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Abstract: Mesoporous silicas, especially those exhibitingeced pore systems and
uniform pore diameters, have shown great potefitinlsensing applications in recent
years. Morphological control grants them versatilit the method of deployment whether
as bulk powders, monoliths, thin films, or embeddedoatings. High surface areas and
pore sizes greater than 2 nm make them effectivadasrbent coatings for humidity
sensors. The pore networks also provide the palefdr immobilization of enzymes
within the materials. Functionalization of matesiddy silane grafting or through co-
condensation of silicate precursors can be usgutdeide mesoporous materials with a
variety of fluorescent probes as well as surfacpe@rties that aid in selective detection of
specific analytes. This review will illustrate hanesoporous silicas have been applied to
sensing changes in relative humidity, changes in ptdtal cations, toxic industrial
compounds, volatile organic compounds, small mdéscuand ions, nitroenergetic
compounds, and biologically relevant molecules.
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1. Introduction

Mesoporous silicates have been investigated extelgsin recent years for use in sensor systems.
Some applications of interest include supports ¢bemical sensing probes, preconcentrators,
molecular filters, and hard templates for the prapan of other sensing related materials. Accaydin
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to the International Union of Pure and Applied Cietrg (IUPAC), the prefix meso- refers to a region
2 to 50 nm, macro- is a region > 50 nm, and miga region < 2 nm. The small mesopores limit the
kinds of ions and molecules that can be admittethéointerior of the materials. In addition, cohtro
over the pore size offers the possibility of molacsieving or molecular selectivity. Mesoporosign
also endow a material with a high surface areaesling 1,000 rfig and pore volume greater than 1
cm®/g. This greatly expands the potential of the nialefor application to adsorption and as a support
for immobilized catalytic or sensing moieties.

Sol-gel chemistry is frequently employed in desmgnthese types of silicates [1]. Liquid silicon
alkoxide precursors (Si(OR)are hydrolyzed and condensed to form siloxangges, a process that is
often described as inorganic polymerization amesesented below:

Hydrolysis: Si(OR) + nH,O — HO,-Si(OR),., + NROH
CondensationfRO)Si-OH + HO-Si(OR) — (RO)Si-O-Si(OR} + H,O
and/or(ROX%Si-OR + HO-Si(OR) — (ROXSI-O-Si(OR) + ROH

The most commonly used precursors are TEOS, tetmagdilane, and TMOS, tetramethoxysilane.
A colloidal sol of condensed silicate species caeng&ually interconnect as an immobile three-
dimensional network encompassing the space ofdstion container (gel, Figure 1). Drying a gel
under ambient conditions or with heat will typigatlause shrinkage as solvent leaves the micropores
of the silicate network. This type of material @éled a xerogel. Alternatively, supercritical drginan
be applied to remove solvent yielding a product ieamore similar to the size and shape of the
original gel. Such aerogels may have low solid w@ufractions near 1% and, therefore, very high
pore volumes. The use of basic pH and an excesstafr can result in particulate precipitation. Gels
can also be deposited allowing for the generatiathia films or membranes. The isoelectric point of
silica is in the pH range 1-3. This value determitiee surface charge of a condensing silicate or
material in solution due to protonation and depmatmnation of silanol groups (Si-OH).

Figure 1. Overview of the sol-gel process illustrating thi#edences between xerogels and
aerogels [1].
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Direct influence over pore size and mesostructuas mgalized in 1992 with the reports of the M41S
materials [2, 3], followed by the introduction c$M-16 (Figure 2) [4]. Syntheses of M41S materials
employs cationic alkylammonium surfactants in amsuwuabove their critical micelle concentrations.
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These surfactants cooperatively assemble with amacgprecursors to produce an aluminosilicate or
silicate matrix. Surfactants are often removed #@lgination, or burning, to produce molecular sieves
with narrow pore size distributions and highly amte mesostructures. These types of materials yield
reflections in the low angle region of a powderay-diffraction pattern. The M41S family includes
MCM-41 with two-dimensional hexagonal alignment mmésopore channels, MCM-48 with three-
dimensional cubic order, and the layered materi@M450. FSM-16 is a mesoporous silicate with
hexagonal order and is formed by structural regearent of layered clay by intercalating surfactant
micelles.

Figure 2. lllustration of the steps involved in the syntlsesf surfactant templated silicate
materials.
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Since the first reports of M41S, many differentfaatants, precursors and combinations of the two
have been studied. Alkylamines have been usedejoape the HMS group of materials [5], the MSU-
X series with wormlike mesopore systems were tereglatith poly(ethylene oxide) surfactants [6],
and block copolymers have generated the SBA faatilpaterials[7, 8]. The product designated SBA-
15 has hexagonal order like MCM-41 and often festumicropores that allow interconnectivity
between pore channels. MCM-41 and SBA-15 are thet midely studied and applied templated
mesoporous silicas and appear in many of the repotéd in this review. Ordered mesoporous
materials have been synthesized using surfactanceotrations above their critical micelle
concentrations where “templating” is best descriag@n inorganic-organic self-assembly process [3,
9]. When greater than 20 wt% surfactant is useltjuad crystal directs the mesostructure [10, 11].
Liquid crystal templating is used to synthesize osésictured monoliths with continuous centimeter-
scale morphologies. When extraction of templatessed instead of calcinations, organic functional
groups can be incorporated into the materials dusiymthesis.

