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1. Background 
1.1. The Motivation. Organic chemistry and the 

chemistry of ceramic materials have had little overlap 
between them, However, when one considers the 
unique properties of ceramics on the one hand and the 
vastness of organic chemistry on the other, it seems 
almost inevitable that overlapping these domains of 
chemical research should lead to novel materials and 
to novel reaction configurations. 

I summarize here some aspects of ou r  activities 
toward that goal in the past decade or so, which indeed 
began with an intuitive appreciation of the potential 
usefulness of bridging these two fields,l and which 
have evolved into a self-contained domain, with re- 
search activities in many academic and industrial 
laboratories.2-6 

The inherent difficulty in combining organic chem- 
istry with glass and ceramic chemistry was the very 
wide gap in the typical process temperatures em- 
ployed: Organic compounds can rarely survive tem- 
peratures higher than 200 “C (and biomolecules much 
less), but typical manipulation temperatures of ceram- 
ics and glasses can be well above 1000 “C. It is for 
this reason that, over the millennia of the history of 
ceramics and glass prod~ction,~ one finds additives 
(e.g., colorants) only such that could withstand the 
high temperatures, namely, inorganic salts and other 
oxides. 

It has been known for quite some time* that 
inorganic oxides, with chemical compositions identical 
to those of glasses and ceramics, can be prepared at 
room temperatures, by the replacement of the melting 
procedures with polymerizations and coagulation of 
metal and semimetal hydroxides or of their organic 
ethers (alkoxides) or  ester^.^ Compared with the 
voluminous activity in the field of organic polymers, 
the study of formation of inorganic oxides by polym- 
erization remained for many years relatively low-key. 
The late 1970s and early 1980s witnessed a dramatic 
change: The recognition that better ceramic materials 
can be obtained through the detailed tailoring of the 
chemical aspects of the polymerizationlo led to  a 
worldwide burst of activity and to  the birth of what 
became known as “sol-gel ~ c i e n c e ” . ~ J ~ ~ J ~  Although 
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sol-gel transitions are, of course, well documented in 
many polymerization and precipitation phenomena, 
the terms “sol-gel materials”, “sol-gel process”, etc. 
are used today in the connotation of the synthesis of 
inorganic materials from suitable monomers, passing 
indeed through sol, gel, and xerogel (dry gel) stages. 

It became clear that the sol-gel process is a promis- 
ing candidate for closing the ceramics-organic gap, 
by virtue of the ambient temperatures employed up 
to the xerogel stage. Early studies aimed simply at 
demonstrating that entrapment of organic molecules 
in sol-gel matrices is at all possible1J2 evolved over 
the years into the following generalizations: 

1. Most molecules can be entrapped in sol-gel 
matrices. 

2. The entrapped molecule retains much of its 
characteristic physical properties. 

3. The entrapped molecule retains much of its 
chemical properties. 

1.2. The Sol-Gel Process and Sol-Gel Materi- 
als. Practically all of the important oxides MO, 
(where M is a metal or semimetal and n is not 
necessarily an integer), as well as many mixed oxides, 
have been prepared by the sol-gel proce~s.~-ll Many 
of our studies concentrated on Si02 as a model, 
although for most applications described below, this 
need not be the optimal matrix, and one should also 
consider Ti02,ZrO2, and A l 2 0 3 ,  as well as composites 
such as SiOdZrO2 and hybrid organic-inorganic ma- 
terials (ormosils).13 

As a synthetic example for the formation of a sol- 
gel material, we take the hydrolysis-condensation 
preparation of porous silica. (Most sol-gel prepara- 

(1) Avnir, D.; Levy; D.; Reisfeld, R. J .  Phys. Chem. 1984, 88, 5956. 
(2) Levy, D. J.  Non-Cryst. Solids 1992, 147 and 148, 621. 
(3) Lev, 0. Analusis 1992,20,543. Lev, 0.; Tsionski, M.; Rabinovich, 
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67, 22A. 
(4) Reisfeld, R., Jorgensen, C. J., Eds. Struct. Bonding (Berlin) 1992, 

77. 
(5) Zink, J. I . ;  Dunn, B. J .  Ceram. SOC. Jpn. 1991, 10, 878. 
(6) Sakka, S. J .  Sol-G+ Sci. Technol. 1994,3, 69. 
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Jerusalem, 1991. 
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tion procedures are aqueous, but a very interesting 
nonaqueous sol-gel chemistry is being developed.)14 
The following reaction is with the methoxide of silicon 
(TMOS), but many other alkoxides, aryl oxides, and 
acyl oxides can be used, as well as Si-N and Si-C1 
compounds. 

Si(OCH,), + H,O H+ or OH- 

(SiOmHn), + CH30H (unbalanced) 

Here, all of the oxygen in the silicon oxide comes from 
the water molecules. The underlying details of the 
chemistry are extremely c ~ m p l e x , ~ J ~  the values of m, 
n, andp being dictated by a host of parameters. These 
include the waterhilane ratio (=r), concentration of 
H+ or OH-, cosolvent, temperature, method and rate 
of drying, existence of dopants, size and shape of the 
product (thin film, monolith, powder), and even chemi- 
cal nature of the surface of the reaction container or 
thin film support. Typically, (SiO,H,), are highly 
porous materials with pore size distributions which 
vary from broad to narrow, centered around several 
tens of angstroms, with surface areas usually in the 
range of several hundreds of m2/g.16 As for the values 
of m and n, the theoretical minimal composition is m 
close to 2 and n close to  0, for completely nonporous 
Si02. However, the surface of the porous product is 
densely coated with various types of silanols (SiOH, 
Si(OH)2), so that the other hypothetical extreme (all 
Si is at the surface) is about Si03H2. Adsorbed water 
molecules, which are always there, affect the n/m ratio 
as well. It is the fact that the silica has actually the 
SiOmHn composition (and not the commonly cited Si021 
that is crucial for many of the special properties listed 
below. The value ofp  in the general formula can also 
be very high: Since the monomer has four arms, the 
resulting polymer is extremely branched and a mono- 
lithic sol-gel block can in principle be one huge 
molecule with p approaching Avogradro's number. 

