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Solution Chemistry for the Elaboration of Solids 
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This paper is focused on some aspects of the sol-gel process as a solution chemistry route 
to the preparation of materials. This field is opening new possibilities for molecular chem- 
istry in the synthesis of metastable solids. Three ways emphasizing these possibilities are 
presented here: (1) the use of precursors containing functional groups for the preparation 
of solids with specific chemical reactivity leading to metastable phases; (2) the non- 
hydrolytic sol-gel process for the synthesis of monocomponent oxides with various struc- 
tures, and of homogeneous bicomponent oxides; (3) organic-inorganic hybrid solids 
containing covalent bonds. The chemical reactivity of these solids is used as evidence for 
the presence of substructures which depend on the geometry of the organic moiety. 

Key Words: sol-gel process, metastable phases, non-hydrolytic condensation, mono- 
phasic organic-inorganic hybrid materials 

INTRODUCTION 

The preparation of materials has been dominated by the high-tempera- 
ture reaction of either monocomponent or multicomponent compounds 
which leads to the most thermodynamically stable products. The solid 
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state chemistry involves two steps, the interdiffusion of the reactants and 
the nucleation of crystalline intermediates and products. Neither intcr- 
diffusion nor nucleation are well understood in reacting systems since 
the reaction mixture is heterogeneous with interfacial diffusion dominat- 
ing the evolution of the system.' The complexity of the system has pre- 
vented the development of solid-state reaction mechanisms, or of 
methods to kinetically control the products. In contrast to solid-state 
chemistry, synthetic molecular chemistry is based on the kinetic control 
of the reaction pathway to obtain the kinetic product. Thus, the elabora- 
tion of solid materials by molecular chemistry now appears as a widc 
field of investigation for inorganic chemistry. Inorganic chemists have 
succeeded in bounding together most of the elements. hence building up 
very sophisticated structures and developing powerful synthetic tools. 

The preparation oT silicgn carbide fibers, by the Yajima proccss. is a 
very good example of elaboration of purely inorganic material from the 
molecular level by a multi-step procedure which shows the possibilities 
opened by inorganic chemistry in the field of materials elaboration.' 

Nowadays sol-gel chemistry? is one of the rnost attractive areas of 
research for inorganic chemists in the field of chemistry of materials. 
This method of elaboration of solids is very flexible and permits one pot 
preparations of solids. Furthermore, it also affords a nice way to bridge 
organic and inorganic chemistry, by the choice of molecular precursor i n  
which an organic moiety is bound to a metal alkoxide unit. 

The sol-gel process has been well studied and developed in materials 
science. The general method involves the hydrolyses of metal alkoxides 
as starting precursors. This reaction corresponds to nucleophilic attack 
of H,O at the metal, giving mctal hydroxide groups. In succeeding steps 
the metal hydroxide groups react either with alkoxide (hetero-condensa- 
tion) or with hydroxide groiips (homocondensation) giving rise to the 
M-0-M bridges (Scheme 1). 

n 
(RO), MOR + HzO 

(RO) , M- d' ,. + (ROX, M - (RO) n M- 0- M@R) n 

- ROH +(RO), M-OH 

u 
SC'HbMt 1 
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The reactions can be catalyzed by acids, bases or nucleophiles such as 
F-. The oxide obtained is a highly crosslinked solid which is formed in a 
one pot procedure by an inorganic polymerization reaction. 

Hydrolysis of a solution of alkoxysilane in an organic solvent such as 
alcohol gives products with silanol functions, which form a sol (a col- 
loidal dispersion of particles in a liquid) by condensation polymerization 
(Fig. l).3 The continuation of the process gives a gel (continuous solid 
skeleton enclosing a continuous liquid phase). This transformation is 
designated the sol-gel transition. Gels may exhibit spontaneous shrink- 
age, called syneresis, on aging. The network is initially supple and 
allows further condensations, and bond formation induces contraction of 
the network and expulsion of liquid from pores. Drying of the gel by 
evaporation under normal conditions gives a dried gel, called a xerogel. 
Xerogels are interesting materials because of their porosity and high sur- 
face area, which make them useful as catalyst substrates, filters, etc. 
They are also useful in the preparation of dense ceramics by sintering 
(densification driven by interfacial en erg^).^ The advantage of the mole- 
cular approach to the synthesis of materials is based on the fact that the 
precursors can be obtained in the form of monoliths, films, fibres, and 
monosized powders directly from the gel state. 

