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Transparent functionalized mesoporous silica membranes have been
prepared with high surface areas (~500 m? g3 that exhibit high
sensitivities for colorimetric detection and sensing of dilute heavy-
metal ions (e.g., Pb?*).

Colorimetric receptors incorporated into high-surface-area
materials provide simple, inexpensive, and sensitive ways to
detect dilute pollutants or toxicants in waste water or surface-
water run-off."” Calcined polymeric-surfactant-directed meso-
porous silica materials are attractive host materials for such
applications, as they possess high surface areas, relatively large
pores, uniform pore-size distributions, and excellent hydro-
thermal  stabilities.>®  Mesostructured  surfactant-silica
composite materials can be prepared with high transparencies
and, with the incorporation of photo-responsive functional-
ities,® have been extensively utilized for optical applications’
(e.g., sensors,® Bragg reflectors,® non-linear optical materials,*
molecular probes,' and wave-guides'?). These typically have
relied on co-assembly of the photo-responsive molecules with
the surfactant and inorganic precursor species, which form
non-porous composite materials. For chemical sensing appli-
cations, the surfactant species must be thoroughly removed
(e.g., by calcination) to allow analyte species to diffuse to
colorimetric receptors functionalized onto the internal meso-
pore surfaces.> However, such materials often suffer from
insufficient mechanical robustness, as manifested by undesir-
able closure of the mesopores*® and/or formation of micro-
cracks,>" during removal of the surfactant structure-directing
agents. Therefore, as membranes or monoliths, they are often
opaque and have limited uses for optical applications,
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including as sensors, because of the need to collect and analyze
scattered light, which significantly reduces sensitivity. High
extents of silica cross-linking prior to co-assembly with poly-
meric surfactants have been used to reduce the volume
contraction of silica frameworks during calcination and yield
transparent mesoporous silica “plates”, although possessing
relatively-small pore sizes'® and/or significantly-reduced degree
of mesostructural ordering,'® which are expected to have dele-
terious effects on mass transport in the materials. Improve-
ments in the mechanical properties of mesostructured silica
have been achieved by hydrothermal treatments before calci-
nation,"” however, osmotic stresses often lead to macroscopic
cracking that damage the structural integrities of the
membranes. Consequently, the thicknesses of transparent
surfactant-directed mesoporous silica membranes have typi-
cally been restricted to micron-length-scales (e.g., thin films*® or
powders™?’) as host materials for optically-responsive
functionalities.

Transparent functionalized mesoporous silica membranes
of arbitrary thicknesses (>1 pm) are desirable, because they
allow much higher net amounts of functional groups and
therefore are expected to provide significantly higher net
sensitivities. Here, we report a protocol to improve the
mechanical robustness of mesostructured silica frameworks
without micro- or macro-cracking, which yield a novel combi-
nation of material properties, including high surface areas
(~500 m*> g~ 1), relatively-large and uniform pore-size distribu-
tions, high pore connectivities, and excellent visible-light
transparencies for calcined mesoporous silica membranes.
Upon functionalization with dithizone, such membranes are
demonstrated to be sensitive colorimetrically to dilute heavy-
metal ions (e.g., ~20 ppb Pb*").