The complexity of the polymerization process has 
two levels. The first one is the competition between 
the hydrolysis rate of the SiOR groups, forming SiOH + ROH, and the rate of the polymerizatiordcondensa- 
tion steps. The second one is that, in small oligomers, 
each of the SiOH and SiOR groups has a distinctly 
different electronic and steric environment, resulting 
in distinct hydrolysis and condensation rates for each 
of these groups. It is not surprising therefore that, 
although theoretical input does exist,17 the control of 
the physical properties of porous sol-gel materials is 
still a matter of art and of trial and error. It should 
be noted, however, that the very ability to  control it 
is an important advantageous property of this class 
of materials. 

1.3. Entrapment of Organic and Bioorganic 
Molecules in Sol-Gel Matrices. The introduction 
of a host molecule is done by adding its solution to  

(14) Corriu, R.; Leclercq, D.; Lefevre, P.; Mutin, P. H.; Vioux, A. Chem. 
Mater. 1992, 4, 961. 
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II; Brinker, C. J., Clarck, D. E., Ulrich, D. R., Eds.; Mater. Res. SOC. 
Symp. Proc. 1986, 73, 145. (c) Avnir, D.; Kaufman, V. R. J .  Non-Cryst. 
Solids 1987, 192, 181. 

(16) Samuel, J.; Polevaya, Y.; Ottolenghi, M.; Avnir, D. Chem. Mater. 
1994, 6, 1457. 

(17) (a) Scherer, G. W. J. Sol-Gel Sci. Technol. 1994,2,199 and earlier 
studies by G. W. Scherer. (b) Liu, Y.; Pandey, R. B. J.  Phys. II 1994,4, 
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Scheme 1. The Entrapment Processa 
Sol Gel Xerogel Reactivity of Doped 

Sol-Gel Matrix 

(a) (b) (C) (d) 

"(a) A sol of inorganic oxide particles (0) is prepared by polym- 
erization of metal alkoxides in the presence of the desired dopant 
molecules (D). (b) The sol turns into a gel, which then dries and 
shrinks, forming a porous xerogel (c), within which the dopant 
molecules are trapped. The pores are sufficiently narrow to render 
the matrix transparent, allowing optical applications. (d) The pore 
network allows external molecules (v) to diffuse into the matrix and 
react with the trapped dopant (D). Sensing, catalysis, photochem- 
istry, and biocatalysis have been demonstrated. 

the polymerizing mixture. When the polymerization 
is completed, the dopant molecules are entangled in 
the inorganic polymeric network (Scheme 1). The 
nature of the entrapment is yet not fully understood, 
and it is really remarkable to  see how many applica- 
tions of the entrapment have been developed, without 
fully understanding the picture at the molecular level. 
I return to  this point in section 3. 

The two most important properties of the entrap- 
ment are as follows. 

I. The entrapped molecules are accessible to exter- 
nal reagents through the pore network: Chemical 
reactions and interactions are possible. 

11. Sol-gel materials such as monolithic silicas or 
silica films are transparent well into the W: Optical 
applications are possible. 

Other properties which have contributed to  the 
attractiveness and versatility of the sol-gel doping 
approach are the chemical, photochemical, electro- 
chemical inertness as well as the thermal stability of 
the matrix, the ability to induce electrical conductiv- 
ity;l* the richness of ways to  modify chemically the 
matrix and its surface as well as the above mentioned 
controllability of matrix structural properties; the 
enhanced stability of the entrapped m01ecule;~J~ the 
ability of employing the chromatographic properties 
of the matrix for enhanced selectivity and sensitivity 
of reactions with the d ~ p a n t ; ~  the simplicity of the 
entrapment procedure; the ability to  obtain the doped 
sol-gel material in any desired shape (powders, 
monoliths, films, fibers; and the ability to  miniaturize 

2. Reactions within Sol-Gel Matrices 

i t . 2 0 J 1  

2.1. Lighthduced Reactions: Photochemical 
2.1.1. Isomerizations. The first family 

of reactions we studied in detail were the photochro- 
mic isomerizations of Aberchrome 67OZ3 and of various 
~ p i r o p y r a n s . ~ ~ ~ ~ ~  The motivation was to develop novel 
materials for information processing and for other 
optics applications, and it serves as a good illustration 
of what the organically doped sol-gel methodology can 

(18) Tsionsky, M.; Gun, G.; Glezer, V.; Lev, 0. Anal. Chem. 1994, 
66, 1747. 

