed to form Zn-ED-
MCM-41. The resulting sample was directly reacted
with H2S gas or calcined at high temperature to remove
the organic component and reacted subsequently
with H2S. In this way, samples of nanozied ZnS inside
the MCM-41, with and without organic component,
were obtained (designated as ZnS-ED-MCM-41 and
ZnS-MCM-41(cal), respectively). The as-prepared
ZnS[\]MCM-41 samples were extensively characterized
by combined spectroscopic methods. Experimental re-
sults show that the ZnS clusters were mostly confined
in the channels of the MCM-41 host and the amount of
ZnS on the external surfaces is much smaller. A massive
blue shift in UV-vis spectra has been observed for the
two as-prepared ZnS samples. However, their photolu-
minescence (PL) properties are very different and pos-
sible explanations have been proposed. Finally, we have
also explored the preparation of CdS and CuS nano-
clusters confined in the channels of the mesoporous
hosts.

Experimental Section

Pure siliceous MCM-41 sample was synthesized by the
hydrolysis of cetyl trimethylamonium bromide (CTAB) and
tetraethyl silicate (TEOS) in basic solution with a final
composition of 1.0:7.5:1.8:500 CTAB:TEOS:NaOH:H2O (mole
ratio) and was then treated hydrothermally at 110 °C for 84
h. The mesoporous silica MCM-41 sample was obtained after
the parent MCM-41 was calcined at 540 °C for 10 h in air.
Functional groups (ethylenediamine groups in this case) were
introduced to the pore surfaces of mesoporous silica MCM-41
by refluxing the mixture of calcined MCM-41 and N-[3-
(trimethoxysilyl)propylethylene]diamine (designated as TPED)
(1 g of MCM-41/5 mL of TPED) in dry toluene under a nitrogen
atmosphere for at least 10 h. The resulting hybrid materials
(ED-MCM-41) are efficient absorbents for Zn2+ in water and
ethanol solutions. To avoid possible hydrolysis, or even collapse
of the siliceous framework in water, Zn2+ was absorbed by the
ED-MCM-41 in a 0.05 M Zn(CH3COO)2‚2H2O/ethanol solution
for about 10 h at room temperature, and the Zn-ED-MCM-
41sample was thus obtained. A part of the Zn-ED-MCM-41
sample was calcined at 600 °C in air for 10 h to remove the
organic component, giving rise to ZnO clusters in the channels
of MCM-41 (ZnO-MCM-41).24 Finally, the ZnO-MCM-41
samples and another part of the Zn-ED-MCM-41 sample
were reacted with H2S (which was produced by the reaction
of Na2S‚9H2O with dilute H2SO4) up to 6 h, and ZnS clusters
in the channels of MCM-41 (ZnS-MCM-41(cal)) and ED-MCM-
41 (ZnS-ED-MCM-41) were obtained.

Powder XRD patterns were recorded with a Rigaku Rotaflex
diffractometer equipped with a rotating anode, using Cu KR
radiation over the range of 1.8° e 2θ e 70°. Si was used as
the internal standard. TEM and EDS analyses were performed
by using a JEOL 200CX electron microscope operating at 200
kV. N2 adsorption-desorption isotherms were obtained on a
Micromeritics TriStar 3000 at 77 K under continuous adsorp-
tion conditions. BET and BJH analyses were used to determine
the total specific surface area (SBET) and the pore size distribu-
tion. UV-vis diffuse reflectance spectra were measured on a
Shimadzu UV-3101 equipped with an integrating sphere, using
BaSO4 as the reference. PL spectra were recorded on a
Shimadzu RF-5301 PC spectrofluorophotometer at room tem-
perature.

Results and Discussion

Figure 1 shows the XRD patterns for a series of
as-prepared MCM-41 samples within the 2θ range of
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1.8°-10°, all of which display three reflection peaks of
typical MCM-41 materials, which shows that MCM-41
materials of high quality were obtained and that
hexagonal order was maintained during the formation
process of the ZnS clusters. The existence of the ZnS
led to a relatively large decrease in the intensities of
the characteristic peaks of the MCM-41 materials. This
should be attributed to the pore-filling effects that can
reduce the scattering contrast between the pores and
the framework of the MCM-41 materials. Similar results
have been reported previously.23,24,27 The decrease of the
peak intensities of the ZnS-ED-MCM-41 sample is
much greater than that of the ZnS-MCM-41(cal) sample,
which may be due to the fact that the organic component
can also decrease the intensity of the XRD patterns
(Figure 1b). Additionally, compared with the d100 value
of the calcined MCM-41 sample, a slight increase in that
of ZnS-ED-MCM-41 and a small decrease in that of
ZnS-MCM-41(cal) were found (see Table 1). The reason
may be that the filling of the ED groups and the ZnS in
the channels of the MCM-41 hosts results in a small
increase of the channel period of the ED-MCM-41 and
ZnS[\]MCM-41 samples, as reported in ref 20. However,
calcination of the Zn-ED-MCM-41 sample at high
temperatures results very likely in a framework shrink-
age of the MCM-41 material. The latter effect surpasses
the filling effect, so that a slight decrease in the lattice
of the ZnS-MCM-41(cal) sample was observed.

