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Ordered mesoporous silicate materials, such as MCM-41 and
SBA-15, offer a nanometre-sized environment for the in-
clusion of quantum-confined materials. The channel walls of
the framework hinder cluster-cluster interactions thereby re-
stricting particle growth and thus limiting the size of the en-
closed particles to the nanometre-size regime. In particular,
the past decade has seen substantial progress in the synthe-
sis and encapsulation of II–VI nanoparticles within MCM-41
and SBA-15. This microreview highlights the recent develop-
ments in this area, with notable emphasis on the synthetic

Introduction

Ordered porous silicate materials have been the subject of
intense investigation over the past several decades.[1] These
materials are generally categorized according to pore size,
corresponding to the spherical diameter of the aperture. IU-
PAC has defined three classifications of porous materials
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routes used in the growth and anchoring of CdS, CdSe and
ZnS nanoparticles within a mesoporous host. Of relevance
are the methods of ion-exchange, interior pore wall modifica-
tion, quantum-dot doping, incorporation of preformed nano-
particles and clusters and external surface passivation
through organic functionalization. In addition to synthetic
methods employed, the interesting photochemical properties
of the composite materials are discussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

which include microporous (� 2 nm in diameter), mesopo-
rous (2–50 nm) and macroporous (� 50 nm).[2] Although
microporous materials have been successfully used in the
formation of inorganic–organic hybrid materials, the advent
of the first ordered mesoporous materials[3] marked a piv-
otal moment in the advancement of host–guest chemistry.

Since the development of MCM-41 (Mobil’s composition
of matter) in the early nineties[3] and the subsequent discov-
ery of SBA-15 (Santa Barbara) in 1998,[4] a considerable
amount of work has focused on understanding both the
mechanistic formation[5] and characterization[6] of these in-
triguing silicate/aluminosilicate materials. Recognizing that
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the distinctive hexagonal array of uniform mesoporous
channels can be used in inclusion chemistry,[7] the past dec-
ade has seen an explosion of growth in the use of mesopo-
rous materials as a host environment for catalysis,[8] adsorp-
tion/separation,[9] polymerization,[10] and in particular, the
subject of this microreview, quantum-confined materials.

The original synthesis for purely siliceous MCM-41 is
done under acidic conditions with the use of alkyltrimeth-
ylammonium halide as an organic structure directing agent
and sodium silicate as a silica source.[3] A liquid-crystal
templating method (Figure 1) has been proposed for the
formation of MCM-41, where surfactant species form mi-
cellar rods in aqueous solution which can align in a hexago-
nal array.[3,5] The addition of an anionic inorganic species
into the aqueous domain initiates the formation of inor-
ganic walls between the surfactant micelles in an effort to
balance the cationic charge of the hydrophilic micelle. In-
creasing the alkyl chain length of the surfactant and the use
of an organic auxiliary swelling agent (e.g. 1,3,5-trimeth-
ylbenzene) have been found to result in pore-size expansion,
further supporting the proposed liquid-crystal templating
mechanism. The porous silica skeleton is obtained through
calcination of the surfactant-silica material at 540 °C, thus
removing all organic components from the interior pore.

Figure 1. Proposed liquid-crystal templating method for the forma-
tion of mesoporous MCM-41.

Although the pore size of MCM-41 can range from 1.6–
10 nm, the larger pore systems generally show decreased
regularity of the hexagonal array as observed by trans-
mission electron microscopy (TEM), Figure 2, a–b. In ad-
dition, the thin walls of MCM-41 (1–1.5 nm) are not strong
enough to retain the framework structure upon hydrother-
mal treatment. The pore walls can be strengthened using
a secondary crystallization technique,[11] modified reaction
conditions[12] and post-synthesis restructuring.[13] These ap-
proaches, however, result in a pore-wall thickness having an
upper limit of ca. 3 nm. On the other hand, SBA-15[4] is a
thicker-walled mesoporous material (3.1–6.4 nm) with pore
sizes spanning 4.7–30 nm. Although SBA-15 has a similar
hexagonal arrangement of mesoporous channels to MCM-
41, the material is formed from a nonionic triblock copoly-
mer of poly(ethylene oxide)–poly(propylene oxide)–poly-
(ethylene oxide). Pore-size engineering can be accomplished
by adjusting the reaction temperature (35–140 °C) and time
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(11–74 h), as well as by altering copolymer composition or
through the addition of an organic swelling agent. The in-
creased pore thickness enables SBA-15 to exhibit greater
hydrothermal stability as compared to its MCM-41 coun-
terpart. Furthermore, SBA-15 displays increased regularity
in pore size uniformity as is shown in Figure 2c–d.

Figure 2. Transmission electron microscope images of MCM-41:
Pore size a) 2 nm, b) 10 nm and SBA-15: Pore size c) 6 nm, d)
26 nm. (Figure 1, a–b, adapted with permission from ref.[3b]. Copy-
right 1992, American Chemical Society. Figure 1, c–d, reprinted
and modified with permission from ref.[4a]; D. Zhao, J. Feng, Q.
Huo, N. Melosh, G. H. Fredrickson, B. F. Chmelka, G. D. Stucky,
Science 1998, 279, 548–552. Copyright 1998, AAAS).

One of the many attractive features of MCM-41 and
SBA-15 is the relatively high surface area offered by the
mesoporous framework, typically ranging between 700 and
1000 m2 g–1, thus rendering these surfaces available for
guest molecule inclusion. Upon occupying the host with a
guest species a notable decrease in surface area is observed.
Nitrogen adsorption is the most commonly used technique
to monitor changes in pore size, surface area and pore vol-
ume.[14] Type-IV isotherms[2] are observed for both MCM-
41 and SBA-15 and are marked with a sharp inflection
point at a value P/P0, corresponding to capillary condensa-
tion within the primary mesopores (Figure 3). The surface
area is calculated based on the Brunauer–Emmett–Teller
(BET) method,[15] where a decrease in BET surface area is
characterized by a decrease in the P/P0 position for capil-
lary condensation. The results from nitrogen adsorption
can also be used in the calculation of pore size distribution
based on the Barrett–Joyner–Halenda (BJH) method.[16] It
is important to note, however, that the BJH calculation
tends to underestimate the pore size by approximately 1 nm
for pore dimensions less than 4 nm.[17] Nonetheless, the
trend in decreasing pore size as a result of pore filling can
be monitored using this calculation.

Upon enclosing guest molecules within the host material
it is essential that the siliceous framework remains intact
both during and after inclusion of the desired species. The
hexagonal array is unambiguously monitored by TEM,
however, powder X-ray diffraction (PXRD) is another use-
ful tool in surveying the framework structure. MCM-41 dis-
plays a very strong d100 spacing at low angle with slightly
weaker reflections corresponding to lattice planes (110) and
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Figure 3. Typical type-IV isotherm observed for mesoporous mate-
rials. Depicted is the adsorption–desorption isotherm for calcined
MCM-41.

