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Abstract. Ti K-edge XANES spectra have been collected
on a series of Ti-bearing silicate glasses with metasilicate
and tetrasilicate compositions. The intensity of the pre-
edge feature in these spectra has been found to change
with glass composition and varies from 29 to 58% (nor-
malized intensity) suggesting a variation in structural en-
vironent around the absorbing atom. The pre-edge peak
intensity increases for the alkali titanium tetrasilicate
glasses from 35% to 58% in the order Li<Na<K <Rb,
Cs whereas for the metasilicate compositions there is a
maximum for the K-bearing glass. The pre-edge peak
intensity remains constant for the alkaline earth titanium
metasilicate glasses, Ca and Sr (34%) but increases slight-
ly for Ba (41%). As the intensity of this feature is inversely
correlated with coordination number, a comparison of
the pre-edge intensity data for the investigated glasses
with those of materials of known coordination number
leads us to establish a regression equation and to infer
that the average coordination number of Ti in these
glasses ranges from 4.8 to 5.8. Large alkali cations appear
to stabilize a relatively low average coordination number
for Ti in silicate melts. The Ti structural environment
results appear also to vary as a function of SiO, content
within the K,0—TiO,—SiO, system.

A number of physical properties of the melts from
which these glasses were quenched and of other Ti-bear-
ing silicate melts, have been determined in recent years.
Clear evidence of a variable coordination number of Ti,
consistent with the interpretation of the present XANES
data is available from density measurements. These and
other property determinations are compared with the
present spectroscopic observations in an attempt to re-
late structure and properties in these melts which contain
a major component with variable coordination number.

Introduction

An understanding of the relationship between properties
and structure of silicate melts is the central objective
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of a large body of research in the glass, materials, metal-
lurgical and geological sciences. The incentive for spec-
troscopic studies of silicate melts in the geological sci-
ences rest especially upon the promise that the under-
standing of silicate melt structures will allow predictions
to be made about the physical and chemical behavior
of silicate melts during igneous petrogenesis. Thus, it
is this construction of predictive relationships between
structure and properties of silicate melts that is the aim
of many petrologists and mineralogists.

In the structural investigation of silicate melts, in their
liquid or glassy state, a commonly used strategy for the
delineation of significant trends in melt structure is to
vary systematically the composition of a melt that has
been chosen from a system with a relatively small
number of components. This approach has been adopted
in the present study. Another aspect of studies of silicate
melt structure concerns the case of cations present in
a range of coordination geometries which exhibit vari-
able coordination number. Such coordination behavior
is temperature-, pressure- and composition-dependent
and can be described by a homogeneous equilibrium
between two or more coordination geometries and in-
volving the stabilizing cations of interest. Several cations
are thought to occupy a mixture of sites with different
coordination number in silicate liquids and glasses over
large ranges of pressure, temperature or composition (Si:
Xue et al. 1989; Al: Ohtani et al. 1985; Ge: Iti¢ et al.
1989; Fe: Virgo and Mysen 1985; B: Riebling 1967;
Ti: Johnson and Carmichael 1987; Mn: Kohn et al.
1990; Ni: Galoisy and Calas 1993; Co: Keppler and
Rubie 1993). In the present study we have chosen the
example of Ti to illustrate how coordination number
changes can influence the structure and properties of
silicate melts.

The incentive for the choice of Ti was the observation
that the partial molar volume of Ti is strongly composi-
tionally dependent in silicate melts at high temperature
(Lange and Carmichael 1990; Dingwell 1992a). Addi-
tionally, heat capacity and compressibility data ap-
peared to show anomalous behavior which could indi-
cate a mixed coordination number (Richet and Bottinga
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1985; Lange and Navrotsky 1993; Webb and Dingwell
1994). Considerations of these properties were also sup-
plemented by seemingly contradictory proposals for the
coordination of Ti in silicate melts by previous workers
(see review by Mysen 1988).