Free-standing mesoporous silica membranes with cubic,
intermediate, or hexagonal mesostructures were prepared with
surface areas ~0-700 m”> g ' that are highly dependent on
mesopore periodicities and post-synthesis treatment condi-
tions. Free-standing mesostructured silica membranes were
synthesized by co-assembly of non-ionic triblock-copolymer
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(Pluronic™ F127) and hydrolyzed network-forming molecular
silica precursors during evaporation of volatile solvents'” (see
ESI,7 for detailed synthesis and characterization procedures,
mesostructural ordering, Fig. S1, and porosities, Fig. S27).
As-synthesized membranes without or with exposure to water
vapor at 80 °C were subsequently calcined to remove the
surfactant species and thereby generate porosity. The surface
areas of the resulting membrane materials were established
from N, sorption isotherms acquired at 77 K by using the Bru-
nauer-Emmett-Teller (BET) method (Fig. 1). The surface areas of
water-vapor-treated and calcined mesoporous silica membranes
were determined to be in the range of 500-700 m”> g~ ' (pore
diameters ~8 nm), which are correlated with mesopore period-
icities and are much higher than those (0-350 m” g~ ') measured
for calcined mesoporous silica membranes prepared without
water-vapor treatments. This indicates that water-vapor treat-
ments have improved the thermal stabilities of mesostructured
silica membranes and therefore yield significantly higher
surface areas, compared to non-water-vapor-treated and
calcined membranes. Such enhanced stability is consistent with
an increased extent of fully-cross-linked (Q®) silica species after
water-vapor treatment, established by quantitative solid-state
single-pulse 2°Si magic-angle-spinning NMR spectroscopy
(Fig. S3 and Table S1, ESI}). Additionally, improved thermal
stabilities induced by water-vapor treatments for mesostruc-
tured silica membranes are also correlated with increased
mechanical robustnesses. Nano-indentation measurements for
as-synthesized cubic mesostructured silica membranes without
and with water-vapor treatments (Table S2, ESIT) establish that
water-vapor treatments lead to improved membrane hardnesses
from 180 MPa to 500 MPa. Thus, water-vapor treatments yield
improved thermal and mechanical stabilities of mesostructured
silica membranes without inducing cracking. This enables the
membrane shapes to be maintained, along with the preparation
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Fig. 1 Surface areas of calcined mesoporous silica membranes
synthesized initially with different molar ratios of the structure-
directing surfactant and silica precursor species (F127/TEOS) without
and with post-synthesis treatments with water vapor at 80 °C. The
dashed lines indicate approximate regions over which mesostructural
ordering is intermediate between the cubic and hexagonal phases.
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of large-size (at least 3 x 3 cm?) calcined mesoporous silica
membranes (Fig. 2f).

Pore connectivities of the calcined mesoporous silica
membranes can be controllably mediated by using water-vapor
treatments to prevent or allow pore closure. Calcined cubic
mesoporous silica membranes (F127/TEOS molar ratios
0.004-0.006) prepared without water-vapor treatment exhibited
very-low BET surface areas (<1 m”> g~ ', Fig. 1), indicating low
porosities that are inaccessible to N, molecules. Nevertheless,
SAXS patterns and HR-TEM images (Fig. 2a and c) for a calcined
cubic mesoporous silica membrane prepared with a F127/TEOS
molar ratio of 0.004 establish that the membrane maintained a
cubic mesostructure after calcination. This suggests that the
very-low BET surface areas for calcined cubic mesoporous silica
membranes are due to closure of mesopore necks during
calcination, which was previously observed for cubic meso-
porous silica powders after high-temperature treatment (e.g.,
900 °C)."* By comparison, without water-vapor treatment,
closure of mesopore necks in cubic mesoporous silica
membranes is shown here to occur even at modest calcination
temperature of 550 °C, which reflects the insufficient thermal
stabilities of the non-water-vapor-treated mesostructured
frameworks. This is also manifested by large lattice contrac-
tions (28%) after calcination established by SAXS measure-
ments for non-water-vapor-treated as-synthesized (Fig. S1, ESIT)
and calcined cubic silica membranes (Fig. 2a). By comparison,
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Fig. 2 (a and b) Small-angle X-ray scattering patterns, (c and d) TEM