(200) at higher angle, as seen in Figure 4 (a).[3] Similarly,
SBA-15 displays a predominant d100 spacing with three ad-
ditional well-resolved peaks related to the (110), (200) and
(210) lattice planes at higher angles (Figure 4, b).[4] Reten-
tion of these peaks upon guest-molecule inclusion is indica-
tive of framework stability. Typical pore filling is ac-
companied by a reduction in peak intensity of the compos-
ite material in the corresponding PXRD pattern. This re-
sults from a decrease in scattering contrast between the
pores and the walls of the mesoporous material upon pore
filling. In addition, the position of the d100 peak is often
shifted to lower angles as pore size decreases.

The field of quantum-confined nanocrystals has grown
tremendously with the discovery of the size-dependent
chemical, electronic and physical properties of semiconduc-
tor materials.[18] Conventional semiconductors are charac-
terized by a filled valence band and empty conduction band
separated by a discrete bandgap energy. The progression to
smaller-sized particles (smaller than the Bohr radius[19])
having the same chemical composition as that of the bulk
material results in an increase in bandgap energy, coupled
with the quantization of both the valence and conduction
bands (Figure 5). Upon entering this nanometre size re-
gime, the Bohr radius of the exciton exceeds the size of the
particle itself and thus, the exciton “fits” into the given par-
ticle by adopting a higher kinetic energy. As such, an in-
crease in bandgap energy is observed as a result of quan-
tum-confinement effects. These effects are readily moni-
tored using UV/Vis absorption spectroscopy where shifts to
higher energy with decreasing size vs. the bulk material are
observed. Thus UV/Visible spectroscopy can be used to
demonstrate the effects of quantum confinement in II–VI
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Figure 4. Powder X-ray diffraction patterns for a) MCM-41 and b)
SBA-15. (Figure adapted with permission from ref.[42]. Copyright
2002, American Chemical Society).

particles of various sizes, highlighted by the systematic shift
of the excitonic transition to higher energy with decreasing
particle size. These materials are composed of metal atoms
from group 12 (Zn, Cd, Hg) and chalcogen atoms from
group 16 (S, Se, Te). Hence, a blue shift in absorbance onset
from that of the bulk material is observed.[18c] The photolu-
minescence (PL) of II–VI nanoparticles occurs as two types;
band-edge PL and deep-trap PL. Band-edge emission oc-
curs due to the recombination of trapped charge carriers
from shallow trap states within the particle, and this results
in a slight red shift with respect to the absorption due to
the relaxation of the trapped charge carrier into lower lying
energy states prior to recombination. Deep-trap emission
occurs through recombination of trapped localized carriers
from deep mid-gap trap states, which are usually hole traps
at the surface of the particle. Trapped emission is charac-
terized by a broad line width which is shifted significantly
to the red of the excitonic absorption.[18,19]

One of the challenges in obtaining monodisperse nano-
particles is in controlling their growth and thus preventing
their aggregation to the bulk state. In particular, there has
been substantial interest in developing suitable chemical
capping agents for these nanometre-sized particles. Recent
efforts have focused on the use of polymers,[20] organic li-
gands[21] and inorganic functionalization in core/shell mate-
rials[22] to passivate the nanoparticle surface, although par-
ticle size distribution is inevitable within these systems. An
alternative method potentially leading to monodisperse or
nearly monodisperse particles is through the use of an or-
dered mesoporous host such as MCM-41 and SBA-15. The
pore-size structure of these materials is ideal for the growth
of nanoparticle semiconductor materials, where the confin-
ing nanosized environment hinders particle–particle inter-
actions thus preventing cluster aggregation.

Perhaps the most extensively studied class of semicon-
ductor materials is that referred to as the II–VI semi-
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Figure 5. Energy diagram depicting the relationship between par-
ticle size and bandgap for a bulk semiconductor, nanoparticle and
molecular species.

conductors. Two polymorphs of these metal chalcogenide
materials are known, referred to as zinc blende (or sphaler-
ite) and wurtzite, where both M2+ (M = Zn, Cd, Hg) and
E2– (E = S, Se, Te) are tetrahedrally coordinated.[23] Zinc
blende can be represented as two interpenetrating face-
centred cubic lattices, where the anion occupies one cubic
lattice in which a quarter of the tetrahedral holes are popu-
lated by the cation of a second cubic lattice. In contrast, the
wurtzite structure has hexagonal symmetry where anions
form a hexagonal closest-packed arrangement in which half
of the tetrahedral holes are occupied by metal atoms of a
second hexagonal closest-packed array. For some metal
chalcogenides both polymorphs are observed where one
form is thermodynamically favoured over the other.[24] For
metal sulfides, both forms occur naturally, however, zinc
blende is more stable for ZnS, whereas the thermodynami-
cally favoured wurtzite structure is observed for CdS. In
comparison, both structures are observed in the case of
CdSe (preferentially wurtzite), while ZnSe is only found in
the zinc blende form. The reverse is true for metal tellurides,
where CdTe is found only as a zinc blende structure, while
for ZnTe the zinc blende form is preferred but it also dis-
plays the wurtzite structure.

It is the intention of this microreview to discuss the vari-
ous synthetic strategies employed in the formation of II–VI
materials within a mesoporous host with emphasis on the
quantum-confinement effects observed within these com-
posite materials.

Ion-Exchange Method for the Synthesis of II–VI
Mesoporous Materials

Prior to the discoveries of mesoporous MCM-41[3] and
SBA-15,[4] the importance of confining the dimensions of
II–VI semiconductor materials in a suitable size-restricting
host had been recognized. The microporous nature of zeo-
lites provides an ideal environment for the inclusion of
nanosized semiconducting materials. The ionic character of
these zeolites offers the opportunity to exchange host cat-
ions for desired metal cations in the pursuit of enclosing
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binary metal chalcogenides within the framework cages. As
such the ion-exchange method for the synthesis of II–VI
materials in zeolites was developed for the synthesis of CdS
in zeolites-X, Y and A.[25] Since that time there have been
numerous studies investigating the synthesis of CdS,[26]

CdTe[27] and ZnS[28] in various zeolite hosts using this gene-
ral approach.