Si(OR)4 + H2O / ROH 

colloidal solution 

xerogel 

glasses, ceramics 
FIGURE 1 Sol-gel process: 1 .  Hydrolysidcondensation, 2. Sol-gel transition, 3. Drying, 4. 
Densification. 
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As examples, three sets of results will be presented here: 

(i) the chemistry of metastable systems obtained from precursors 

(iij a new chemical way to prepare oxides which avoid hydrolytic 

(iii) some results concerning hybrid organic-inorganic solids. 

with functional groups; 

polymerization; 

NEW PRECURSORS LEADING TO METASTABLE PHASES 

(a) HSi(OR)l 

The hydrolysis of HSi(OR)? (R = Me, Et, iPr) performed under acidic 
conditions gives a gel of composition HSiO, 5.4 Under nucleophilic or 
basic conditions silica is formed with evolution of H2 (Scheme 2),4 it 
being known that nucleophilic substitution at hydridosilicates 
[HSi(OR),]- leads only to cleavage of the Si-H bond.' 

SCHEME 2 

The HSiOI,S gel shows spectroscopic features similar to those of the 
crystalline octahydrosilsesquioxane [HSi03,2]Y ( v ~ ~ - ~  = 2250 cm-', F,, = 
-85 pprn).6 In contrast to silica gels, these gels are not hydrophilic. This 
is easily explained by the absence of silanol groups in the gel and by the 
presence of the hydrophobic Si-H groups at the surface o f  the gel, 
instead of hydrophilic Si-OH groups in the case of silica. 

The thermal treatment of these solids is interesting. Under an oxidiL- 
ing atmosphere, as expected, the Si--H bonds are oxidized, leading to an 
increase in weight (1 0%) due to the formation of s i l i ~ a . ~ . ~  Under an NH, 
atmosphere silicon oxynitrides are formed with a high content of nitro- 
gen ( 3  ~ t . c / r ) . ~  

Under argon atmosphere evolution of H2 is detected at temperatures 
between 4SO and 900°C. Taking into account what would be expected in 
solution, the formation of Si-Si bonds leading to silicon sesquioxide 
Si,O, has been proposed (Scheme 3).8 At 1600°C X-ray diffraction 
showed the formation of cristobalite and silicon attributed to dispropor- 
tionation of Si,O,. 
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2 01.5Si-H - 2 01,5Si. + H. - Oi,5Si-SiOi -0.5 + 1.5 Si02 
SCHEME 3 

ESR spectra between 400 and 1200°C show that the pyrolysed gel 
contains O,Si', 02SiSi', OSi2Si', Si3Si' radicals (10" unpaired electrons 
per g Furthermore, an X-ray absorption near-edge structure 
(XANES) spectroscopic study reveals that the product obtained by heat- 
ing at 500°C contains predominantly regions with Si' and those with Si*. 
Thus, during the thermal dehydrogenation of HSiO,,, between 400 and 
900°C, Si-Si bond formation competes with a formal redistribution of 
Si-Si and Si-0 bonds. The ESR signals can thus be assigned to the 
resulting tetrahedral Si(Si,04_J units whose formation can be accounted 
for by the evolution of reactive sites such as sila radicals 01,5Si. and sily- 
lene 0-Si-0 formed in the solid.6 

(b) Si2C16 

The synthesis of a definite compounds Si203 with only one tetrahedral 
Si(Si30) site necessitates formation of Si-Si bonds at low temperature. A 
simple method has been proposed that employs hexachlorodisilane as a 
precursor (Scheme 4).9 

