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Abstract

This Account describes recent work in the development and applications of sol-gel sensors for
concentrated strong acids/bases and metal ions. The use of sol-gel films doped with organic indicators
for the optical sensing of concentrated strong acids (HCI 1-10 M) and bases (NaOH 1-10 M) has
been explored, and the development of dual optical sensor approaches for ternary systems (HClI-salt-
H,0 and NaOH-alcohol-H»0) to give acid and salt as well as base and alcohol concentrations is
discussed. The preparation of transparent, ligand-grafted sol-gel monoliths is also described, and
their use in the analysis of both metal cations (Cu2*) and anions [Cr(V1)] is presented. A new model
using both metal ion diffusion and immobilization by the ligands in such monoliths has been
developed to give metal concentrations using the optical monolith sensors. In addition to optical
sensing, a method utilizing ligand-grafted sol-gel films for analyte preconcentration in the
electrochemical determination of Cr(V1) has been explored and is discussed.

1. Introduction

First reported some 150 years ago, the sol-gel process refers to a multitude of reactions using
alkoxide precursors to prepare solid products such as glasses and ceramic oxides.1-31n this
process, an alkoxide precursor, such as Si(OR)g, is hydrolyzed. The resulting silanols undergo
condensation to form a cross-linked inorganic matrix and a three-dimensional porous glass.
These sol-gel reactions, summarized in Scheme 1, are profoundly affected by many factors,
such as the size of the alkoxide ligand, solution pH, types and concentrations of solvents,
temperature, and catalysts.1'5 By carefully tailoring these variables, sol-gel materials have
been produced for numerous applications, including electronics, optics, separation technology,
catalysis, and sensing.ll

There are many properties of sol-gels that make them particularly attractive for sensing
applications. Sol-gels are compatible with numerous chemical agents, making possible the
incorporation of sensing elements onto sol-gel substrates. Since little or no heating is required
during the sol-gel process, thermally sensitive organic molecules have been encapsulated
within the gel interiors.” This encapsulation is usually accomplished using either doping or
grafting processes to give organofunctional sol-gel materials. Doping involves the physical
entrapment of a reagent inside the substrate, while grafting involves the anchoring of a reagent
through covalent bonding.7'9 Doping techniques are simple and applicable to many organic
compounds, but the pore size must be carefully tailored, as dopant leaching is often a problem.
Grafting techniques yield highly reproducible, stable products, but the overall process can be
tedious. The reagents need to contain a—Si(OR)3 group, and this limits the selection of reagents
suitable for the grafting processes. The porous nature of sol-gels allows for the delivery of
analytes to the encapsulated reagent, resulting in the interactions required for sensing
applications. Sol-gels have found particular use in optical sensing, as they are transparent in
the visible region.10 Such sensors have been developed for monitoring pH,2'4v 11,12,13
metal ions, 1415 and a variety of other analytes.16 Sol-gels have also been used in
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electrochemicall’-21 and spectroelectrochemical22 sensing applications. The depth and

breadth with which sol-gels have been used in chemical sensing expands over a large area.3:
6,9,10,16a-d,20

In this Account, we present research involving new sol-gel approaches to inorganic sensing.
Trained as an inorganic/organometallic chemist, one of the authors (ZX) started his
independent academic career in 1992 by studying synthetic and mechanistic chemistry of
metal-Si bonded complexes.23 The Measurement and Control Engineering Center at the
University of Tennessee and its member companies were interested in developing on-line
sensors for concentrated strong acids (e.g., 1-11 M HCI) and bases (1-10 M NaOH). We
investigated SiO,-based optical sensors for these widely used inorganic chemicals and thus
started our research in sol-gel chemistry. Strong acids and bases are often used in the presence
of other chemicals such as salts and mixed solvents in industry. The ionic strength of these
solutions contributes significantly to sensor response. We subsequently investigated dual sol-
gel sensor approaches to ternary systems. Our more recent studies include metal ion sensing
by monolith optical sensors, and sol-gel based electrochemical processes. Our work in the
development of new inorganic sensing methods is described. We hope this research
demonstrates the unique ways in which sol-gels are employed for a multi-disciplinary approach
to inorganic sensing.