Silica is an attractive material for many sensipgl@ations because of its stability over a fairly
wide range of pH (excluding alkaline), relative rimess in many environments, and transparency in
the UV-visible spectrum. Many routes exist for desng hybrid inorganic-organic mesoporous
silicates [12]. Silanol groups at the surfaces esaporous silicas can be grafted with organosilanes
common examples of which are 3-aminopropyltrimeytsdane (APTMS), 3-mercaptopropyl-
trimethoxysilane (MPTMS), and hexamethyldisilazafiMDS). In order to achieve a uniform
distribution of surface moieties and avoid poreckéme, pores that are large relative to the size of
groups to be incorporated are preferred. Hybridenes called ormosils [13] or ceramers [14] are
synthesized directly through co-condensation aéasihnd organosilica precursors (e.g. Si(PRR’-
Si(OR)). This can help to ensure that there is a unifdrstribution of groups. Co-condensation can
be applied in conjunction with surfactant templgt[d5-17]. The functional group of an organosilica
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precursor can associate with the hydrophobic regidhe micelles during synthesis, making the group
accessible at the mesopore surface upon solveracérn. A particular class of hybrid material that
has been under intense study in recent years ipethedic mesoporous organosilica (PMO) [18-21].
PMOs are usually synthesized using a bridged defsiuioxane [22] precursor of the type (&)
R’-Si(OR); in combination with surfactant templating to produmaterials exhibiting mesostructures.
These may rival the high degree of order of the epuinorganic products
described above.

The synthesis of sol-gel derived mesoporous silamgparticles and gels provides a diversity of
applications. Bulk materials may be applied assgsized (e.g. batch adsorption of an analyte from
solution) or as part of a surface coating. Gelshmnsed to form monolithic materials or thin filors
a wide variety of substrates by spin and dip-cgatethniques. As will be illustrated in this review
morphological control of mesoporous silicates affanany possibilities for their inclusion in
sensing applications.

The scientific literature has become rich in deggoyns of the synthesis and functionalization of
mesoporous silicates. The last several years haee the emergence of mesoporous silicate-based
sensing applications. Spectrophotometrically aathnadecular probes can be entrapped in sol-gel glass
and applied for heterogeneous detection of analiytesolution or gas. Most studies now take
advantage of the high surface areas of mesopoilicetes and silane chemistry to covalently attach
molecular probes to the pore walls. This avoids Ibaching that may occur from physical
encapsulation and mesopores can allow access btes¢o a large number of active sites. For such
systems, UV-visible and fluorescence spectrophotigme often used for quantitative determination
of analytes. Another possibility is detection byiaual color change in a material. Pore size can be
controlled and surface properties can be alteregl (gafting hydrophobic groups) to encourage the
entrance of a specific analyte over that of simgpecies. Mesoporous materials can be used for
adsorption and preconcentration of analytes inrai@attain detectable concentrations for a pagicu
sensor system. Alternatively, the materials canamcta protective catalytic filter to eliminate an
interferent. They can be deposited as or embeddadpecialized coating on an electrode, waveguide,
or quartz crystal microbalance to enhance a senappication. The hydroxylated surface of a
mesoporous silicate is wetted by atmospheric m@stleading to interest in these materials for
relative humidity sensing. A mesoporous silica edso be employed as a hard template for the
synthesis of a mesoporous material of a compositahmable for sensing.

Some recent reviews have focused on the applicatidmybrid sol-gel films and monoliths for
optical and electrochemical sensing of inorganiecsgs [23]; mesoporous silica nanoparticles for
biosensing[24, 25]; zeolites and mesoporous sd&br electrochemical detection [26]; and sol-gels
and templated mesoporous materials for fluoresebased sensing [27, 28]. The versatility of
mesoporous silicates has resulted in applicatiosettsors for a wide range of analytes in liquid and
vapor phase environments including metal cationsnitlity, toxic industrial compounds, volatile
organic compounds, nitroenergetics, and biogenimpounds. Concerns that often need to be
addressed in the utility of these materials inclueleersibility and reproducibility, selectivity,gponse
and recovery time, and ease of application.
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2. Sensorsfor Relative Humidity

The low conductivity of silica provides a method foonitoring humidity by measuring the change
in conductivity. Water molecules interact with hgrlyl sites providing a base for physisorption of
water layers as relative humidity increases. Fdryasurface at relatively low humidity, conductance
occurs through proton “hopping” between the adsonpsites. At higher humidity, water concentrates
to form multilayers or condenses to fill a poreot®en mobility, therefore, becomes more facile and
conductivity increases with protons moving from ewlle to molecule (Grotthus chain reaction
model). A mesopore structure increases the sudee® and number of hydroxyl groups available for
water adsorption. This is the basis for the ingadton of mesoporous silicate thin films as rekativ
humidity sensors. Factors that affect sensor resparciude the size and accessibility of mesopores,
film thickness, number of hydroxyl sites, and oliganatter within the pores. Organic matter refers t
residual surfactant from a templating process dymer introduced either during or post synthesis.

As demonstrated by Domans&yal, the number of available hydroxyl and/or silasités strongly
impacts the potential of a material for applicatienhumidity sensing [29]. Thin films with high
surface area (900 #y) and a disordered pore structure were placedeset gold electrodes. It was
demonstrated that capping the surface hydroxyl mgouhrough functionalization with
hexamethlydisilazane (hydrophobic) resulted in &moat total loss in response to changes in
humidity. Ammonia was found to be an interfererd agsulted in irreversible damage to these films.

Calcination temperature has been demonstrated gadnthe response of a templated thin film to
humidity with variations resulting from differencesthe number of silanol groups on the surface and
the amount of surfactant left in the mesopores.eBd\studies have compared thin films prepared
using templating techniques and calcination betwEsh °C and 550 °C [30-33]. It has been shown
that lower calcination temperatures resulted indreg surfactant within the pores of the materials.
When calcinations below 300°C were used, enhaneesitsvity to low relative humidity (RH) values
resulted. Calcinations at higher temperatures peavihigher saturation levels. It has been speallate
that the residual surfactant in the low calcinatiemperature materials is the strongest contrigutin
factor to the differences observed. Modification mésoporous SBA-15 using polypyrrole (PPY)
demonstrated this impact as well. When comparedhto SBA-15 material, the SBA-15/PPY
composite showed a response over a larger rang®Hotalues [34]. Modification of the SBA-15
material using hydrophilic Liresulted in an impendence change over three omfersagnitude,
considerably greater than that of the undoped SBAThis change was attributed to the potential for
the Li" to dissociate into the adsorbed water increasiegconductivity of the water layers [35, 36].
Complex impedance plots indicated the involvemdnirotons at low RH values while Lbecomes
dominant at higher RH values.