images, and (e and f) optical images for calcined mesoporous silica
membranes (0.004 F127/TEOS molar ratio) synthesized (a, ¢ and e)
without and (b, d and f) with water-vapor treatments, respectively.
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water-vapor-treated as-synthesized silica membranes result in a
~20% contraction (Fig. 2b), while manifesting almost identical
cubic mesostructural order in high-resolution TEM images
(Fig. 2c and d). Notably, the water-vapor-treated membranes
remain micro-crack-free even for free-standing membranes
thicker than 200 pm, which are highly transparent (Fig. 2f). UV/
Vis spectra (Fig. S4, ESIt) of an as-synthesized mesostructured
silica membrane (thickness ~150 pm) and water-vapor-treated
and then calcined mesoporous silica membrane (thickness
~120 pum) establish their high transparencies for visible light
(>90% between 300 and 700 nm). While conventional hydro-
thermal treatment can provide crack-free surfactant-directed
mesoporous silica thin films up to ~1 pm thickness,"” the
synthesis method described here allows preparation of crack-
free mesoporous silica membranes with more than two orders
of magnitude greater thickness, which is enough to be free-
standing.

Thermally-induced mesopore closure due to insufficient
thermal stabilities can yield high volume fractions of closed
mesopores in calcined mesoporous silica membranes. Meso-
porous silica membranes prepared with F127/TEOS ratios
between 0.004 and 0.010 were calcined without water-vapor
treatment to allow closure of mesopores, and their volume
fractions of closed and open pores were determined, based on
the accessibility of N, molecules by using pycnometry and N,
sorption experiments. The calcined cubic mesoporous silica
membranes were measured to possess high overall volume
fractions of closed mesopores and very-low volume fractions of
open mesopores, which are consistent with their low BET
surface areas. For example, calcined cubic mesoporous silica
membranes prepared with 0.006 F127/TEOS molar ratio exhibit
0.27 and 0.03 for closed- and open-pore volume fractions,
respectively, with the balance being the silica frameworks
(Fig. S5, ESIf). By comparison, calcined mesoporous silica
membranes prepared with higher F127/TEOS molar ratios of
0.008-0.010 possess open-mesopore volume fractions of
0.30-0.45, while still containing closed mesopores that
diminish in volume fraction from 0.26 to 0.14. The presence of
closed mesopores in hexagonal mesoporous silica membranes
is consistent with increased BET surface areas for the water-
vapor-treated mesoporous silica membranes prepared with
F127/TEOS molar ratios between 0.004 and 0.010.

The high mechanical robustnesses of the membranes with
closed mesopores, compared to those with open mesopores, were
corroborated by nano-indentation measurements. The hard-
nesses were determined from load-depth curves recorded for
cubic mesostructured silica membranes (F127/TEOS molar ratio
of 0.004) prepared under identical conditions without and with
water-vapor treatment and subsequent calcination at 550 °C to
yield materials with closed and open mesopores, respectively.
Despite the presence of micro-cracks, a calcined cubic meso-
porous silica membrane with closed mesopores yielded a higher
hardness (5.4 GPa) than that with open mesopores (2.3 GPa),
which corroborates the advantages of closed mesopores (Table S2,
ESIt). Such materials with high volume fractions of closed pores
are attractive as low-dielectric-constant materials, due to their
impermeabilities and the low dielectric constant of air (~1).>***
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The combination of high transparencies and high surface
areas of mesoporous silica membranes prepared with water-
vapor treatments is attractive for sensing applications that
exploit the sensitivity of colorimetric functional species grafted
onto internal mesopore surfaces of the membranes. In addi-
tion, the high transparencies of the membranes also allow use
of UV/Vis transmission spectroscopy, which can be used to
determine the absolute amounts of colorimetric functional
moieties that are present, based on the Beer-Lambert law. This
has previously been challenging for conventional calcined
polymeric-surfactant-directed mesoporous silica materials,
which are typically opaque and result in low transmitted light
intensities, due to scattering losses.*® For example, conventional
mesoporous silica powder and transparent mesoporous silica
membranes functionalized with dithizone, which is a widely-
used organic material for detection or separation of heavy-
metal ions (e.g., Pb>*),>* were exposed to pH-7 buffer solutions
containing 0 or 1 ppm Pb** ions, and their UV/Vis transmittance
spectra were acquired (Fig. S6, ESIT). Dithizone-functionalized
mesoporous silica powder exhibited very-low transmittance in
the visible-light range, due to significant scattering, and
consequently absorbances for dithizone functionalities could
not be resolved. Low signal sensitivity precluded detection of
Pb>" ions, which typically requires advanced instrumentation
(e.g., an integrating sphere)* to collect scattered light signals to
obtain sufficient signal intensities.