1. Optical Sensors for Concentrated Strong Acids and Bases

Concentrated strong acids and bases, such as HCIl and NaOH, are among the largest volume
chemicals manufactured in the world and are widely used in many industrial processes such
as the production of paper and pulp, soap and detergents, oil, and textiles.2425 Few rapid,
reliable methods have been developed, however, for their on-line determination, although
many pH sensors have been developed. In our recent work, optical sensors have been developed
for high-acidity ([H*] = 1-11 M) and high-basicity ([OH] = 1-10 M) measurements.? The
technique of doping indicators in sol-gel thin films had been successfully used to make pH
sensors (usually for the pH 3-12 range).5v8’lOb The acid/base concentrations here are,
however, outside the normal pH range of 1-14. The development of the sensors relies on: (1)
Selection of stable acid/base indicators with equilibria in the acidity/basicity ranges; (2)
Preparation of indicator-doped sol-gel matrices that resist acid or base attack in the highly
corrosive acid/basic environments — This was especially challenging in 1-10 M NaOH
solutions; (3) Control of pore sizes so that the indicator molecules do not leach out while
allowing quick H*/OH- diffusion through the sensor films to yield fast responses (1 and 5 s for
acid and base sensors, respectively), a key to the success of the sensors. Once the thin-film
sensors were prepared, these doped indicators gave responses related to acid/base
concentrations and were monitored using visible spectroscopy. The sensor films were kept dry
until use.

Several dyes were doped in sol-gel films as acid sensors. Bromocresol Purple (BCP) was
chosen first as an indicator due to its high stability in concentrated HCI and its resistivity to
oxidation.28 This dye was mixed with Si(OMe), in a solution of H,O, MeOH, and
cetyltrimethylammonium bromide (CTAB) containing HCI as catalyst and was coated onto a
glass surface to give a thin film of 2.7(0.4) um thickness. Acid and base catalysts were found
to give sensor films of different morphologies and properties. Scanning Electron Microscopy
(SEM) images revealed that base-catalyzed hydrolysis produced condensed particulate sols,
while acid-catalyzed hydrolysis gave more branched polymeric sols. Figure 1 shows spectra
for a BCP-doped sensor film in HCI solutions that gives a nonlinear calibration plot. Figure 2
demonstrates the reversibility of these acid sensors. One BCP acid sensor was placed in 6 M
HCI for nine months except during tests every two weeks in 0, 2, 6 and 10 M HCI in both the
incremental and decremental directions. A standard deviation of 2% was observed with one
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initial calibration, showing that the sensor was robust and durable. Recently, Shamsipur,lz"’1
Wang12b and co-workers have also reported high-acidity determination using indicator-doped
sol-gels.

The isoelectric point of silica sol-gel is close to pH 2.28 Thus, the sensor is vastly protonated
in 1-11 M HCI. The diffusion of hydronium ions through the positively charged sol-gel surface
during our acidity measurements is slower than that through a neutral sol-gel surface, possibly
contributing to the reduction in response time.

