
INTRODUCTION

The modern chemistry of silicates (Si–O) and met-
allasilicates (Si–O–M) is very broad and diverse, rang-
ing from minerals to organometallic siloxanes and cata-
lysts to microporous zeolites to mesoporous silica and
hybrid materials [1, 2]. Silicon and aluminum are the
second and the third most abundant elements in the
Earth crust [3] and yet they are never encountered in the
nature in their elemental form. Instead they combine
with oxygen and form a multitude of aluminosilicate
minerals, such as garnets, topaz, beryl, pyroxenes,
amphiboles, kaolinite, muskovite, pyrophyllite, mullite,
zeolites, feldspars, and many others. From this long list
of materials one can glimpse the immense importance
of silicates for the mankind. Silicate dust particles con-
taining Mg, Fe, Al, Ca, and Na are present also in the
interstellar and circumstellar medium [4]. Their detec-
tion is based on analysis of the silicate bands in the IR
spectra [5].  In this review, we tried to briefly summa-
rize the most exciting current trends starting from sili-
con compounds with unusual coordination numbers five
and six, studies of oligomeric silicate species in solution
and the gas phase, synthesis, chemical reactivity and
structural characterization of silanols and their deriva-
tives, such as metallasilicates and silsesquioxanes, and
their application in homogeneous and heterogeneous
catalysis, surface organometallic chemistry of silica
directed toward the rational fabrication of active sites,

sol-gel routes to silica-based oxide and hybrid materi-
als, non-hydrolytic sol-gel reactions, synthesis and
modification of mesoporous silica, synthesis of molecu-
lar models of zeolite building units, and developments
in mass spectrometric and NMR spectroscopic methods
applied to silicates and aluminosilicates. References
cover the most relevant review articles and accounts
past 1993 and aim the reader at vast numbers of original
reports in many areas of the silicate and aluminosilicate
research.

Unusual coordination environments

Both in minerals and synthetic compounds, silicon
prefers coordination number four with a tetrahedral
atomic environment. At normal conditions, high coordi-
nation numbers five and six are rare. However, the octa-
hedral coordination is stabilized by high pressure in
phases, such as stishovite and the perovskite-analog
(Mg,Fe)SiO3 in the upper mantle of the Earth. Conse-
quently, most of the silicon atoms in our planet are pres-
ent as six-coordinate SiO6 moieties. Furthermore, sili-
con phosphates, such as SiP2O7, have been obtained at
ambient pressure that contain polymeric network struc-
tures of SiO6 octahedra and PO4 tetrahedra [6] and 29Si
NMR studies revealed the presence of five-coordinate
centers in alkali metal glasses [7]. Good examples of
molecular compounds with five-coordinate silicon cen-
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ters are silatranes, R-Si(OCH2CH2)3N [8, 9]. A molecu-
lar organometallic compound containing a SiO6 central
unit was formed by the reaction of the aqueous solution
of the Kläui acid [(C5H5)Co{P(O)(OH)2}3H] with glass
container walls [10]. A number of coordination complex
anions possessing hypervalent penta- and hexacoordi-
nate silicon centers [11] are also known with multifunc-
tional carboxylic acids [12] and o-dihydroxybenzene
[13]. Also a large group of zwitterionic pentacoordinate
silicates was structurally characterized [14]. Silica dis-
solves in ethylene glycol at elevated temperatures in the
presence of alkali bases or triethanolamine catalyst
yielding a variety of five- and six-coordinate species
[15]. These reactions may become significant direct
routes to organosilicones a organosilanes with exploita-
tion of sand and silicate mineral resources. In general,
the five-coordinate Si species serve as precursors for the
transformations to alkoxides, ceramics, or organosilox-
anes and silanes. They also act as intermediates in the
complex reaction mixtures in the hydrothermal synthe-
sis of zeolites, [16] sol-gel one-pot synthesis of mullite
and cordierite [17], or synthesis of tetramethoxysilane
from a variety of silicate minerals and dimethyl carbon-
ate [18]. The five- and six-coordinate silicates were
observed even in aqueous solutions at high concentra-
tions by 29Si NMR spectroscopy [19]. 

