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The organic-inorganic hybrid materials obtained by the sol-gel route constitute a new
class of solids prepared directly from a molecular precursor in mild conditions. These
materials are better described as kinetically controlled solids instead of thermodynamically
unstable materials. The reproducibility is observed only when the experimental conditions
and the purity of chemicals are controlled with the precision used in analytical measurements.
The results presented here illustrate the importance of all the parameters involved during
the hydrolytic polycondensation of silicon alkoxides. They clearly evidence the narrow
connections between the macroscopic data which describe the texture of the solids (specific
surface area, porosity) and the parameters which control the kinetics of all the reactions
involved in the process: the nature of the solvent, nature and concentration of catalyst and
reagents, and temperature. However, some trends could be observed: polycondensation at
silicon is also highly dependent on the geometry of the molecular precursor, “rigid” or
“flexible”. Moreover, very interestingly the aging conditions (time and temperature) exhibit
a drastic influence on the textural properties of the material whereas the level of condensation
at silicon is not influenced. These results clearly show that polycondensation at silicon and
the texture are not controlled in the same steps of the overall process.

Introduction

Over the past few years, there has been growing
interest for the “Chimie Douce”1,2 and particularly for
the preparation of solids by the sol-gel process which
is one of the natural extensions of metal alkoxyde
chemistry.3-6 The sol-gel methodology consists of in-
organic polymerization which leads to a highly cross-
linked solid through a hydrolytic polycondensation. The
nucleophilic attack of water at the metal, catalyzed (or
not), is followed by elimination of the leaving group and
formation of a metal hydroxyde (Scheme 1). This in turn
leads to metal oxide bonds either by homo- or hetero-
condensation.7 The most common case is the synthesis
of silica by hydrolytic polycondensation of tetraal-
koxysilanes.3,4 The process is a highly complex mecha-
nism, even for SiO2 formation, considered as the sim-
plest one.8-10 One of the main reasons is the competition
between polysubstitution, polycondensation, and redis-
tribution reactions.11-16 However, despite the lack of
knowledge concerning the mechanism of gel formation,
this field of research is very attractive since it opens
wide possibilities for the access to materials such as
hybrid organic-inorganic materials.17-32 This method
of solids synthesis permits one pot preparation. It
affords a mild way to bridge the solid-state chemistry
with molecular chemistry (organic, inorganic, and co-
ordination chemistry) by the choice of molecular precur-
sors in which an organic moiety is bound to a metal
alkoxyde unit. Furthermore, the formation of the sol

opens a very flexible processability since it is a viscous
liquid which permits the following devices to be ob-
tained: films by coating and fibers by spinning, but also
matrixes with the possibility of inclusions.

The solids obtained by this route are considered as
thermodynamically unstable materials,7 and the evolu-
tion is not reversible. In contrast, in classical solid-state
chemistry, the solids are prepared by thermodynamic
routes, the success of which is based on the self-
arrangement of the systems leading to stable (crystals)
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Scheme 1. Hydrolytic Condensation of Metal
Alkoxides

Scheme 2. Sol-Gel Process
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or metastable (glasses) materials. In sol-gel chemistry,
it clearly appears that the experimental conditions used
for the hydrolytic polymerization are of drastic influ-
ence, and each modification of the parameters results
in drastic changes of the characteristics of the final
material.7 It was suggested in the case of silica that even
the size of the container may have some influence.33 At
first sight, the characteristics of the solids seem to be
controlled by all the parameters able to modify the
kinetics of polycondensation. This is illustrated by the
examples reported in Table 1 in which the texture is

shown to be a function of the solvent (Table 1, entries
1, 2, 12, 13, and 16-19),34-38 the organic group (Table
1, entries 2-4),34 the catalyst (Table 1, entries 5-7 and
16-19),35-40 the concentration of catalyst29,34 and of the
precursor (Table 1, entries 14 and 15),36 the leaving
group (Table 1, entries 8 and 9),39,40 and the tempera-
ture (Table 1, entries 5, 8, 10, and 11).40,41 In the case
of the hybrid solids, the effect of the kinetic parameters
appears to be drastic since the organic part plays a role
in the polycondensation reaction which occurs in at least
six directions in the case of bis-silylated precursors. A