(19) (a) Fujii, T.; Ishii, A.; Anpo, M. J.  Photochem. Photobiol. lgS0, 
54A, 231. (b) Negishi, N.; Fujino, M.; Yamashita, H.; Fox, M. A,; Anpo, 
M. Langmuir 1994,10, 1772. 
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Figure 1. Sol-gel optics. The entrapment of organic photo- 
chromic dyes, here 6-nitrospiropyran, opens the way for a 
variety of optical applications. By careful tailoring of the 
properties of the ceramic cage, the directionality of the photo- 
chromic act can be influenced. Shown is a reversed photo- 
chromism (colored in the dark; colorless upon illumination) 
achieved in a sol-gel matrix prepared from tetramethoxysilane 
and poly(dimethyl~iloxane).~5 

offer: traditionally, photochromic glass preparations 
have been limited to a few dopants that can withstand 
the high temperatures of glass melting; by contrast, 
organic photochromism offers several tens of thou- 
sands of molecules with which one can tailor the shade 
of color change, the direction of the photochromism 
(Figure l), the rate of change in color intensity, 
reversibility (optical gates), or unidirectionality (in- 
formation recording). I return to this class of reactions 
in section 3. 
2.1.2. Photoinduced Electron Transfer. The 

ability to separate reactive species that otherwise 
annihilate each other is another feature which the 
sol-gel methodology allows by virtue of the entrap- 
ment isolation. This was best demonstrated in a study 
aimed at storage of light energy in the form of a 
photogenerated ionic radical pair.26 A notorious prob- 
lem in this field of research has been the dissipation 
of the absorbed energy through fast back reaction of 
the radical pair. An exceedingly long-lived (several 
hours!) charge-separated pair was obtained in an SiO, 
sol-gel between the photogenerated pyrene cation (e+) and methylviologen cation (MV+): Py* + Mv2+ 

This is a very reactive pair which under free 
diffusing conditions would immediately quench each 
other with the back reaction. The back reaction was 
inhibited by entrapment of both Py and W+ while 
allowing them to communicate chemically with a 
mobile charge carrier, N,N '-tetramethylene-2,2'-bi- 
pyridinium, W+, which diffised freely in the aqueous 
solution within the porous network. 

- Py' + M Y + .  

(20) Samuel, J.; Strinkovski, A,; Shalom, S.; Lieberman, K.; Otto- 
lenghi, M.; Avnir, D.; Lewis, A. Muter. Lett. 1994,21, 431. 

(21) Aharonson, N.; Altstein, M.; Avidan, G.;  Avnir, D.; Bronshtein, 
A,; Lewis, A,; Lieberman, K.; Ottolenghi, M.; Polevaya, Y.; Rottman, C.; 
Samuel, J.; Shalom, S.; Strinkovski, A.; Turiansky, A. In: Better 
Ceramics through Chemistry, VI, Sanchez, C., Mecartney, M. L., Brinker, 
C. J., Cheetham, A., Eds.; Muter. Res. Soc. Symp. Proc. 1994,346, 519. 

(22) Will the person from whom I heard this expression please stand 
up? 

(23) Kaufman, V. R.; Levy, D.; Avnir, D. J .  Non-Cryst. Solids 1986, 

(24) Levy, D.; Avnir, D. J.  Phys. Chem. 1988,92, 4734. 
(25) Levy, D.; Einhom, S.; Avnir, D. J.  Non-Cryst. Solids 1989, 113, 

(26) Slama-Schwok, A.; Ottolenghi, M.; Avnir, D. Nature 1992, 355, 

82, 103. 

137. 

240. 

Photoinduced charge separations of this type can be 
used for subsequent useful  reaction^.^^-^^ An example 
is the series of reactions in which H30+ was reduced 
to H2: A donor, R~(bpy)3~+ (Ru(II)), and an acceptor, 
Ir(bpy)2(C,3N)bpy)3f (Ir(III)), were coentrapped in an 
Si02 sol-gel matrix, and dimethoxybenzene (DMB) 
was used as the redox shuttler between the Ir and Ru 
(Here and below, I use the symbol "e-compound" to 
mark the entrapped species and to distinguish it from 
the diffusible one). 

e-Ir(III)* + DMB - e-Ir(I1) + DMB' 

DMB' + e-Ru(I1)- e-Ru(II1) + DMB 

2H+ + e-Ir(I1) - e-Ir(IV) + H, 

2.2. Organometallic Catalysis. The sol-gel ap- 
proach has been used in catalysis in three main 
directions: preparation of inorganic oxide catalysts;30 
entrapment of metal micro~rystallites;~~ and polym- 
erization of trialkoxysilyl derivatives of metal lig- 
a n d ~ . ~ ~ , ~ ~  In accordance with our general theme, we 
have experimented with a fourth direction, namely, 
straightforward entrapment of organometallic cata- 
lysts in sol-gel matrices.34 These catalysts include 
RuC12(PPh& RhCl(PPh&, IrCl(CO)(PPh&,, and their 
sulfonated analogues, where Ph2-3-C&S03Na re- 
places a PPh3 ligand; dirhodium complexes; and, in 
particular, quaternary organic ammonium salts of Ru, 
Ph, Ir, and Pt which have been shown to be versatile 
catalysts under homogeneous and phase transfer 
conditions. These were prepared from the chlorides 
of the metals and from a wide variety of ammonium 
salts, including (BuN)Br, ((C7H1&N)Br, ((CgH17)- 
NCH3)C1, and others. 