Aluminium prefers octahedral coordination in
hydrated cations, oxides, hydroxides and coordination
complexes. On the other hand, four-coordinate alumini-
um is found in  the central tetrahedron in the Keggin-
type polycation [AlO4A112(OH)24(H2O)12]7+ and in the
basic aluminate solutions as [Al(OH)4]- [20]. In alumi-
nosilicates and particularly in zeolites, aluminium
replaces silicon at the tetrahedral coordination sites. A
multitude of minerals and synthetic materials is com-
posed of chains, rings, layers and three-dimensional
arrays formed by corner-sharing of SiO4 and AlO4 tetra-
hedral units. The isoelectronic relationship between
(SiO2)2 and [AlSiO4]- is the foundation of vast alumi-
nosilicate chemistry [21]. Pentacoordinate AlO5 moi-
eties are less common but not rare. 

Nitridosilicates and nitridoaluminosilicates are
families of compounds derived from silicates and alu-
minosilicates by replacing oxygens with nitrogens. The
synthesis is not trivial as they are prepared at high tem-
peratures from Si(NH)2 or Si3N4 and metals or metal
azides under nitrogen atmosphere. They usually contain
three-dimensional networks of [SiN4]8- tetrahedra con-
nected through their vertices or edges. Nitridosilicates
display more structural variability in comparison to
their oxoanalogs. Besides zeolite-analogous networks
and a discrete nitrido-cyclo-trisilicate anion [22] they
feature SiN6 octahedral units and triply and quadruply
bridging nitrogen atoms. The interest of materials sci-
entists in these compounds and also in a related group

of sialons (Si–Al–O–N) and sions (Si–O–N) was stimu-
lated by their outstanding thermal, chemical, and
mechanical stability [23, 24]. Compounds containing
SiS4 tetrahedra in their structures are sulfur analogs of
orthooxosilicates. They were prepared either from ele-
ments by halogen assisted vapor phase transport reac-
tions or from a particular metal and SiS2 in a CsCl flux
[25, 26].

Solution and gas phase clusters

Hydrolysis of Al3+ in aqueous solution upon raising
pH leads to condensation and the formation of polyca-
tions. This complicated behavior is traditionally
described by two models. One is based on cyclic hexa-
meric fragments composed of edge-sharing octahedra
that are related to gibbsite. Their subsequent coales-
cence and condensation leads to solid Al(OH)3. The
other mechanism is supported by the experimental
observation of the Keggin Al13 ion in 27Al NMR spectra.
A unified model was proposed, that considers both
types of intermediates in the time dependent and
dynamic process of polymerization and aging which is
also influenced by the rate of neutralization [27]. Silicic
acid forms a large number of oligomeric polysilicates
by condensation in aqueous solutions (figure 1). The
distribution of linear, branched, cyclic, and polyhedral
anions depends on concentration, temperature, pH,
ionic strength, and the nature of cations present. Silicic
acid or silicate anions react with aluminium to form
hydroxyaluminosilicate species of similar cage-like
structures [28, 29].
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Figure 1.  Examples of structural units of oligomeric silicates
and aluminosilicates. Points represent Al/SiO4 tetrahedral units,
connecting lines are the oxygen bridges.



Volatile compounds of silicon and aluminium, such
as hydrides, alkyls, halides, and alkoxides, serve as pre-
cursors to oxides in chemical vapor deposition (CVD)
processes. Thin films of SiO2 are applied as passivating
and insulating layers in the fabrication of microelec-
tronic circuits. A constantly decreasing size of devices
requires certain stability and permeability characteris-
tics that silica cannot meet. A replacement was found in
alumina and aluminosilicates that display negligible ion
migration effects and possess a high chemical stability,
thermal conductivity and radiation resistance. Alumi-
nosilicates have an advantage of remaining amorphous
even upon heating and can be prepared either from a
mixture of silicon and aluminium precursor compounds
or from a single source precursor containing both ele-
ments in a desired ratio. However, the stoichiometry
control is still a problem in both methods [30]. The
complexity of the formation of solid products from
small molecular precursors in the CVD processes was
demonstrated for the reaction of SiCl4 with oxygen,
which leads to amorphous SiO2 above 1000°C. At
slightly lower temperatures, a vast number of interme-
diate chlorosiloxane clusters SinOn+xCl2(n x) with up to 70
silicon atoms were characterized by analytical, mass
spectrometric, NMR spectroscopic and structural tech-
niques. These clusters represent structural fragments of
solids and their stepwise growth manifests a continuous
transition from molecular to solid state materials [31].
In a related process, fumed silica (AEROSIL) is pro-
duced by the combustion of SiCl4 in the hot H2/O2

flame. Here the hydrolysis reaction is an important ini-
tial step that proceeds through assumed intermediate
silafosgene SiOCl2 and molecular SiO2 to finally pro-
vide SiO2 nanopowders with an extremely fine particle
size [32]. 