Table 1. Experimental Conditions and Textural Characteristics of Some Xerogels

a In molar percentage. bSpecific surface area.
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small change in the experimental conditions can lead
to a completely different solid. Furthermore, the repro-
ducibility is difficult to obtain and it is observed only
when the experimental conditions and the purity of
chemicals are carefully controlled with the precision used
in physical chemistry or analytical measurements.

This paper will focus on the hybrid materials obtained
from organic precursors containing at least two Si-C
bonds (Scheme 2); the inorganic matrix is built up
around the organic moiety through the hydrolytic poly-
condensation. Most of the organic spacers studied until
now are reported in Scheme 3. The use of Si-C bonds
provides a stable linkage between the organic unit and
the oxide matrix. The most commonly hydrolyzable
groups used are trialkoxysilyl groups -Si(OR)3 with R
) Me, Et, iPr. However, -SiCl3

45,46 and -SiH3
63,64

groups have also been studied. We have performed a
systematic study of the different parameters involved
during the hydrolytic polycondensation process, using

organic precursors having different structural features,
rigid, semirigid, and flexible (Scheme 4). We present the
conclusions we are considering of importance for the
control of the texture which is one of the most puzzling
aspects of the sol-gel process. We have chosen to work
with precursors containing at least two Si(OR)3 groups
instead of monosubstituted R-Si(OR)3. The main reason
is the difficulty to obtain solids with them without
dilution with Si(OR)4

65 as pointed out recently by Loy.66

We present here an overall review of these results
which show that the texture of these materials is under
kinetic control and illustrate the importance of each
parameter. Thus, the influence of the kinetic parameters
(nature and concentration of the organic precursor and
catalyst, solvent, temperature, and nature of the hy-
drolyzable group) on the textural properties of the
resulting xerogels will be presented. However, we report
also the influence of time and temperature of aging
which points out the complexity of the problem.

Scheme 3. Examples of Organic Units Included in Nanostructured Materials
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Experimental Results

In this review, we present a selection among the
results reported, choosing the most significant examples.
The molecular precursors which have been investigated
are listed in Scheme 4. They contain organic units with
various geometries and structural features: “rigid”,
“semi-rigid”, and “flexible” spacers have been studied.
A precursor presenting nine directions for polyconden-
sation is also reported and a ferrocene derivative as well.
We did not include the results reported by Lindner’s
group22,67,68 since the materials they describe exhibit
behavior more similar to cross-linked polymers rather
than to silicas. All of them exhibit swelling properties
in the presence of organic solvents due to the great
lipophilicity of the organic spacer and the use of -SiMe-
(OR)2 instead of -Si(OR)3. In contrast, all the materials
reported here present silica-like behavior corresponding
to solids which do not exhibit any swelling properties
due to the high level of polycondensation of the network
in opposition to the greater flexibility of Lindner’s
materials.67,68

Concerning the “microscopic level”, the spectroscopic
methods and particularly solid-state NMR are excellent
tools for the study of the organic unit included in the
material. Solid state 13C NMR spectroscopy is a means
of identifying the molecular units bound to the matrix
(assignment of all the carbon atoms of an organic
moiety), while 29Si NMR spectroscopy provides informa-
tion about (i) the absence of any Si-C bond cleavage
(no Q units corresponding to silica are observed)69-71

and (ii) the degree of polycondensation around the
silicon. CP MAS spectroscopy is not quantitative. How-
ever, it has been shown that single-pulse experiments
did not reveal any significant variation in relative