Pore size and accessibility also play a role inetfiectiveness of silicate materials used for sepnsi
changes in RH. A comparison of non-templated toptated materials demonstrated an increase in
current of several orders of magnitude [37, 38lic&iaerogels (surface area 866/gn average pore
size of 20.5 nm; and pore volume 2.83%) were compared to a xerogel of lower porosityriace
area 709 rfig, average pore diameter 6.7 nm, and pore volugfechi/g) [39, 40]. The aerogels were
much more sensitive to RH, as measured by impedamte&apacitance, than the xerogel. In addition,
selection of the electrode materials employed as¢htypes of sensing applications was found to be
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important. Chromium and gold electrodes providesl st stable current responses while titanium
and aluminum showed decreasing responses overdext@peration periods [41].

3. pH Sensors

A few reports have demonstrated the versatilitynesoporous silicates as active components in pH
sensing. These applications typically involve imiliging an indicating dye on a mesoporous surface
or encapsulating it in silicate walls. Incorporatiof the dyes on the surface can be accomplished
during synthesis or in a post-synthesis graftingcpss. Fluorescein isothiocyanate (FITC) has been
modified with an amino-bearing siloxane to provideprecursor for direct mesoporous material
synthesis [42, 43]. The result is a material witii@ on the pore walls which is responsive to pH
changes in the range from 3.1 to 11.2 that can Herrogated through laser excited
photoluminescence. Grafting of silane-modified S#my-2-(pyridyl)thiazole (2-MPT) onto SBA-15
has been applied to sensing pH and*J44]. The material exhibited dual fluorescence siain
bands. The first at 420 nm was quenched while doerel at 448 nm increased in intensity as pH
decreased in the range from 5.7 to 1. Addition af'Cat pH 6.0 quenched and blue-shifted
fluorescence. A detection limit of 3.2 x 18 was obtained. This response was found to be whiate
selective for copper with smaller responses to+Fand HG'. Encapsulation of bromothymol blue
provided a material that yielded visual color chesmdrom orange-yellow to royal blue across pH
values ranging from 2 to 12. Evanescent wave abhso spectroscopy (600 nm) was also used for
interrogation [45]. Various sulfonephthalein indma have also been encapsulated in hybrid xerogel
films synthesized from mixtures of tetraethoxys#aand vinyltriethoxysilane for application to pH
sensing.[46]

Figure 3. Schematic of a gramicidin A containing lipid memie organized on FITC-

modified mesostructured and mesoporous layers. Sjistem has been applied to sensing
changes in the pH of a solution [47].

A

Silicon Wafer

Yang et al reported an interesting example of combining ftirections of biological membranes
and nanostructured solids (Figure 3). It involvadorporating fluoresceniosothiocyanate (FITC) by
direct synthesis in silica thin films that weretpated into mesostructured and mesoporous regions o
a silica wafer [47]. The thin film was coated wita hydrophobic monolayer ofn-
octadecyltrichlorosilane (OTC). A photocalcinatiprocedure was then used to remove all organic
components in square patterns. The patterned filmese exposed to 1-palmitoyl-2-oleoyl-
phosphatidylcholine (POPC) lipid with gramicidindaa fluorescent lipid. Only a single layer was
adsorbed at the hydrophobic OTC monolayers. POR@eio a bilayer in regions with no OTC. In the
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bilayers, gramicidin could dimerize allowing prosoim solution to penetrate into the mesoporous
silica. FITC within the mesostructured regions Wan used to sense pH changes.

4. Metal Cation Sensors

The copper sensitive material described in the ipusvsection is one example among many of
mesoporous silicas synthesized for adsorbing ansirsg metal cations. Most efforts at cation sensing
have relied on either optical or electrochemicalkggy methods for detection.

4.1.0ptical Sensing

Frequently, optical detection of cations relies dye incorporated into mesoporous materials
(Table 1). Interrogation can be accomplished byodiance or fluorescence measurements. Less
commonly, phosphorescence intensities and lifetianesemployed. Some materials may exhibit vivid
color changes when exposed to targets providingnpad for the design of sensors for interrogation
by the naked eye. The mesoporous materials prdwglesurface area and controlled pore sizes while
limiting site accessibility. The limited accessityilcan help to shield the dyes from interferemts a
fouling. SiliatedB-diketone was used to modify pore surfaces in edienesostructures. The resulting
materials were used for the detection of C&e™*, and U* as indicated by changes in the UV-visible
absorption spectrum of the dye. A detection liniit @pm was reported for1[48]

Grafting has been employed to functionalize a nedtevith a porphyrin providing UV-visible
detection of H§" with a limit of 1.75 x 10 M (Table 2) [49]. Some interference in the preseot
Zn**, Ni#*, P*, Cd*, and C@" was observed. Grafting of 4-(2-pyridylazo)resootimto a similar
material provided a color change from orange-yellmwpurple upon reaction with €d[50]. A
detection limit of 1.75 x I M was obtained with some interference fronfCtli?*, CU/*, and F&".
Many other cations, anions, and surfactants didmetfere with detection. Grafting of SBA-15 wigh
silylated calixarene bearing two dansyl fluorophogeoups has also been applied to?Hg
detection [51]. Fluorescence emission was quencipenh addition of H§ resulting in a limit of
detection of 3.3 x I0 M. Other cations, Na PIf*, and Ca@*, had some impact on intensity, but
competed weakly when present with flgRhodamine modifications have also been used fgt H
sensing in acetonitrile [52].