In this study we present the results of an investigation
of the composition-dependence of the coordination of
Ti in glasses quenched from 1 atm, high temperature
liquids in air. In companion papers (Paris et al. 1994;
Seifert et al. 1994) the effects of pressure and tempera-
ture have been investigated for selected compositions.
We have employed the element-specific technique X-ray
absorption near-edge structure (XANES) spectroscopy
to investigate the Ti K-edge of these glasses. X-ray ab-
sorption spectroscopy has developed into a powerful
technique for characterizing the environments of ele-
ments in both crystalline and amorphcus compounds.
Transition metals show, due to their electronic structure,
a sensitive dependence of the XANES features on coor-
dination number and site distortion. The principle spec-
troscopic variable is the intensity of the pre-edge feature,
calibrated against mineral standards. We have correlated
this feature with a shift in the average coordination
number of Ti in our glass samples. We conclude that
large alkali cations stabilize a lower coordination
number of Ti in silicate melts. The effects of Ti on melt
properties are discussed in light of the structural evi-
dence.

Experimental

The starting materials for the present investigation of the coordina-
tion of Ti in alkali and alkaline earth titanium silicate glasses were
powder mixtures of the requisite proportions of oxides and carbon-
ates. The composition of the investigated samples was based on
a tetrasilicate and a metasilicate stoichiometry plus TiO,. The gen-
eral formulae are X457 TiSi,0,, and X3} TiSiOs (where X is Li,
Na, K, Rb, Cs, Ca, Sr, and Ba) as well as an Al,O;-TiO,-4Si0,
composition. The melts were prepared by direct fusion of oxides
and carbonates in thin walled platinum crucibles in a MoSi, box
furnace at temperatures ranging between 900 and 1650° C. Glass
samples were poured from the Pt crucibles onto a steel plate for
cooling. The products of these fusions have been used for experi-
mental determination of the density, viscosity and compressibility
of the liquids at superliquidus temperatures (Dingwell 1992a, b;
Webb and Dingwell 1994). Poured glass samples were stored in
a dessicator until use in structure and property determinations.
The chemical compositions of the glasses have been determined
by solution-based inductively coupled plasma atomic absorption
spectroscopy (ICP-AES) and electron microprobe methods (Ta-
ble 1). Deviations from nominal composition are minor. Under
extreme conditions of low oxygen fugacity, high temperature or
composition, Ti may occur in a partially reduced state (Ti**) in
silicate melts (e.g., Schreiber et al. 1984). The low temperature and
high oxygen fugacity of synthesis of the present samples should
diminish the possibility of reduced Ti occurring in these samples.
The composition and totals of the chemical analyses indicate all
the Ti is present as Ti**. Oxidation during the quench might how-
ever have affected the state of Ti in these glasses. One extra con-
straint is provided in situ by a weight-loss test performed at 1000° C
for the Cs-bearing metasilicate melt. A few grams of this sample
were weighed into a crucible and melted at 1000° C in air, sus-
pended from a balance. No weight loss was observed. Subsequent
reduction in a CO, gas flow also failed to produce a weight loss.
Had the TiO, =Ti,0;+1/20, reaction been stoichiometrically sig-

Table 1. Analysed glass compositions

X,0, XO TiO, Si0, total
Tetrasilicate

7.8 (Li) 23.5 68.8 100.1
15.5 (Na) 19.5 63.6 98.6
21.6 (K) 18.1 58.0 97.7
36.5 (Rb) 16.2 47.9 100.6
43.3 (Cs) 13.2 39.1 95.6
Metasilicate
30.5 (Na) 39.6 29.2 99.3
39.9 (K) 349 24.8 99.6
57 (Rb) 24.7 18.0 99.7
67 (Cs) 19.6 14.4 101.0
29.0 (Ca) 40.4 30.6 100.0
43.1 (Sr) 32.6 24.6 100.3
48.5 (Ba) 27.5 22.5 98.5

Alkali-bearing glasses by ICP-AES; alkaline earth-bearing glasses
by electron microprobe (see Dingwell (1992) for analytical details);
metasilicate analyses reproduced from Dingwell (1992)

