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ABSTRACT

The specific surrounding of cations in multicomponent silicate glasses is briefly
presented. Information about interatomic distances nd site geometry may be gained by
using spectroscopic methods among which x-ray absorption spectroscopy may be used
for the largest number of glass components. Scattering of x-rays and neutrons may also
be used to determine the importance of medium range order around specific cations. Al/
the existing data show that cations occur in sites with a well-defined geometry, which are
in most cases connected to the silicate polymeric network. Medium range order has been
detected around cations such as Ti, Co and Ni, indicating that these elements hove an
heterogeneous distribution within the glassy matrix.

INTRODUCTION

Silicate glasses, unlike crystalline silicates, possess no long-range structural periodicity
or symmetry. However, various scales of order can be defined at short-range 1.5-2.9
4), medium-range 2.9-5.5 A), and more extended scale (3.5- >10A (Wright, 1994).
A general property of glasses is that structural order diminishes with increas ing distance
from a reference atom. Short-range order (SRO), within A1.6 to 3 & rdius of a central
atom, concerns cation-oxygen plyhedral units which may be well defined by
spectroscopic methods. Medium-range order (MRO), between A3 A and 6 A from the
central atom, involves corner-linked silicate tetrahedra. MRO has been evidenced by
Nuclear Magnetic Resonance (NMR) in silicate glasses in which te connectivity of the
silicate tetrahedra may be measured, thus defining n units in which n represents the
number of tetrahedra which are corner linked to one tetrahedral unit. Edge sharing
octahedra and 5-coordinated cationic sites is also a general structural property which
has been observed by neutron scattering methods. More extended medium-range order
in glasses and melts may occur to distances of 61 0 A. from a central atom, and could
involve a particular network topology. The current structural models of silicate glasses
include the random-network model of Zachariasen and Warren and the modified
crystallite model of Porai-Koshits. In these models, various components can be defined.
Network formers are cations which form polyanions (typically oxygen tetrahedra or
triangles) which polymerize through corner-sharing. Network modifiers tend to cause
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depolymerization of these polymeric networks. Intermediate cations are those whose
network-forming and modifying properties fall between these two groups. In addition,
cations may help in compensating local charge deficits due to trivalent tetrahedral
network-forming cations such as Al, or trivalent Fe. For a general review, see Stebbins
et al. (I 995).

Important information on glass structure has been gained from the radial distribution
functions (RDF) calculated from the neutron and wide angle x-ray scattering. The total
RbF which can the be obtained is generally used to determine the network structure at
short and medium range scales. The structural methods which have been used to
determine the surrounding of cations in silicate glasses include two kinds of
techniques. Spectroscopic methods, such as NMR, x-ray absorption spectroscopy,
optical absorption spectroscopy or M6ssbauer effect have the advantage of the
chemical selectivity, which is important in the determination of the structural
organization of multicomponent glasses such as nuclear waste glasses. They help in
determining the immediate surrounding of cations in glasses, with some insight about
the relationships between the cationic sites and the polymeric network of the glass.
Quantitative information on the MRO may obtained by radiation scattering methods.
A hemical selectivity is indeed achieved in two difference methods, which allow them
to be applied to multicomponent glasses: anomalous wide angle x-ray scattering
(AWAXS) and neutron scattering with isotopic substitutions. Some applications of these
methods have previously been presented (Brown et al., 1995; Calas et al., 1995;
Cormier et al, 1996). Usually, few information is available about dynamic properties
of glasses using spectroscopic methods (apart a few ones, such as NMR), as the
interaction of photons with matter samples a short time domain. These methods then
provide an isotropically averaged information on average first- and second-neighbor
distances, bond angles, and cation coordination numbers, with some insight on
medium-range structural correlations. We present here some recent data concerning
the surrounding of cations in multicomponent silicate glasses, non including the
description of MRO in the polyanionic framework. Structural data which are more
relevant to simulated nuclear glasses are presented in a separate paper (Galoisy et
al., this issue).

