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We demonstrate a synthetic strategy toward functional, composite porous materials by incorpor-
ating functionalized porous silica spheres into a hierarchically porous silica matrix. Monodisperse
mesoporous silica spheres decoratedwith organic probemolecules for visual Cd2þ ion detection were
coated with a thin protecting poly(methyl methacrylate) (PMMA) layer to form core-shell particles.
When these particles were redispersed in a mixture of a silica precursor, surfactant and hydrochloric
acid, hierarchically structured composite films could be prepared by spin-coating and aging. The
PMMAcapsule protected themesoporous silica spheres from being exposed to the silica precursor in
the assembly step, which could have blocked the mesopores and/or reacted with the surface
functional species. Once the polymer and surfactant components were removed by extraction while
preserving the organic probe molecules within the silica spheres, composite porous structures were
derived inwhich themesoporous silica spheres were surrounded by a skeleton of anothermesoporous
silica phase. An observed color change of the film after exposure to analyte solutions with low
concentrations of Cd2þ ions confirmed that the confined probe molecules remained active after the
multiple processing steps and that they were accessible via the mesopores in the silica matrix
surrounding the embedded spheres. By separating the sphere synthesis and functionalization steps
from the film casting step, it is possible to choose different pore-forming surfactants during the
syntheses of the spheres and the matrix, and in principle, to embed multiple sets of mesoporous
spheres with different functional groups, whose syntheses may not be compatible with each other.

Introduction

With the proliferation of research on surfactant templat-
ing of ordered mesoporous silica,1 much effort has been
directed to applications of these materials in various areas,
including sensing,2 catalysis,3 separation,4 optics,5 drug
delivery,6 and other uses. Besides the need for adjusting
pore features to regulatemass transportor impose structural
selectivity, the development of advanced applications often
requires tailoring of the mesostructure to integrate it with
other functional components. One representative example
of an integrated,multifunctional system involves core-shell
particles, which have been prepared by controlled growth of
an oriented mesoporous layer around a magnetic core and
have demonstrated potential as recyclable catalyst carriers
in heterogeneous catalysis.7,8 In addition, the formation of

hierarchical systems requires coupling ofmesopore forma-
tion with other templating methods or top-down litho-
graphic techniques.9,10

Mesoporous silicawith a great variety of functionalities
can be prepared by modifying the mesopore interior. A
particularly interesting direction involves the introduc-
tion of multiple types of functional groups. Although
dual-functionality may be readily available if the intrinsic
acidity of the silica surface is considered as one type of
functionality,11 under a more general standard it requires
the placement of several distinct species inside the meso-
pores. Simultaneous or sequential functionalization with
different reagents through co-condensation and post-
grafting processes12,13 are facile approaches, although
they are not directly applicable to incompatible func-
tional groups, for example, coexisting acidic and basic
groups. In this case, controlled spatial distribution of*To whom correspondence should be addressed. Tel.: (612) 624-1802.
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functional groups needs to be achieved to avoid their
mutual destruction, and multiple-step procedures with
carefully designed synthetic strategy become necessary.14

Methods have been developed on the basis of protection/
deprotection and diffusion-limiting strategies, such as
using surfactants as a temporary protecting agent to
achieve spatial distribution.14,15 However, limitations
exist for these approaches, and a recent study showed
that for certain functional species, the use of surfactants
as blocking agents may not be very effective to realize
spatial selectivity.16

We chose a different approach by selecting a composite
porous structure that can incorporate single or possibly
multiple functionalities. Mesoporous silica spheres were
prepared by surfactant templating and used as both a
substrate for functional species and a building block for
self-assembly, at which stage different functionalities
could be introduced separately. We illustrate the proce-
dure for one specific functional group, but in principle, a
multifunctional system may be realized by combining a
range of differently functionalized “modules”. Suchmod-
ules may even contain mutually incompatible functional-
ities, if the modules can be kept segregated. In a recent
example of a similar concept, porous carbon capsules
were loaded with different absorbers and assembled into
films by layer-by-layer adhesion.17 In our approach, the
chemically derivatizedmesoporous colloidswere embedded
in another macroscopic porous scaffold through a second
templating step, providing a 3D continuous composite
porous structure that keeps individual colloids segregated.
The use of colloidal spheres and surfactants as cotemplates
can lead to materials with controllable pore architectures
at two different levels.18-21 Such hierarchically porous