C1,Si - SiCl, 3Hz0'Et20 > Si203 + 6 HCl 

SCHEME 4 

-95°C 

Neutral or acid hydrolysis does not cleave the Si-Si bonds? The hydro- 
lysis of Si2C& gives rise to an evolution of HCI, which provides acidic con- 
ditions. The reaction affords a white amorphous powder (with a specific 
surface area of 600 m'g-') in which most of the Si-Si bonds are preserved 
(more than 90% of the theoretical ones). The silicon sesquioxide product 
has been characterized by 1R spectroscopy (very weak Si-H stretching 
band at 2265 cm-', v(SiOl.s) = 875 cm-I), 29Si MAS NMR spectroscopy 
(6 = -71, half height width 954 Hz), and X-ray absorption spectroscopy 
(absorption edge at 1840.5 eV, those of silicon and silica being at 1836 eV 
and 1844 eV, respectively).' The representation of the average interatomic 
distances in Silo3 in the bulk material obtained by extended X-ray absorp- 
tion fine structure (EXAFS) spectroscopy is given in Fig. 2. 

Thus, Si203, prepared in this way is a defined compound in which 
each silicon atom is bonded to three oxygen atoms and one silicon atom 
rather than a random mixture of Si-like and Si02-like tetrahedra.' 
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/- 

Si -Si -0 

2.37A 0 

FIGURE 2 Average environment determined by EXAFS spectroscopy ofthe silicon atoms 
in SiQ,  in thc bulk material. 

\ 

NEW CHEMICAL ROUTE FOR SOL-GEL PROCESSING 

Hydrolysis and condensation of tetraalkoxysilanes (R0I4Si readily 
give monolithic gels. However, metal alkoxides are much more reac- 
tivc toward hydrolysis and condensation. and in general precipitates 
are formed.3 Furthermore, due to the different rcactivities of metal 
alkoxides toward hydrolysis and condensation, especially i n  the case of' 
silicon and transition metal alkoxides, the control of the composition 
and the homogeneity of binary oxides is difficult to achievc by the sol- 
gcI process."' 

To counter the extreme hydrolytic reactivity of metal alkoxides, 
new condensation reactions have been studied. The key point in  these 
reactions is the formation of M-0-M bridges without the hydrolysis 
step. 

The literature data show that M-0-M may be formed starting from 
metal halides and different oxygen donors as such as alkoxides, ethers or 
alcohols. For instance, Gerrard et al. showed that silica is formed by heat- 
ing tetrachlorosilane with tetrabenzyloxysilane or with tertiarybutanol." 

The mechanism of the condensation reaction involves the coordina- 
tion of the oxygen of the metal alkoxide to the metal centre of the 
metal chloride. This complex reacts further to give MOM bridges 
(Scheme 5) .  

M-OR+M-X [ "i"] - M - 0 - M t R X  
M-OR 

SCHEME 5 

The general principle of this nonhydrolytic process is the induction of 
cleavage of the carbon-xygen bond instead of the metal-oxygen one. 
This nonhydrolytic route has been applied to the preparation of mono- 
component m well as bicomponent gels." 
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MONOCOMPONENT GELS 

(a) Alumina Gels 

Monolithic alumina gels were prepared by heating an equimolar amount 
of aluminium chloride and aluminium isopropoxide in a mixture of 
dichloromethane and diethyl ether.13 

This alumina gel is amorphous up to 750"C, followed by crystal- 
lization as y-alumina at 850°C and as a-alumina at 1200°C. It retains 
a high specific surface area from 380 m2g-l at 650°C to 100 m'g-' at 
1000°C. Solid state 27Al MAS NMR spectroscopy of the xerogel 
shows a large amount of five-coordinate aluminium sites besides the 
expected four- and six-coordinate ones. The five-coordinated A1 sites 
are retained in the calcinated samples up to the crystallization of 
y-Al,O, above 750°C. These sites originate in the structure of the pre- 
cursor in solution. Indeed, by redistribution reactions, the mixture of 
aluminium chloride and aluminium isopropoxide gives formation of 
trimeric aluminium chloroisopropoxides in which one aluminium 
atom is pentacoordinated and the other two are tetra~oordinated.'~ 
This structure is maintained in solution even after heating for 3/4 of 
the gclation time." The maintenance of the five-coordinate aluminium 
sites throughout the gelation supports the belief that the alkoxy 
bridges are not broken during the aprotic condensation which results 
from nucleophilic attack of the chloride on the carbon centre adjacent 
to the oxygen atom (Fig. 3). The example shows that solution chem- 
istry allows the preparation of metastable alumina. 