COORDINATION STATES OF CATIONS

An interesting conclusion which may be drawn from recent spectroscopic determinations
of cationic surroundings in silicate glasses is that cations usually occur in well-clefined,
peculiar sites with low coordination numbers and small cation-oxygen distances. Limited
disorder effects ustify the use of chemically selective spectroscopic methods such as
Extended X-ray Absorption Fine Structure (EXAFS) which gives access to radial distances
and coordination numbers between the investigated cation and its surrounding. X-ray
Absorption Near Edge Structure (XANES) is also used to define the local geometry of the
cationic surrounding.
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Highly charged caflons

Titanium (IV). This cation has been investigated in alkali silicate glasses in which it is
responsible for anomalous thermodynamic properties. Five-coordinated Ti is the
dominant Ti species in multicomponent silicate glasses, by contrast to the tetrahedral
sites encountered in binary iO2-TiO2 glasses. Site geometry corresponds to titanyl
moieties, with one short axial Ti=O bond (A 17 A) and four longer Ti-O bonds
1.95 A) (Yarker et al., 986; Farges et al., 1996; Cormier et al, 997). The presence
of titanyl moieties in silicate glasses and melts has been interpreted as indicating that
Ti acts simultaneously as network modifier and former because Ti is surrounded y
both non-6ridging (the oxygen neighbor of the axial T=O bond) and bridging
oxygens (which form the longer Ti-O bonds). As shown by Reverse Monte Carlo
simulations of neutron scattering data, these unusual structural moieties are believed
to promote local structural heterogeneities, involving interfaces between the
polymerized polyanionic silicate network and less polymerized regions (which are
enriched in alkalis and other modifying cations). These Ti-rich domains are thought to
be responsible for anomalous heat capacity variations observed in titanosilicate
glasses at Tg.

Zirconium (IV). Zr is usually found in six-coordination in silicate glasses, with average
Zr-O distances of A 207-2.1 A. The Zr sites in these glasses are relatively regular,
based on comparison of Zr XANES spectra of the glasses with those of model
compounds such as alkali zirconosilicates. Site geometry is then different from the major
crystalline phases such as zirconia (rO2: 7-coordinated Zr) and zircon (ZrSiO,4: 8-
coordinated Zr). Zr-Si correlations exist at 3.4-3.6A in silicate glasses, indicating corner-
sharing' ZrO6_SiOA linkages. By similarity to the local ordering observed in crystalline
zirconosilicate glasses, six-coordinated zirconium is locally associated with alkalis which
help to charge compensate the deficit of the Zr-O-Si bonds and then no more act as
modifying cations in the glass structure.

Molybdenum (VI). M K-edge XANES spectrum shows a strong pre-edge feature, which
is attributed to 1 s---�Acl electronic transitions in M004 tetrahedra, as observed in a
number of model compounds. The Mo-O distances extracted from EXAFS are consistent
with the presence of molybdate tetrahedra in silicate glasses. By contrast to what is
observed for Ti or Zr, there is no evidence for Si second neighbors around MO is found,
in agreement with the bond-valence model (see below). This may explain the possibility
that crystalline moly6dates may form in some glasses.

Thorium (IV). In silicate and alumino-silicate glasses, Th is dominantly 6- and -
coordinated up to the maximum Th solubility (Veal et al., 1986; Farges, 1991). At low
Th concentrations (1 00 ppm), a larger fraction of the Th is 8-coordinated. Only weak
evidence for second neighbors has been detected in EXAFS studies of most Th-bearing
glasses, leaving some uncertainty about how ThO6 and ThO8 units are connected to the
tetrahedral framework.
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Uranium V) EXAFS spectroscopy of U(VI) (at the U-111edge) in silicate glasses suggests
that U(VI) occurs as uranyl moieties, with two U(Vlh0axiai distances at 1 .78 ± 0.03A;
and 4-5 U(Vlh-Oequatoriai distances at A 2.25 ± 0.03A (Petit-Maire et al., 1986; Veal et
al., 1987; Farges et al., 1992). These uranyl groups have a less distorted geometry than
in the complexes found in aqueous solutions. UV/visible spectra of these glasses support
this conclusion (Calas, 1 979). The absence of U-Si correlations in EXAFS spectra may
be due to a strong distribution of the U-O-Si angles, due to the small effective charge of
the divalent uranyl group.