Grafting of amino groups onto MCM-48 and MCM-41 Heeen used for dye immobilization as
well [53]. The fluorophoredl-pyrene-1-yl-succinamic acid and 4-(pyrene-1-ylbcamoyl)butyric acid
have been used for €usensing in multicomponent mixtures of other metafions [54]. Here,
templated mesoporous silicas were found to be nedfieient than modified xerogel supports.
Mesoporous materials with a cubiten3mcage structure were modified with various dyegrvide
the potential for sensing of Pb Cd*, SbB*, and Hg" [55, 56]. UV-visible absorption
spectrophotometry was used to obtain detectiortdimfi 2.38 x 1§ M (Pb), 13.5 x 18 M (Cd), 33.7
x 10° M (Sh), and 6.34 x IdM (Hg) with naked eye detection of distinct coldranges possible in
the nanomolar to micromolar range in appropriateratges.
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Table 1. Dyes incorporated for metal cation sensing.
Dye Cation Detection limit | Reference
Dibenzoylmethane Uranium (VI) 1 ppm Nicaeal [48]
Calixarene with two dansyl groups Mercury (Il) | 3.3x10'M Métivier et al [51]
Eriochrome cyanine R Copper(ll) 5x10°M Miled et al [58]
Meso-tetra(4-sulfonatophenyl)porphine Mercury(ll) 78x 16 M Balaji et al [49]
4-(2-pyridylazo)resorcinol Cadmium(ll) 1.75 xim Balaji et al [50]
Dithizone
. L Lead(ll) 2.38x 10 M

porphinep toloenesatonate | CMUM() |13 XIOM | e
)F/’yrlfogZIlol r'z ) Antimony(lll) | 3.37 x 10 M jretal
meso-tetra(4-sulfonatophenyl)porphine Mercury(ll) 634 x 10 M
4-chloroanilineN-salicylidene Zinc(ll) 0.2 ng/mL Gaeet al [59]
[4-(2-hydroxyphenyl)methylene]-
benzenesulfonamide Copper(ll) 0.1 ppm Gaet al [60]
2-hydroxybenzaldehyde Copper(ll) N/A Zhanget al [53]
N-pyrene-1-yl-succinamic acid :
4-(pyrene-1-ylcarbamoyl)-butyric acid Copper(1h NIA Kledziket al [54]
Rhodamine Mercury(If) <1.0x10 M Leeet al [52]
Ethylpyridine with diphenylcarbazide, Chromium(VI) 10 ppb Carringtoet al. [64]
j:::gggzgy::g:g:thIﬁzol)giit)))rheesrforlunol Cadmium(ll) 0.1 ppb El-Saftyet al [56]

. yrore-pyricylazolp Lead (Il 9x 10° M El-Saftyet al [57]
diphenylcarbazide

. El-Saftyet al [61];

Pyrogallol red Antimony(lll) | 1x18M ismail et al [62]
Diphenylthiocarbazone Bismuth(lll) 6.5 x1m El-Saftyet al [63]

UV-visible reflectance spectroscopy determined ngteesponse times to be under 5 minutes. A
similar material with aPm3n cubic cage mesostructure was modified witin-dedecyl-6-(2-
thiazoylazo)-resorcinol for sensing ®tand compared to a functionalized product with sodiered
wormhole structure [57]. Although both silicatesiliaree-dimensional mesopore systems, the ordered
material had a lower limit of detection of 9 XM as well as a significantly faster response tand
higher diffusion coefficient. Encapsulation of @twome cyanine R has been used for evanescent
wave based detection of €wvith a detection limit of 5 x IOM [58].

Gaoet al reported a hybrid SBA-15 material used to def@ét and demonstrated how the process
of immobilizing a fluorescent probe can actuallyhance its activity [59]. SBA-15 was grafted with 3-
aminopropyltriethoxysilane so that the amine groegsld be used to anchor the Schiff base ligand, 4-
chloroanilineN-salicylidene (SC). A previously unobserved emigdi@and was noted in the resulting
material upon addition of Zfi This was believed to be an effect of thelectron system of the
immobilized SC extending through a chlorine moietya phenyl ring. A detection limit of 0.2 ng/mL
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was reported. Selectivity for Zhover many other metal cations was observed bgniiee efficient
enhancement of the emission band. An SBA-15 méaferi&u** detection was also generated through
grafting [4-(2-hydroxyphenyl)methylene]benzenesa#fmide [60]. Fluorescence was slightly
quenched by Gf, P, and C4" to the exclusion of many other metal cations?’Guenched the FL
significantly to obtain a limit of detection of Oppm.

Table 2. Porphyrin- and metalloporphyrin-based sensindiegions.

Target Porphyrin Reference

Mercury (Il) mesetetra(4-sulfonatophenyl)porphine Balafial [49, 55]

Pt (I) 2,3,7,8,12,13,17,18-octaethyl porphine
Pd (I) 2,3,7,8,12,13,17,18-octaethyl porphine
Pt(Il) mesetetraphenylporphine

Pt (1) mesatetra (pentafluorophenyl)porphine
Oxygen Pt(Imesetetra(4N-pyridyl)porphyrin Zhanget al [83]
Pt(I) mesetetra(3,5-dihydroxyphenyl)porphyrin
Pt(l) mesetetra(3,5-di[N-carbazyl)n-octyloxy-
phenyl])porphyrin

Oxygen Pt(ll) mesetetra(3,5-di[(N-carbazyl)n-hexyloxy- Huoet al [84]
phenyl])porphyrin

Pt(l) mesetetra(3,5-di[N-carbazyl)n-butyloxy-
phenyl])porphyrin

Oxygen Hanet al [82]