The sol-gel doped ion-pair catalysts proved to be 
versatile and recyclable, and they undergo little or no 
leaching. Some of the reactions carried out with these 
heterogeneous catalysts included double-bond isomer- 
izations, 

e-(RuCl,XPPh,), 
PhCH,CH=CH, - - 

cis- and trans-PhCH=CHCH3 

hydrogenations, e.g., 

e-(RhCl,)((CsH,,)NCH,) 
PhCH-CH, PhCH2CCH3 

hydroformylations, e.g., 
(27) Slama-Schwok, A.; Avnir, D.; Ottolenghi, M. J .  Phys. Chem. 1989, 

93,7544. 
(28) (a) Slama-Schwok, A,; Avnir, D.; Ottolenghi, M. J.  Am. Chem. 

SOC. 1991, 113, 3984. (b) Slama-Schwok, A.; Avnir, D.; Ottolenghi, M., 
Photochem. Photobiol. 1991, 54, 525. 

(29) Cf. also: Castellano, F. N.; Heimer, T. A.; Tanclhasetti, T. M.; 
Meyer, G .  J. Chem. Muter. 1994, 6,  1041. 

(30) Bianchi, D.; Lacross, M.; Pajonk, J. M.; Teichner, J. J.  Cutal. 
1981, 68, 411. 

(31) Lopez, T.; Villa, M.; Gomez, R. J .  Phys. Chem. 1991, 95, 1690. 
(32) Hardee, J. R.; Tunney, S. E.; Frye, J.; Stille, J. K. J .  Polym. Sci. 

(33) Parish, K. V.; Habibi, D.; Mohammadi, V. J. Orgunomet. Chem. 
1991,28A, 3669. 

1989. 369. 17. , - - - .  ~ 
~ . _ ~  

(34) (a) Rosenfeld, A,; Avnir, D.; Blum, J. J. Chen. Soc., Chem. 
Commun. 1993, 583. (b) Blum, J.; Rosenfeld, A,; Polak, N.; Israelson, 
0.; Schumann, H.; Avnir, D. J. Mol. Cutal., in press. (c) Rosenfeld, A,; 
et al. Manuscript in preparation. 
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Figure 2. Catalytic sol-gel matrices. Doped sol-gel matrices 
are convenient heterogeneous catalysts. These range from the 
well-known dispersed metals and oxides to the novel entrapment 
of photocatalysts, of biocatalysts, and, shown here, of organo- 
metallic catalysts for organic synthesis. An efficient, recyclable 
catalyst for a variety of disproportionation reactions was 
obtaineds4b.c by the entrapment of (RhCl)((C*H17)CH3) in an SO, 
sol-gel matrix. The conversions for four cycles (1,O; 2, D; 3, A; 
4, +) of disproportionating 1,2-dihydronaphthalene to naphtha- 
lene and 1,2,3,4-tetrahydronaphthalene at 110 "C in toluene are 
seen to be practically the same in each cycle. The catalyst had 
to be activated by boiling water, to open somewhat the pores; 
prior to activation, the reaction is much slower ( x  1. 

time (min.) 

e-(RuCl,)((C,H,,)NCH,) 
PhCH-CH, PhCH(CHO)CH, 

and disproportionations such as with 1,Bdihydronaph- 
thalene (Figure 2) or with 1,2-dihydrobenzene: 

In many of these reactions, significant acceleration 
over homogeneous conditions was observed, and prod- 
uct distribution altered. Thus, while the homogeneous 
catalyst promoted only very slow hydroformylation of 
styrene under phase transfer conditions, and not at 
all in water-free toluene, the heterogeneous reaction 
mentioned above resulted in full conversion to the 
aldehyde with high selectivity of the addition to the 
double bond. 

2.3. Doped Sol-Gel Matrices as Chemical Sen- 
sors. The widest array of chemical reactions which 
has been carried out within sol-gel matrices was 
revealed while the doped sol-gel methodology for 
chemical sensing purposes was being d e ~ e l o p e d . ~ ~ ~ ~ ~ ~ ~  
They include proton transfer reactions (such as pH 
indicators), redox reactions, complexations, ligand 
exchanges, enzymatic reactions, and more.3 Common 
to these reactions is their ability to  sense chemical 
changes in the environment of the entrapped molecule, 
revealing it through color-developing reactions be- 
tween the entrapped reagent and an external diffus- 
ible chemical species or through emission of light. The 
chemical inertness and the optical transparency of 
Si02 sol-gel matrices have made the doping method- 

(35) Zusman, R.; Rottman, C.; Ottolenghi, M.; Avnir, D. J.  Non-Cryst. 
Solids 1990, 122, 107. 

(36) (a) Iosefzon-Kuyavskaya, B.; Gigozin, I.; Ottolenghi, M.; Avnir, 
D.; Lev, 0. J. Non-Cryst. Solids 1992, 147 and 148, 808. (b) Lev, 0.; 
Kuyavskaya, B.; Sacharov, Y.; Rottmann, C.; Kuselman, A.; Avnir, D.; 
Ottolenghi, M. In Environmental Monitoring; Vo-Dinh,T., Ed.; SPIE P m .  
Ser. 1993, 1716, 357. 

ACC. Chem. Res., Vol. 28, No. 8, 1995 331 

ology quite attractive for sensor developments. Refer- 
ences 3 and 36 summarize various sensing reactions 
that have been demonstrated successfully with the 
sol-gel methodology. These include many toxic metal 
cations, anions, and various pollutants. 