The typical procedure uses the sodium form of the
respective zeolite. Sodium cations within the frame-
work can be exchanged for preferred metal cations through
mechanical mixing of the zeolite with a given metal salt.
Generally nitrate salts are used,[25,26a–26c,27,28c] although chlo-
ride[26d,26e,28a,28b] and sulfate[28b] salts and even Me2M (M
= Zn, Cd)[28d] have also found utility. The ion-exchanged
materials are often calcined at 400 °C and, in the case of the
sulfides, are treated with a flow of H2S at 100 °C. Sulfidi-
zation has also been achieved using thiourea[26e] and
Na2S.[28c] An alternative approach has been employed in the
formation of CdTe, where tellurium metal is incorporated
into the framework of zeolite-A at high temperature prior
to cation exchange.[27] A wide variety of zeolites have been
investigated in this manner and include zeolite-
A,[25b,25c,26c,27] zeolite-X,[25b,25c,26e] zeolite-Y,[25,26d] morden-
ite[26a,26b,28] and SAPO-5.[26c]

The microporous environment of zeolites used for the en-
capsulation of semiconducting materials often leads to
composite materials which show broad particle size distri-
butions. This generally results from poor channel filling
from ion-exchange, ultimately leading to a high density of
defect sites. There are reports that clusters, superclusters
and aggregates can co-exist within the same host,[26e] and
in some instances larger particles are found to passivate the
external surface.[28a] Although in most cases quantum-con-
finement effects are noted by the blue shift in the absorp-
tion edge,[26–28] identifying metal chalcogenide material
within the host through PXRD is hindered by the overlap-
ping of diffraction peaks of the II–VI material with those
of the zeolite framework.[26–28]

Mesoporous materials offer a larger pore diameter for
the inclusion of semiconductor materials and may thus of-
fer better control over particle size. The improvement over
microporous zeolites is illustrated by a similar ion-exchange
method with a commercially available mesoporous zeo-
lite.[29] Using the sodium form of the zeolite, Na+ is ex-
changed for Cd2+, and the material is sulfidized with Na2S
at room temperature. Size and loading of CdS can be con-
trolled by varying the amount of Cd2+ introduced during
the exchange process. From the wide-angle XRD pattern
(Figure 6) the observed diffraction peaks are indexed to cu-
bic crystalline zinc blende CdS, where the peaks become
sharper as the Cd2+ concentration is increased in the mate-
rial, thus leading to an increase in particle size as deter-
mined by the Scherrer formula.[30]

Quantum-confinement effects are readily observed in the
photoluminescence (PL) and photoluminescence excitation
(PLE) spectra, where two bands are observed in the PL
spectra and three bands are present in the PLE spectra. In
both, the bands are found to blue shift as particle size de-
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Figure 6. Wide-angle XRD patterns for zinc blende CdS formed
in a mesoporous zeolite. Diffraction peaks become sharper as the
amount of Cd2+ incorporated is increased, thus leading to larger-
sized particles. (Figure reprinted and modified from ref.[29], Forma-
tion, Structure and Fluorescence of CdS Clusters in a Mesoporous
Zeolite, Copyright 1998, with permission from Elsevier).

creases. In the PL spectra the strong Stokes-shifted band at
550 nm arises from trapped luminescence at the surface
while a shoulder at 420 nm is assigned to band-edge emis-
sion (Figure 7).

Figure 7. Photoluminescence spectra for zinc blende CdS formed
in a mesoporous zeolite. As particle size decreases the emission
peaks become blue-shifted. (Figure reprinted and modified from
ref.[29], Formation, Structure and Fluorescence of CdS clusters in
a Mesoporous Zeolite, Copyright 1998, with permission from El-
sevier).

With the advent of MCM-41 and SBA-15 new methods
for the incorporation of II–VI materials within a mesopo-
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rous framework have been pursued. Typically MCM-41 and
SBA-15 are used in their purely siliceous forms, and thus
there are no counter-cations that can be exchanged for de-
sired metal ions, hence a modified route to developing me-
tal chalcogenides within the mesopores through ion-loading
was designed. Of recent interest has been the synthesis of
manganese-doped II–VI semiconductors within a mesopo-
rous host through the use of this method.[31–33] In particular
Zn1–xMnxS,[31] Cd1–xMnxS[32] and Cd1–xMnxSe[33] have
been synthesized in MCM-41 and SBA-15 to investigate
their unique optical and magnetic properties. In this ap-
proach metal acetate salts of Zn or Cd are mixed with
Mn(OAc)2 and solution loaded into both MCM-41 and
SBA-15. Treatment with either H2S or H2Se at 100 °C leads
to the formation of sulfides and selenides, respectively.

As determined from electron paramagnetic resonance
(EPR) spectroscopy, when x = 0.01 the resulting encapsu-
lated nanowires are of the zinc blende structure, while in
cases where x � 0.01 the materials are characteristically
found to display the wurtzite structure. This is true in the
case of both Zn- and Cd-based materials. The X-ray ab-
sorption near-edge structure (XANES) region of the X-ray
absorption spectra suggest that Mn2+ is present within the
composite materials but not in the form of MnS. The results
from XANES analyses suggest rather that Mn2+ is found
to substitute for M2+ (M = Zn, Cd) sites within the ME (E
= S, Se) structure, thus becoming intimately incorporated
within the material. XANES spectra also indicate that only
a small percentage of Mn2+ is found on the surface of the
ME structure. All of the composite materials show quan-
tum-confinement effects that increase with decreasing wire
diameter (where the diameter is controlled by the chosen
mesoporous host). These quantum-confinement effects ulti-
mately lead to an increase in the direct bandgap energy.

Typically II–VI composite materials prepared using ion-
exchange/loading as well as surface functionalization of the
mesoporous material (vide infra) are in microcrystalline
(powder) form. Although it is important to develop the
chemistry using powder-based composites, these powders
are generally unfavourable for their application in non-lin-
ear optics and optical characterization, where diffuse reflec-
tance techniques are often employed. Thus there has been
an emergence in the development of mesoporous thin
films,[34–36] monoliths[34] and membranes[37] incorporating
II–VI materials. Specifically, CdS[34,35,37] CdSe[35] and
CdTe[36] have been prepared in these forms using a similar
ion-loading technique, where a cadmium salt is introduced
to the mesopores typically during the synthesis of the
framework. The general procedure involves the use of alkyl-
(ethylene oxide) as the structure-directing agent of which
a sol is formed under acidic conditions in the presence of
tetraethoxysilane. Cadmium nitrate[34] (or acetate[35]) salts
are added to the sol from which thin films are formed by
dip-coating, and monoliths are prepared by spreading the
sol over a glass slide. Metal chalcogenides are thus formed
through exposure to H2E. An alternative approach used in
the synthesis of mesoporous CdTe thin films utilizes the
electrochemical codeposition of cadmium sulfate and tel-
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lurium dioxide.[36] Prior to electrodeposition, the salts are
incorporated into a lytropic liquid crystalline domain com-
posed of octaethyleneglycol monohexadecyl ether as the
templating agent. Using a similar synthetic approach as de-
tailed above, porous alumina membranes are used as a tem-
plate in the formation of CdS mesoporous structures.[37]

Using this route, surfactant, silica and cadmium salts are
incorporated into the channels of the alumina membrane,
followed by H2S treatment. Much like their powder coun-
terparts, these materials have particle sizes on the order of
2.5 nm when formed in thin films and monoliths and ca.
6 nm when synthesized as a membrane structure. In ad-
dition, all enclosed materials display similar quantum-con-
finement effects to those observed in MCM-41 and SBA-
15.