etc ... 
FIGURE 3 Non-hydrolytic condensation of the trimer A13Cl,(OiPr)4. 
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(b) Titania Gels 

The influence of the oxygen donor on the structure was investigated by 
reacting titanium chloride either with titanium isopropoxide or with a 
stoichiometric amount of miscellaneous oxygen donors: ethers: tetra- 
hydrofuran (THF), dXn-propyl)ether, di(isopropyl)ether, diethylether 
and dimethoxyethane (DME); or alcohol: primary alcohol (ethanol, 
propan- 1-01, butan- 1-01, ethylene glycol), secondary alcohols (isopropyl 
alcohol, butan-2-01) and tertiary alcohols (tert-butyl alcohol and tert- 
amyl alcohol) without s ~ l v e n t ' ~  (Scheme 6). 

TiCld + ROR' - CI,Ti-OR + R'CI 
R'= R or H 

SCHEME 6 

Gclation occurs in all cases at much longer times than under hydro- 
lytic conditions. The gel time depends on the oxygen donor and 
increases in the order: tBuOH = tAmylOH < sBuOH < iEWH = nPrOH 
< EtOH < Ti(OiPr)4 = iPr20 < Et20 < nBuOH < HOCH, CH,OH < THF 
< nPr20 < DME. The analysis of the syneresis liquid confirms the for- 
mation of alkyl chloride as the by-product, except in the case of 
dimethoxyethane and ethane diol. The absence of dichloro- I ,2-ethane as 
syneresis liquid must be related to weight losses ( A d m  = 47 and 33%) 
during calcination. DME and ethane diol react only with the end groups, 
giving a hybrid organic-inorganic gel (Scheme 7). 

2 M-Cl + R-0-CH2CH2-0-R --- M-O-CH2CH2-0-M + 2 RCl 
R =CHI  or H 

SCHEME 7 

After calcination at 500°C titania is no longer amorphous. Usually it 
crystallizes in the anatase structure. However, for samples prepared with 
an alcohol, nitile is obtained in the presence of ethanol and tertioamyl 
alcohol, a mixture of anatase and rutile in the case of secbutanol, and ter- 
tiobutanol gives a mixture of rutile and brookite. By heating to 1000°C 
(without holding time) a proportion of anatase was transformed to rutile. 
The transformation to rutile was complete for the samples prepared from 
DME, EtOH, fBuOH and tAmylOH, whcreas for the sample derived 
from Ti(OiPr)4 the transformation had not yet begun. 

These examples highlight the capability of molecular chemistry in the 
synthesis of Ti02 precursors with various ultrastructures which in turn 
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induce various crystallisation behaviours. Thus it is possible to delay the 
anatase-rutile transformation up to ca. 950°C, or to obtain the rutile 
phase directely as well. Even brookite, which is very uncommon in syn- 
thetic products, may be prepared. 

BICOMPONENT GELS 

(a) General Aspect 

When bicomponent oxides are prepared by high temperature solid state 
chemistry, only thermodynamically stable compounds are obtained. On 
the other hand, molecular chemistry may lead to metastable compounds 
when a high level of homogeneity is achieved in the precursor oxide and 
when diffusion is restricted at low temperature. l 7  

In the synthesis of bicomponent gels by the sol-gel process, the com- 
position and the homogeneity of gels are the two problems which have to 
be circumvented due to the difference in the rates of hydrolysis and con- 
densation of the various metal alkoxides used. 

The nonhydrolytic sol-gel process appears well suited to the prepara- 
tion of binary oxides, due to the mechanism of its mode of condcnsa- 
tion.18 Furthermore, any composition is theoretically attainable by 
several chemical combinations, provided that the number of chloride 
groups (CI) is equal to the number of alkyl groups (R) (in the alkoxides 
M(OR), or in the ether RzO). However, redistribution reactions between 
metal chlorides and metal alkoxides could give rise to heterogeneous 
gels, the compositions of which may be difficult to control. 