An attractive feature for sensing purposes is that 
sol-gel materials can be made in various forms, as 
the analytical or optical method requires. Thus, one 
can prepare the sensing materials as a monolithic 

as a microscopic grain,2°,21 as a thin film on a 
flat support,38 as an optical fiber c ~ a t i n g , ~ ~ ? ~ ~  and in 
chromatographic capillary tubes.41 

Extremely high sensitivities are achievable with 
sol-gel sensors. An example is the sensing of 
detected through its red-colored complex with three 
molecules of o-phenanthroline. This color evolution 
is far from being obvious: three entrapped phenan- 
throline molecules must complex with the penetrating 
FeZf in order to  form a color which is identical to  the 
one formed in aqueous solution, as indeed is the 
case36,42 (I return to this point in section 3). The 
response curve of an e-o-phenanthroline (0.025%) Si02 
porous glass to various concentrations of Fe2+ revealed 
an exceedingly high sensitivity with a detection limit 
of about 100 ppt (about 2 orders of magnitude better 
then conventional solution absorption spec t rosc~py) .~~~ 
This very high sensitivity is due to a unique feature 
of the sol-gel matrix: being actually a high-surface 
area adsorbent, it concentrates by adsorption the 
impurity and then detects it. Facile detection of Fez+ 
was also demonstrated by Lev et al., who developed 
the use of doped sol-gel particles as sensing chro- 
matographic materials, packed within ~api l lar ies .~~ 
The idea is simple and convenient: the capillary is 
immersed in a given volume of solution containing the 
analyte; the solution is driven up by capillary forces, 
leaving behind a stain, the length of which is propor- 
tional to  the concentration of the analyte. Besides 
Fez+, this approach was demonstrated for other ana- 

The development of sol-gel pH sensors (Figure 3) 
attracted several laboratories, employing various in- 
dicators and various techniques based both on light 
abs~rption~~p*l and on fluorescence emission.40,43 Tech- 
niques included, as mentioned above, simple mono- 
lithic disks embedded with various routine indica- 
t o r ~ , ~ ~ ~ ~ ~  thin film,39 various fluorescent fiber optics 
 configuration^,^^^^^ the capillaries,4lVu and prototype 
pH-meters constructed with some of these tech- 
n i q u e ~ . ~ ~ ~ ~ ~  For continuous, long-term, reversible ap- 
plications, leaching must be eliminated, and so doping 
with trialkoxysilyl derivatives of the pH indicators 
may become desirable. One such example is methyl- 
red, which was derivatized through its carboxylate 
moiety with (trimethoxysily1)propylamine2l (shifting 
the PKi from 5.2 to 3.0). Doping with trialkoxy 

(37) Rottman, C.; Ottolenghi, M.; Zusman, R.; Lev, 0.; Smith, M.; 

(38) Kieman, P.; McDonagh, C.; MacCraith, B. D.; Mongey, K. J.  Sol- 

(39) Kubeckova, M.; Pospisilova, M.; Matejec, V. Ibid. 1994,2, 591. 
(40) Grattan, K. T. V.; Badini, Cr. E.; Palmer, A. W.; Tseung, A. C. C. 

(41) Kuselman, I.; Kuyavskaya, B. I.; Lev, 0. Anal. Chim. Acta 1992, 

(42) Lev, 0.; Iosefson-Kuyavskaya, B.; Gigozin, I.; Ottolengi, M.; Avnir, 

(43) Chernyak, V.; Reisfeld, R.; Gviski, R.; Venezky, D. Sens. Mater. 
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by utilizing the released H20z, which is a reaction 
product (if oxygen is used as an oxidant). H202 forms 
then a secondary colored product via a peroxidase- 
catalyzed oxidation of aromatic aza compounds. Per- 
forming this procedure in a sol-gel matrix demon- 
strated the ability t o  carry out a multiple-enzyme 
network of reactions. Actually, enzymes that are 
hostile to each other and destructive in solution can 
be brought together in a harmless way when en- 
trapped in the sol-gel matrix. For instance, trypsin 
autodigests itself completely in solution; by contrast, 
SiOz-entrapped trypsin retained its full activity for 
several months when incubated at pH 7.5.49 Return- 
ing to glucose oxidase, a reversible optical glucose 
sensor was constructed by Braun et a1,5O employing 
the decoloration of the isoalloxazine moiety in the 
enzyme upon reductive complexation with glucose. 
Electrochemical detection of glucose with sol-gel 
enzymatic electrodes was carried out by several re- 
search g r o u p ~ . ~ ~  

Some of the entrapped enzymes show remarkable 
enhancement in s t a b i l i t ~ . ~ ~ ~ ~  Thus, acid phosphatase, 
which in solution at 70 "C and pH 5.6 lived for less 
than 0.1 min, had a 2 orders of magnitude jump in its 
half-life to 12 min in the entrapped Since 
denaturation of enzymes involves folding-unfolding 
of the peptide chain, we attribute the enhanced 
stability to the rigidity of the Si02 cage, which appar- 
ently restricts such motions. It has been demon- 
strated in a number of experiments that the geometric 
accessibility of the entrapped enzyme to  incoming 
substrate molecules is perhaps the most important 
parameter which dictates its a ~ t i v i t y . ~ ~ , ~ ~  For in- 
stance, the efficiency of trypsin inhibitors, a set of 
benzoyl arginine derivatives, was found to be linked 
to their size.49 

Many enzymes have been entrapped successfully in 
sol-gel mat rice^.^^^^^^ The entrapment of parathion 
h y d r ~ l a s e , ~ ~ , ~ ~  which is capable of detoxifjring and 
detecting the pesticide parathion, demonstrates the 
potential of the sol-gel methodology in environmental 
applications. 