NO, Co(ll) mesetetra(1-methyl-4-pyridyl) porphyrin Cardostal [85, 86]

mesaetetra(4-siloxyphenyl)porphyrin

Nitroenergetic
g Cd(ll) mesetetra(4-siloxyphenyl)porphyrin Taoet al [87-89]

Compounds ) )
Zn(Il) mesetetra(4-siloxyphenyl)porphyrin
2,4,6-Trinitro-
toluene
RDX mesetetra(4-carboxyphenyl)porphyrin Johnson-Wiateal [90]
p-Cresol

p-Nitrophenol

Monolithic materials with 3D cubiPm3nand 2D hexagon&6mmgeometries were modified with
pyrogallol red for SB detection, as was an SBA-15 powder with 2D hexabamder [61, 62].
Although the materials were all ground to powdegfole use, those that originally had monolithic
morphologies demonstrated faster response timesigiher adsorption capacities. It was suggested
that this was a function of the larger surface rgrsizes of the monolithic materials. Monolithic
mesoporous silicates with 3D cubici3m geometry were used to senséBiy functionalizing the
surfaces with diphenylthiocarbazone [63]. The makerhad fast response times of 20-25 s and
detection limits ca. 7 x 18 M.
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Functionalized transparent sol-gel monoliths hagenbused for optical sensing of Cand CP*
[64-66]. These materials did not rely on dye incogion but instead used a metal chelating funation
group together with spectrophotometric quantifimati of Cd* (blue) or CP* (yellow).
Mercaptopropyltriethoxysilane functionalized SBA-bas been used to enhance surface plasmon
resonance signals on a gold substrate [67, 68]rithyhiol-SBA-15 particles were deposited on Au,
and the remainder of the Au surface was functiaedliwith 1,6-hexanedithiol (HDT). Compared to a
Au substrate that was a modified with just a seffeanbled monolayer of HDT, the surface with thiol-
SBA-15 yielded much larger angle shifts when imredris 10°-10° M P£* solutions.

4.2. Electrochemical Sensing

Mesoporous silicates have been used to modify reldes for the detection of cations by anodic
stripping voltammetry (also referred to as adsorpstripping voltammetry or ASV). This technique
involves immersion of the working electrode in dusion of analyte at open circuit for accumulation
(or preconcentration). After rinsing, the electraesi@laced in a stripping medium, typically contam
acid, and a negative potential is applied to redinee metal cation. The potential is swept toward
positive value to reoxidize the metal and regerethe electrode. The peak current response is
measured for sensing purposes. Mesoporous silitdshgbrid organosilicas allow facile access to
many active sites, will not swell (as polymers ¢aamd can be formulated to retain their function
despite abrasive wear.

While an unmodified silicate material can accumalatetal cations through interactions with
anionic silanol groups (Si-Qabove isoelectric point) [69, 70], most electrmiical applications rely
on surface modifications within the silicate to yide binding affinity. A common modification
involves the use of 3-mercaptopropyltrimethoxystldaa provide thiol functional groups on the pore
surfaces. Materials of this type have been used/dtammetric sensing of Hjand Ad [71, 72].
Experimentation with materials syntheses confirrtined a regular and highly accessible pore structure
strongly influenced the sensitivity of a modifiete@rode. An optimized thiol-mesoporous silica-
functionalized glass carbon electrode (GCE) was @blquantitatively sense Agn the concentration
range 2 x 10-1.0 x 10° M with a detection limit of 6 x I®M after a 16 min accumulation period.
Thiol functionalization has also been applied tigtowther techniques to the detection of ‘Pénd
Hg?* [73, 74]. Spin-coating of sols functionalized wittiol, phenyl, and chloropropyl groups has been
applied to the detection of A75].

Simultaneous detection of &g Cl*, and PB" was performed using a carbon paste electrode with
an acetamide phosphonic acid (Ac-Phos) monolayetifrad silicate material (MCM-41) and desk-
top square wave voltammetry [76]. Mixing the siteeanaterial with carbon paste provides improved
stability under abrasive conditions. Accumulationai multicomponent solution in the concentration
range 10-200 ppb allowed the three cations to Ibectkl together. Higher concentrations resulted in
overlap of the peak currents. Similar electrodesevenployed in an automated portable ASV sensor
where they were inserted in a wall-jet electrocloainicell [77]. This system provided excellent
reproducibility with 2.5% relative standard dewviatifor analysis of PP at low concentrations of 1-25
ppb. The instrument was capable of at least 90 unea®nts over 5 days; however, there was
interference from Cd and CG@'. The Ac-Phos and similar salicylamide modified enas were
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applied using a screen-printing technigue for AS¥asurements using both handheld and desk-top
instruments. Detection of B) Cd*, P¥*, and Cd* was reported [78, 79].

Functionalized clays, in particular the smectit@*Blay from deposits in Central Africa, have been
used to modify carbon electrodes forHgensing [80, 81]. Detection limits of 8.7 x®®M and 6.8 x
10® M were obtained using materials grafted to providminopropyl and mercaptopropyl
functionality, respectively. The gallery spacesclafys were expanded by intercalation of surfactants
and then reacted with mixtures of silane precurseusictionalized porous clay adhered well to the
surface of a GCE by dropping a suspension and ginAirmodified electrode obtained a detection limit
of 5 x 10° M Hg** with linear response from 4 x 260 20 x 10° M.