Divalent cations

Magnesium. In pyroxene glasses, Mg was reported to be six-coordinated, with four short
Mg-0 distances of 2.08 A and two longer Mg-0 distances of 2.50 A, and Ca was
reported to be six-coordinated (Yin et al., 1986). The wo longer M9-O distances may
not be really of the coordination sphere of Mg. In that case, Mg may be 4-co~ordinated,
a ehavior sifflilar to that of 3d-elements (Fe(ll), Ni(lI)). In glasses with a garnet
composition, Mg and Ca coordination numbers are 4.8 and about 7. The cationic
environment is then different from that in crystalline garnets, in which these elements are
8-coordinated, in relation with the high pressure stability field of these minerals.

Iron (). The coordination state of ferrous ions in silicate glasses have been extensively
discussed in the literature, and there is still no agreement about it. Optical spectra
collected for a variety of Fe(I)-bearing glasses have been interpreted as being consistent
with ferrous iron in distorted 6-coordinated oxygen polyhedra. However, M6ssbauer
spectroscopy has suggested the presence of a lower coordination around Fe(lI) in silicate
glasses (Waychunas et al., 1 988), with isomer shifts consistent with those of tetrahedral
Fe(ll) in well-characterized crystalline model compounds. Furthermore, the Fe K-edge
XANES spectra are consistent with Fe(ll) in tetrahedral coordination. The M6ssbauer
isomer shift values and pre-edge heights of the most distorted Fe(I1) octahedra are
significantly larger and smaller, respectively, than those observed for Fe(II) in the glasses,
indicating that ferrous ions in the glasses are in sites with lower coordination numbers.
The XAFS-derived Fe-O distance of 2.03 A is consistent with a 50:50 mixture of 4- and
5-coordinated Fe(lI) in alkali silicate glasses. Taken together, the anharmonic XAFS
results, XANES pre-peak heights, M6ssbauer isomer shifts, and optical spectra are
consistent with a mixture of 4- and 5-coordinated Fe(lI) sites (Brown et al., 1 995).

Nickel (1). Four- and five-coordinated Ni(I1) were found in silicate glasses of a range of
compositions using optical and EXAFS spectroscopies (Galoisy and Calas, 1 993a,b).
The former is the exclusive nickel coordination state in presence of large alkalis such as
potassium, as both coordination states are encountered in the other glasses. Ni-Si
correlations are measured from EXAFS at 3.2-3.3 A, indicating corner shared NiO4-
Si0,4 tetrahedra and their contribution decreases with decreasing concentrations of
tetrahedral Ni. These correlations indicate that 4-coordinated Ni is closely associated
with the silicate tetrahedral network in these materials, the large alkalis helping to charge
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balance the local charge deficit due to the presence of a divalent tetrahedral cation.
Coordination changes have been observed during the glass to melt transformation in a
Na2Si 20 5 composition, with a conversion of nickel into an exclusive tetrahedral
coordination in the molten silicate (Farges et al., 1994).

Zinc (). Four-coordinated Zn has been found in most silicate, alumino-silicate and
borosilicate compositions, as in crystalline Zn2SiO 4 (willemite) and alkali zinc-silicates.
EXAFS data indicate Zn-O distances of about 1 .96 A which are consistent with Zn
coordination numbers of about 4, indicating this cation is in tetrahedral coordination.
Zn-Si distances of 3.16-3.27 A indicate a corner linkage of ZnO4 and SiO 4 tetrahedra
(Galoisy et al., this issue).

MODELS OF MEDIUM-RANGE ORDER IN SILICATE GLASSES AND MELTS

Bond valence models of medium-range order in silicate melts

Crystal chemical principles formed the basis for the early models of glass structure and
the rules governing glass formation. The empirical bond valence-bond length model
developed by Brown and Shannon (1 973), has been used to propose plausible structural
models of the medium-range environment around cations in silicate glasses (see e.g.,
Farges et al., 1991; Galoisy and Calas, 1 993b; Brown et al., 1995). They help in
defining the relationships between cationic polyhedra and their structural surrounding
and then constrain the connectivity of the various glass sites. The bond valence (s)-bond
length (R) relationship is defined as

S exp[ ( 0 -)]