Of special interest are the entrapments of antibod- 
ies. Although this field is still in its infancy, a number 
of promising recent reports point to the great potential 
of this direction. These reports include the covalent 
bonding of antibodies to functionalized sol-gel films,54 
the entrapment of polyclonal fluorescein,55a the devel- 
opment of a sol-gel enzyme-linked immunosorbent 
assay (ELISA) test for antigenic parasitic 
and our own study of the entrapment of anti-2,4- 
(49) (a) Shtelzer, S.; Rappoport, S.; Avnir, D.; Ottolenghi, M.; Braun, 

S. Biotechnol. Appl. Biochem. 1992, 15, 227. (b) Braun, S.; Shtelzer, S.; 
Rappoport, S.; Avnir, D.; Ottolenghi, M. J. Non-Cryst. Solids 1992,147 
and 148, 139. 

(50) Shtelzer, S.; Braun, S. Biotechnol. Appl. Biochem. 1994,19,293. 
(51) (a) Audebert, P.; Demaille, C.; Sanchez, C. Chem. Mater. 1993, 

5 ,  911. (b) Glezer, V.; Lev, 0. J. Am. Chem. Soc. 1993,115,2533. 
(52) Braun, S.; Rappoport, S.; Shtelzer, S.; Zusman, R.; Druckman, 

S.; Avnir, D.; Ottolenghi, M. In Biotechnology: Bridging Research and 
Applications; Kamely, D., et al., Eds.; Kluwer: Boston, 1991; pp 205- 
218. 
(53) Armon, R.; Dozorets, C.; Starovetzky, J. J. Sol-Gel Sci. Technol., 

submitted. 
(54) Collino, R.; Therasse, J.; Binder, P.; Chaput, F.; Boilot, B.-P.; 

Levy, Y. J. Sol-Gel Sci. Technol. 1994, 2, 823. 
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1993, 65, 2671. (b) Narang, U., et  al Ibid. 1994, 66, 3139. 
(56) (a) Barreau, J. Y.; Livage, J.; Da Costa, J. M.; Desportes-Livage, 

I.; Monjour, L.; Gentilini, M. J. Sol-Gel Sci. Technol., submitted. (b) 
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Figure 3. Sol-gel sensors. The optical properties of the sol- 
gel matrix and its inertness make it an ideal choice as a host 
for sensing reactions. In most cases, the known chemistry of 
the entrapped indicator remains basically unchanged, although 
a shift in the range of activity may be observed, due to cage 
effects, as in the example shown here: methyl-orange, a pH 
indicator, exhibits its characteristic isosbestic point (top) and 
sigmoid titration curve (a) when entrapped in SiOz, but the pKi 
is shifted to lower values, compared with solution (bL3' 

derivatives is a general solution for cases which are 
hampered by leaching. 

A n  important future aspect for the development of 
useful applications of doped sol-gel sensors is min- 
iaturization. One step toward that goal was recently 
undertaken2OS2l with the fluorescent pH probe pyra- 
nine.45 A pH-meter based on a 10 pm piece of doped 
sol-gel was constructed by incorporating it in a near- 
field optical microscopy configuration, which consists 
of metal-coated micropipet tips: a good, reversible 
titration curve was obtained. Further miniaturizing 
to -1 pm was achieved as well, with subsecond re- 
sponse time. 

2.4. Sol-Gel Matrices Doped with Enzymes 
and Antibodies. This remarkable aspect of doped 
sol-gel chemistry had been discovered fairly recentlSP6 
and already has motivated intensive activity (which 
was recently reviewed in detail in refs 47 and 48d; so 
only some highlights are summarized here). "Remark- 
able", because a priori there was no reason to  believe 
that sol-gel encapsulation of enzymes would keep 
them alive. When one considers the ability of the 
alkoxide to react with the enzyme surface and active 
site, the pressure buildup on the protein as the matrix 
shrinks, the release of toxic alcohol during polymer- 
ization, and the need to have the active site of the 
entrapped protein exposed to the pore network, one 
appreciates the nontriviality of that result. 

An intensively studied entrapped enzyme has been 
glucose ~ x i d a s e , ~ ~ , ~ ~ , ~ ~ ~  which catalyzes the oxidation 
of D-glucose. That reaction is of appreciable diagnostic 
value, and this application is classically carried out 

(45) Kaufman, V. R.; Avnir, D. Pines-Rojanski, P.; Huppert, D. J. Non- 
Cryst. Solids 1988, 99, 319. 
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Mater. Lett. 1990, 10, 1. 
(47) Avnir, D.; Braun, S.; Lev, 0.; Ottolenghi, M. Chem. Mater. 1994, 

6, 1605. (See also special issue of J. Sol-Gel Sci. Technol. on Biochemical 
Aspects of Sol-Gel Science and Technology, 1998, 4.) 
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Technol. 1994,2, 791. (d) Dave, B. C.; Dunn, B.; Valentine, J. S.; Zink, 
J. I. Anal. Chem. 1994, 66, 1120A. 
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dinitrobenzene, a common moiety in many polluting 
pesticides.z1 Finally, various nonenzymatic proteins, 
whole cell extracts, and whole intact cell were also 
entrapped successflluy in sol-gel and these 
are reviewed in ref 47, as well. 