Silanols

Organosilanols are reactive precursors for many
metallasilicates and hybrid materials discussed here
(figure 2). Simple organosilanols RnSi(OH)4-n can be
derived from silicic acid by progressively replacing
hydroxyls with organyl groups. Two major synthetic
methods are hydrolysis of Si–X bonds (X = H, halogen,
alkoxide, carboxylate) and oxidation of Si–H groups. In
contrast to their carbon kins, silanols easily undergo
self-condensation to siloxanes resulting in the formation
of linear, cyclic and polyhedral oligomers with Si–O–Si
bridges. Sterically demanding R groups may be used as
protection to increase their stability. In the solid state,
organosilanols form extensive networks of hydrogen
bonds and thus display a rich variety of cyclic, chain,
tape, sheet, cage, and 3D framework structures [33-35]. 

Silica and aluminosilicates play a crucial role in
catalysis which is traditionally divided into homoge-
neous and heterogeneous. Even though the heteroge-
neous systems are industrially much more important,
they are usually used in a black box manner because the
knowledge about the precise nature of active sites is
limited due to their low concentration on an active cat-
alyst and difficult experimental detection. On the other
hand, the homogeneous catalysts are molecular and thus
easily amenable to structural and mechanistic studies
and details are known on many catalytic mechanisms
[36]. Organometallic surface chemistry on amorphous
and periodically organized SiO2 and molecular models
of the active sites built from silanols and silsesquiox-
anes are gradually bridging the gap between these two
areas [37-39]. Two types of reactive sites are present on
the supporting silica surface: strained siloxane bridges
Si–O–Si and silanols Si–OH (figure 3). The protic char-
acter of the silanols is exploited in the reactions with
organometallic compounds, such as metal alkyls,
amides, silylamides, and alkoxides, that lead to well
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Figure 3.  a) Isolated, b) vicinal, and c) geminal silanol groups at the silica surface.

Figure 2.  a) Monosilanols, b) silanediols, c) silanetriols, d) dis-
ilanols, and e) bis-silanediols; R = organyls, X = O or other
spacer groups.
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defined and highly catalytically active models mimick-
ing the active sites of the heterogeneous system. A large
variety of methods, such as solid state NMR spec-
troscopy, IR spectroscopy, EXAFS, XANES, SEM,
TEM, and ESR, have been employed to investigate
these systems [40].

Silicas with a wide variety of surface-immobilized
inorganic and organic reagents are applied as catalysts
with improved selectivity and hold promise for more
environmentally friendly technology [41]. Furthermore,
organometallics are employed also in the modification
of reactivity and selectivity of zeolitic molecular sieves
by the reactions of the surface OH groups [42, 43]. The
same reactivity mode is also exploited in the fabrication
of self-assembled monolayers (SAM) that are produced
on atomically flat surfaces of silicon wafers with native
SiO2 or on mica sheets. Long chain aliphatic trichlorosi-
lanes (RSiCl3), such as octadecyltrichlorosilane (OTS),
are hydrolyzed by surface-adsorbed water and undergo
condensation with the surface OH groups. The extended
aliphatic chains are thus covalently anchored through
the silanetriol head-groups and form a tightly packed
two-dimensional film [44, 45]. SAM can be manipulat-
ed by scanning probe lithography with promising appli-
cations in nanotechnology [46, 47]. 

Silsesquioxanes

Silsesquioxanes form a diverse group of polyhedral
compounds and polymers that are derived formally
from silanetriols RSi(OH)3 by condensation of the
Si–OH groups. Their structure is based on trifunctional
building units RSiO3 where each silicon possesses an
organic R group and three bridging oxygens which
interconnect these units. The silsesquioxane moieties
assemble in a variety of ways. A complete condensation
of a limited number of units leads to polyhedral
oligomeric silsesquioxanes (POSS) or spherosiloxanes.
They form cages of different sizes and shapes,

(RSiO3/2)2n (n = 3, 4, 5, ...), trigonal-prismatic (n = 3,
D3R, figure 4a), cubic (n = 4, D4R, figure 4b), pentag-
onal-prismatic (n = 5). An incomplete condensation pro-
vides a variety of cyclic, polycyclic, and polyhedral
molecules with several remaining reactive Si–OH
groups (figure 4c) [48]. On the other hand, amorphous
polymeric networks result from irregular connection of
an infinite number of units. Highly controlled synthetic
reactions lead to the ladder-type oligosilsesquioxanes
with different number of rungs [49].