Figure 2 shows the XRD patterns of the two as-
synthesized ZnS[\]MCM-41 samples within the 2θ
range of 10°-70°. The three broadened peaks can be
attributed to (111), (220), and (311) lattice planes of
sphalerite ZnS.26 The size of the ZnS crystallites was
estimated to be <2.5 nm according to the Scherrer
formula and compared with the results of ZnO-MCM-
41 sample, which were produced in a similar scheme
and the size is smaller than 1.8 nm.24 It is well-known
that the large surface area of MCM-41 materials is

attributed to the pore system, while only a very small
part is provided by the external surfaces. Therefore, the
functionalizing reaction and the formation of ZnS
clusters should mostly occur in the pore system, and
the amount on the external surfaces is much smaller.
Specifically, nanosized materials are very easy to sinter
when they are thermally treated unless some measures
are imposed to stop their growth. In the present experi-
ment, the channels should play such a role in limiting
the ZnS growth if it is located inside the channels.
However, the ZnS clusters on the external surfaces
should grow freely, even into large particles under
appropriate conditions. To test this inference, we have
annealed the two as-prepared ZnS[\]MCM-41 samples
at 150 °C up to 7.5 h under vacuum. However, no
changes in the XRD patterns have been detected (not
shown), which implies that the nanosized ZnS materials
have not grown into large particles. It is possible that
the content of the ZnS is too low, thus restraining them
from growing. However, chemical analysis shows that
the ZnS content is 8.99 and 10.89 wt % for ZnS-ED-
MCM-41 and ZnS-MCM-41(cal) samples, respectively.
Therefore, we believe that it is the channels of the
MCM-41 that have restrained the ZnS growth. The
conclusion that most of the ZnS should be located in the
channels of the MCM-41 host thus follows. Although
there are some ZnS clusters on the external surfaces,
the amount is so little that ZnS cannot grow into large
particles.

The transmission electron microscopy (TEM) images
of the ZnS-MCM-41(cal) sample are shown in Figure
3. Both of the micrographs taken with the electron beam
direction parallel to and perpendicular to the channel
direction show only the characteristics of MCM-41
materials, and no indication of the ZnS clusters on the
external surfaces were observed. However, we still failed
to observe directly the existence of ZnS in the channels
of the MCM-41 by the TEM method. This is probably
due to a weak contrast between the silica frameworks
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croporous Mater. 1996, 6, 375.

Figure 1. XRD patterns of the series of MCM-41 samples at
low angle ranges: (a) calcined MCM-41, (b) ED-MCM-41, (c)
ZnS-ED-MCM-41, and (d) ZnS-MCM-41 (cal).

Figure 2. XRD patterns of the as-prepared ZnS/MCM-41
samples at wide angle ranges: (a) ZnS-ED-MCM-41 and (b)
ZnS-MCM-41(cal). * is the diffuse peak of noncrystalline
silica.
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and the nanosized ZnS, as in the case of Fe2O3,18 GaN,23

and ZnO24 inside mesoporous hosts. To prove the
existence of ZnS inside MCM-41 materials, EDS analy-
sis was made, which showed strong Zn and S signals
with an approximate Si:Zn:S atomic ratio of 10.4:1.2:
1.0 when the ZnO-MCM-41 sample was reacted with
H2S for 1.5 h, as shown in Figure 4 for the ZnS-MCM-
41(cal) sample. The deviation of the Zn:S ratio from 1:1
implied that the reaction between Zn2+ and H2S was

not fully complete. However, when the reaction time was
extended up to 6 h, the atomic ratio of Zn:S became close
to 1:1, despite the fact that elemental S is still a little
off stoichiometry (chemical analysis result, see Table 1),
which indicates that a long reaction time (between Zn2+

and H2S gas) is an important factor in obtaining pure
ZnS in the present scheme. In addition, the TEM images
and EDS analyses for the ZnS-ED-MCM-41 sample
are essentially the same as those discussed above, so
the analysis results for the ZnS-ED-MCM-41 sample
are omitted here. These results directly prove that the
regularity of the MCM-41 host was maintained during
the formation process of the nanosized ZnS, which
should be mainly confined in the channels of the MCM-
41 host. Finally, the ZnS clusters could be leached out
of the channels of MCM-41 and grow into many very
large particles on the external surfaces if the ZnS-
containing samples were stirred in water or ethanol for
more than 4 h. Moreover, this phenomenon is more
serious for the ZnS-MCM-41(cal) sample than for the
ZnS-ED-MCM-41 sample. Figure 5 gives the TEM
image of the ZnS-ED-MCM-41 sample that has been
stirred in ethanol for only 10 min. ZnS particles of size
much larger than the channel diameter of the MCM-41