structures were found advantageous as carriers for sensing
and catalysis,22,23 where the hierarchically porousmaterials
outperformed structures with a single pore size in accessi-
bility and diffusion rate.23 The composite design could
prevent the small functional particles from being flushed
away and eliminate the need for separation after use.
Herein, we implemented this two-stage fabrication

strategy to design composite porous structures as a plat-
form for ion sensing and used a visual response to confirm
that embedded probe molecules remained functional and
accessible in the prepared membrane. Light is one of the
most convenient reporters used in chemical sensing, and
direct observation of a color change or spectroscopic
monitoring allow for the miniaturization of an analyzer
usable in field work. A highly efficient optical system
is useful for rapid detection with a minimal analyte
volume.24 Mesoporous silica has been widely explored
for ion sensing.2,25,26 However, chromogenic/fluorescent
sensors with mesoporous solids as support were typically
prepared in powder form, and the size of particles was still
found to hinder the diffusion.27 Another issue for pow-
ders is the difficulty of handling and recycling.2 Polymers
have been used as embedding materials for a mesoporous
silica sensor,28 but they typically produce a composite
with low surface area, hydrophilicity, and stability.
The conceptual design is illustrated in Figure 1. Probe

molecules capable of responding to the concentration of
metal ions are immobilized inside themesoporous spheres,
which are subsequently encapsulated by a poly(methyl
methacrylate) (PMMA) layer. The core-shell spheres
coassemble with a surfactant-containing silica precursor
into a nonclose packed composite structure. After removal
of the surfactant and PMMA templates, the resulting
material possesses a three-dimensionally ordered macro-
porous/mesoporous (3DOM/m) structure inwhichmacro-
poreswere templated from the core-shell sphere array and
mesopores from the surfactant component. In contrast to

Figure 1. Schematic illustration of the fabrication of hierarchically porous nanocomposites for ion sensing and site isolation.
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previous syntheses involving PMMA spheres and mixed
surfactant/silica precursors, the macropores are filled
with the functionalizedmesoporous silica spheres, form-
ing a 3DOM/m composite with porous discrete spheres
(3DOM/m-PODS). In principle, this structure permits
multiple parallel functional sites when a mixture of
different functionalized spheres is used. In this paper,
we detail the assembly and structure of such a composite
membrane and demonstrate its function for ion sensing
with one type of functional site capable of detecting
Cd2þ ions.

Experimental Section

Materials.Methanol,methylmethacrylate (MMA),2,20-azobis-
(2-methyl propionamidine) dihydrochloride (AMPD), cetyltri-

methylammonium bromide (CTAB), tetramethyl orthosilicate

(TMOS), 3-mercaptopropyl trimethoxysilane (MPTMS), p-tolue-

nesulfonic acid (PTSA), 5,10,15,20-tetrakis(1-methyl-4-pyridi-

nio)porphyrin tetra(p-toluenesulfonate) (TMPyP), and ethylene-

diaminetetraacetic acid (EDTA) were purchased from Aldrich.

Ethanol and sodium hydroxide were acquired fromMallinckrodt,

and cadmium chloride from Baker. Pluronic F127 surfactant

(EO106PO70EO106) was kindly donated by BASF.

Synthesis. The synthesis of monodisperse mesoporous silica

colloids (1 μm) was modified from a protocol by Yano et al.29

Amounts of 1707 mL methanol, 1050 mL of deionized water,

12 g of CTAB, 6.85 g of NaOH and 3.96 g of TMOSwere added

into a 3 L Erlenmeyer flask under stirring at 600 rpm. The

mixture was stirred for 12 h, followed by another 12 h aging to

allow the suspension to sediment. After washing with methanol

and drying in vacuo, the white powdery sample was calcined in

air flow at 550 �C for 6 h to remove organic species and then

sonicated in a water/ethanol mixture (50/50 wt %) for 12 h to

regenerate surface hydroxyl groups.