Four most common methods used to prepare func-
tionalized silsesquioxanes are a direct hydrolytic con-
densation of RSiX3, hydrosilylation of hydridosilses-
quioxanes, silylation of spherosilicates, and synthetic
modification of organic substituents on readily avail-
able silsesquioxane molecules. The octasilsesquioxane
cubic cage has an inner void of dimensions suitable for
encapsulating small species, such as H and D atoms
[50] or a fluoride ion [51].

Besides self-condensation, silanols react with a
variety of metal hydrides, alkyls, amides, alkoxides, and
halides and form metal-siloxide complexes. In these
structures, silanolate anions serve as terminal, bridging,
and chelating groups and form a multitude of cyclic,
polycyclic, and polyhedral structures [52-55]. One of
the workhorses of anaerobic synthetic chemistry - sili-
cone grease - can become, accidentally or deliberately,
a reagent in the reactions with highly polar metal com-
pounds that lead to organometallasiloxanes [56]. For
example, aluminium halides and hydrides cleave linear
and cyclic polydimethylsiloxanes and provide cyclic
products (figure 5).

Silanetriols offer three functional OH groups at a
single nodal point that are used for building a variety of
cyclic and polyhedral metallasiloxane molecules. These
compounds are soluble in organic solvents and thus are
amenable to investigation by NMR spectroscopy and
other solution techniques [57-60]. Among the multitude
of structurally characterized metallasilicate pohyhedral
molecules, cubic aluminosilicate cages are most closely
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Figure 4.  a, b) Fully and c) partially condensed silsesquioxane cage molecules.

a) b) c)



related to a structural motif of zeolites, the so-called
double-four-ring (D4R) secondary building unit [61].
Amino-analogs of silanetriols are triaminosilanes
RSi(NH2)3 that similarly provide access to iminosilicate
cages and rings [62].  

Derivatives of R7Si7O9(OH)3 (R = cyclopentyl,
cyclohexyl, figure 4c) hold a special position among the
incompletely condensed silsesquioxanes. They feature a
cubic skeleton with one missing silicon corner and three
remaining reactive Si–OH groups. This moiety bears a
close resemblance to structural features of silica surface
[63]. Reactivity of the protic groups of R7Si7O9(OH)3

was utilized in reactions with a variety of organo-
metallics to build monomeric or dimeric compounds
(Scheme 1) as models for species present at the silica
surface in heterogeneous silica-supported catalysts of
olefin polymerization and epoxidation [64-66]. Most of
the elements of the periodic table were incorporated in
the polyhedral silsesquioxane structures [67]. These dis-
crete organic-soluble molecules are easily studied by
solution techniques [68, 69] and act as homogeneous
catalysts in their own right [70].

Compounds R7Si7O9(OH)3 were also used in the
reactions with functionalized trichlorosilanes, P–SiCl3

(P = polymerizable group), to prepare cubic molecules
containing seven inert organic groups  for solubility
purposes and one reactive functional group (ester,
epoxy, olefin, nitrile) that serves for linking the
octasilsesquioxane units to polymer chains. Polymers of
different types (pendant, bead, and star, Scheme 2) were
prepared by copolymerization with organic monomers,
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Figure 5.  Aluminodimethylsiloxanes.

Scheme 1



such as acrylates, urethanes, and styrenes [71-73].
Cubic R8Si8O12 silsesquioxanes were used as octafunc-
tional cores in the divergent or convergent syntheses of
dendrimers. The high functionality of these molecules
provides an advantage over other types of core, e.g.
tetrahedral, in a reduced number of reaction steps
required to obtain globular molecules with a large array
of terminal surface groups [74]. The silsesquioxane
molecules with multiple reactive functional groups have
been synthesized for the purpose of integration into
polymer networks and serve as monomeric units for the
preparation of crosslinked polymeric resins. Major
chemical routes to crosslinking silsesquioxane cages are
hydrosilylation, hydrolysis-condensation, silylation,
hydride oxidation, and olefin radical polymerization
[75, 76]. Resulting porous networks (Scheme 2) consti-
tute a class of new silicate inorganic-organic hybrid
materials and possess a large specific surface area and a
high thermal stability [77].