Table 2. Pre-edge peak (P) intensities for reference compounds

Sample N° C.N. PI Reference

(%)*
Benitoite 1 6 6 Waychunas (1987)
Titanite 2 6 16 this work
Anatase 3 6 17 this work
Tlmenite 4 6 18 Waychunas (1987)
Rutile 5 6 21 this work
Neptunite 6 6 33 Waychunas (1987)
Brookite 7 6 33 Waychunas (1987)
Narsarsukite 8 6 38 this work
Ba-fresnoite 9 5 55 Behrens et al. (1990)
Sr-fresnoite 10 5 62 Behrens et al. (1990)
CsAITiO, 11 4 72° Behrens et al. (1990)
Ba,TiO, 12 4 75 Behrens et al. (1990)
Ti-ricthterite 13 4 78 Paris et al. (1993)
Ba,TiO, 14 4 84 Greegor et al. (1983)
Ba,TiO, 15 4 88 Yarker et al. (1985)

 all values normalized at 5027 eV according to Paris et al. (1993)
® normalized intensity evaluated by comparison with n.12, due
to the Cs L-edge interference

nificant then the weight loss in this melt, with 33 mole% TiO,
equivalent, would have been easily measureable (cf. Fe in Dingwell
1990a). The arguments for the alkali-bearing melts are however
difficult to extend to the Li- and Al-bearing tetrasilicate melts.
These exhibited a blue colour most likely arising from the presence
of a trace of Ti*". The subsequent interpretation of the spectra
of these two samples reveals nothing extraordinary with respect
to the rest of the sample set (see below); nevertheless however,
the results for these two samples must be treated with caution.

All glass samples have been checked under the optical micro-
scope for the possible presence of TiO, crystalline phases and re-
vealed to be crystal-free. The absence of crystalline material can
be assessed also from the XANES spectra, since even a small
amount of TiO, crystals would be easily detected producing intense
resonances in the XANES region and the features typical of rutile
and anatase in the pre-edge region (Paris et al. 1993 a).

The X-ray absorption spectra of powdered glass samples have
been collected at the PULS X-ray line of the Frascati Synchrotron
Radiation Facility (Italy). The absorption spectra were recorded



Table 3. Characteristics of spectral features and calculated coordin-
ation number

Glass PI (%) CN PE (eV) CE (eV) DE (eV)
Metasilicate composition

Na 47 5.2 4970.9 4990.0 5003
K 55 4.9 4971.0 4987 4999
Rb 29 5.8 4971.6 4989.7 5003
Cs 36 5.6 4971.2 4986.5 2
Ca 34 5.6 4970.7 4987.3 4999.3
Sr 34 5.6 4970.3 4986.7 4999.1
Ba 41 54 4970.6 4986.9 4999.3
Tetrasilicate composition

Li 35 5.6 4970.6 4987.5 4999.9
Na 43 5.3 7970.3 4987.6 5000.4
K 52 5.0 4970.2 4986.1 4998.1
Rb 58 4.8 4970.4 4986.0 5000.0
Cs 58 4.8 4970.2 4986.1 2
Al 43 5.3 4970.6 4990 5003.3

PI normalized pre-edge peak P intensity; CN calculated average
coordination number using the equation given in the text; PE peak
P energy; CE peak C energy; DE peak D energy; ° interference by
Cs L-edge