5. Small Moleculesand lons

Detection of oxygen using mesoporous materials dsomplished primarily through optical
techniques using an incorporated dye. Oxygen sgrigas been accomplished through quenching of
the fluorescence adfi-(3-trimethoxysilylpropyl)-2,7-diazapyrenium bromsidncorporated into a highly
porous aerogel through direct co-condensation asttgynthesis grafting [91, 92]. It was found that
co-condensation provided a more uniform distributod the dye and more effective interrogation of
the resulting photoluminescence. The incorporabiruthenium complexes into a variety of materials
has been applied to detection and quantificatiooxygen [82, 92-95]. In the case of the ruthenium
complexes, covalent modification techniques wermébto yield notably more linear Stern-Volmer
plots (b/lI vs. oxygen concentration) than techniques thapleyed entrapment of the dyes [93].
Platinum and palladium metalloporphyrins have beaeplied to the detection of oxygen through
interrogation of fluorescence intensities as wallthrough phosphorescent lifetime measurements
(Table 2) [82-84].

Hydrogen peroxide detection is often accomplishgidgielectrochemical techniques. Mesoporous
materials have been used as scaffolds for the intimation of hemoglobin and myoglobin [96-99].
The silicate materials provide high surface areavels as facilitating electron exchange between the
iron of the heme component of these proteins aacelbctrode. Amine functionalization of the silica
provides sites for covalent immobilization of th@feins. Depending on the size of the protein ded t
pore structure of the silicate material, it is pokesto bind the protein either to the surfacehs silica
or within the pores. In addition to,8, sensing, materials bearing hemoglobin and myoglblaive
been applied to the detection of NOTyrosinase and horse radish peroxidase have lzem
immobilized onto MCM-41 to provide a material fgpdication to the detection of phenol.

Mesoporous materials have been applied to the tmtecf a range of nitrogen-based pollutants
including azide, hydrazine, and nitrite [100-11Blthenium oxide modification has been shown to
provide a material for the amperometric detectibmonomethyl hydrazine with a detection limit of
300 ppb [102, 103]. Copper cryptand moieties haenlkused for the optical detection of azide with a
dynamic range of three orders of magnitude [10@jcé&spheres modified using-dimethylamino-
benzaldehyde have been applied to the detectitrydrazine [101]. Selective sensing of nitric oxide
has been accomplished in the presence of carbomxdanthrough the application of quartz crystal
microbalance technology employing a cobalt phthaome modified sol-gel thin film [111]. Electro-
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chemical detection of nitrite has been accomplishsthg osmium modification of a mesoporous
aluminosilicate as well as a metalloporphyrin miedifsilicate material (Table 2) [85, 86, 112].

An interesting approach was demonstrated by Zhal aaworkers in which a metal-insulator-
semiconductor (MIS) design was used for surfaceaquitage sensing of NO and NQ@L05-110].
The MIS structure consisted of a silicon wafer vathilicon dioxide layer and a38i, layer over that.
An ordered mesoporous film was spin-coated as smlating layer and calcined over thgN&i Al
was evaporated on the bottom of the Si and Au watered on top of the mesoporous silica to work
as electrodes. An LED light irradiated the Si amduiced an AC photocurrent while a DC bias voltage
was applied; adsorption of gas changed the digtemtnstant of the insulating layer and the measure
photocurrent response. Early experiments used $Bre15 and SBA-16 films to test the detection of
100 ppm NO in standard air. The greater accedsilnfithe SBA-16 3D cubic mesostructure yielded
greater bias-current shifts in response to targdtSM-41 thin films incorporating 0.5% tin were
found to provide a balance of metal functionalitghamesoporosity yielding a detection limit of 100
ppb NQ.

Comeset al. applied mesoporous silicates for selective sgnsincitrate and borate anions by
displacement assays [113]. The starting materidl dadimodal pore system and was grafted with
aminopropyl groups. This material was further miedif using either 2-methylthio-2-imidazoline
hydroiodide or mannose followed by loading of thatenials with dyes. The action of citrate or borate
on the materials released dye molecules that deilguantified using UV-visible spectrophotometry.
Electrochemical bromate detection has been denatedtrusing a material modified with a
molybdenum derivative [114]. A xerogel was modifigdh Pd-doped SnOnanoparticles to facilitate
carbon monoxide sensing [115] while a composite Sn€@osoporous silica has been used to provide
H, sensing with significantly higher sensitivity thémat of pure tin oxide [116]. Nanocomposites of
cobalt oxide and mesoporous silica have been shimwprovide a potential material for ozone
sensing [117].

6. TICs, Pesticides, and Other Targets

Application of mesoporous materials to sensing a$ limited to ions and humidity. The high
surface area and open pore networks with tunalpleing characteristics are ideal for application to
the detection of a range of chemical analytes. @ieie of ammonia has been accomplished using a
mesoporous material modified with Riechardt’'s betaidlye [118-120]; a material doped with silver
nanoparticles [121]; and, through polarimetric ifgmetry, an unmodified mesoporous material
[122]. Benzene detection has been facilitated thinomterrogation by FTIR of SBA-15 and SBA-16
materials [123]. Other techniques such as measuntewfe refractive index changes in synthetic
mesoporous opals [124] and quartz crystal micratz@laising thin films of mesoporous materials have
also proven successful [104, 125, 126]. Detectibrotber common solvents such as toluene and
cyclohexane using mesoporous materials has also t®rted [90, 127-129]. Sensing of boron
trifluoride and boron trichloride, chemicals comronsed in the semiconductor industry, has been
accomplished by optical adsorption spectroscopyoutin the use of dibenzoylmethane
modified silica [130].
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Modification of mesoporous silica using N;\-dimethylamino)-1-propoxy43-phenoxazin-3-one
resulted in a humidity sensitive material. Furtigeafting using hexamethyldisilazane resulted in a
material with stable fluorescence emission thatlccdoe applied to the detection of polar organic
vapors such as acetone and methanol [129]. Fluemescemission of coumarin 485 encapsulated in a
mesoporous material, conductance measurements @oporeus thin films, and quartz crystal
microbalance measurements based on mesoporousaisakeve also been applied to the sensing of
alcohols [104, 125, 126, 131, 132]. Thiols and jphases have been detected using surface plasmon
reasonance techniques employing gold nanoparsciggorted in a mesoporous thin film [133, 134].