Sol-gel synthesis and hybrid materials

One of the major areas in the chemistry of silica is
the sol-gel processing. There are two classes of starting
materials, basic aqueous solutions of inorganic silicates
and alcoholic solutions of silicon alkoxides. The first
step in both routes is the formation of silanol function-
alities, either by acidifying and protonation of the sili-
cate, or by hydrolysis of silicon alkoxides by water. The
next step is the condensation of the silanol and siloxide
groups and the formation of Si–O–Si bonds that consti-
tute the skeletal framework of all silica materials dis-
cussed here (Scheme 3) [78].

The condensation-polymerization reactions lead to
large polymeric molecules that form a colloidal solution
- a sol. A gel is formed by an extensive polymerization
of reactive moieties on the polysilicate molecules giv-
ing rise to a three dimensional crosslinked network.
Further treatment of the gel leads, depending on the
conditions, to dense oxides or glasses, xerogel powders,
microporous zeolites, mesostructured and mesoporous
silica materials, or aerogels. An example of a dense
oxide prepared by the sol-gel route is mullite,
2Al2O3.SiO2. It is one of the aluminosilicate minerals
that contain only aluminium and silicon and is relative-
ly rare in nature. Because of its wide industrial applica-
tions, many synthetic routes were studied to prepare
mullite powders and bodies [79]. A novel route to
mixed-metal silicates is based on the facile thermolysis
of metal siloxide precursors containing the (tBuO)3SiO-
substituents that easily undergo the isobutane elimina-
tion followed by the condensation of the resulting OH
groups [80]. Aluminosilicate materials were obtained by
solid-state and solution thermolysis of the {Me2Al
[OSi(OtBu)3]}2 single source precursors. Upon calcina-
tion, materials partially crystallized to mullite. The for-
mation of gels in refluxing toluene constitutes an alter-
native to the classical hydrolytic sol-gel methods [81].
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A partial replacement of TEOS in the sol-gel reac-
tion mixtures by organically substituted alkoxides
RSi(OEt)3 or bridged polyfunctional alkoxides
(figure 6) and subsequent hydrolysis and condensation
leads to organosilicas, hybrid organic-inorganic materi-
als that possess improved mechanical and optical prop-
erties and chemical stability. The silicate linkages pro-
vide structural rigidity, while the terminal or bridging
organic groups allow extensive tailoring of the material
properties [82-86].

The intricate structure of a gel can be preserved by
special drying techniques that avoid a collapse of the
network to powder (xerogel). Supercritical drying pro-
vides silica aerogels with extremely low densities and
excellent thermal insulation properties [87, 88]. 

Mesoporous silica

A major breakthrough in the nanoscopic organiza-
tion of silica occurred with the discovery of supramole-
cular templating. In contrast to the structure-directing
action in the synthesis of zeolites, where small mole-
cules serve as templating agents for microporous frame-
works, supramolecular templating involves organiza-
tion of amphiphilic surfactant molecules and silica-
te/aluminosilicate building blocks into larger aggregates
- micelles or liquid crystalline phases. The amphiphilic
molecules used for this purpose are cationic [89], anion-
ic, or nonionic [90-92]. A silica source, such as sodium
silicate or silicon alkoxides, and a template are mixed in
an aqueous solution and heated or aged to produce a
solid precipitate. This mesostructured product is then
separated, washed, and carefully calcined to burn off
organics from the pores. Mesoporous silica with a
hexagonally close-packed array of pores with diameters
20-100    and a narrow pore size distribution is
obtained. A commonly used acronym for these materi-
als is MCM-41 [93]. Other morphologies, such as
lamellar, cubic, worm-hole, and sponge-like, were

obtained by controlling the synthesis conditions (pH,
temperature, concentration) and the nature of templates.
A variable surfactant chain length gives a control of the
pore diameter. Even though the walls are amorphous,
the long-range order in the pore arrangement leads to
observable diffractions in the powder X-ray patterns at
very low angles [94-96]. The self-organization of inor-
ganic silica precursors and the organic templates in the
mesoporous materials involve processes such as an
assembly of surfactant molecules to rod-like micelles,
different types of interaction of negatively or positively
(below the isoelectric point of silica at pH = 2) multi-
ply-charged silica oligomers with the hydrophilic head-
groups of the surfactant, condensation of silica network,
interactions with cosurfactants and counterions, and
hydrogen bonding in the systems with nonionic surfac-
tants. These are the key factors in the control of the evo-
lution of these materials, however, their importance
may vary depending on the particular system and actual
conditions. None of the proposed reaction mechanisms
provides an exclusive and definitive answer [97]. 