Surface Modification of Mesoporous Hosts for the
Synthesis of II–VI Materials

Organic functionalization of the interior pore structure
of a mesoporous material has been studied extensively, re-
sulting in the formation of inorganic–organic hybrid materi-
als.[38] Pore modification can be achieved through either a
direct co-condensation method[38d–38f] or post-synthesis
grafting.[38g–38j] The method of post-synthesis grafting is
most often utilized in the inclusion of II–VI semiconductor
species within a mesoporous host. This modification pro-
cedure exploits the presence of multiple reactive silanol
moieties populating the surface of the pore walls. Through
condensation reaction with a designated alkoxysilane, the
organic functional group is effectively anchored to the pore
surface by the formation of silicon–oxygen bonds (Fig-
ure 8). Thiol[39] and ethylenediamine[40] moieties can be in-
corporated into the pore structures of MCM-41 and SBA-
15 and have been used as a method of developing and/or
confining metal sulfide nanoparticles within the host frame-
work.[41–46] In this vein, these organic groups can meet se-
veral objectives which include acting as an anchor for the
prepared metal sulfide, enhancing the hydrophobicity of the
interior pore structure and, in the case of the anchored thiol
moiety, pre-positioning the sulfide source.

Figure 8. General reaction scheme used in the surface modification
of siliceous mesoporous materials, utilizing an alkoxysilane. The
rectangular area represents the pore wall of MCM-41 (or SBA-15)
populated by surface silanol groups.

Cadmium sulfide is the most comprehensively studied II–
VI material that has been encapsulated in a mesoporous
host. In particular, the method of organic functionalization
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has found utility in both the synthesis and constriction of
the resulting CdS particles. In studies pertaining to both
MCM-41 and SBA-15, the interior pore surface is initially
functionalized with 3-(mercaptopropyl)trimethoxysilane in
either refluxing or room temperature solvent.[41–43] The de-
gree of functionalization has been shown to be dependant
on reaction temperature, where the higher the temperature
the greater the extent of modification (as monitored by ni-
trogen adsorption and IR spectroscopy).[41] Cd2+ is ad-
sorbed into the pores through stirring a methanolic solution
of Cd(OAc)2·2H2O with the organo–mesoporous material.
The resulting material is treated either with a stream of 5
vol-% H2S in nitrogen[41,42] or calcined at 300 °C in nitro-
gen[43] resulting in the formation of CdS nanorods, as de-
picted in Figure 9.

Figure 9. Formation of CdS nanorods in thiol-modified SBA-15
through the addition of Cd(OAc)2 followed by calcination under
nitrogen.

The incorporation of CdS nanoparticles within the po-
rous structure is confirmed by wide-angle PXRD and dif-
fuse reflectance UV/Vis spectroscopy. From PXRD analy-
sis, the wide-angle peaks are indexed to the hexagonal cell
(wurtzite structure) of CdS, shown in Figure 10, as opposed
to the cubic form of CdS generated from the ion-exchange
method. The UV/Vis spectra indicate a blue shift in the ab-
sorption edge (305–485 nm) of the resulting CdS–mesopo-
rous materials compared to bulk CdS (515 nm), and this
blue shift is consistent with the enclosed particles exhibiting
quantum-confinement effects. CdS–SBA-15 composite ma-
terials are found to show a smaller blue shift of the exciton
peak given the larger diameter of the pore, consistent with
larger-sized particles confined within the framework.[42] The
size, however, of the CdS particles grown in SBA-15 is
strictly dependent on the synthetic method employed: H2S
treatment produces smaller-sized particles (3.4 nm),[42]

while post-synthesis calcination is found to produce larger-
sized particles (6 nm).[43] The sizes for both particles are
calculated from the PXRD data using the Scherrer formula.

It has also been demonstrated that the size of the CdS
particles grown inside MCM-41 is dependent on both the
degree of organic functionalization and the temperature of
H2S treatment.[41] CdS particles grown in MCM-41 with
the greatest coverage of thiol moieties are found to grow
from 1.2 to 2.2 nm upon changing the temperature of for-
mation from 30 °C to 230 °C. At the highest temperature
of formation the particles are found to grow to the available
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Figure 10. Wide-angle XRD pattern of wurtzite CdS nanorods syn-
thesized within SBA-15. (Figure reprinted and modified from
ref.[43], in situ Adsorption Method for Synthesis of Binary Semi-
conductor CdS Nanocrystals Inside Mesoporous SBA-15, Copy-
right 2002, with permission from Elsevier).

pore diameter, while at lower temperature there is stronger
interaction of Cd2+ with the thiol groups, consequently
leading to impeded mobility of the metal ions. Conversely,
the size of the nanoparticles is found to decrease with in-
creasing surface functionalization, as confirmed by the
blue-shifted exciton peak (430 to 320 nm). This result can
be correlated with the decreased pore diameter of the func-
tionalized materials with increasing the temperature of
modification, thereby reducing the available pore space for
nanoparticle growth.

Although the majority of published reports study the in-
corporation of cadmium chalocogenides in a mesoporous
host, there have been fewer cited examples of encapsulated
nanosized zinc sulfide. Of these, there are several that utilize
organic functionalization of MCM-41 with ethylenediamine
as a means of forming ZnS nanoparticles within the frame-
work.[44,45] Surface modification is achieved through re-
fluxing calcined MCM-41 with N-[3-(trimethoxysilyl)pro-
pyl]ethylenediamine in dry toluene. The anchored chelating
group provides the ability to adsorb Zn2+ from an ethanolic
solution of Zn(OAc)2·2H2O while stirring at room tempera-
ture.