The process to form base sensors is similar to that used to prepare the acid sensors, with a few
notable differences. First, there are fewer indicator dyes with an appropriate pKa (13-18) and
chemical stability to OH" attack and oxidation by air. Secondly, SiO2/ZrO,-polymer
composites were used as sensor materials to give films of 4.1(0.4) um thickness. Siofitself is
consumed in concentrated base. SiO,/MO,was found stable in highly caustic media, 7 and
SiO,/ZrO,showed the best performance as a sensor support. In addition, polymers were
incorporated - poly(styrene methyl methacrylate) (PSMMA) to enhance the film strength and
reduce indicator leaching, and ionic Nafion to enhance OH- diffusion and sensor response.
Without Nafion, SiO,/ZrO,films showed response times of several hours. The response times
dropped to 50 s for SiO,/ZrO,-PSMMA films, 15 s for SiO,/ZrO,-Nafion-PSMMA films, and
5 s for SiO,/ZrO,-Nafion films. A large organic polymer content (> 80wt% of the precursors),
however, resulted in less transparent films that peeled off easily. Brunauer-Emmett-Teller
(BET) analyses of bulk SiO,/ZrO,showed an average pore size of ca. 40 A with a surface area
of ca. 310 m?/g. The responses of the base sensors in 1-10 M NaOH are similar to those of acid
sensors (Figures 172). A 30-day durability test, during which the sensors were kept in 4 M
NaOH except when they were exposed to 8 M NaOH for measurements, showed a standard
deviation 0f<4%.2

Hysteresis of the sensors and its contributions to the error of measurement, a critical factor in
many optical sensors, were also investigated.zcv13b The analyte diffusion process can have a
profound effect on the reversibility of the sensing scheme. When a sensor is placed in an analyte
solution, a concentration gradient develops and the transport of the analyte through the sensor
is controlled by this gradient. If the analyte concentration in the exterior solution is larger than
that inside the sensor, a positive concentration gradient is established and the analyte diffuses
into the sensor. Conversely, if the concentration in the exterior solution is smaller than that
inside the sensor, a negative gradient develops, and the analyte diffuses out of the sensor. Figure
3 shows the responses of a base sensor under negative and positive NaOH gradients. The
absorbencies under a negative gradient were larger than those at the same concentrations under
a positive gradient. This small but observable hysteresis indicates that when the external base
concentration is decreased, it takes longer for the OH" ions to diffuse out of the films. These
diffusion rate differences likely reflect the ability of the solution to transfer OH" to/from the
sensor support. However, by carefully controlling the composition of these acid/base sensors,
hysteresis can be kept to a minimum.

2. Dual Sensor Approaches to Ternary Systems

Concentrated strong acids and bases are commonly used in industry in the presence of other
chemicals such as salts in acidic pickling solutions and aqueous-organic mixed solvents in
basic pulp bleaching processes.24’25 The addition of these species results in large changes in
ionic strength of the solutions. For optical sensors using indicator equilibria as the transducing
mechanism, responses are greatly affected by these changes, shifting the indicator equilibrium.
In other words, both the acid and salt contribute to the sensor response in an acid-salt-water
ternary solution, and the indicator absorbance A is an unknown function of the two variables,
concentrations of the acid (Cyjg) and salt (Cgyj1). A similar case was observed for base in mixed
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water-alcohol solutions. The salt/alcohol contributions lead to large analytical errors,
sometimes as large as 99%. After the sensors for concentrated acids/bases had been developed,
we focused our attention to new dual-sensor approaches for measuring Cqcig and Cgg in salt-
containing acidic solutions! as well as Chase and Cyjconoiconcentrations in basic mixed solvent
systems.1

In the acid sensor studies, LiCl, CaCl,, and AlClswere used to give solutions of varying ionic
strength. By monitoring the absorbances, A and A, of two independent transducers in salt-
containing and salt-free acidic solutions, respectively, it was found that the slope of A vs.
Cgaitat a given acid concentration, (0A/ 6Csalt)c,iq, is proportional to the respective tangent
of the A% vs. Cy¢iq plot for a salt-free acid solution, (dA%dCycig)csaii=0 (Eq. 1). Figure 4
demonstrates this relationship.

(a Alo csalt) Co =B- (dAO/ d cacid) Cealt=0 @

From this relationship, the C,cjg and Csgicontributions were resolved for each of the two
transducers (indicators). In other words, this relationship led to two independent analytical
functions Ay = f1 (Cqacids Csart) and Ay = o (Caeids Csait) for the two transducers, and, through
further work, two independent equations in Egs. 2and 3containing the two variables (C,cjq and
Csan).lla Two separate measurements with the two transducers then determined Cggjgq and
Csaitof the salt-containing acid solution.