The mesoporous aluminosilicates are promising
acid catalysts and increasing aluminium content
changes hydrophobic silica to mildly hydrophilic. How-
ever, well-ordered structures are obtained with more
difficulties than pure silica materials. A direct addition
of aluminium sources, such as alkoxides, sodium alumi-
nate, or Al13 polycation, into the reaction mixture lead to
low incorporation levels of Al and less ordered struc-
tures. The improved synthetic strategies include recrys-
tallization of amorphous walls to nanosized zeolite
crystallites, an assembly of thick-wall silica structures
with a subsequent post-synthesis treatment for introduc-
ing AlO4 units into the framework, or directly assem-
bling zeolitic seeds to the aluminosilicate mesostruc-
tures [98]. Many other metal cations (Ti, V, Fe, Cr) can
be isomorphously substituted for Si4+ in the amorphous
walls of mesoporous silicas and function as redox-
active catalytic centers [99]. An extensive intrapore
chemistry based on sorption, ion exchange, reduction of
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Figure 6.  Examples of bridged polyfunctional silicon alkoxides.



the inserted species, inclusion of complexes, grafting on
the internal walls, and polymerization in the channels
was developed inside the highly regular MCM materials
[100-103]. One method of introducing organic groups
onto the internal surface is the one pot synthesis based
on co-condensation of a mixture of organotrialkoxosi-
lanes with TEOS in the presence of surfactants as
described above for the sol-gel synthesis of hybrid
materials. The other postsynthesis procedure is direct
grafting, the reaction of surface silanol OH groups with
functionalized trialkoxosilanes, such as (MeO)3Si(CH2)3

NH2. Furthermore, reactive centers can be tethered to
the pore walls by secondary modifications of the
anchored functional silanes by organometallics or coor-
dination complexes [104]. Ordered mesoporous organo-
silicas display an improved activity in redox and
acid/base catalysis, and find applications in environ-
mental remediations by adsorption removal of toxic
heavy metals and organic pollutants. Mesoporous silica
films appear to have a large potential as low-k materials
in electronic industry [105]. 

Besides an extensive and well developed area of
aqueous sol-gel chemistry of silica and aluminosili-
cates, new nonaqueous methods are being developed
that can complement the traditional hydrolytic process-
es. These routes are also called nonhydrolytic because
they are based on the reactions that do not employ water
as a source of oxygen for the formation of Si–O–Si and
Al–O–Si bonds. In  the absence of water, hydrolytic
reactions of alkoxide precursors are retarded. Instead,
other condensation mechanisms are put into action and
alternative oxygen donors are used (alkoxides, alcohols,
ethers, ketones). The reactions of silicon and aluminium
alkoxides and halides are accompanied by the release of
alkylhalides and lead to the condensation to a network
of bonds (equation (1), (2)). 

X3Si-OR + Cl-SiY3 → RCl + X3Si–O–SiY3 (1)

n R1SiCl3 + n Al(OR2)3 → [R1SiAlO3]n + 3n R2Cl (2)

The major advantages of the nonhydrolytic over
hydrolytic approach are the irreversibility of the bond
forming reactions, compatibility of the precursors with
polymeric systems forming inorganic-organic hybrid
materials, and the possibility to use water-sensitive or
insoluble precursors [106-108]. 

Zeolites

One of the industrially most important family of
aluminosilicate compounds are zeolites. These microp-
orous solids - molecular sieves - are widely used as des-
iccating agents, ion exchangers, and as solid, shape-
selective Lewis-acid or redox catalysts. They form

three-dimensional frameworks of tetrahedral SiO4 and
AlO4 primary building units. A more detailed treatment
of this wide topic is beyond the scope of this article and
can be found elsewhere [109]. Here we only want to
highlight the relation of the so-called secondary build-
ing units (SBU) to the molecular silsesquioxanes
because it has bearing on the most crucial questions in
the zeolite chemistry, i.e. what is the nucleation and
framework growth mechanism. 