(b) Aluminium Silicate Gels 

Different compositions in the system Si02/A1207 were prepared from 
metal chlorides and an ether or from metal chlorides and metal alkox- 
ides, the ratio Al/Si varying from 0.39 to 10.52. For all the compositions, 
monolithic gels were obtained. The overall yields in binary oxide, deter- 
mined after calcination in air, are very large (from 92 to 100%). Based 
on X-ray diffraction patterns, the gels remained amorphous after calci- 
nation up to 700°C. Their specific surface areas determined by the BET 
method in the amorphous state, are large, from 230 to 700 m'g-'. As 
expected from the high yields (>90%), the compositions of the calci- 
nated gels, determined by energy-dispersive X-ray spectroscopy analy- 
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sis (EDAX), are rather close to those of the initial solution. Thus. in this 
process, the composition of the binary oxides is controlled by the stoi- 
chiometry of the starting solution. 

The homogeneity of the binary oxides has been investigated by means 
of 29Si solid-state MAS NMR spectroscopy. The 19Si chemical shifts are 
quite sensitive to the number of further silicon atoms attached at the ver- 
tices of a given SiOd tetrahedron. Thus, a Ca. 5 ppm downfield shift from 
the silica resonance is observed for each substitution of a Si atom by an 
Al atom, generating the five possible local environments of silicon 
Si[4Si], Si[AI, 3Si], si[2Al, 2Si], Si[3AI, Si] and Si[4AIj.'9 

The 29Si NMR spectra of the various silicoaluminates prepared show 
a large chemical shift distribution (Fig. 4). The regular downfield shift 
of chemical shifts observed from the Si rich oxide (gel 1, 6 centered at 
-102 ppm) to the A1 rich oxide (gel 4, 6 centered at -84 ppm) shows 
that Si-0-A1 bonds are formed and corresponds to an increase in the 
number of Si-0-A1 bridges as expected for a random distribution of 
Si and A1 atoms in the oxides. 

Another means of determining the homogeneity of bicomponent 
gels is the study of their crystallization. When a definite bicomponent 
oxide is known, its crystallization temperature strongly depends on 
the homogeneity of the starting gel. For example, in the Al2O3-Si0, 
system, the only definite compound is mullite with a composition 3 
A1203, 2 SiO?. The crystallisation of pre-mullite gels is known to be 
affected by ultrastructure, giving a clear insight into the scale of mix- 
ing between aluminium and silicon.'" When the homogeneity is 
achieved at the atomic level, crystallization of tetragonal mullite 
occurs at 980°C. When the gel is homogeneous only at the nanometer 
scale, a spinnel phase crystallizes at the same temperature (980°Cj, 
mullite being obtained at 1200°C. The homogeneity of nonhydrolytic 
gels with stoichiometric mullite composition was investigated.2' Two 
gels of this composition were studied. rn the first diisopropyl ether 
and in the second aluminium isopropoxide were used as oxygen donor 
(Scheme 8). 

Alumina AICI, + Al(OiPr), I ~zpc/.cll > calc'nat'on ' NHG 
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700°C 

AUSi=0,39 

20 -20 -60 -100 -140 

6 (ppm) 

FIGURE 4 29Si MAS NMR spectra of silicoaluminates with various AUSi ratios. 

Their conversion to mullite was followed by means of differential 
thermal analysis (DTA), X-ray diffraction (XRD) and MAS NMR. 
The DTA curves indicated a sharp exothermic peak near 1000°C in the 
case of the first gel corresponding to the crystallisation of tetragonal 
mullite, and for the second a broad peak near the same temperature 
due to the appearance of spinel. The 29Si MAS NMR spectra of both 
samples calcined at 900°C are very similar. The broad signal centered 
at ca. -92 ppm corresponds to that expected for a random distribution 
of A1 and Si in the oxides. Thus the crystallization behaviour appears 
to be a more accurate probe for homogeneity of pre-mullite gels than 
is solid-state NMR spectroscopy. 
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(c)  Aluminium Titanate 

The domain of stability of AI2TiO, exceeds 1180°C. At lower tempera- 
tures. separation into its constituents and TiO, occurs. The san -  
ples prepared by classical sol-gel crystallize to aluminium titanale at 
temperatures over 1 200°C, after crystallization of T i02  and corundum." 
However, upon heating homogeneous gels, prepared by slow hydrolysis 
of aluminium and zirconium alkoxides. P-AI,Ti05 crystallizes at 
XOO°C:." This metastable phase separates into titania and diiniina when 
the tcrnperature increases. Thus crystallization of this mctastable phase 
at low temperature is a criterion of homogeneity of the starting gel. We 
have prcpared aluminium titanate gels by the nonhycirolytic sol-gel 
process according to Scheme 9. 