To chemically immobilize chromophores in the mesoporous

silica colloids, we first graftedMPTMS onto the pore surface by

refluxing ca. 2 g of silica colloids with 2 g ofMPTMS and 0.05 g

of PTSA as catalyst in 50 mL of toluene for 12 h. After being

washed and dried, theMPTMS-grafted sample was dispersed in

5% H2O2 solution and stirred for 24 h at 50 �C to convert

mercapto groups to sulfonate groups. The immobilization of

TMPyP was performed by mixing the sulfonate-terminated

silica with ca. 2 mg dye in 50 mLH2O, sonicating for 2 h, drying

in vacuo, and washing repeatedly with H2O.

Dye-containing silica/PMMAcore-shell colloidswere synthe-

sized by modifying a standard emulsion polymerization of

MMA.30 A volume of 10 mL of a dye-containing silica colloid

dispersion (ca. 10 wt % solid content) was added into a 1 L flask

containing 600mLH2O and heated to 70 �C on an orbital shaker

at 100 rpmunder nitrogen protection, followed by the addition of

0.2 g of AMPD as the initiator. After the temperature was

stabilized, 12 g of MMA was quickly poured into the flask and

the cap was replaced immediately to minimize air exposure. The

polymerization reaction was allowed to proceed for 1 h. The

desired core-shell particles were then isolated from the emulsion

via centrifugation at 1500 rpm and washed three times withH2O.

After centrifugation, the core-shell particles were redis-

persed as a ca. 50 wt % dispersion in water. Meanwhile, a silica

precursor was prepared by mixing TEOS, HCl (37%) and F127

with a weight ratio of 5:2:4 and stirring until the mixture was

uniform. Then the particle dispersion and silica precursor were

mixed in 1:1 weight ratio and stirred for 2 h until the dispersion

became homogeneous. The resulting material was a viscous but

flowable dispersion that could be stored in a capped vial for

several days.

To cast a hierarchically porous film, we spin-coated the

precursor onto a silicon wafer substrate with a homemade spin

coater31 using a spinning rate close to 1000 rpm for 1 h. The as-

synthesized film was stored at 50 �C for 24 h, and afterward, the

polymer templates were extracted by soaking in toluene at 50 �C
for 12 h.

The Cd2þ solutions were prepared by dissolving appropriate

amounts of CdCl2 in H2O to reach the desired concentrations

(5, 20, and 100 ppb) and adjusting the pH of the solutions to 9.5

with 1MNaOH.To confirm access to the trapped dyemolecules

by visual inspection of the ion recognition process, the film of

3DOM/m-PODS supported on a glass substrate was directly

soaked in these solutions. For UV-vis measurements, a small

piece of the film of 3DOM/m-PODS was detached from the

substrate and placed into a quartz cuvette filled with Cd2þ

solution.

Characterization. Scanning electron microscopy (SEM)

images were taken using a JEOL 6700 field emissionmicroscope

at an accelerating voltage of 5 kV. Samples were not metal-

coated for SEM analsis. Transmission electron microscopy

(TEM) images were recorded on a FEI Tecnai 12 microscope

with aLaB6 filament working at 120 kV. Sampleswere dispersed

in ethanol for 30 min with sonication and then deposited onto a

Lacey-Formvar/carbon-film-coated copper grid. Small-angle

X-ray scattering (SAXS) patterns were acquired on a Siemens

D5005 X-ray diffractometer. Nitrogen adsorption/desorption

measurements were performed on a Quantachrome Autosorb-1

gas sorptometer. Thermogravimetric analysis (TGA) was per-

formed on a Netzsch STA 409 analyzer. Samples were heated

under air flow from room temperature to 1000 at 5 �C/min. Zeta

potential measurements were taken on a Brookhaven Instru-

ments ZetaPlus analyzer. UV-vis spectra were taken on a

Hewlett-Packard 8452A diode array spectrophotometer in

transmission mode.