The formation of a crystalline phase is a very com-
plicated process taking place in a multicomponent het-
erogeneous reaction mixture that evolves with time and
its conditions depend on a multitude of variables. While
our understanding of the zeolite crystallization is only
in the beginning, three mechanistic models were pro-
posed [110]. The solution-mediated mechanism relies
on dissolution of solid reagents, followed by the diffu-
sion transport of the silicate species to the nucleation
sites and the crystal growth in the final step. The nature
of the diffusing molecules is still a matter of debate.
Single and double four-rings (D4R) were identified by
spectroscopic methods, however it is not completely
clear whether they are the nucleating species or they
form larger structures evolving into the nucleation cen-
ters. The solid-to-solid transformations of amorphous
aluminosilicate gels to crystalline zeolite structures
without the need for the presence of small soluble sili-
cate or aluminate molecules were also observed in some
experiments. An aggregation, densification and crystal-
lization of nanometer-size particles lead to zeolite crys-
tals [111]. Finally, it was shown that zeolites can be syn-
thesized by a topotactic reaction of layered silicates
where precursors can be transformed by condensation
reactions into three-dimensional porous silicate frame-
works by simple calcination procedures [112]. HF is
known to act as a mineralizing agent that improves the
solubility of the silicate anions and catalyses the con-
densation reactions involved in the formation of the
Si–O–Si bonds. Fluoride is then bound as SiO4F in the
resulting structure [113] or it is only encapsulated with-
in the silicate cages, such as D4R. 

Analysis methods of aluminosilicates

The frameworks of aluminosilicates contain three
magnetically active nuclei, 27Al, 29Si, and 17O, that are
amenable to the spectral investigation by solid-state
NMR techniques and can provide information about the
composition, element ordering, geometrical parameters,
and chemical properties, such as acidity. A correlation
of 29Si isotropic chemical shifts with the SiOx(OSi)4-x

and Si(OAl)x(OSi)4-x structural motifs is well under-
stood. Quadrupolar 27Al and 17O nuclei allow extraction
of other useful parameters, such as quadrupolar cou-
pling and asymmetry. The 27Al NMR spectra of zeolites
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and other aluminosilicates are, in general, much simpler
than their 29Si NMR counterparts since, according to
Loewenstein's rule (which forbids Al–O–Al pairs), only
one tetrahedral Al(OSi)4 environment exists in the
frameworks. The 27Al NMR chemical shifts are the best
tool for distinguishing the coordination environments of
aluminium. Specific regions can be assigned to signals
of AlO4, AlO5, or AlO6 polyhedra [114, 115]. The solu-
tion NMR studies on silicates enriched to 95% in 29Si
lead to identification of many oligomeric species [116].

Mass spectrometric (MS) studies find applications
in the molecular systems, such as alkoxides, molecular
silsesquioxanes and silicone complexes [117]. A combi-
nation of gas chromatography with mass spectrometry
(EI and CI) allowed the separation and characterization
of a vast number of hydrolysis intermediates and prod-
ucts in the reaction mixture of one of the most important
silicon alkoxide Si(OEt)4 (TEOS). Linear, cyclic and
polycyclic ethoxysilanes and ethoxysilanols with up to
eight silicon atoms in the molecule were identified in
the reaction mixture. Chemical ionization by methane
(CH5

+) proceeds by a proton transfer to siloxane oxygen
and allows better identification of higher oligomers.
The distribution of oligomeric silicate species in an
aqueous solution was successfully studied by the elec-
trospray ionization (ESI) mass spectrometry [118].  

Much more difficult situation is in MS of silicates,
zeolites and silicate-containing hybrid polymers. Their
refractory and involatile nature restricts the routine use
of common techniques, such as electron impact ioniza-
tion, for study of these systems. The formation of ions
is prevented by a three-dimensional network of strong
polar bonds. Energetic ionization techniques were
employed to generate gaseous silicate and aluminosili-
cate ions. Laser desorption FT MS was used to generate
large silicate oligomers [119, 120]. Also secondary ion
MS (SIMS) with ionization by a beam of energetic ions,
such as Ga+ or ReO4

-, was used to eject ions from the
surface of solid zeolite samples on impact. The bom-
bardment with Ga+ lead mostly to small ions and thus
only atomic information was obtained. Polyatomic
ReO4

- projectiles are capable of ejecting larger frag-
ments [121, 122]. Ion mobility measurements provide
information about the conformation of the ions. Differ-
ent shaped ions have distinct collisional cross-sections
and hence different drift times when moving through a
buffer gas [123]. 