R is the observed M-O distance and R is a parameter characteristic of the M-O bond,
which is tabulated for most cations in different valence states (Brese andO'Keefe, 1 991 ).
s is similar to the Pauling bond valence parameter, Zr/N, which explicitly accounts for
both cation valence (Zr) and cation coordination number (N), and is modified to account
for the actual cation-ligand distances. The R0 values for an element vary as a function of
the cation's valence but do not vary as a function of coordination number in these tables.
This formulation might seem to result in bond valences that could differ significantly from
the original Pauling definition. However, variations in bond valence expected as cation
coordination number varies are reflected in the observed M-O bond length in the Brown-
Shannon model. The application of these relations explain the presence of alkalis to
charge compensate the local charge deficits around tetrahedral Ni or octahedral Zr.
These relations also indicate the nature of the oxygen neighbors, which cannot be
bridging oxygens in most cases to avoid a strong overbonding. Consideration of bond
valence also indicates that oxygens bonded to highly charged cations like Mo(VI), which
occur as tetrahedral (MO 4)-2 units (Mo-O bond valence = 1.4), cannot form bonds with
bridging or non-bridging oxygens and thus act as network modifiers.
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The heterogeneous structure of silicate glasses

A modified random network model (MRN) has been proposed by Greaves et al. (1 98 1)
and Greaves (1 985) to explain the medium range structure derived from EXAF's data. It
involves two interlacing sublattices", i.e., network regions made up of network formers
and inter-network regions made up of network modifiers. MRN proposes percolation
channels" which could facilitate the diffusion of network modifier cations and give a
rationale to explain the leaching behavior of silicate glasses. The network-modifier regions
extend to percolation channels when their volume fraction exceeds 1 6%. Correlations have
been noted between the mole % alkali oxide and the correlati on factor for ionic diffusion,
which is consistent with the percolation threshold concept suggested by Greaves. The
diffusion properties of many binary alkali silicate glasses are predicted using the MRN.

Recent experimental evidence has been found to support the concept of an heterogeneous
structure of simple and multicomponent slicate glasses. The concentration f cations in
silicate glasses in specific regions in which they are arranged in densely occupied
domains has been provided by EXAFS spectroscopy and chemically selective x-ray and
neutron scattering methods. For instance, neutron scattering experiments with isotope
substitution (Gaskell et al., 1 991, 1992; Cormier et al., 1997) which found evidence for
"clustering" of Ca, Ni and Ti in silicate glasses. These tools provide information about
cation-cation correlations (Gaskell, 1 991; Brown et al., 1 995). For instance, the behavior
of caesium. an element of great interest in nuclear waste technology, is a good illustration
of such an heterogeneous distribution in silicate glasses. Cs-Cs distances are observed at
4.1 A, with additional distances at 6.9 and 8.0 A, due to an extensive heterogeneous
distribution of Cs in the glass within two-dimensional domains.

Neutron scattering associated with isotopic substitution has given fascinating results
about cation distribution in glasses. In K20-TiO2-2SiO2 glass, Ti-Ti distances are found
at 3.4 A, as a random distribution of Ti atoms would give a distance of about 6 A. The
shorter observed distance was interpreted as indicating preferential clustering of Ti in
this glass, associated to charge compensating K cations. The distribution of divalent
cations, such as Ca or Ni, in silicate glasses of metasilicate composition follows the same
behavior. For example, in CaO-SiO 2 glass, Ca-Ca correlations at 3.8 A and 6.4 A were
detected. The shorter of these distances is consistent with edge-shared CaO 6 octahedra,
whereas the longer Ca-Ca distance was interpreted as evidence for planar
arrangements of edge-shared CaO 6 octahedra (Gaskell et al., 1991). The mixing of
different cations in these densely occupied domains has been shown in Ca-Ni silicate
glasses, in which short Ca-Ni distances have been found near 3.2 A (Gaskell et al.,
1992). Anomalous x-ray scattering performed on synchrotron radiation can also
provide useful information on medium range ordering around one specific cation in
multicomponent glasses. This method has shown that Sr cations are also heterogeneously
distributed in a Sr-O-Si0 2 glass. In addition, Sr-bearing alumino-silicate glasses show a
distinct Sr surrounding, an indication of the specificity of charge compensating sites
(Creux et al., 1996).
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If some insight has been gained on the short and medium range structure of
multicomponent glasses, several questions remains unanswered. One important field
which is still open concerns the relations existing between the densely occupied cationic
domains and the polymeric anionic units. In addition, the topology of these cation-rich
regions within the glass structure is also unknown as far as long range order is
concerned. The structural explanation of the leaching behavior of glasses is then not yet
available...
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