3. Properties of the Sol-Gel Cage 
Understanding the reactivity of doped sol-gel glasses 

is intimately linked with understanding the nature 
of the entrapment and the cage properties. Various 
spectroscopies were p e d  for studying the dopant cage 
properties and their evolution in time along the 
monomer - oligomer - sol - gel - xerogel transition. 
The main tools have been W-visible absorption and 
emission spectroscopies, and to  a lesser extent other 
spectroscopies such as EPR.58 Following the evolution 
of the sol-gel process and the evolution of various cage 
properties was first done with (Py) because 
of its relatively long singlet lifetime (-100 ns), its 
distinct vibronic peaks in the fluorescence spectrum, 
and its ability to form an excited state dimer, i.e., the 
excimer, Py*2, and because of the sensitivity of these 
parameters to changes in environmental conditions. 
With this probe, the changing polarity and the chang- 
ing structure around the probe, from adsorption onto 
the surface of the growing Si02 particles up to  the 
complete isolation in microporous cages, were detected 
and monitored.59 Many sol-gel studies have utilized 
that useful probe.60 

Some other photophysical probes which were used 
for following the sol-gel transitions include 7-azain- 
dole,61 1- and 2-naphth0ls,6~ pyrene-3-carboxalde- 
h ~ d e , ~ ~  ReC(CO3)bipyridine (as a probe for cage rigid- 
 it^),^^ thym~l-b lue ,~~ and Rhodamine B.lgb Photo- 
chromic compounds were also used by us for the 
investigation of the sol-gel xerogel transition in 
Si(OCH3)4,23-25 and substituent effects on the point of 
the change from normal to  reversed photochromism 
(Figure 1) were analyzed in terms of Hammet param- 
e t e r ~ . ~ ~  

A pyrene derivative, %hydroxy- 1,3 ,6-pyrenesulfonic 
acid (pyranine), was successfully used45 for the detec- 
tion of water during the early stages of the polymer- 
ization of Si(OCH3)4 (Figure 4). The idea of using this 
probe molecule is based on the fact that its excited 
state is a short-lived strong acid, capable of efficient 
proton transfer to  neighboring water molecules, leav- 
ing behind the anion of pyranine in its excited state. 
Pyranine was also used by Pouxviel et al. for studying 
aluminosilicate sol-gels: here, too, that probe proved 
to  be a highly sensitive probe to changes in water 
content.66 
(57) Edmiston, P. L.; Wambolt, C. L.; Smith, M. K.; Saavedra, S. S. 

J. Colloid Interface Sci. 1994, 163, 395. 
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Figure 4. The sol-gel-xerogel transitions. The use of photo- 
probes for following the structural changes that the matrix 
undergoes during its formation proved to be particularly 
informative. Shown here is the use of an excited state acid, 
pyranine, to follow the kinetics of water release and water 
consumption during the first several hours of a waterhilane = 
4 gel formation, at various pHs. The very fast consumption of 
water at  the lowest pH (the hydrolysis stage), followed by its 
slow release (the condensation stage), is clearly seen.45 

In addition to the spectroscopic follow-up of the sol- 
gel process, much research was devoted to the analysis 
of the cage properties at the final xerogel stage. Early 
detailed spectroscopic analysis of absorption and emis- 
sion spectra of R6G, a laser dye, in Si02 sol-gel1 
indicated that the polarity of the immediate environ- 
ment of the dopant is high and due to hydroxyls, 
although less polar than water (as obtained also with 
Py as a probe). The ability of the matrix to  isolate 
efficiently one molecule from the other, even at high 
concentration, first observed for that dopant,l led to 
an intensive study of doped sol-gel materials for a 
variety of optical uses, notably, as dye laser compo- 
n e n t ~ . ~ , ~ , ~ ~  We know today, however, that this is not 
universal and that high concentrations may lead 
eventually to  some aggregation. This was found for 
proteins47 and for R u ( b p y ) ~ + ~ . ~ ~ ~  Dopant aggregation 
may also be the way in which three doped o-phenan- 
throline ligands find their way to  complex a single Fez+ 

An indication as to the homogeneity of the entrap- 
ment comes from the analysis of a decay profile of the 
excited state in the final xerogel. First-order decays 
point to  homogeneity of distribution and were found, 
for instance, in e-R~(bpy)3~+/SiOz-TiO2 (filmsYzb and 
in e-biphenylcarboxylic acid/Si02.68 The protective 
nature of the sol-gel cage has been clearly evident in 
these two cases and later on in many other studies. 
For instance, in the case of e-Ru(bpy)s2+, the observed 
lifetime in solution at  a concentration of 1 x M 
is 0.3 p s ,  but at the same concentration in a sol-gel 
matrix, there is a 6-fold increase to 1.9 ps.lzb Photo- 
stability to  prolonged irradiation is another indication 
for the protective nature of the cage.lJgb For instance, 
the degradation half-life of oxazine4 increased 4-fold 
by entrapment, compared to solution.12b One of the 
most striking manifestations of the special protective 
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properties of the sol-gel caging has been the ability 
to obtain room temperature phosphorescence (RTP), 
under regular atmospheric conditions, from a very 
wide range of organic molecules,6s many of which 
reveal that emission only at cryogenic temperatures 
and in vacuum. Examples include polycyclic hydro- 
c a r b o n ~ , ~ ~ @  dyes like eosin-y, bases like quinine, and 
acids such as 4-biphenylcarboxylic acid. 