The desired ZnS nanoparticles can then be generated
through several approaches. One method involves calcining
the resulting Zn–MCM-41 material at 600 °C in air, thus
removing all organic constituents from the pore while re-
taining the adsorbed Zn2+, present in the host as ZnO as a
result of calcination.[44] Similar to the formation of CdS
materials within MCM-41, both Zn–MCM-41 modified
with ethylenediamine and ZnO–MCM-41 are treated with
H2S for up to 6 hours leading to the synthesis of ZnS nano-
particles.[44] Six hours of exposure to H2S is required to
ensure the ratio between Zn and S reaches ca. 1:1, as con-
firmed by energy dispersion X-ray (EDX) analysis. An al-
ternative method involves mixing the organically modified
Zn–MCM-41 with an ethanolic solution of carbon disulfide
at room temperature, thus producing ZnS within the pores
of MCM-41.[45] In this method, however, no diffraction
peaks in the wide-angle XRD are observed for ZnS thus
suggesting the incomplete formation of ZnS crystallites at
room temperature, however, the ratio of Zn to S is still
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found to be close to 1:1. This is quite different to the ZnS
nanoparticles formed from H2S treatment,[44] where the dif-
fraction peaks in the wide-angle XRD are indexed to zinc
blende ZnS. From this XRD study the ZnS nanoparticles
are found to be less than 2.5 nm in size, as determined from
the Scherrer formula.

Confirmation that the synthesized particles were located
in the interior of the framework vs. the exterior surface was
attained from TEM analysis and from thermal treatment of
the ZnS–MCM-41 materials.[44] The TEM images show no
indication of the formation of ZnS on the exterior pore sur-
face whether the electron beam is parallel or perpendicular
to the channel direction. ZnS particles in the pores of
MCM-41, however, are not observed directly using TEM,
likely due to the weak contrast between ZnS and the silica
framework. In the event ZnS particles formed on the exter-
nal surface of MCM-41, thermal treatment of the compos-
ite material should result in the generation of larger-sized
particles, given that the exterior pore surface provides no
restriction to particle growth. Treating the materials at
150 °C while under vacuum results in no obvious change
in the wide-angle XRD, therefore suggesting that all ZnS
nanoparticles are confined to the pores of MCM-41 and as
such their growth is impeded.

As observed for CdS formed in organically modified
mesoporous materials,[41–43] the absorption edge of ZnS
confined in MCM-41 (ca. 350 nm) is found to be blue-
shifted from that of bulk ZnS (410 nm). Variation in the
synthetic method does not result in any appreciable change
in the absorption edge whereby the exciton peak of calcined
ZnS–MCM-41 is found to be red-shifted by 10–20 nm from
that of Zn–MCM-41-containing anchored ethylenediamine.
This blue shift from the bulk material is indicative of the
resulting materials exhibiting quantum-confinement effects.
In both studies[44,45] the photoluminescence properties of
the composite materials were investigated. From the PL
spectra, the ZnS-MCM-41 materials are found to emit in
the blue between 430 and 475 nm, and this has been as-
signed to defects associated with sulfur vacancies.[44]

Despite the ethylenediamine moiety within the frame-
work, the resulting ZnS nanoparticles are found to leach
out of the pores (as observed with TEM analysis) upon
stirring for more than 4 hours in aqueous solution, conse-
quently growing into larger-sized particles (Figure 11).[44]

This problem is even more pronounced in the case where
the ethylenediamine moiety is removed through calcination.
To circumvent this problem with leaching, bifunctional
mesoporous materials have been designed and offer advan-
tages over monofunctionalized mesoporous materials, espe-
cially in the formation of II–VI nanoparticles within the
host.[46] This synthesis uses two methods of grafting, where
initially ethylenediamine-modified MCM-41 is formed
through direct co-condensation[47] followed by post-synthe-
sis grafting of a thiol moiety. The post-synthesis grafting is
carried out in supercritical fluid to ensure uniform distribu-
tion of the organic groups. CdS nanoparticles are then pre-
pared in the same manner as already described using thio-
acetamide as the source of S2–. It is believed that the ethyl-
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enediamine group strongly chelates Cd2+, while the thiol
moiety anchors the formed CdS particles. By releasing Cd2+

from ethylenediamine more Cd2+ can be adsorbed, ulti-
mately until the pores of MCM-41 are filled entirely with
CdS. It is thought that these bifunctional MCM-41 materi-
als can offer a stronger host–guest interaction over conven-
tional monofunctionalized materials[44] while allowing a
greater density of binary semiconductor material to fill the
pore structure.

Figure 11. Transmission electron microscope image of ZnS par-
ticles leaching out of ethylenediamine-modified MCM-41 after eth-
anolic treatment. It is apparent from the image that particles aggre-
gate to larger species upon leaching from the channel structure.
(Figure reprinted with permission from ref.[44]. Copyright 2001,
American Chemical Society).

Surface Functionalization Used to Incorporate Preformed
Nanoparticles

In addition to the synthesis of II–VI nanoparticles within
a mesoporous host, surface functionalization has also
found utility in directing the incorporation of preformed
nanoparticles within the modified framework.[48–51] In par-
ticular, post-synthesis grafting of an organic thiol is often
used to develop a hydrophobic interior to the pore struc-
ture, thus promoting the delivery of II–VI nanoparticles
into the host. Recent efforts have focused on the synthesis
of semiconducting nanoparticles within the hydrophilic
core of reverse micelles.[52] The columnar structure of the
reverse micelles makes these ideal candidates for their in-
clusion within MCM-41 and SBA-15. The passivation of
the mesoporous surface with a hydrophobic moiety ulti-
mately facilitates the inclusion of the reverse micelles and
consequently semiconducting nanoparticles within the sili-
ceous framework.

Cadmium[48–50] and zinc sulfide,[51] formed from reverse
micellar solutions, have been encapsulated within MCM-
41. The typical procedure uses a reverse micellar solution
containing bis(2-ethylhexyl)sulfosuccinate (AOT), water
and isooctane. A reverse micellar solution of a specified
water content (Wo = [H2O]/[AOT]) containing either
Cd(NO3)2 or ZnSO4 is added rapidly to a second micellar
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solution, of equal water content, containing Na2S. Within
minutes the MS (M = Zn, Cd) nanoparticles form and the
mesoporous material, modified through post-synthesis
grafting of a propyl thiol group, is added to solution. The
percent incorporation of MS into the mesoporous host is
determined by subtracting the absorbance of MS in the su-
pernatant of the reaction from that of the original reverse
micellar solution. The use of large-pore MCM-41 leads to
the inclusion of all preformed nanoparticles, as observed by
the lack of absorbance for MS in the supernatant.