’

A= fl(cacid) +hy fl(cacid)csalt @

A= fz(cacid) +By le(cacid)csalt ©

Using these equations from the dual transducer approach, errors in C4cjgmeasurements dropped
significantly (24% to <2% for LiCI-HCI, 60% to <4% for CaCl,-HCl, and 43% to <1% for
AIClI3-HCI solutions). Furthermore, this approach provided greater accuracy in Cgyy
determination for more concentrated salt solutions.

A similar dual transducer approach was carried out involving the base sensors in which total
sensor absorbance (A) was found to be a function of both base and alcohol concentrations. A
linear relationship (Eq. 4) was obtained, resulting in the derivation of two independent
equations (Egs. 5 and6) when using two independent transducers.

(a A/ 2 C‘alcohol)c = dChase* € @

base
A=t alln(cbase - bl) * (el +dp Cbase)calcohol ®)
Ay=0Cy+ a2|n(cbase - b2) + (82 + dZCbase)CaIcohol (6)

Using this approach, Cp,ge and Cyjeonoicould be determined, reducing errors in the Cpage
determination in mixed methanol and ethanol solutions from as much as 95% to <10% in most
cases. Measurements in isopropanol solutions gave larger errors than those in methanol and
ethanol, likely due to the lower polarity of isopropanol relative to these other organic solvents
studied.
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3. Monolith Metal lon Optical Sensors

Metal compounds constitute a large class of inorganic species, and they are widely used in
many industries. Although there are several well-established, conventional techniques for their
determination, such as Atomic Absorption Spectroscopy (AAS) and Inductively Coupled
Plasma-Mass Spectroscopy (ICP-MS), it is often necessary to make field measurements that
cannot be conducted in a laboratory. The development of sensors to monitor metal ion
concentrations in both industrial and environmental settings is an emerging and challenging
field. Many metal ion sensors that have been developed rely on electrochemical methods for
determination, 28 although some optical methods have been reported.15b After our work in
sol-gel thin films for concentrated strong acids/bases, we turned our attention to metal ion
sensing using sol-gel monoliths.14

Monoliths are attractive for use in sensing applications due to their highly porous nature and
their longer sensor path-length than that in thin films. The pores allow the grafting of bulky
organic functional groups to the sol-gel backbone, and reagent leaching is not expected since
the functional groups are chemically bound to the gel interior, unlike the encapsulated dyes in
the acid/base sensors. Unlike organic dyes used in acid and base sensing, two features of metal-
ligand complexes limit their use in metal ion sensing: (1) Metal complexes usually have smaller
molar absorptivities than acid/base indicators, and a thin film with a short sensor path-length
is thus usually not suitable for metal ion sensing; (2) The overall equilibria of complex

formation (Mm+ +nL = Man+) are usually exclusively shifted to the complexes, and the

equilibrium/stability constants are thus exceedingly large. In the case of Cu(NH,Et)42*, e.g.,
K = 3.2 x 1010, In addition, the metal ligand complexation reactions such as those between
Cu2* and amines are normally very fast. As a result, ligands are quickly saturated, making it
difficult to conduct quantitative analysis based on M-ligand complexation. In other words, the
equilibria are in general not sensitive to change in metal concentration. We developed a two-
prong approach to address these two features that limit the use of metal-ligand complexation
in metal ion sensing: (1) Monoliths as sensor materials because they provide a longer sensor
path-length than thin films, allowing for the detection of metal-ligand complexes with small
molar absorptivities; (2) A combination of metal ion diffusion inside a monolith to the binding
sites and subsequent metal complexation with ligands grafted on the monolith — A
mathematical model has been developed to characterize this process, giving quantitative
analyses of the metal ions.