Several reports demonstrate the application of lpamp-modified mesoporous silicate materials to
the detection of nitroenergetic compounds (TableA23iloxane-functionalized tetraphenyl porphyrin
and metalloporphyrin derivatives of the same stmgcthave been applied to the detection of 2,4,6-
trinitrotoluene (TNT), dinitrotoluenes, and nitratzene [87-89]. The porphyrin was incorporated into
a macrostructured-mesoporous film during the cosatéon reaction. Detection was accomplished
based on quenching of the fluorescence intensitthenpresence of target. Another study reported
detection of TNT and RDX based on shifts in theofescence spectrum of a porphyrin-modified
material and compared imprinted and non-imprinteatemials [90]. Imprinting of the mesoporous
silicate materials is similar to imprinting polyrnserA target analog is used during condensation to
produce a more favorable binding site on the poa#. Whe imprinted material was generated using
the bridged polysilsesquioxane precursor 1,4-iséthoxysilylethyl)benzene in order to integrate
phenylene functionality throughout the materialeréby, enhancing its binding affinity for TNT.
Similar materials lacking the porphyrin modificatiovere used for preconcentration of TNT prior to
electrochemical detection [135]. Fluorescence duiigc of diazapyrene derivatives within
mesoporous materials has also been reported foengrgetic sensing [136].

Amine bearing compounds have been detected usiagiety of materials. Depending on the type
of compound (aminated alkyl chain, aromatic amiete) differing approaches provide improved
methods. Selective sensing of primary aliphaticreamibased on alkyl chain length was accomplished
through direct incorporation of methylaniline indosilicate material followed by reaction with 2,6-
diphenylpyrilium perchlorate [137]. Increasing theydrophobicity of the materials through
hexamethyldisilizane functionalization was necegs@ihese materials showed a color change from
magenta to yellow for the medium chain amimekeptylamine,n-octylamine, andn-nonylamine.
Shorter and longer chain amines did not produaeifgignt color changes, nor did secondary, tertiary
and aromatic amines. There appeared to be a cotnanrat pore size effects and hydrophobicity that
discriminated against more hydrophilic short-chamines and longer-chain or bulky amines that
could block the pore openings. A similar mesoporasiBca was functionalized with 1-
dicyanomethylene-2-chloro-N{methyl-N-phenylamino)indene dye moieties and HMDS. This
material showed selectivity farnonylamine anah-decylamine, even when in complex mixtures with
other amines [138]. Discrimination for relativelgnall-chain amines and some aromatic amines was
demonstrated by anchoring dye moieties on micrammeolite Beta silicas [139]. Nitrosoamines
were detected based on fluorescence quenching asin@® modified SBA-15.

Immobilized organophosphoporus hydrolase (OPH)dess applied in a range of schemes for the
detection of various organophosphate pesticidesnamnee agents. Immobilizing the enzyme within a
mesoporous network protects it from bacterial actim addition, the controlled structure of the
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silicate material allows for prevention of moleaqulaowding which can result in a reduction in
catalytic activity. A recent study reports on th&bgity and efficiency of enzymes immobilized with

a functionalized mesoporous structure and the alptietection of paraoxon using the material [140].
Glucose oxidase is another enzyme commonly usecelmtrochemical sensing of glucose. This
enzyme has been entrapped in mesoporous matettas gingly [141, 142] or in combination with
horseradish peroxidase [143] for detection basedraperometric response to the products of the
enzyme catalyzed conversion of glucose.

Selectivity and specificity were incorporated intaol-functionalized MCM-41 materials through
grafting with propyl, phenyl, or pentafluorophergioups [144]. Reaction of the materials wah
phthalaldehyde provided-phthalic hemithioacetal (OPTA) moieties. These ugo react with
dopamine and glucosamine to make highly fluoresdsoindole products. Depending on the
functionalization of the materials, varying inteian kinetics and sensitivity to dopamine and
glucosamine were observed. The grafted functior@algs served to control the diffusion of the tasget
to the OPTA moieties. In a similar approach, mesop® silica nanospheres combining “gatekeeping”
effect with fluorescent-based detection were desig(Figure 4) [145]. Here, the nanospheres were
synthesized with thiol groups, and the outer sedaof the spheres were grafted with 5,6-
epoxyhexyltriethoxysilane. Conversion of epoxy gmuto hydroxyl groups provided sites for
anchoring poly-I-lactic acid. OPTA moieties wereasg generated at the thiol-sites within the
mesopores. Electrostatic interactions provided csgley for dopamine over tyrosine and
glutamic acid.

Figure 4. Schematic of poly-I-lactic acid coated mesoporsilisa particles. This system
has been applied to the selective detection of mapain the presence of glutamic acid
and tyrosine [145].

HO

i Poly-l-lactic acid

HO

Mesoporous silicas combining size selectivity agdrbphobicity have been used for fluorescent
sensing of biogenic amines, long-chain carboxylaaad ATP. A pyrilium-methylpyridinium dye was
anchored on a mesoporous silicate that was furtiedified with HMDS [146]. The blue material
turned red when placed in a solution containingainiméne, putrescine, and cadaverine. No change was
observed when exposed to histidine or any of séaenéno acids. This selectivity was thought to be
due to the hydrophobic nature of the material. lié of detection for histamine was 5 x 10 and
detection in spiked extracts of the fiSparus auratavas possible. A similar approach usingN/-(
butylureido)-1-methyl-3H-phenoxazin-3-one, a dyattheacts indiscriminately with carboxylates in
solution, was applied to the detection of long ohadrboxylates such as laurate [147]. Modificatién
the same material using anthrylmethylamine groups applied to the detection of ATP [148].
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Fluorescence emission from the hybrid materials wi@ble through a greater pH range before
guenching compared to the free probe in solution.