Results and Discussion

Mesoporous Silica for Ion Sensing. Mesoporous silica
materials are suitable carriers for various functional
species because of their large surface areas, their chemical
inertness/biocompatibility and their capability for diverse
surface functionalization. Mesoporous silica spheres,
uniformly sized around 1 μm and possessing controlled
mesopore architecture provide additional advantages
such as rapid mass diffusion to active sites and easy
integration with other structures and systems.29 Here,
monodisperse silica spheres featuring radially oriented,
2D hexagonal mesopores were used as the solid support
for awell-establishedCd2þ chromophore. Themesopores
contained grafted sulfonate surface groups, which were
subsequently used for the immobilization of ion-selective
probemolecules. As a proof of concept, we chose TMPyP
probe molecules as selective metal ion detectors, which

(29) Yano, K.; Fukushima, Y. J. Mater. Chem. 2004, 14, 1579–1584.
(30) Schroden, R. C.; Al-Daous, M.; Sokolov, S.; Melde, B. J.; Lytle,

J. C.; Stein, A.; Carbajo, M. C.; Fernandez, J. T.; Rodriguez, E. E.
J. Mater. Chem. 2002, 12, 3261–3267.
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Educ. 2003, 80, 806–809.
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have previously been demonstrated to selectively bind
with Cd2þ ions.32,33

Mesoporous Silica Sphereswith TMPyP.The as-synthe-
sized mesoporous colloidal silica spheres were character-
ized using TEM. As shown in Figure 2a, the size of the
silica colloids was uniform with an average diameter of
1.30 ( 0.03 μm. The large sphere size was chosen here
because smaller spheres (300-600 nm), when forming
arrays, showed strong photonic effects in the visible
range and may interfere with optical sensing. The radial
orientation of the hexagonal mesopores was observed
along the edge of the spheres in the zoomed-in image
(Figure 2b). The mesopore structure of the silica spheres
was further characterized with SAXS and N2 adsorption
(see later discussion and Figure 8). The SAXS pattern
confirmed the presence of 2D hexagonal mesophase with a
d100-spacing of 2.96 nm, and the adsorption analysis showed
that the sample had aBET surface area of 1326.8m2/g and a
pore size centered at 1.80 nm.Themesoporous silica spheres
were then grafted withMPTMS and the propylthiol groups
were oxidized to sulfonate groups3 for the immobilization of
probe molecules through electrostatic attraction (Figure 3).
Encapsulation in PMMA. The dye-containing meso-

porous silica colloids were subsequently encapsulated in
PMMA. Previously, mesoporous silica/polymer shell col-
loids were mainly synthesized through a grafting-from
strategy, namely with covalently bonded surface species
to induce surface polymerization.34 In the current study,
because the PMMA protective layer needs to be removed

in the following step, no chemical anchors were supplied
on the external surface of the silica spheres and no cross-
linker was added. Therefore, the SiO2-PMMA core-
shell colloids were formed through in situ polymerization
in an adapted emulsion polymerization process, where
coating with PMMA was facilitated by electrostatic
attraction. This method produced a mixture of PMMA
surface-coated silica spheres and smaller primary PMMA
spheres. The latter, however, could be readily removed
through centrifugation (Figure 4). As the probe-contain-
ing spheres were negatively charged (see below for zeta-
potential results), the cationic initiator AMPD was em-
ployed to induce the surface coating of PMMA on the
silica colloids. The PMMA thickness in this work was
estimated to be ca. 40 nm by TEM. Because it is critical to
preserve the activity of the dye during the polymer
encapsulation, the synthesis conditions were investigated
for their potential influence on the dye activities. It was
found that the dye activities could be preserved, unless the
polymerization was conducted above 80 �C, at which
temperature a reaction between porphyrin and MMA
might be possible.35

To evaluate the effectiveness of the grafting and encap-
sulation processes, zeta-potential measurements were per-
formed following these procedures (Figure 5). The initial
mesoporous SiO2 spheres showed slightly negative poten-
tials at pH 7, corresponding to partially deprotonated
silanol groups. After TMMPS grafting and oxidation,

Figure 2. TEM images showing (a) the dye-containing mesoporous
silica spheres; (b) a zoomed-in view revealing mesopores; (c) core-shell
particles; (d) a detailed view of the PMMA shell structure.