I 72AIC1, + O  38AI(O'Pr), +Ti(O'Pr), 

2 AlCl + TiCI, i 5 'P r -0  

" ' "  > AI,TiO, + 5 I6 'PrC'I 
( H  ( '  > Al TiO, + I0 'PIC1 

V'HFMF 

Gclation occurs i n  less than 10 hours heating a[ I I O T  The condensa- 
t ion degree of the gels is rather low. around SO%,. Figure 5 shows the XRD 
pattern of the sample annealed 5 h at 600, 850. I000 and 1200°C. At 
600°C. the sample is rather amorphous with broad peaks corresponding to 
the beginning of the crystallization of P-AIITiO,. At XSOT, crystalliza- 
tion of the pscudo brookite P-A12TiOS occurs without Formation of Tin,  
and A1203. At IOOO'C, only lines of B-Al2TiO5 are present. At 1200T. ;I 
small amount of rutile may be detected besides P-AI2TiO,. Thc direct 
crystdlization of the metastable phase b-A12TiOS at temperatures helow 
its stability domain results from the homogeneity of the starting gels 
which favours short range ordering instead of long range diffusion which 
would give the thermodynamic products rutile and a-Al2O,. 

ORGANIC-TNORCANIC HYBRID SOLIDS 

(a) Generalities 

Inorganic chemistry is opening the field of organic-inorganic hybrid 
materials thanks to the possibility of forming metal-carbon bonds by 
many chemical routes. Organic-inorganic hybrid materials are a very 
wide field of growing They encompass inorganic oxides that 
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6OO0C * 
I ! I 
,I I1 I 1 1 , I  u 

5 10 15 20 25 30 32 40 

6 
FIGURE 5 XRD pattern of aluminium titanate and of gel annealed 5 h at 600,850, 1o00, 
and 1200 "C (+ TiOz-rutile). 

function as fillers in organic polymers, and also solids consisting of 
polymers or organic molecules, including inorganic oxide networks. 

The first topic is an important part of polymer science, and the second 
one is now developing very quickly because of the wide possibilities for 
building up new materials. 

The preparation of monophasic hybrid materials in which organic 
molecules are covalently bound to silica is a field of interest which has 
begun very recently. It is opening interesting perspectives for chemists. 
The organic moieties can be located inside the solid or only at its sur- 

When only one organic substituent in the silicon alkoxide pre- 
cursor is linked by a C-Si bond, the hydrolysis of the Si(OR)3 group 
leads to a crosslinked solid in which most of the organic groups are 
located at the surface.29 The incorporation of an organic spacer inside an 
inorganic matrix can be achieved when at least two covalent bonds are 
formed between the organic molecule and the solid. The organic spacers 
used are given in Fig. 6. 
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-0 ,*- 
-O~S, - j - -~S~-O-  
-0 0- 

Q- 
Ar = - -* *@- 

FIGURE 6 Organic spacers in polysiloxane hybrid gels 

(b) Nano Structures of Solids 

The case of ferrocene is a good example for illu'strating the difference in 
microstructure between solids in which the organic moiety can be 
located either at the surface (monosilylated ferrocene) or in the core of 
the solid (bis-silylated ferrocene)." In this latter case, cyclic voltametry 
shows the classical reversible apparently diffusive limited pattern: the 
peak currents scale linearly with the square root of scan rate.'* 
Furthermore, it is impossible to perform complete oxidation of' the Fe" 
into Fe"' in a macroelectrolysis performed on a suspension of the hybrid 
solid in (CH3CN/TBABFI). Mossbauer spectroscopy indicates the co- 
existence of signals corresponding to the two oxidation states of iron. In 
the case of monosilylated ferrocene, the macroelectrolysis performed 
under the same conditions exhibits complete oxidation as shown by 
Mosshauer spectroscopy. 

