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Silanol groups in minerals and inorganic compounds
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ABSTRACT

The Inorganic Crystal Structure Database (ICSD) was searched for Si-OH groups with
ordered H positions leading to 31 structures with 46 Si-OH groups. The geometrical char-
acteristics of these partly hydroxylated SiO4 tetrahedra were analyzed. Depending on the
condensation of the tetrahedra, the protonization of one tetrahedral apex allows variations
in Si-O bond lengths and distorts the tetrahedron. The Si-OH distance decreases with the
number of bridging O atoms (Si-O-Si) from average values of 1.668 Å for orthosilicates
to 1.604 Å for tetrahedra with three bridging O atoms, whereas the ^Si-O& distances of the
non-hydroxylated Si-O bonds remain constant at 1.62 Å. This behavior was modeled by
differences in bond strength sums of the tetrahedral O atoms. In the orthosilicates, the
non-hydroxylated tetrahedral apices tend to be underbonded and the O of the silanol group
is overbonded to satisfy the charge requirements of Si41. In contrast, an Si-OH bearing
tetrahedron with three bridging O atoms is characterized by a more regular bond strength
distribution consistent with minor bond length distortion.

INTRODUCTION

The SiO4 tetrahedron is the most important and prev-
alent structural moiety in mineralogy (Gibbs 1982; Lie-
bau 1985). Several mineral classifications are based on
the SiO4 unit and its manifold ways of condensation. Ex-
tensive work has been carried out on silicates and their
structural and geometrical principles and properties (Kos-
tov 1975; Liebau 1985; Pauling 1980; Zoltai 1960). To
understand, quantify, and even predict (Gibbs 1982; Mor-
tier et al. 1984) the geometry of silicate structures, some
selected physico-chemical parameters such as bond
lengths, degree of condensation, bond strengths, and bond
valences appear to be important (Baur 1970; Brown
1976a; Brown 1976b; Brown and Altermatt 1985; Fer-
raris et al. 1987; Liebau 1985; Pauling 1980).

H is the most abundant cosmic element. In the litho-
sphere, it appears mostly as H2O and OH2 either stoichi-
ometrically or in trace amounts in minerals (Mason and
Moore 1982). Trace amounts of water have been shown
to exist in mantle minerals by Bell and Rossman (1992).
The hydrogen bond is one of the most important chemical
linkages in nature (Brown 1992).

In spite of the abundance and the spatial proximity of
SiO4 and H in minerals, they rarely bond to each other
to form an SiOH group, a so-called silanol group. H at-
oms usually bond to an O atom of a higher-coordinated
cation. Amphiboles, sheet silicates, and epidotes are ex-
amples of mineral groups where OH groups are linked to
six- and higher-coordinated cations such as K, Na, Ca,
Mg, Fe, Al, etc. (Deer et al. 1966). These 11 to 31 valent
cations are characterized by weak bonds and low individ-
ual bond strengths (Pauling 1980), often yielding under-

bonded O atoms that are preferred sites for protonization.
In contrast, the SiO4 tetrahedron is characterized by
strong bonds and a rigid geometry (Liebau 1985). In ad-
dition, silicates exhibit a wide variety of differently con-
densed silicate groups (Gibbs 1982). Linkage of individ-
ual SiO4 units produces bridging O atoms, the latter
obtaining a sufficient bond-strength sum of equal or near-
ly 2.0 v.u., inhibiting any additional strong bonds. How-
ever, the three-dimensional framework of a crystal struc-
ture produces steric and electronic constraints resulting in
stress (Brown 1992). Possible stress factors are increasing
degree of SiO4-condensation, cation properties such as
valence and size, etc. (Liebau 1985). Competition be-
tween Si and other cations for the available bonding space
around the O atoms makes compromises necessary be-
tween the steric requirements of the silicate anions and
the other cation-O polyhedra. These influences can lead
to deviations of the regular coordination-sphere geometry
(Brown 1992; Liebau 1985). Following the concept of
Brown and Altermatt (1985) bond valences depend on
bond lengths, and lengthened bonds result in underbond-
ed O atoms. Thus, protonization of the SiO4 tetrahedron
occasionally occurs.

Non-empirical quantum-chemical calculations have be-
come an important tool for determining the structure of
molecules and predicting the geometry of small moieties
in crystals (Gibbs et al. 1981; Gibbs 1982). Such calcu-
lations (also called ab initio calculations) were performed
by Gibbs et al. (1981), who investigated the bond lengths
of SiO3(OH) and SiO2(OH)2 groups and compared ob-
served structures with calculated data. A corresponding
approach was chosen by Mortier et al. (1984), who pre-