Figure 3. Schematic illustration of immobilized TMPyP on sulfonate-
functionalized silica mesopore walls.

Figure 4. (a) SEM image of as-synthesized SiO2-PMMA core-
shell colloids together with much smaller primary PMMA particles.
(b) Purified core-shell colloids after centrifugation.
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the zeta-potential decreased dramatically to -110 mV,
indicating the pore surface was now populated with
strongly acidic sulfonic acid groups that formed negatively
charged sulfonate groups upon deprotonation. Once the
surface was tethered with TMPyP, the surface charge was
partially neutralized and the potential became less negative
(-70 mV). Finally, after PMMA encapsulation, charge
inversion occurred on the colloidal surface because of the
cationic initiator. Interestingly, after multiple measure-
ments, the surface charge of the core-shell particles dec-
lined and eventually returned to a negative value again.
This may indicate that the PMMA layer had low adhesion
with the underlying silica surface and therefore could be
stripped off during electrophoretic motion.
Composition of the Core-Shell Spheres. The extent of

surface functionalization and PMMA encapsulation
was also characterized using TGA (Figure 6). From the
thermogravimetric results in combination with N2 ad-
sorption data, the density of surface hydroxyl groups
was estimated to be 1.2/nm2.36 Assuming that grafting
TMMPS did not significantly change the number of
surface silanols (because of incomplete condensation),
the surface density of propylthiol groupswas calculated to
be 0.6/nm2. The actual density of sulfonate groups, after
oxidation, became lower due to partial cleavage during
oxidation.3 The amount of TMPyP was 2.8 wt % of the
original silica spheres. After encapsulation, the weight of
the PMMA coating was 59.4% of the original silica
spheres. Toluene extraction proved to be onlymoderately
effective, and 54.0% PMMA could be removed through
this process. Further improvement of the extraction
efficiency may require optimization of the PMMA poly-
merization, or resorting to other techniques such as using
cleavable cross-linkers.Nevertheless, the probemolecules
were shown to be still active and easily accessible, and the
spheres gave color responses that were virtually indistin-
guishable from those of the original spheres.
Coating with PMMA is an important step for the

following composite formation process. The PMMA
capsule protected the mesoporous silica spheres from

being exposed to the silica precursor in the subsequent
assembly step, which could have blocked the mesopores
and/or reacted with the surface functional species. For
example, direct mixing of silica spheres with the silicate
precursor caused a rapid sol-gel reaction and led to
instant precipitation because of the surface hydroxyl
groups and acidic entities.
Structure of the Composite Film. The isolated silica/

PMMA core-shell particles were then redispersed into
an aqueous mixture of silica precursor, surfactant and
HCl, forming a dispersion that contained ca. 25% com-
posite colloids in a liquid-crystal-like silicate-surfactant
phase. The dispersion may be processed into thin films
through spin coating or drop casting. Here, a spin-
coating technique was adopted, as it was capable of
producing a uniform, nonclose packed sphere array in

Figure 5. Left: Zeta potentials of the colloidal particles during different stages of the synthesis. Right: Plot showing the zeta-potential change during
10 consecutive measurements for SiO2-PMMA core-shell colloids.

Figure 6. Thermogravimetric analysis of TMPyP-loaded SiO2-PMMA
core-shell particles during different stages of the synthesis. The percen-
tage weight loss was rescaled on the basis of the weight of pristine SiO2

spheres after calcination. This allows for direct comparison between
different samples. Processes causing weight loss between 200 and 600 �C
are labeled in the figure. Curve assignment: (I) as-calcined SiO2 mesopor-
ous spheres, (II) SiO2 after rehydroxylation, (III) MPTMS-grafted SiO2,
(IV) sulfonate-terminated SiO2 after oxidation, (V) TMPyP-loaded SiO2,
(VI) TMPyP-loaded SiO2-PMMA core-shell spheres, (VII) core-shell
spheres after toluene extraction.