Nanoparticles of cadmium sulfide are only found to in-
sert into the mesoporous channel if the pore wall has been
functionalized with a propyl thiol moiety. The presence of
the organic thiol promotes bonding between itself and the
encapsulated CdS nanoparticles.[48,49] Although incorpora-
tion of CdS is easily achieved in larger-pore systems (ca.
4 nm), the percent incorporation is found to be strongly de-
pendant on the micellar water content (Wo) in medium-pore
systems (ca. 3.5 nm) and not at all dependant on Wo in
smaller-pore systems (2 nm).[48,49] It is suggested that in
large- and medium-pore MCM-41 a particle-sieving effect
is observed where percent incorporation decreases with in-
creasing Wo. This can be directly correlated with observed
particle size, where smaller-sized particles are formed in mi-
cellar solutions with low water content. Consequently, the
pore diameter dictates the size of CdS nanoparticles that
can enter the framework, where particles exceeding the dia-
meter of the pore will not be encapsulated. Conversely, for
smaller-pore MCM-41, all values of Wo lead to more than
90% inclusion of CdS within the framework despite the size
of the preformed nanoparticles exceeding the pore dia-
meter. It is believed that these nanoparticles are immobi-
lized in the macropores of MCM-41 (20–40 nm) and on the
surface of the framework.

A mechanism for the incorporation of II–VI nanopar-
ticles from reverse micellar solutions into mesoporous
frameworks has been proposed.[49] It is believed that water
droplets from the reverse micellar solution are absorbed
into the pores of the given framework. As such, these drop-
lets contain preformed MS nanoparticles which are trans-
fixed to the pore through anchored thiol groups. Increased
loading amounts of MS in the pore structure can be
achieved through additional treatment with a second MS
micellar solution.[49,51] Exchange of MS-free water droplets
for MS-containing water droplets facilitates this process.
Although sequential treatment with a MS micellar solution
leads to an increased cumulative amount of MS within the
framework, the successive increase in MS loading decreases
with each treatment.

Diffuse reflectance UV/Vis spectroscopy of the compos-
ite MCM-41 materials reveals a blue shift in the absorption
onset for CdS (450 nm) and ZnS (272 nm) from the parent
bulk materials.[50,51] Although the absorption is very broad,
possibly resulting from a distribution of exciton states due
to varying particle sizes, these observed blue shifts in ab-
sorption onset are consistent with the enclosed particles
demonstrating quantum-confinement effects. ZnS particles
are found to be ca. 2 nm,[50] while CdS particles are found
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to range between 3–3.4 nm[48,50] In all cases, the size of the
enclosed particles does not exceed the diameter of the
MCM-41 pore.

The PL spectrum (Figure 12) of encapsulated CdS shows
two broad emission bands at 430 nm (sub-band I) and
530 nm (sub-band II).[50] The authors attribute the emission
at 430 nm to band-edge emission, caused by excitonic re-
combination, while the largely Stokes-shifted emission at
530 nm is the result of surface-defect states. The emission
of sub-band I is blue-shifted (420 nm) upon calcination of
the composite material (to remove all organic constituents),
as observed in Figure 12b, while the emission of sub-band
II is red-shifted (560 nm). These changes in the PL spec-
trum are associated with the slight reduction of particle size
upon calcination. On the other hand, ZnS emits in the spec-
tral region associated with the emission resulting from the
modified MCM-41 framework (390 nm), however, the emis-
sion due to confined ZnS (373 nm) can be distinguished
from that of MCM-41 due to its increased intensity.[51] The
emission of ZnS is also found to be enhanced with sequen-
tial treatment of ZnS–micellar solutions (Figure 13). Unlike
the broad blue emission associated with ZnS formed within
modified MCM-41,[44] these enclosed ZnS particles show
emission in the UV. Luminescence does thus not result from
surface sulfur vacancies but rather from recombination pro-
cesses at core lattice sulfur vacancies. This is further con-
firmed by the PLE spectrum that is centred at 308 nm, and
hence the observed emission is Stokes-shifted from the cor-
responding PLE spectrum. Confined CdS is found to have
both fast (ca. 0.1 ns) and slow (5–13 ns) lifetime compo-
nents associated with band-edge and Stokes-shifted emis-
sion, respectively, while encapsulated ZnS was found to
have a single recombination lifetime of 1.3 ns resulting from
a highly selective emission state.[50,51]

Surface modification of the silicate framework is not nec-
essary to encapsulate II–VI nanoparticles prepared in re-
verse micelles into the mesoporous host if a gas antisolvent
technique (supercritical CO2) is used, rather than solution
loading of the reverse micelles.[53] It has been found that by
adding compressed CO2 to a MS–micellar solution leads to
the removal of MS nanoparticles from the hydrophilic core
of the micelle.[54] ZnS has been loaded into MCM-41 using
this technique, where CO2 is added to a dispersion of ZnS–
reverse micelles and calcined MCM-41.[53] Upon removing
ZnS from the reverse micelles, the nanoparticles can diffuse
into the pores of MCM-41 and are thus absorbed by the
pore wall. In the absence of CO2, ZnS is not found to be
enclosed within the pores of MCM-41 and therefore the
antisolvent behaviour of CO2 is necessary for their in-
clusion.

In addition to modifying the framework with propyl
thiol groups, to be used to attach preformed CdS to the
mesoporous host, other organic modifiers have been used.
Zn-doped SBA-15 has been modified with an alkane dithiol
moiety, where Zn–S bond formation anchors the organic to
the pore wall.[55] The pendant thiol provides a hydrophobic
interior to the pore structure thus allowing the movement
of CdS–reverse micelles into the framework. The incorpora-
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Figure 12. Diffuse reflectance UV/Vis spectra (solid line) and PL
spectra of CdS encapsulated into thiol–modified MCM-41: a) as-
synthesized composite material and b) after calcination of CdS–
MCM-41 material. (Figure reprinted and modified from ref.[50],
Emission Characteristics of CdS Nanoparticles Induced by Con-
finement within MCM-41 Nanotubes, Copyright 2002, with per-
mission from Elsevier).

Figure 13. PL and PLE spectra of thiol-modified MCM-41, ZnS–
MCM-41 after first exposure to ZnS–reverse micellar solution and
ZnS–MCM-41 after two treatments with ZnS–reverse micellar
solutions. (Figure adapted with permission from ref.[51]. Copyright
2004, American Chemical Society).

tion of Zn is required to enhance the photocatalytic activity
for H2 generation of the resulting composite materials.

The utility of functionalizing the pore wall to promote
nanoparticle attachment has shown promise in the field of
stimuli-responsive controlled-release drug-delivery sys-
tems.[56] A mesoporous silica nanosphere (having MCM-41
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type hexagonally packed mesopores) can be modified with
(2-propyldisulfanyl)ethylamine, following which drug mole-
cules such as vancomycin can be absorbed by the material.
The openings of the nanosphere are then capped by mer-
captoacetic acid-derived CdS through the formation of
amide bonds to the organic anchor. The lability of the di-
sulfide bond existing between the nanosphere and CdS al-
lows for facile bond cleavage with various disulfide reducing
agents (e.g. mercaptoethanol, dithiothreitol) thereby al-
lowing controlled release of the absorbed drug molecules to
the targeted area.