The preparation of such crack-free, optically transparent sol-gel monoliths with mesosized
pores was, however, a difficult task.140 Scheme 2 illustrates the procedure in the preparation
of blank and amine imprint-grafted monoliths. Blank monoliths were synthesized through the
hydrolysis of Si(OMe), in the presence of ethylene glycol, a porogen. The use of ethylene
glycol is an important factor here, as it leads to mesopores in the gel. Once the blank monoliths
were formed, they were imprint-grafted by immersion in solutions of Cu[H,N-(CH5)3-Si
(OMe)3]42*. This complex diffused into and was grafted onto the monoliths, resulting in
colorless supernatants and blue, transparent gels. The monoliths were then washed stepwise
with pure, 75%, 50% and 25% MeOH, and finally water. This gradual washing procedure
helped reduce surface tension and prevented gel cracking when a monolith prepared in the
organic solvent methanol was then placed in water. Removing a monolith from methanol and
placing it directly in water often resulted in cracking of the gel. Once the monoliths had been
exposed to water, the Cu?* ions were then removed by washing the gels in aqueous
ethylenediamine tetraacetate (EDTA) solutions, as EDTA has a higher binding affinity for
Cu2* jons than the amine ligands in the monoliths. 142 When the gels again appeared colorless,
they were washed with water and allowed to age. Unlike the thin films discussed in the previous
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sections, it was necessary that these monoliths remain wet to prevent their cracking and
breaking. Such durable, transparent sol-gel monoliths are rare. 14D

BET measurements showed that the blank monoliths were mesoporous (pore diameter: ca. 47
A). SEM images of the monoliths showed a packed network of spherical particles, indicative
of a base-catalyzed sol-gel process in which colloidal silica clusters are initially formed and
then linked together through gelation. When the amine-functionalized monoliths are exposed
to an aqueous Cu?* solution, they remove Cu?* ions from solution, forming blue Cu?*-amine
complex(es).14a.b

Using these amine-grafted monoliths for CuZ* sensing, we developed a new mathematical
model for the diffusion of an “unlimited” supply of Cu* ions and their subsequent
immobilization in the monolith. This model unifies two fundamental kinetic processes during
the metal sensing with the amine-grafted monoliths: (1) Metal ion diffusion to the binding sites;
(2) Metal-ligand (ML) complexation. Slow metal ion diffusion is followed by a fast
immobilization reaction with the ligands (especially for, e.g. Cu?* and amines as they are
known to have large rate constants of reactions)29 to give a complex(es). Inside the region
where the ligands have been saturated, the diffusion of the metal ions reaches a steady state
with a constant external Cu2* concentration (Cg). Thus, if the complex(es) could be observed
spectroscopically, the absorbance of the product Ay, is described in Eg. 7.

Ay = Z@e‘p(L Octh)l/Z )

where &, = molar extinction coefficient of the complex; Lo = concentration of the ligands in
the monolith; D = diffusion constant of the metal ions inside the monolith; t = time.14a

Following this mathematical model, the monolith was housed in a Teflon cell and monitored
by optical-fiber visible spectroscopy as an aqueous CuCl, solution was pumped through.
Absorbance (Ap) Vs. t/2 plots for Cu* concentrations (200-800 mM) were linear (correlation
coefficient R = 0.999), suggesting that the Cu?* diffusion and immobilization in the amine-
functionalized monoliths occur by the model in Eq. 7. In addition, the Cu2* diffusion constant
D is similar to a reported value, 142 providing further evidence of the accuracy of the model.
This model may be used in other chemical sensors that depend on slow analyte diffusion
followed by fast immobilizing reactions.