(36) Zhao, X. S.; Lu, G. Q.; Whittaker, A. K.; Millar, G. J.; Zhu, H. Y.
J. Phys. Chem. B 1997, 101, 6525–6531.
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a liquid medium.37 After solvent extraction to remove
the surfactant and the polymer shell, a hierarchically
porous composite film, i.e., a 3DOM/m-PODS film
bearing active functionalities was obtained. The spin-
coated thin film was soft, smooth and even elastic in the
solvent and could be handled easily. Images a and b in
Figure 7 show the overview of the film, which was
measured to have a thickness of 25 μm. Figure 7c shows
a SEM micrograph of the composite thin film, in which
the core-shell colloids were embedded in the silicate
matrix. The silica spheres were all approximately equally
spaced with short-range packing order. Themesoporous
silica spheres were not in direct contact, instead they
were separated by a mesoporous silica matrix. Figure 7d
shows that the silica matrix possessed an ordered hex-
agonal mesoporous structure templated from the F127
surfactant. The mesopores connected the functional
spheres within each individual macropore and therefore
permitted easy access by an analyte-containing fluid.
Dual mesoporosity of the 3DOM/m-PODS materials

was further characterized by SAXS and N2 adsorption
(Figure 8). Because template removal was incomplete
during the mild solvent extraction process, the sample
was calcined in air at 600 �C for 6 h to remove all
the organic species and allow us to unambiguously deter-
mine the mesostructures. Because CTAB and F127 are sur-
factants of very different sizes, the resulting mesoporous
structures also possess different d-spacings (Figure 8a).
The SAXS pattern of the 3DOM/m-PODS sample clearly
showed two primary peaks (Figure 8b). The first peak
corresponding to a d100-spacing of 2.81 nm resulted from

scattering by the hexagonal mesophase in the spheres.
The small decrease in d-spacing compared to the non-
embedded mesoporous silica spheres was likely due to
shrinkage during the second calcination step. The peak at
9.81 nm,when comparedwith a control sample templated
with pure PMMA spheres (Figure 8a), was assigned to a
mesophase from the surrounding silica matrix. The ap-
parently stronger diffraction from themesoporousmatrix
compared to that of the mesospheres was due to the fact
that the framework had a more three-dimensionally
continuous structure, i.e., larger domains, than the ra-
dially oriented hexagonal mesopores in the individual
spheres,29 although background scattering also contrib-
uted to this effect. The dual mesoporosity was also
confirmed by the N2 adsorption measurements, which
displayed two-stage hysteresis loops (Figure 8c), and the
BJH pore size distribution clearly showed the existence of
two different sizes of mesopores (Figure 8d). Because the
silica colloids possessed smaller mesopores than the
mesoporous matrix, the sequential adsorption/desorp-
tion steps from the two contributors did not interfere
with each other. Also, N2 uptake near unit relative
pressure was observed, corresponding to condensation
in textural pores, i.e., the spaces between the colloidal
spheres and the matrix. Note that the adsorption in this
region was much less pronounced than in previous
3DOM/msilica sampleswith interconnectedmacropores,9,38

because once themesoporeswere filled by condensedN2, the
N2 would have virtually no access to the inside of the
macropores, in contrast to previously described 3DOM/m
silica samples where access was maintained through macro-
pore windows.9 This further confirmed that the macropores
in the current structure were mostly noninterconnected.
Cd2þ Ion Detection with 3DOM/m-PODS. To demon-