Another approach for ATP and ADP recognition inezimpregnating a mesoporous silicate with
a ruthenium derivative followed by grafting with [3«2-aminoethylamino)ethylamino]propyl-
trimethoxysilane (Figure 5) [149]. Most of the pagine was located at the pore openings. When fully
protonated, these groups served as a closed gateuvent the dye from being released. At neutrdl an
slightly basic pH, the release of dye could be et Though anions in general did not block theepo
openings, addition of ATP or ADP resulted in blog&aof the pores as detected by a lack of
observable color in solution. Avidin blocking in ofinylated MCM-41 was used to similar
purpose [150]. 2,6-Diaminopyridine immobilized omb@soporous silica was demonstrated to bind the
nucleobases adenosine, cytidine, thymidine, andciluren water based on fluorescence
guenching [151].

7.Hard Templatesfor Sensing M aterials

Mesoporous silicates can also be employed as leanglates, or molds, for other compositions.
Ordered, well defined mesostructures are partiyutanited to these applications. Mesoporous siisat
have been used to template carbons, metals, anal matles. The silicate framework is usually
removed following templating by dissolving with lrgdluoric acid or a strong base. In one example of
this technique, Wangt al used 3D cubic mesoporous silica thin films tcateePt nanowire networks
by electrodeposition [152]. The Pt networks hadezteochemically active surface area ca. 27gm
and, when applied as an electrode, exhibited higheent densities for the oxidation of methanalnth
a non-porous polycrystalline Pt electrode. Theséeras were applied in a glucose oxidase based
glucose sensor and provided approximately 5-folgrowement in sensitivity.

Figure 5. Schematic representation of ATP inhibition of dytease from a gate-like
system based on mesoporous silica [149].
Dye
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Mesostructured tungsten oxide has been templatechfregnation of 2D hexagonal and 3D cubic
mesoporous materials with phosphotungstic acid,[153]. In this case materials generated using the
3D cubic silicate were found to provide enhancedsseity to NO, likely owing to the more
accessible mesostructure. Some materials weredalsed with Cu or Cr. XRD showed broad peaks
that corresponded to a mixture of monoclinic amditic tungsten oxide phases in the nanocrystallin
frameworks. A similar technique was applied to gle@eration of 1503 and CaO-IpO3; materials with
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SBA-15 [155]. These materials were applied to teé&cdion of CQ. Wagneret al synthesized a
mesoporous ZnO for sensing CO and ;NRy a double hard templating route [156]. First a
mesostructured carbon was synthesized by impregnadi mesoporous material with sucrose,
pyrolyzing, and removing the silica. The carbon astisicture was then impregnated with zinc nitrate
and heated to convert to ZnO and combust the carbon

8. Conclusions

The majority of the work cited here has been phklisin the last decade and represents a fairly
new and exciting area of interest in the continbpexpanding field of mesoporous silicate-based
materials. After the reports on the M41S familyreésoporous materials, efforts focused on using
various types of surfactants, expansion of mesopsizes, templating new mesophases,
functionalization to prepare hybrid organosiliceantrol over macroscale morphology, and application
of these concepts to preparing mesoporous versibosher inorganic and hybrid inorganic-organic
compositions. Early application developments inetlidmodification of mesopore surfaces for
heterogeneous catalysis and adsorption of heavgisremd organic solvents.

Basic research into the synthesis and charactiemzat mesoporous materials will continue, but
there appears to be a shift towards proving thethwof these materials in the world outside the
laboratory. More work is required to overcome olgidimitations in sensing, but this fact is not
surprising considering the relative infancy of tlpiarticular area of research. Many of the results
discussed here were reported in preliminary or fpob@oncept stages with minimal testing for
interference, recoverability, and long term st&piliSome studies have begun to investigate these
considerations and have found selectivity in thespnce of potentially interfering species and
retention of sensitivity over several weeks or rheniThese features should improve with time and the
formation of more interdisciplinary collaboratiommed at adaptation of mesoporous silicas to
applications involving environmental and biologisahsing.

Mesoporous silicates offer high surface area amiralbed pore sizes (2-50 nm), both advantages
for sensing applications. Some of the results dised above suggest the influence of the accesgibili
of the mesopores to be an important issue for teteefficiency. For example, a three-dimensional
mesopore system should be more useful for senging ithin film than a two-dimensional
mesostructure with channels running parallel toplame of the film. A mesostructure that is highly
ordered is less likely to obstruct an analyte witlead ends” that are more likely in disordered
structures. Recent developments in the synthesisievhrchically structured materials combining
improved accessibility with function should beneBtnsing applications. Some examples of
macrostructured-ordered meosporous silicates iectidse-packed colloidal crystals of mesoporous
silicas [157], inverse opals of mesoporous siliceb8], and microphase-separation induced
macroporous-mesoporous silica and organosilica fitbhao[159, 160]. Macropores can facilitate
diffusion enhancing access to the mesopores. Tdasufe should aid in material sensitivity and
response and recovery time. Based on reports afdermesoporous organosilicas with crystal-like
order within the pore walls [161, 162], it may bespible to design macro-meso-microstructured
materials with high specific adsorption capacitlemaring functional moieties. Research into the
application of mesoporous silicas for controlletease of small molecules may also lead to new
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avenues for sensing, whether related to the relefasgporter molecules in response to an analyte or
perhaps to the delivery of receptor molecules fateraction with an analyte [24, 25, 163].
Lithographic printing and spin and dip-coating noeth provide many opportunities to incorporate
mesoporous silicas in sensor systems. The empldymwieseparately functionalized mesoporous
silicates in arrays for sensing multiple analytesutd be an area of special interest.
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