Preformed Clusters Used for the Formation of II–VI
Materials in Mesoporous Hosts

Incorporating clusters within mesoporous frameworks
has been studied extensively,[57] and the development of
condensed nanoparticle structures within the framework
from these cluster precursors is also of interest.[57a–57d] Re-
cently, it was demonstrated that [Cu6(TePh)6(PPh2Et)5] can
be loaded into the pores of MCM-41 at 110 °C.[58] As a
discrete molecule, the cluster is known to undergo a series
of condensation reactions through photochemical elimi-
nation of Ph2Te to yield [Cu50(TePh)20Te17(PPh2Et)8]4–.[59]

This same photochemical behaviour was observed for the
Cu6 cluster enclosed in MCM-41 as marked by the red shift
(440 nm) in the UV/Vis absorption spectrum upon irradia-
tion, from that of the original Cu6 cluster (249 nm). Ther-
mal condensation of the cluster is found to lead to the for-
mation of Cu2Te nanoparticles within the host.[58b]

The hexagonally arranged channel structure of MCM-41
and SBA-15 makes these materials ideal candidates for the
formation of nanowire arrays.[60] The siliceous framework
acts as a hard-surface template that can be removed after
formation of the desired nanowire assemblies. This template
technique has been employed in the formation of CdS
nanowires within SBA-15.[61,62] The method initially re-
quires impregnation of a precursor cluster, containing both
Cd and S within a single source. The resulting materials are
treated thermally to promote cluster decomposition to CdS,
upon which the siliceous framework is etched away from
the surface of the CdS nanowires through treatment with
aqueous NaOH.

In one method, Cd(NO3)2·4H2O is combined with thio-
urea in an ethanolic solution to which a suspension of SBA-
15 is added.[61] The mixture of Cd(NO3)2 with thiourea
leads to the formation of complex cadmium–thiourea pre-
cursors. Upon evaporating ethanol from the suspended ma-
terials, the cadmium–thiourea precursors are incorporated
into the channels of SBA-15 by capillary condensation. In
heating the materials to 150 °C, (cubic) zinc blende CdS
nanowires are formed, as confirmed by wide-angle XRD
and high-resolution TEM analysis. Alternatively, cadmium
thioglycolate [Cd10S16C32H80N4O28] has been used as a Cd–
S single source precursor in SBA-15, followed by thermal
treatment thus leading to the formation of (hexagonal)
wurtzite CdS as observed by wide-angle XRD and selected

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org Eur. J. Inorg. Chem. 2005, 4465–44784474

area electron diffraction (SAED).[62] From TEM analysis,
the CdS assembly appears as a hexagonal array of
nanowires having a diameter of ca. 6 nm and a particle
spacing of ca. 3 nm. TEM analysis also indicates that the
nanowire array is exactly an inverse replica of SBA-15.
EDX confirmed the 1:1 ratio between Cd and S with negli-
gible contribution from Si.

A similar single-source-precursor approach has also been
utilized in the formation of CdS within Al–MCM-41 and
zeolitic mordenite.[63] Initially CdCl2 and thiourea are
added to the silica materials and then treated thermally to
promote the formation of CdS. EDX results, however, sug-
gest lower sulfur content than the expected (1:1, Cd:S),
which could potentially lead to vacancies and defects within
the materials. In these materials the siliceous framework is
maintained, and as a result a broad size distribution of
nanoparticles is observed. Smaller-sized particles are found
to be enclosed within the Al–MCM-41 host, while larger
particles are immobilized on the external surface. Con-
versely, the zeolite is only found to contain CdS on the ex-
terior surface.

In the revision stage of this microreview a new synthetic
methodology exploiting a molecular single-source-precur-
sor approach in the formation of cadmium chalcogenides
was reported.[64] Using melt permeation, the molecular pre-
cursors TMEDA-Cd(EPh)2 (where TMEDA = tetramethyl-
ethylenediamine and E = S, Se, Te) are incorporated into
the mesopores of SBA-15. Through subsequent pyrolysis of
the encapsulated precursors, CdS, CdSe and CdTe nanopar-
ticles are formed within the pores of SBA-15, having a par-
ticle size of roughly 7 nm. The given cadmium chalcogenide
forms in the most thermodynamically favoured polymorph;
CdS as wurtzite, CdTe as zinc blende and CdSe as a mixture
of both the wurtzite and zinc blende forms.

Quantum-Dot Doping in Mesoporous Materials

The recent use of quantum dot (QD) and quantum wire
(QW) cadmium chalcogenides in device fabrication has led
to the development of LEDs, biological probes and field-
effect thin-film transistors with tunable properties.[65] One
of the major obstacles in fostering new devices of one-, two-,
and three-dimensional QD arrays is being able to manipu-
late and control their spatial orientation. As such, mesopo-
rous hosts offer an ideal environment for controlling the
organization of QDs.[66,67]

A recent example has been detailed, where CdSe nano-
particles are synthesized in the pores of MCM-41, combin-
ing the methods of solution loading and hot injection into
a coordinating medium.[66] There have been many examples
on the growth of nanoparticles in a highly coordinating sol-
vent (e.g. trioctylphosphane oxide – TOPO)[18b,68] but none
that has extended this technique to the inclusion of such
nanoparticles within MCM-41. In this approach, Me2Cd
and Se (dissolved in tributylphosphane) are encapsulated
into the pores of MCM-41. The wet suspension is rapidly
injected into hot TOPO (325 °C), thereby initiating the
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growth of CdSe. Upon completion the materials are washed
repeatedly with toluene to remove excess TOPO and larger
CdSe nanoparticles that may have grown on the exterior
surface. UV/Vis spectroscopy of the resulting composite
material indicates a blue shift in absorption maxima from
that of bulk CdSe suggesting the encapsulated nanopar-
ticles exhibit characteristic quantum-confinement effects.
X-ray photoelectron spectroscopy (XPS) of Cd and Se show
broad asymmetric peaks indicating there could possibly be
multiple bonding domains. Either Cd or Se could react with
surface silanols of MCM-41, hence Si–O–Cd or Si–O–Se
bonding interactions have been proposed.

Preformed core–shell QDs of ZnS-capped CdSe have
been loaded into the pores of mesoporous beads whose sur-
face is covered with hydrocarbons.[67] The QDs are confined
into the pores through interdigitation of the hydrocarbon
and surface TOPO on the nanoparticle. These materials
were found to exhibit higher luminescence than latex and
nonporous polystyrene beads doped with similar QDs.