strate that the organic TMPyP probe molecules incorpo-
rated in the mesoporous silica spheres remained intact
after all the processing steps to produce the 3DOM/m-
PODS films (including extraction of PMMA but no
calcination), and to show that they remained accessible
to analytes, we tested the films for Cd2þ detection. Pre-
viously, it was demonstrated that TMPyP incorporated in
mesoporous silica is highly sensitive and selective for
Cd2þ ions within a given pH range, allowing for visual
inspection of the sample by color changes.32,33 Following
the published protocol, the pH of the Cd2þ solutions was
set at a value of 9.5.33 We found that the response of the
dyes to Cd2þ ions within the mesoporous silica spheres in
the 3DOM/m-PODS structure was effectively preserved,
and the incurred color change could be easily identified by
eye when Cd2þ ions were present (Figure 9, insets). This
observation indicates that the activity of the probe mole-
cules was not compromised despite the fact that multiple
manipulations, including PMMA encapsulation, sol-gel
reaction, and solvent extraction, were performed after the
probe molecules were grafted. The adsorbed Cd2þ could
be readily removed by using EDTA as a stripping agent,

Figure 7. (a) SEM image showing an overview of the composite film.
(b) Cross-sectional view of the composite film. (c) SEM image showing
the composite structure of spheres within the 3DOM/m silica matrix.
(d) TEM image revealing the mesoporous structure in the silica matrix
used to embed the spheres.

(37) Jiang, P.; McFarland, M. J. J. Am. Chem. Soc. 2004, 126, 13778–
13786.

(38) Sen, T.; Tiddy, G. J. T.; Casci, J. L.; Anderson, M. W. Chem.
Mater. 2004, 16, 2044–2054.
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and the regenerated membrane may therefore be used
again, although with slower response, in line with a pre-
vious report.33 The robustness of the film was satisfactory,
and no visible cracks were observed in the film after it was
cycled between different solutions. The response of the
composite film was also quantitatively examined by UV-
vis absorption spectroscopy (Figure 9). In the absence
of Cd2þ, the TMPyP molecules produced an adsorption
peak at ca. 435 nm.With 5 ppbCd2þ, an additional peak at
ca. 460 nm was detected and the intensity of the original
adsorption at 435 nm decreased. The adsorption at 435 nm
disappeared completely in the presence of 100 ppb Cd2þ,

corresponding to the complete color change of the sample.
Because the UV-vis spectra were taken in transmission
mode, these observations confirmed that the TMPyP
molecules in the internal mesopores of the film were fully
accessible and could form complexes with incoming Cd2þ

ions.

Conclusions

We described the fabrication of composite porous
structures consisting of noncontacting mesoporous
spheres embedded in a hierarchically porous matrix,
which stabilized the spheres while keeping internal meso-
pores accessible to external fluids. In this facile method,
mesoporous silica spheres were utilized as functionality
carriers, whereas the overall scaffold was constructed via
a secondary colloidal crystal/surfactant templating pro-
cess. This two-stage approach combined with the benign
synthetic environment allows one, in principle, to prepare
multiple sets of mesoporous spheres with different func-
tional groups (“modules”). Especially because the porous
matrix keeps the components separated after film casting,
the coexistence of multiple, incompatible functional spe-
cies within a composite structure should be possible. To
demonstrate that those steps can indeed preserve and
allow access to the internal functional species in the
matrix, we incorporated an ion-sensing component into
mesoporous silica spheres as a proof of concept and
created a 3DOM/m-PODS membrane capable of Cd2þ

Figure 8. SAXS andN2 sorption data. (a) SAXS patterns of mesoporous silica spheres (templated by CTAB) and a control 3DOM/mmatrix synthesized
with PMMA spheres (templated by F127). (b) SAXS pattern of the 3DOM/m-PODS. (c) N2 adsorption/desorption isotherm of the calcined 3DOM/
m-PODS. (d) BJH pore size distribution and cumulative pore volume of 3DOM/m-PODS.

Figure 9. UV-vis absorption spectra of 3DOM/m-PODS sensing mem-
branes exposed to solutions containing the indicated concentrations of
Cd2þ ions. The insets show digital photographs of the sensing membrane
as synthesized (left) and in 20 ppb Cd2þ solution (right).
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detection. The possibility of including multiple probes in
similar structures will be examined in ongoing work.
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