It should be pointed out that the quantitative determination of Cu2* ions here using amine-
functionalized sol-gel monoliths relies on the formation of Cu2*-amine complexes within the
sol-gel matrix and the diffusion of Cu2* ions inside the monoliths. This represents one new,
optical method of metal ion sensing. Of course, many metal ions exist as positively charged
cations, and they form complexes with ligands that often have characteristic UV-visible
spectra. Thus, the new method here may be potentially used in the sensing and quantification
of other metal cations. Another class of metal ions, especially those at high oxidation states,
exist as oxo anions. This class of metal ions includes chromate (HCrO,~, CrO4%°), dichromate
Cr,07%, permanganate MnO,4", and polyoxometallates. These oxo anions are in fact complexes
between metal cations and oxo ligands, and they often have unique UV-visible spectra. The
oxo ligands form a tight coordination sphere around the metal ions, making it difficult for other
ligands to bind to them. In other words, the method that we developed for cationic metal ion
(Cu?*) sensing is not effective for anionic metal ions, and we thus recently investigated a new
approach for the sensing of anionic metal ions.

Of particular interest to us is the sensing of Cr(V1) chromate, as it is a suspected carcinogenic
agent and toxic pollutant even at trace levels. Several processes had been reported for the
quantification of Cr(VI) in solution, including spectroscopic methods, 192 mass-sensitive
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devices30 and electrochemical detection.31 We investigated the use of sol-gel monoliths for
Cr(VI) quantification at both the ppm- and ppb-levels. Pyridine-functionalized monoliths for
Cr(VI) sensing were prepared by a method similar to that used in the preparation of amine-
functionalized sol-gel monoliths for Cu2*sensing (Scheme 2).14C These monoliths rely on the
Cr(VI) preconcentration inside the gels due to the electrostatic interaction between the
positively-charged pyridinium groups in the monolith and the negatively-charged Cr(VI)
anions in solution. For the ppm-level Cr(VI) solutions, the monoliths exhibit a yellow color
change characteristic of Cr(VI) uptake, and this is measured by visible spectroscopy. Cr(VI)
concentrations at the ppb level are below the detection limit by the direct spectroscopic
measurement. However, by adding diphenylcarbazide [PhNH-NH-C(=0)-NH-NHPh], a
wellknown reagent that reduces Cr(V1) to Cr(lI1) and produces a magenta-colored complex,
152 to monoliths previously exposed to ppb-level Cr(VI) solutions, a distinct color change
occurs within the gels that is measured by visible spectroscopy. Using this method for Cr(V1)
determination, concentrations as low as 10 ppb could be measured, and environmental samples
spiked with Cr(V1) could be accurately measured despite the presence of intereferences.

Scheme 3 illustrates the overall cycle for the Cr(\V1) sensing process using these monoliths.
The monolith shown is either partially regenerated through exposure to a NaOH solution or
completely regenerated through exposure to diphenylcarbazide and HCI. Monoliths treated in
this manner were found to show reproducible Cr(VI) uptake/sensing from cycle to cycle,
making these pyridine-functionalized sol-gels some of the only regenerable, optical sensors
capable of determining Cr(V1) at the ppb level.

4. Sol-Gel Based Electrochemistry

Our work described thus far involves optical sensing by sol-gel materials. We recently studied
sol-gels and electrochemical sensing of metal ions. 1 Many research groups have conducted
studies using sol-gel modified electrodes for the enhanced determination of various analytes.

6d.20 A majority of these techniques have used spin-coating to deposit functionalized sol-
gels on electrode surfaces. Films formed in this manner are usually acid-catalyzed and thus
have a compact structure with low porosity. As discussed previously, base-catalyzed sol-gels
are usually of higher porosity, a critical issue in many sol-gel sensing applications. A promising
method that has recently emerged for the formation of sol-gel films of high porosity is the
electrodeposition of sol-gels at electrode surfaces.17-19 This technique relies on the
application of a negative potential to increase the pH at the electrode surface through the
generation of OHions, causing the immediate sol-gel condensation. The unique aspect of this
procedure is that gelation and drying proceed independently of each other, allowing for the
formation of films with greater porosity.