intensity from the CP MAS spectra in the case of
xerogels prepared from precursors containing different
organic groups.43,53,72 This was attributed to the pres-
ence of hydrogen atoms in the close environment of
silicon due to the proton-rich organic group attached to
it. Thus, it is possible to report here, as a first ap-
proximation ((5%), the percentage of the different
substructures estimated by deconvolution of spectra
which reflect the order of magnitude of polycondensation
at silicon. All the molecular precursors investigated
until now lead to hybrid solids. In all cases the 13C and
29Si CP MAS NMR spectra reveal that the organic group
survives the sol-gel polymerizations intact and that no
silicon-carbon bond cleavage occurs.

The “macroscopic data” permit determination of the
textural characteristics of the materials which cor-
respond to the classical identification of the solids in
terms of granulometry, specific surface area, pore
volume, porosity, and density. The specific surface areas
of xerogels were determined using 35 points adsorp-
tion-desorption isotherm plot measurements73 and
were evaluated using the BET equation.74 The porous
volume was determined by the BJH method75,76 and the
microporous volume was evaluated by the analysis of
the t-plot diagram. The control of the texture of the
xerogels constitutes an important challenge in materials
chemistry since it is determining for the properties and
applications of the resulting solids.

Influence of the Solvent and the Concentration.
The 29Si NMR data and the textural characteristics of
some xerogels obtained in MeOH and THF at two
different concentrations of precursor (0.5 and 1.0 M)
with 1% molar of tetrabutylammonium fluoride (TBAF)
as catalyst are presented in Table 2.72,77-79 It emerges
from this study that the solvent has a drastic influence
in the case of the flexible precursor 3: highly polycon-
densed porous solids are obtained in THF, whereas
moderate levels of condensation at silicon and nonpo-
rous xerogels are formed in MeOH (Table 2, entries
9-12) whatever the concentration. In contrast, the
solvent employed for the hydrolysis polycondensation
reaction has a weak influence on both the structural
and textural properties of the solid obtained from the
“rigid” precursors 1 and 2. In this case, an increase of
the concentration of precursor induces an increase of
specific surface area only in MeOH (Table 2, entries 3,
4, 7, and 8).

The results presented in Table 2 show that the solvent
and the concentration of the precursor have an influence
on the characteristics of the xerogels prepared under
nucleophilic catalysis (TBAF). It was of interest to
investigate other types of catalysts.

Influence of the Catalyst. Usually, the sol-gel
polymerization of organic molecular precursors is cata-
lyzed by nucleophiles (fluoride ions), acids, or bases. To
highlight the kinetic control of the hydrolytic process,
we have compared the effect of the usual ionic catalysts
with the nonionic ones. Study has been performed more
particularly by comparing the “rigid” 1 and “flexible” 3
precursors in MeOH and THF. Ionic catalysts (TBAF,
NH4F, NH4OH, NaOH, and HCl) and nonionic ones such
as DMF (dimethylformamide), DMAP ((dimethylamino)-
pyridine), NMI (N-methylimidazole), and HMPT (hex-
amethylphosphorotriamide) have been investigated.78-80

Scheme 4. Molecular Precursors
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The most representative results are summarized in
Table 3.

The structural and textural properties of the xerogels
obtained from 1 are poorly influenced by both the
solvent and the catalyst: porous solids with high specific
surface area and a large microporous contribution are
always obtained.78,80 The level of condensation at silicon
lay in the range 60-67% in all cases (Table 3, entries
1-7). In contrast, the catalyst and the solvent have a
great influence on the properties of the xerogels ob-
tained from the “flexible” precursor 3. Ionic catalysts
lead to more polycondensed xerogels (73-87%) than
nonionic ones (59-68%) in THF (with the exception of
NH4OH; Table 3, entry 10), whereas in MeOH the level
of condensation is in the range 59-63%.78,80 Figure 1
shows the 29Si CP MAS NMR spectra of xerogels
obtained from 3 in MeOH with ionic catalysts. Interest-
ingly, a porous solid with a high specific surface area is
formed only with TBAF in THF (Table 3, entry 8), when
in the same conditions, a totally different solid is

obtained using NH4F (Table 3, entry 9). An illustration
of this difference is exemplified by a comparison of the
29Si CP MAS NMR spectra of these xerogels given in
Figure 2.