The question of rigidity of the sol-gel ~ a g e ~ ~ ~ a ~ ~  ac- 
companied the research in this class of materials from 
its very beginning.l Both the rigidity and polarity of 
the cage can be altered by changing the monomer, by 
the incorporation of suitable additives, and by copo- 
lymerization. A nice example is the encapsulation of 
photochromic spiropyrans mentioned a b o ~ e . ~ ~ - ~  When 
the entrapment is in pure SiOz, the photochromism 
is observable only up to the wet-gel stage.24 Beyond 
it, the cage becomes so rigid that the isomerization 
between the closed spiro form (colorless) and the open 
merocyanine colored zwitterion stops at the final dried 
xerogel stage. A straightforward method to relax the 
rigidity is to  use a three-dentate monomer, rather than 
the normal tetraalkoxy monomer, thus reducing the 
degree of cross-linking. Indeed, entrapment of the 
spiropyrans in a sol-gel matrix prepared from ethyl- 
triethoxysilane provided the needed flexibility for 
lasting photochr~mism.~~ A marked effect of an ad- 
ditive on cage properties was observed in the case of 
entrapped pH  indicator^:^^ Addition of a surface active 
agent, such as cetyltrimethylammonium bromide, 
shifted the pKi by 2 units to a more acidic indicating 
action. 

For practical applications, a delicate balance should 
be found between good isolation and protection on one 
hand and sufficient accessibility of the entrapped 
molecule to external reactants on the other. Evidence 
is accumulating that high acidity and low waterlsilane 
ratio do the trick, at least in some cases (for example, 
in the entrapment of pyranine20,21 as a fluorescent pH 
sensor and in the entrapment of Py16,21 as a fluorescent 
sensor for oxygen). However, these need not be 
necessary conditions: the entrapped quaternary am- 
monium metal catalysts mentioned above do not leach 
out even though prepared under neutral  condition^,^^ 
and enzymes and antibodies do not leach out because 
of their sheer size.47 

The last cage property I would like to  comment on 
is symmetry. We have studied that property by 
entrapment of Eu3+ (as its chloride, obtained in situ 
from EuzOfiC1) in Si02 ~ o l - g e l , ~ ~  and although it is 
an inorganic dopant, I am describing it here because 
that report led to many studies of Eu3+-doped sol- 
gel matrices, including both organic and inorganic 
ligands,70 as well as to  many studies of doping with 
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other transition-metal cations.71 Symmetry in the 
chemical sciences is a rather complex issue,72 and the 
cage symmetry of sol-gel materials is no exception, 
especially since it involves a population of cages with 
varying degrees of symmetries (for the concept of 
degree of symmetry, see ref 72). Yet Eu3+, which is 
known to  be an excellent indicator for site symmetry: 
allows at least an average picture of that property. 
The basis of this symmetry probe is that the lowering 
of local symmetry enhances radiative transitions in 
that cation, and particularly sensitive is the 5Do - 7Fz 
emission at 615 nm. In general, we found that the 
symmetry around Eu3+ resembles the solvation shell 
found in a polar solvent, up to the nonheated, mature 
wet-gel stage. Upon heating to 100 "C, solvent leaves 
the gel and the fluorescence spectrum reveals this 
change by an overall increase in intensity and by a 
relative increase in the 5D,3 - 7Fz transition intensity. 
Thus, as the amount of OH groups is reduced, the 
symmetry around the cation decreases. 

4. Concluding Remarks 

I have selected to concentrate in this brief review 
on the special cage properties of the sol-gel matrix 
and on reactive sol-gel materials. However, the 
activity in organically doped sol-gel materials in 
optics (Figure 2) and photophysics (without a chemical 
reaction) is at least as voluminous and has spanned a 
longer period. References 4 and 67 contain many 
examples. Other important and interesting studies 
with doped sol-gel materials which did not find their 
way into this review for lack of space are doped sol- 
gel electrochemistry,l8 sol-gel chromatographic and 
ion-exchanging material~7~ chemiluminescence of doped 
sol-gel matrices,74 the formation of Belousov-Zhabot- 
inskii spirals in a sol-gel matrix,75 and fractal analy- 
ses of sol-gel  structure^.^^ 

It is my hope that this brief overview of a new family 
of materials, at the crossroads of organic and inorganic 
chemistry, will stimulate researchers and students to  
consider this new frontier of materials chemistry for 
solving problems of their own scientific endeavors, and 
as a potential solution for the design of useful devices. 

I set sail on this project in 1982 with Prof. R .  Reisfeld and 
Dr. David Levy, then an MSc .  student, and have continued 
to collaborate with them for many years. The results of this 
collaboration are summarized mainly in section 3. The 
material presented in section 2 has been developed as a joint 
project in collaboration with the research groups of Prof. J .  
Blum (catalysis), Dr. S.  Braun (biochemistry), Dr. 0. Lev 
(sensors and environmental issues), and Prof. M. Ottolenghi 
(reactivity of sol-gel materials and especially photoreactiv- 
ity). This being an interdisciplinary project, none of it could 
have been achieved without these collaborations. Special 
thanks are due to Dr. M. Altstein, Prof. D. Huppert, Dr. V. 
R.  Kaufman, Prof L. C. Klein, Prof. A. Lewis, Dr. D. Pines- 
Rojanski, Y.  Polevaya, A. Rosenfeld, C. Rottmann, Dr. J .  
Samuel, H .  Sertchook, Prof. H.  Schumann, Dr. A. Slama- 
Schwok, A. Turniansky, and Dr. R.  Zusman. The Sol-Gel 
project is currently finded by the US.-Israel Binational 
Science Foundation, by the Volkswagen Foundation, by the 
Israel National Council for Research and Development, and 
by the Research Institute of Innovative Technology for the 
Earth-RITE (Kyoto). 
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