Using this electrodeposition technique, a pyridine-functionalized sol-gel film was deposited at
the surface of a glassy carbon electrode. When this modified electrode was exposed to a Cr
(VI)-containing solution, preconcentration similar to that using the pyridine-functionalized
monoliths occurred; the positively-charged pyridinium groups interacted with the negatively-
charged Cr(V1) anions. Square wave voltammograms were used for the analysis of varying Cr
(V1) concentrations (Figure 5), and a linear relationship between the peak current, generated
at the functionalized electrode by the Cr(VI1) to Cr(l11) reduction, and the Cr(VI) concentration
in solution was observed (R = 0.996). Concentrations as low as 4.6 ppb Cr(VI) could be
determined, and the electrodes were found to demonstrate a high selectivity and reproducibility.
Interference studies showed that a 10° excess of Cr(I11) could be tolerated with no adverse
effects to the peak current, and numerous other metal ions showed little or no interference.
This selectivity for Cr(VI) is not surprising, as it is one of a few anionic metal species.
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Development of such electrochemical and optical Cr(VI) sensors was motivated in part by the
determination of chromium in biological fluids. Chromium is an essential trace element for
mammals, and there is a need for its determination in biological samples.32 The detection
limits provided by the sol-gel Cr(V1) sensors described in this Account approach the typical
chromium concentration in blood. However, analysis of biological chromium is not
straightforward, as chromium is bound to biological/organic species, complicating its
detection. Sample pretreatment is thus needed to remove these species. We have recently used
the Advanced Oxidation Process (AOP), a combination of HoOjand UV irradiation to generate
*OH radicals, to destroy organic matter in blood.32 This process also oxidizes Cr(I11) to Cr
(V1) for subsequent electrochemical analysis.?’2 Such a pretreatment procedure may also be
applied to other inorganic sensing applications where the presence of ligands and organic
matter may interfere with the analysis.3

5. Conclusions and Outlook

The studies discussed in this Account have demonstrated the versatility of sol-gels and the
methods by which they may be employed in sensing applications. With numerous variables
involved in the synthetic process, sol-gels can be specifically tailored to meet a variety of needs.
Through the grafting and entrapping of organic molecules, these substrates can be modified to
show specificity for analytes of interest. Such procedures can provide many types of sol-gel
sensing substrates, from doped thin films to functionalized monoliths to electrodeposited
coatings. This versatility makes sol-gels especially attractive for use in sensing applications.
The design and preparation of new sol-gel precursors containing grafted inorganic/organic
functional groups would further broaden the selection of sol-gel sensors and their applications.

Although this Account highlights sol-gel use in optical and electrochemical sensors, their
design and implementation is in no way limited to these sensing areas, as they have found use
in spectroelectrochemical and mass-sensitive devices as well. In addition, sol-gel chemistry
extends well beyond sensing boundaries, with sol-gels finding applications in separation
techniques, catalysis, and a host of other areas. With their versatility and ease of functionality,
it is certain that innovation in sol-gel preparation and use will continue into the future.
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Figure 1.
Typical transmission spectra of a BCP-doped sensor film in HCI solutions.
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Response reversibility of a BCP-doped sensor film - The averages of the response inthe range

of 546-550 nm are shown.
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Figure 3.

Hysteresis profile of a Thiazole Yellow GGM sensor (ZrO4/-SiO»-PSMMA film) inNaOH
solutions.
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Figure 4.
Responses of a BCP-doped sensor in CaCl,-HCI solutions.
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Figure 5.
Square-wave voltammograms of various Cr(VI) solutions collected at a pyridine-
functionalizedsol-gel electrode.Reprinted from ref.212 with permission from Elsevier.
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[

Scheme 1.
A summary of the basic sol-gel reactions.
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Scheme 2.
Preparation of the blank and amine-grafted sol-gel monoliths.
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Scheme 3.
Sensing cycle for the Cr(\VI) monolith system.Reprinted from ref.14C with permission from
Elsevier.
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