These experiments show that in the case of thc monosilytated fer- 
rocene, most of the iron atoms are accessihle, in agreement with a struc- 
ture of the solid in which the ferrocene units are bound to the silica 
surface. 
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In the bis-silylated ferrocene, the micro-organisation does not permit 
the location of the ferrocene at the surface. These units are embedded 
inside the silica, and only some of them are accessible for electrochem- 
ical reactions. 

The same kind of observation has been made in the case of complex- 
ation reactions of solids containing mono or bisilylated phenyl groups 
attached to a silica matrix. 

In the case of monosilylated phenyl systems, the introduction of 
Cr(CO), in gels is possible since most of the phenyl groups located at 
the surface of silica are a c ~ e s s i b l e . ~ ~  The presence of the phenyl groups 
at the surface also explains the high hydrophobicity of these solids. 

It is also possible to prepare gels containing Cr(C0)3-complexed 
phenylene groups from bis-silylated phenylene corn pound^,^^.^^ when 
the complexation takes place prior to gelation (Fig. 7).29 When the gela- 
tion is performed first, it is impossible to introduce the Cr(C0)3 moieties 
to the phenylene ring. It has been concluded that most of the phenylene 
groups are located in the core of the solid and are thus not accessible for 
chemical reactions. This is consistent with the high hydrophilicity 
observed for gels containing p-phcnylene units.29 Interestingly, the 
structure of the organic moiety is important. With non-rigid systems 
complexation by Cr(C0)6 is possible, showing an accessibility of 
phenyl groups due to the location of these groups at thc surface of the 
solid, in agreement with the very low hydrophilicity observed. 

t co /cr, %go 
01.5Si(CH2)n +(cH,),s~o~,~ 

F I  H*O 

C r f C 0 ) ~  

(n = 2 )  
(n = o$ Cr(Co)e (60.80%) 

01 .SSi(CH2)n G ( C H 2 ) n S i O l  .5 

\ 
no reaction 

FIGURE 7 Reactions of gels containing bis-silylated phenylene groups. 
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(c) 

The importance of the interactions between the organic units on the 
microstructure of the solid obtained during the gelation process i s  illus- 
trated by the inclusion of charge transfer complexes in gels (Fig. 8).30 

These kinds of complexes formed between bis-silylated terthiophenes 
and TCNQ can be included in silica. They remain unchanged after gela- 
lion as shown by absorption spectrowopy (h  = 855,752 and 684 nm) and 
by conductivity measurements (x = lo4 Scm-'). Although these inter- 
actions are very weak, they are strong enough to control the structure in 
the amorphous solid as indicated by the conductivity observed. 

The solid (IV') obtained by the direct co-hydrolysis of (I) and four 
equivalents of Si(OMe)4 is different from the solid (IV) obtained by the 
charge transfer complex route after washing. The two solids exhibit the 
same "C NMR spectrum and very similar '9Si NMR spectra. However, 
the macroscopic data are different. For instance, the specific surface area 
observed for (IV') is high (566 m2 g-I), whereas a poor one is obtained 

Solids Containing Charge Transfer Complexes 

TCNQ 

IV' (566 mZ g ' 1  

FIGURE 8 Charge transfer complex from terthiophene and TCNQ in a polysiloxane gel. 
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for IV (9 m2 g-'). The charge transfer interactions between (I) and TCNQ 
modify completely the kinetic parameters which control the formation of 
the hybrid solid during the hydrolytic polycondensation. 

In conclusion, this short presentation is only an illustration of the wide 
possibilities opened by inorganic chemistry in the field of solids elabora- 
tion, since only a few aspects have been indicated. Many other possibili- 
ties are of great interest: chemical vapour deposition from organometallics 
(OMCVD)?' the synthesis of materials with a controlled porosity,32 inor- 
ganic membranes,33 etc., which were not covered in this paper. 
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