CONCLUSION

Silicates and aluminosilicates will undoubtedly
continue to play the central role in many areas of basic
and applied research, such as chemical catalysis, classi-
cal and advanced materials production, theoretical
chemistry, and geochemistry. Their importance stems
not only from the vast natural abundance but also from

their immense compositional variability and structural
diversity, not unlike the organic compounds. The five-
and six-coordinate silicon species will attract even more
interest from the point of view of their chemical behav-
ior [124-125], catalytic activity, NMR spectroscopic
properties, stereochemistry and also as a probe of fun-
damental bonding concepts [126]. A major research
effort will be aimed at understanding of the mechanism
and gaining control over the molecule-to-solid transfor-
mations, both in the gas phase and solution. This area is
so far the least understood and most controversial. The
mechanism of the zeolite framework formation is just
one important example where an intense debate contin-
ues [127-129]. The goal is to understand the whole reac-
tion sequence from the precursor molecules to the inter-
mediate oligomeric cluster units to nucleation species
and nanoparticles and finally to growing crystalline
framework. In order to tackle such complex problems, a
multitude of powerful analytical, physico-chemical,
spectroscopic, and microscopic techniques with abilities
to probe the systems at various length scales, will have
to be employed in a mutual concert. The key to the suc-
cess will be to assure the representativeness of a studied
model system which has to correspond to the composi-
tion and speciation of a real reaction mixture. Advances
in computational schemes will bring new views on pos-
sible reaction pathways that could be compared with the
experimental data [130]. Further progress in the syn-
thetic techniques is to be expected from the application
of nonaqueous fluoride-activated reactions leading to
new zeolite structures. Also new metallasilicate and
hybrid materials will result from the exploitation of
nonhydrolytic sol-gel reactions. Mesoporous silica and
organosilicas will remain in the center of attention in the
heterogeneous catalyst development. An improved con-
trol over the chemical composition, pore size, surface
functionalization, and hydrothermal stability will be
sought. Ordered arrays of pores will serve as molds for
the fabrication of nanostructured metallic, semiconduct-
ing, and carbon materials [131, 132]. Combinatorial
techniques will be able to probe the multidimensional
space of reaction parameters and variables in the syn-
theses of new oxidic, zeolitic, and hybrid materials
[133, 134]. However, in this effort a judicious choice of
a starting parameter subset will have to be guided by
chemical intuition and knowledge or by the optimiza-
tion results obtained by the application of artificial neu-
ral networks on experimental data [135].
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CHEMIE KØEMIÈITANÙ A HLINITOKØEMIÈITANÙ

JIØÍ PINKAS

Katedra anorganické chemie, Masarykova univerzita v Brnì,
Kotláøská 2, 611 37 Brno

V tomto pøehledu jsou struènì shrnuty nejzajímavìjší
souèasné smìry výzkumu v široké oblasti anorganické a
organometalické chemie køemièitanù a hlinitokøemièitanù.
Ohromný rozsah studované problematiky má za následek to, že
výbìr témat není vyèerpávající, ale spíše ilustrativní. Zahrnuté
pøíklady podtrhují v souèasnosti dosažené výsledky a naznaèu-
jí perspektivy budoucího vývoje ve smìrech jako jsou chemie
slouèenin køemíku s koordinaèními èísly pìt a šest nebo s neob-
vyklými ligandy na bázi S a N, vývoj charakterizaèních technik
pro oligomerní køemièitany v roztoku nebo v plynné fázi nebo
syntéza polysilanolù a jejich derivátù - metalosilikátù a
silsesquioxanù - a jejich aplikace v homogenní a heterogenní
polymeraèní katalýze. Jsou zde také zdùraznìny pokroky v
organokovové chemii na povrchu oxidu køemièitého, nové sol-
gelové metody pøípravy oxidù a hybridních materiálù založené
na hydrolytických a nehydrolytických kondenzaèních reakcích,
postupy pøípravy mezoporézního SiO2 spolu se zpùsoby
chemické modifikace vnitøních povrchù pórù a syntéza
molekulových modelù stavebních jednotek zeolitù. Vývoj v
oblasti SIMS hmotnostní spektrometrie s použitím tìžkých pro-
jektilù a pokroèilé metody charakterizace silikátù pomocí NMR
spektrometrie uzavírají tento pøehledný èlánek. Mezi citovanou
literaturu byly zahrnuty publikace a èlánky od roku 1993.