Table 1. Physical Parameters of the Series of As-Prepared MCM-41 Samplesa

samples
Zn content

(wt %)
S content

(wt %)
Zn:S

(mole ratio)
d100
(Å)

surface
area

(m2/g)

pore
diameter

(Å)

pore
volume
(mL/g)

Si:ED:Zna

(mole ratio)

MCM-41 40.13 929.1 28.8 0.776
ED-MCM-41 40.23 601.4 22.1 0.378
ZnS-ED-MCM-41 6.09 2.90 1:0.967 40.27 203.3 16.9 0.120 95.5:1:0.704
ZnS-MCM-41(cal) 7.36 3.53 1:0.973 39.05 560.7 21.3 0.319
a ED ) 2N.

Figure 3. TEM images of the ZnS-MCM-41(cal) sample: (a)
micrograph taken with the beam direction parallel to the pore
and (b) micrograph taken with the beam direction perpen-
dicular to the pore.

Figure 4. EDS spectrum of the ZnS-MCM-41(cal) sample.

Figure 5. TEM image of the leached ZnS-ED-MCM-41
sample. The sample was stirred in ethanol for 10 min.
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host were found on the external surface of the mesopo-
rous support. The above results show that the ZnS
clusters may only be loosely attached onto the internal
surfaces of the MCM-41 hosts and the interaction
between the ZnS and the organic groups in the ZnS-
ED-MCM-41 sample should be stronger than that
between the ZnS and the siliceous framework in the
ZnS-MCM-41(cal) sample.

Figure 6 shows the N2 adsorption-desorption proper-
ties of the calcined MCM-41, ED-MCM-41, ZnS-
MCM-41(cal), and ZnS-ED-MCM-41 samples. The
parameters are also listed in -Table 1. Considerable
decreases in the BET surface areas and average pore
diameters and pore volumes for the two as-synthesized
ZnS[\]MCM-41 samples further indicate that most of
the ZnS clusters should be formed and retained in the
channels of the MCM-41 hosts. Because of the similarity
between the isotherms of samples a, b, and c (MCM-41,
ED-MCM-41, and ZnS-MCM-41(cal), respectively) in
the present experiment and those of ZnO clusters inside
MCM-41 samples,24 a detailed discussion of these data
has been omitted from this paper. Nevertheless, it
should be noted that the hysteresis in the high-pressure
range (at the relative pressure P/P0 ∼ 0.45) should be
attributed to the interparticle pores. Very recently, Kruk
et al.28 reported a detailed study on this unusual
hysteresis for the MCM-41 materials prepared by using
CTAB as the template, and they believed that the
secondary mesoporosity is related to the structure of the
MCM-41 particles rather than impurities, such as,
presumably, layered structures.29 The isotherm for the
ZnS-MCM-41(cal) sample was similar in shape to the
calcined MCM-41 sample, which indicates that the ZnS
clusters should be dispersed throughout the pores. The
mesoporous channels are still accessible, even after the
formation of ZnS clusters inside MCM-41 hosts. How-
ever, the surface area, pore diameter, and pore volume
for the ZnS-ED-MCM-41 sample are significantly
smaller in comparison with those of the other three

samples. The isotherm hysteresis for the ZnS-ED-
MCM-41 sample extends to very low pressure, which
may arise from the irreversible uptake of N2 in pore
structures. These results should mean that the pores
of the ZnS-ED-MCM-41 sample may have been par-
tially clogged by the ZnS clusters inside the already
narrowed channels of the ED-MCM-41 host.30 Because
of the possible interaction between the ZnS clusters and
the organic component of the ZnS-ED-MCM-41 sample,
the interfaces between the ZnS clusters and the organic
component may have an important contribution to the
hysteresis in the N2 absorption. This interaction also
induces a difficulty for the ZnS clusters to be leached
out of the channels in comparison with the ZnS-MCM-
41(cal) sample when they were stirred in water or in
ethanol. To sum up the findings from the XRD patterns,
TEM images, EDS analysis, and N2 physisoption, the
nanosized ZnS should mainly be formed and located in
the channels of MCM-41, while a relatively small
amount of ZnS exists on the external surfaces. The ZnS
clusters in the ZnS-MCM-41(cal) sample may form
extremely thin films that stick loosely onto the inner
walls of the MCM-41. However, the ZnS clusters inside
the ZnS-ED-MCM-41 sample should interact with the
organic component, inducing a stronger interaction than
that between the ZnS and the siliceous frameworks in
the ZnS-MCM-41(cal) sample. The ZnS inside the
ZnS-ED-MCM-41 sample may also partially clog the
channels in some places.