Besides the strong influence of the catalyst, these
results suggest that the organic group is of great
importance.

Influence of the Organic Group. Organic spacers
having different structural features have been investi-
gated (Scheme 4).72,79 Compounds 7 and 10 bear a
triethoxysilyl group. It has been shown that changing
the Si(OMe)3 group by the Si(OEt)3 group resulted only
in longer gel times for ethoxy groups. The same condi-
tions (0.5 M in THF with 1% molar of TBAF at +20 °C)
have been chosen since flexible compound 3 exhibits
porosity only in these conditions. The main results
arising from this study are given in Table 4. Highly
polycondensed (86-95%) solids are formed in the case
of “flexible” precursors (Table 4, entries 3, 4, and 7).
These very high levels of condensation could certainly
be due to the flexibility of the organic moiety (especially
for 10) which might facilitate the polycondensation
reaction and the cross-linking of the network. Another
explanation could be that there is a lack of organization
in the case of long alkylene chains, requiring a higher
level of condensation to form a solid. In most cases, the
solids presented high specific surface areas with a weak
microporous contribution (5-25%) and mesopores with
no narrow pore size distribution. In the case of alkylene
bridging groups, increasing the length of the chain
drastically modifies the texture of the xerogels; a
decrease of the specific surface area and the micropores

Figure 1. 29Si CP MAS NMR spectra of xerogels obtained
from 3 in MeOH (0.5 M) with 1% molar of catalyst.

Figure 2. 29Si CP MAS NMR spectra of xerogels obtained
from 3 (0.5 M) with 1% molar of catalyst.
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contribution are observed79 and the longest precursor
leads to a nonporous solid (Table 4, entry 7). A similar
result has been observed in other experimental condi-
tions.53

It was proposed that this effect might result from the
increase in flexibility of these groups that can aggregate
and compact more closely.81 However, the organic group
can modify the kinetics of reaction at silicon by steric
and electronic effects due to the Si-C bond.

Influence of the Temperature. The preparation of
xerogels is generally performed at +20 °C. A systematic
study of the effect of the temperature has been inves-
tigated by varying the temperature from -20 to +55
°C. Experiments were also performed in sealed tubes
at +110 °C.79,82 The different precursors (Scheme 4)
were investigated and the hydrolytic process was cata-
lyzed by ionic and nonionic catalysts.79 The main results,
reported in Table 5, clearly show how much the texture
of the xerogels is temperature dependent. An increase
of the temperature leads to an increase of the mesopo-
rosity and the specific surface area corresponding to a
decrease of the microporosity. The adsorption-desorp-
tion isotherms for xerogels obtained from 1 (Table 5,
entries 1-4) at different temperatures illustrate this
result very well (Figure 3). At the low temperatures -20
°C (Figure 3a) and 0 °C (Figure 3b), the isotherms are
of type I, indicating a largely microporous solid with a

low mesoporous contribution, though vestiges of hys-
teresis loops characteristic of capillary filling of meso-
pores are evident. When the temperature rises to +20
°C (Figure 3c), the isotherm is characteristic of type IV,
the microporous volume is only 10%, and the mesopores
range between 20 and 120 Å. At +55 °C only 5% of
micropores is present and the mesopores show a narrow
pore size of 55 Å (Figure 3d). When the gels are formed
at +110 °C, they are generally mesoporous with a
narrow pore size.79 It also appears that the texture of
the material is not directly correlated to the degree of
polycondensation at silicon since only minor variations
are observed when the temperature is increased (Table
5). A similar observation has been reported in the case
of phosphine or azamacrocycle precursors.40, 41