In contrast, the high transparencies of the dithizone-
functionalized mesoporous silica membranes allow light-
absorbance changes upon exposure to Pb>* ions to be sensi-
tively detected by using UV/Vis transmission spectroscopy. In
the absence of Pb®>" ions, the dithizone-functionalized
membrane yields strong absorption intensities at 424 and
586 nm (Fig. 3a), which manifest interactions between dithi-
zone molecules and the silica support.>® The dithizone loading
in a 1 ecm® x 120 um-thick transparent mesoporous silica
membrane was determined to be ~1 nmol, based on optical
density measurements and analyses that used an extinction
coefficient of 21 400 cm™' M~ at 450 nm.? This relatively low
dithizone loading balanced resolution and sensitivity consid-
erations for detection of dilute Pb>" ions (e.g., 20 ppb). After
exposure to Pb>" ions, a displacement of the absorption inten-
sity maximum to 505 nm is observed (Fig. 3a), due to formation
of dithizone-Pb** complexes.* This is consistent with a similar
displacement of absorption intensity (e.g., 620 nm versus 520
nm) that has been reported for dithizone in tetrachloromethane
without and with Pb>" ions, respectively.?

Moreover, high transparencies of the membranes also allow
additional intensification of the absorption signals by over-
laying several membranes for UV/Vis transmission spectroscopy
measurements. Fig. 3a shows UV/Vis absorbance spectra for
5-overlain dithizone-grafted mesoporous silica membranes
exposed to a pH-7 buffer containing 0-1000 ppb Pb>* ions that
collectively exhibit greater intensity than for a single
membrane. The resulting absorbance changes upon exposure
to Pb®" ions manifested distinct color changes that were visually
perceptible to the naked eye, even for very dilute Pb*>* ions (e.g.,
20 ppb, Fig. 3b). The absorbance change at 505 nm exhibits a
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Fig. 3 (a) UV/Vis absorbance spectra and (b) images of five stacked

120 um-thick dithizone-functionalized transparent mesoporous silica
membranes exposed to pH 7 buffer solutions containing 0—-1000 ppb
of Pb?* ions. The arrows in (a) indicate increasing Pb?* concentration.
The scale bar in (b) represents 5 mm.

linear correlation with the Pb>*-ion concentration of the buffer
solution in a range of 20-1000 ppb (Fig. S7, ESI{). This enables
quantitative determination of Pb*" ions without significant
calibration efforts, due to the linear dependence of the absor-
bance on the amount of colorimetric functional moieties
present, as well as controllable light-path lengths (e.g,
membrane thicknesses).

To summarize, we have prepared robust and transparent
mesoporous silica membranes with high surface areas that have
been demonstrated to be attractive host materials to incorpo-
rate colorimetric functional moieties for sensing applications.
While insufficient thermal stabilities of polymeric-surfactant-
directed mesostructured silica membranes invariably result in
micro-cracks and/or closed mesopores upon calcination, water-
vapor treatments improved the stabilities of the silica frame-
works, therefore enabling the preparation of highly transparent
mesoporous silica membranes with high BET surface areas. In
particular, the high transparencies allow the absorbances of
dithizone-functionalized mesoporous silica membranes to be
assessed by using UV/Vis transmission spectroscopy, which
enables quantitative determination of dilute-concentration Pb>*
ions (20-1000 ppb). These materials exhibit a novel combina-
tion of high surface areas, relatively-large pores with narrow
pore size distributions, and high transparencies upon grafting
with various colorimetric-sensing functional moieties that are
expected to provide facile and inexpensive means for environ-
mental monitoring of pollutants.
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