UV-vis diffuse reflectance spectra were used to
characterize the absorption properties for the as-
prepared ZnS[\]MCM-41 samples, and the spectra are
shown in Figure 7. For comparison purposes, the
absorption spectrum of bulk ZnS is also given in Figure
7(c). Pure siliceous MCM-41 gives very little absorption
in this range.18 However, the two as-prepared ZnS
samples show strong absorption, and both of them show
an onset of absorption at ≈350 nm, which is shifted
about 60 nm to a shorter wavelength as compared to
that of large ZnS particles. The steep absorption edge
for the ZnS-ED-MCM-41 sample shifts again 10-20
nm to a shorter wavelength in comparison with that of
the ZnS-MCM-41(cal) sample. It should be noted that
the results of the present experiment are somewhat
different from those of previous work with respect to
the absorption edges.25,26 Considering the fact that the
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Figure 6. Nitrogen adsorption-desorption isotherms of the
series of MCM-41 samples: (a) calcined MCM-41, (b) ED-
MCM-41, (c) ZnS-MCM-41(cal), and (d) ZnS-ED-MCM-41.

Figure 7. Diffuse-reflectance UV-vis spectra of ZnS-contain-
ing samples: (a) ZnS-ED-MCM-41, (b) ZnS-MCM-41(cal),
and (c) ZnS bulk.

652 Chem. Mater., Vol. 13, No. 2, 2001 Zhang et al.



optical experiment was performed under identical con-
ditions in the present experiment, the trend of shifting
to shorter wavelengths for the absorption edge should
reflect the size quantization effect. The organic compo-
nent in the ZnS-ED-MCM-41 sample diminishes the
pore diameters, so that the ZnS clusters can only grow
to smaller sizes in comparison with those in the ZnS-
MCM-41(cal) system. We have noticed that the shapes
of the absorption spectra are very similar for the ZnS-
MCM-41(cal) and ZnS bulk, and they are also similar
to that of the ZnS inside the pores of a zeolite support,
which was prepared by a topotactic MOCVD method
and showed dramatic size quantization effects.31 How-
ever, the shape of the absorption spectrum of the ZnS-
ED-MCM-41 sample is apparently different. It is well-
known that pure siliceous silica is an inert support for
many catalysts, such as metals, and metal oxides. The
siliceous frameworks of the MCM-41 in the ZnS-MCM-
41(cal) sample may pose relatively weak effects on the
properties of the ZnS clusters in its channels, so we
obtained spectra of very similar shape for the ZnS-
MCM-41(cal) and the bulk ZnS samples. However, the
organic component may act with the ZnS in the ZnS-
ED-MCM-41 sample, which may pose a relatively
strong effect on the optical properties, and induce the
observed difference from the two former samples in the
spectrum shapes. These results show that a relatively
strong host-guest effect should exist in the ZnS-ED-
MCM-41 sample and a relatively mild effect in the ZnS-
MCM-41(cal) composite.

Figure 8 gives the PL spectra of the two as-prepared
ZnS[\]MCM-41 samples. Both of them show emissions
in the blue range between ≈430 and ≈450 nm. The PL
emission of the ZnS-ED-MCM-41 sample shifts about
20 nm to a shorter wavelength in comparison with that
of the ZnS-MCM-41(cal) sample, which could arise from
the size quantization effect. It must be noticed that the
PL intensity of the ZnS-ED-MCM-41 sample is much
stronger than that of the ZnS-MCM-41(cal) sample.
Dannhauser et al.32 reported that N(C2H5)3 can act as
a donor to lower dramatically the nonradioactive decay
in CdS and Cd3As3 colloids, so as to greatly enhance the
PL intensity. Because the chemical properties of ethyl-
enediamine groups are similar to those of N(C2H5)3, both
of which are Lewis bases, the ED groups may also act

as donors to reduce the nonradioactive decay of the ZnS
clusters in the present experiment, thus enhancing
dramatically the PL intensity, as N(C2H5)3 does in the
CdS and Cd3As2 colloids. In addition, the interfaces
induced from the interaction between the ZnS clusters
and the organic component may possess a lot of defects
in the ZnS-ED-MCM-41 sample. In contrast, the
number of defects should be much less in the ZnS-
MCM-41(cal) composite because the above-mentioned
interfaces should not have existed. Therefore, a consid-
erable enhancement of the PL intensity for the ZnS-
ED-MCM-41 sample has been observed.