Preventing Particle Aggregation with Exterior Surface
Functionalization

One limitation to the approaches used to incorporate II–
VI materials within a mesoporous host is the potential to
form large aggregated nanoparticles on the exterior surface.
Recent efforts have focused on the selective functionali-
zation of mesoporous materials, where exterior functionali-
zation can be performed prior to removal of the structure-
directing agent (surfactant).[69] Upon removing the surfac-
tant, internal grafting can be achieved in a similar manner
as has been described earlier (vide supra).

The success of external grafting has led to its use in the
inclusion of II–VI materials within MCM-41 and SBA-
15.[70–73] External grafting has demonstrated utility in both
the ion-exchange approach[70,71] as well as in the internal
pore functionalization method.[72,73]

Cadmium sulfide has been synthesized in a mesoporous
host using an ion-exchange approach that incorporates ex-

Figure 14. Synthetic pathway used for exterior functionalization followed by interior pore modification with a second organic molecule.
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terior surface modification with phenyltrimethoxysil-
ane.[70,71] Removal of the protonated surfactant renders cat-
ionic vacancies within the framework that can be filled by
Cd2+ in the form of Cd(OAc)2. Similar to the conventional
ion-exchange method, this Cd2+–mesoporous material is
subsequently sulfidized with H2S forming CdS exclusively
within the pores of both MCM-41[70] and SBA-15.[71] The
motivation of this method is that the surface phenyl groups
create a hydrophobic coverage of the outer pore surface,
and thus the pore interior is the only environment to which
Cd2+ absorbs. The UV/Vis spectra for CdS, formed in both
MCM-41 and SBA-15, show a blue shift in the absorption
onset (450 nm and 470 nm, respectively) suggesting that the
confined materials exhibit quantum-confinement effects. In
addition, the wide-angle XRD of both composite materials
indicate the formation of cubic crystalline CdS having a size
of � 2.5 nm and 3 nm in MCM-41 and SBA-15, respec-
tively, as determined by the Scherrer formula.

External passivation of SBA-15 with chlorotrimethylsil-
ane, followed by internal functionalization with (3-ami-
nopropyl)triethoxysilane (Figure 14) has led to the success-
ful incorporation of quantum-confined CdSe[72] and
CdS.[73] In the case of CdSe, Cd(NO3)2 is solution-loaded
into amino-functionalized SBA-15 that has previously
undergone surface functionalization, thus promoting the
complexation of Cd2+ with the NH2 groups. After incorpo-
ration of Cd2+, the composite material is exposed to sodium
selenosulfate (Na2SeSO3) under basic conditions (pH, 8).
In the presence of a basic medium, Cd2+ is converted to
Cd(OH)2, while SeSO3

2– gradually releases Se2– within the
pores. Se2– readily replaces the hydroxy groups bound to
Cd2+ due to the lower solubility of CdSe vs. Cd(OH)2. Al-
kaline conditions are required to promote the formation of
CdSe, as similar attempts using a pH � 8 resulted in no
reaction.

In a slightly modified procedure, CdS[73] was incorpo-
rated into SBA-15 with exterior modification and interior
amino functionalization. In this example the chalcogen is
added to the framework prior to the metal: Mercaptoacetic
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acid in KOH is added to surfactant-free SBA-15. The FTIR
spectrum of thiol-SBA-15 indicates the appearance of two
stretching vibrations associated with –COO– that are
slightly blue-shifted (1380 and 694 cm–1) accompanied by
an additional red-shifted peak (1630 cm–1) related to
–NH3

+ distortion. The shift in these three IR peaks sug-
gests binding of COO– and NH3

+. The authors report that
mercaptoacetic acid ionizes H+, which combines with
amine to form –NH3

+. This observed coordination be-
tween –COO– and –NH3

+ is what effectively anchors the
sulfur source to the framework. Solution loading of
Cd(NO3)2 followed by calcination at 300 °C leads to the
formation of CdS.

The UV/Vis spectra for both CdS (519 nm) and CdSe–
SBA-15 (622 nm) materials thus prepared show a blue shift
in the absorption onset from that of the parent bulk materi-
als; 550 nm and 698 nm, respectively. If no surface modifi-
cation is employed in the case of CdSe, the absorption onset
is only slightly shifted (660 nm) from that of the bulk mate-
rial, indicating the formation of larger particles. Thus, the
overall effect of exterior functionalization leads to smaller
particles (5 and 7 nm for CdS and CdSe, respectively) that
are found solely within the pores of the host framework.

Conclusions

Mesoporous environments, such as MCM-41 and SBA-
15, have been readily used in the quantum confinement of
II–VI materials. The unique nanosized siliceous channels
are ideal for the inclusion of nanoparticle species. As such,
there are several routes that can be employed in the synthe-
sis of II–VI composites, in particular those accessing CdS,
CdSe and ZnS particles. The ionic nature of these mesopo-
rous hosts enables ion-exchange of framework ions for de-
sired metal cations that can be successively used to form
sulfide and selenide binary materials within the channel
structure. An alternative route exploits the multiple silanol
moieties populating the interior pore surface, whereby the
choice of an appropriate alkoxysilane leads to the formation
of new Si–O–Si bonding interactions, thus effectively an-
choring an organic functional group to the pore walls. An-
chored organic moieties have shown to be valuable in syn-
thesizing, securing and directing II–VI nanoparticles into
the interior pore structure. Perhaps a limitation of both
these methods is the potential to form aggregated species
on the exterior pore surface. In an effort to circumvent this
issue and possibly access monodisperse or nearly monodis-
perse particles within the framework, exterior surface modi-
fication has been combined with the methods of ion-ex-
change and interior pore functionalization. Thus the ex-
terior surface is protected by a hydrophobic layer thereby
preventing M2+ from adsorbing to the exterior pore walls.

All of the described synthetic routes lead to quantum-
confined materials which can be monitored by the blue
shifts in the absorption onset from that of the bulk II–VI
material. In addition, depending on the synthetic method
employed, different polymorphs of the same binary mate-
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rial can be obtained. Although the above methods have
been met with a significant amount of success, there is still
a tremendous need to develop and explore this field fully.
In particular, future studies should be geared towards
rationally developing nanoparticle vs. nanowire assemblies
within the mesoporous host. As such, researchers need to
devise specific synthetic routes that will ultimately generate
either nanowire or nanoparticle materials.

The developments presented in this microreview have pi-
oneered the field of quantum-confined materials within
mesoporous hosts. With the rapidly and vastly growing
interest in nanoparticle construction, the next few years will
see an evolution in the area of mesoporous encapsulated
II–VI materials.
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