Influence of the Aging Conditions. Generally, the
gels are aged for 6 days. Since a drastic effect of
temperature is observed on the texture of the xerogels,
it was of great interest to change the conditions of aging,
varying the length and the temperature.83 Selected
results are given in Table 6. It clearly appears that
polycondensation at silicon is only poorly influenced by
the length of aging; a weak increase of the level of
condensation is observed. In contrast, the length and
the temperature of aging have a drastic effect for both
the specific surface area and the porosity. For a given
temperature, increasing the time of aging induces an

Table 4. Structural and Textural Characteristics of Xerogels Obtained from Different Precursors in THF (0.5 M) with
1% Molar of TBAF at +20 °C

a Level of condensation. bSpecific surface area. cPercentage of micropores. dSize of mesopores. eNo narrow pore size distribution. fBroad
signal.
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increase of the specific surface area and an increase of
mesoporosity (Table 6). This phenomenon could be
explained by the elimination of the surface roughness
with the remainder of the mesopores. The same behav-
ior is observed whatever the solvent or the structure of
the organic group.83 A noteworthy illustration of the
influence of aging conditions is shown in Figure 4. The
N2 adsorption-desorption isotherms of the four xerogels
obtained from 1 point out the drastic influence, on the
texture, of aging conditions and especially the temper-
ature. This behavior is observed with all the catalysts.

However, a particular behavior is evidenced only with
NaOH.84 The 29Si CP MAS NMR data reported in Table
7 clearly show that the percentages of the different Ti

substructures highly depend on the aging conditions,
whereas the overall order of magnitude of polyconden-
sation at silicon is very similar whatever the conditions.
A comparison between the xerogels (Table 7) shows that,
for a given temperature, varying the length of aging
(entries 3 and 5) or increasing the temperature of aging
(entries 3 and 6) induces considerable changes in Ti

repartition, and especially T0 site population reforms

Figure 3. N2 adsorption-desorption isotherms of xerogels obtained from 1 in THF (0.5 M) with 1% molar of TBAF at (a) -20 °C,
(b) 0 °C, (c) +20 °C, (d) +55 °C, and (e) +110 °C.
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during aging. This is the result of redistribution reac-
tions due to the Si-O-Si bond cleavages catalyzed by
OH- as shown in Scheme 5.84

Taking into account all the results obtained with
different organic groups (Table 4) by varying the
experimental conditions (Tables 5 and 6), for a given
organic structure, it is possible to adjust the synthetic
parameters to control the textural properties: meso- or
microporosity and high or low specific surface area.

Influence of the Functionality in Silicon. The
hydrolytic condensation of Si-H of trihydrosilanes is
an alternative route to the obtention of silsesquioxane
materials.63,64 The interest in this method is to avoid
the formation of alcohol or acids since the leaving group
is removed as hydrogen gas.

The precursors 11 and 12 (Scheme 4) having respec-
tively the “rigid” and “flexible” organic group have been
hydrolyzed in THF with TBAF as the catalyst.64 The
degree of condensation at silicon cannot be deduced from
deconvolution of 29Si CP MAS NMR spectra because of
the presence of hydrogen atoms directly attached to
silicon. The xerogels obtained were in both cases mainly
mesoporous with high specific surface areas (Table 8,
entries 2, 3, 7, and 8). These results show that changing
the leaving group in silicon mainly modifies the porosity
of the solids (Table 8, entries 1 and 6).