Up to now, the origin of the blue emission of ZnS has
been controversial. Kasaii et al.33 reported that both
Zn2+ vacancies and S2- vacancies emitted in the blue
ranges between 430 and 450 nm for a self-activated bulk
sample. Uchida34 studied the PL properties of bulk
samples in correlation with the off-stoichiometry of Zn
and S. He also concluded that samples with both excess
Zn and S emitted in the blue range. However, a 395-
nm emission has been observed in the Zn excess sample
and this emission was assigned to S vacancies. Very
recently, Sooklal et al.25 prepared ZnS nanoclusters with
excess Zn in colloids, and blue emission at about 440
nm was observed, which was attributed to sulfur vacan-
cies. In their experiment, EPR (electronic paramagnetic
resonance) measurement did not obtain reproducible
signals. However, Murase et al.26 studied the fluores-
cence and the EPR characteristics of Mn2+-doped ZnS
nanocrystals having a mean size of about 4 nm, which
were also prepared in colloids. The EPR measurement
proved the existence of hole centers such as Zn2+

vacancies and they attributed the blue emission at ≈450
nm to the Zn2+ vacancy. Therefore, we attribute tenta-
tively the blue emission in the present experiments to
the defects related to sulfur vacancies, which is consis-
tent with the result of chemical analysis of the contents
of S and Zn. However, the nature of the emission should
be further studied to refine the results.

Finally, we have attempted to prepare other sulfide
semiconductors inside mesoporous materials by the
above schemes. Nanosized CdS inside ED-MCM-41
hosts (CdS-ED-MCM-41) could also be conveniently
prepared with good results. However, it is difficult to
obtain CdS in the channels of the MCM-41 host without
the organic component (CdS-MCM-41(cal)), although
some samples with good results were occasionally
obtained. Optical experiments also showed that the
CdS-ED-MCM-41 sample gave a much stronger PL
intensity than the CdS-MCM-41(cal) sample (not
shown), which is very similar to the results in the
ZnS[\]MCM-41 composites. This proves further that the
organic component should pose an important effect on
the optical properties of the semiconductors in the
channels of the mesoporous hosts. In addition, only a
small amount of CuS could be obtained inside the ED-
MCM-41 host, which may be mainly due to the high
stability of Cu(II)-ED complexes. The Cu-ED-MCM-
41 sample could be reacted completely with Na2S in
aqueous solution; however, many large CuS particles
have been found on the external surfaces of the MCM-
41 materials in the TEM images. Therefore, it can be
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Figure 8. PL spectra of the two as-prepared ZnS[\]MCM-41
samples: (a) ZnS-ED-MCM-41 and (b) ZnS-MCM-41(cal).
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expected that the present schemes for preparing sulfide
nanoclusters in the channels of the MCM-41 hosts are
suitable for preparing materials that can be formed by
reacting with gas, but not with anions in solutions.
Experiments on other systems are in progress.

Conclusion

The present experiment shows that ZnS nanoclusters
have been synthesized in the channels of MCM-41
materials by using two related schemes derived from
surface modification methods. The products have been
extensively characterized by combined spectroscopic
methods, which showed that the ZnS clusters are mostly
confined in the channels of the MCM-41. The large blue
shift in the absorption spectra for the ZnS[\]MCM-41
samples have been attributed to the size quantization
effects. The massive increase of the PL intensity for
ZnS-ED-MCM-41 sample is believed to be due to the
strong interaction between the ZnS clusters and ethyl-
enediamine groups. A strong host-guest effect for ZnS-
ED-MCM-41 and a weak effect for ZnS-MCM-41(cal)
materials were suggested.

The successful syntheses of ZnS and other sulfides
inside the mesoporous silica MCM-41 confirm the vari-
ability of the MCM-41 materials as hosts for encapsu-
lating guest materials. Surface modification via a
chemical route may have significant advantages over
direct synthesis methods (e.g., ion exchange and MOCVD
schemes) in fabricating organized composites with
desirable properties. Specific groups in the functional-
ized monolayers have been used to attach new func-
tional groups35 or to stimulate mineral deposition.36 We
believe that the ordered mesoporous materials modified
by functional groups will play a significant role in host-
guest chemistry development.
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