Discussion

The results discussed here exhibit, without any
ambiguity, a parallelism between the experimental

conditions and the texture (specific surface area and
porosity) of the solids which are always obtained with
complete reproducibility. The experimental conditions
and the controlling parameters of the kinetics of poly-
condensation at silicon are well defined. The variations
induced by the nature of the solvent,72,77-79 of the
catalyst,78-80 of the organic unit,72,79 and of the leaving
group,64 the effect due to the temperature,79,82 the
influence of concentrations of all reagents,72,77-79 and
finally the great influence of aging83,84 have been
studied. On the basis of all experimental facts, it is
possible to conclude that the macroscopic parameters
which describe the texture of the solids are under kinetic
control. Thus, the hybrid materials are best described
as kinetically controlled materials than as unstable
solids.7 The great influence observed with the nature
of the organic group is particularly illustrative. The
possible explanations are the obvious changes in the
kinetics of polycondensation at silicon due to steric and
electronic effects. Moreover, the possible interactions
between the organic units which have been evidenced
by X-ray diffraction85 and birefringence86 experiments
can also be of great importance in the control of the
texture. Their instability is due to the reactivity at the
surface or in the bulk when the solids are in contact
with reagents (humidity of the air, for instance). How-
ever, it is possible to find ways to protect the materials
against evolution. We have observed that the xerogels
are stable when they are stored in sealed tubes under
vacuum.52 In contrast, most of the nanostructured

Figure 4. N2 adsorption-desorption isotherms of xerogels obtained from 1 in THF (0.5 M) with 1% molar of TBAF after 6 days
of aging: (a) gel at -20 °C and aging at -20 °C, (b) gel at -20 °C and aging at +55 °C, (c) gel at +55 °C and aging at -20 °C,
and (d) gel at +55 °C and aging at +55 °C.
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hybrid materials exhibit evolution of the textural prop-
erties upon standing in air. The texture appears very
sensitive to moisture.

If we consider now the classical scheme which rep-
resents the different steps in the sol-gel process
(Scheme 6), it is not possible to propose any step as the
controlling step of the texture of the solid. Two pieces
of experimental evidence are showing the complexity of
the problem: (1) The effect of the temperature is drastic
for the value of both specific surface area and porosity.
However, the polycondensation at silicon measured by
29Si NMR is poorly dependent on the temperature.79,82

This observation suggests that polycondensation at
silicon is not an important factor for the control of the
textural parameters (specific surface area and porosity).
Thus, we conclude that polycondensation at silicon and
texture are certainly not controlled in the same step of
the overall process, which leads to the polysilsesquiox-
ane from the precursor through the colloidal sol forma-
tion (Scheme 6). (2) The drastic effect of the temperature
observed during aging is also very informative. Indeed,
aging corresponds to a transformation occurring on the
solid material. It takes place after the sol-gel transition.
Thus, it is not directly connected to the first chemical
steps of polycondensation occurring in solution and it
operates on solid materials which are already highly
cross-linked. That means that the control of the texture
of the material is also highly dependent on the evolution
of the solid itself. (3) The nature of the organic unit
seems to be of great importance for polycondensation
at silicon. However, for a given organic structure, it is
possible to control the texture by changing the experi-
mental conditions: the temperature, nature of the
solvent, catalyst, etc. can be considered as parameters
with which it is possible to play for reaching a suitable
texture.

Conclusion and Perspectives

Thus, in this step of the work, it is possible to conclude
that the textural features of the materials (specific
surface area and porosity) are under the control of the
parameters which are of importance in the kinetics of
polycondensation. In our opinion, these conclusions may
be extended to solids obtained by sol-gel techniques
from R-Si(OR)3 and also from Si(OR)4. However, a
better understanding of both the formation and evolu-
tion of materials involves complementary studies. In-
deed, the results obtained in aging the gels at different
temperatures suggest that the different steps of the sol-
gel solid formation are not controlled by the same
parameters. For instance, the degree of polycondensa-
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tion at silicon is not temperature dependent when the
porosity is highly dependent on the aging temperature.
These observations suggest that more information must
be collected, looking to other properties such as the
short-range or long-range order by studying other
parameters (SAXS, NMR, birefringence, etc.) to try to
discriminate the factors which are controlling the dif-
ferent steps of the solid formation as shown in Scheme
6.
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