at room temperature in transmission mode at the titanium K edge
using a Si(111) channel-cut crystal as the monochromator. The
XANES spectra have been recorded in a range of energy of 100 eV
through the absorption edge with energy steps of 0.2 eV. Resolution
is 1eV. A Ti-metal foil (EXAFS Materials, 4966.0 ¢V) was used
for energy calibration and experimental reproducibility. The pres-
ence of possible changes in oxidation state was investigated by
comparing the first derivative calculated for each spectrum to check
for chemical shift effects. The samples have been prepared by
smearing the powder obtained by grinding glass fragments in a
agate mortar onto a kapton tape. Homogeneity and thickness of
the samples were taken in consideration to insure a good signal/
noise ratio. Natural and synthetic Ti-bearing compounds have been
used as standards, all well-characterized by X-ray diffraction meth-
ods (Table 2). Experimental data have been reduced by subtraction
of the background and the spectra have been normalized to the
high energy side of the spectra (at 5027 ¢V) in order to avoid
the influence of multiple scattering effects. Peak intensities and
half-widths have been evaluated by standard fitting method using
Lorenzian curves and least-squares procedure (Table 3).

Glasses and Melts

It is now widely accepted in the geochemical literature
that the information frozen into glasses on the structure
of the corresponding liquids corresponds to the glass
transition temperature for the combination of glass
chemistry and quench rate (Richet and Bottinga 1986;
Brandriss and Stebbins 1987; Dingwell and Webb 1990 ;
Thinger 1991; Keppler 1992; Mysen and Frantz 1992;
Lange and Navrotsky 1993). Inasmuch as the present
measurements were performed on glasses quenched from
high temperature liquids we must emphasize at this time
that the spectra of these glasses provide data on the
structure of the silicate liquids that was quenched in
at the glass transition. This range of temperature is ap-
proximately 500-600° C for the combination of the pres-
ent compositions and experimental quench rates
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(Dingwell and Webb 1990) with the consequence that
considerable relaxation or backreaction of any tempera-
ture-dependent changes in melt structure could have oc-
curred between the dwell temperatures of synthesis
(above 1000° C) and the glass transition temperatures.
Also, as the viscosity-temperature relationships of the
various compositions are not identical (Dingwell 1992b)
the possibility exists that the structures are not quenched
in at identical glass transition temperatures. Both of
these effects can be relegated for the present melts to
a minor role in influencing the comparisons of follow
because in situ study of the temperature dependence of
the spectra of one chosen melt composition indicates
a very weak dependence of structure on temperature
(Seifert et al. 1994).

Results

The XANES part of the absorption spectrum provides
information on the oxidation state of the absorber and
on structural details such as the coordination number
of the absorbing atom and the geometry assumed by
the anions (in this case, oxygens) around it but also
on bond angles and distances (Brown et al. 1988).

A XANES spectrum is traditionally divided into re-
gions, the pre-ege region where the features are deter-
mined by electronic transitions to empty bound states
and the XANES region sensu stricto where the multiple-
scattering effects are predominant. The combined study
of these effects, together with the analysis of the EXAFS
oscillations, can provide a full knowledge of local geom-
etry of the ligands around the absorber. However, the
multiplicity of Ti environments in the types of materials
under investigation suggests to focus our attention on
the XANES part of the spectra, expecially considering
the recent advances in the modelling of theoretical
XANES spectra.

The peak located in the pre-edge region (from now
on to be referred to as peak P) has been related, in
transition elements, to the electronic transition 1s—3d
(Waychunas 1987). This transition is forbidden when the
absorber site symmetry is Ok (perfectly regular octahe-
dron) whereas it becomes partially allowed when a d—p
orbital mixing is produced, e.g. by polyhedral distortion
and consequently change of symmetry or change of
coordination polyhedron. The d—p mixing produces an
increase of probability for the transition to occur and
an increase of the peak P in the spectrum, whereas peak
P has zero intensity in a perfectly regular octahedral
symmetry. The intensity of this peak is related to the
electronic structure of the atom and, for transition ele-
ments, to the number of electrons in the d-orbitals, de-
creasing systematically as the 3 d-orbitals are filled (Lytle
et al. 1988) and being very high for Ti. In fact, when
titanium is located in a tetrahedral site, the change in
orbitals distribution and symmetry produces a consider-
able d—p mixing giving a strong increase of the peak P
intensity (Bianconi et al. 1985). For titanium, these evi-
dent changes in the XANES spectra as a function of
the coordination number and local geometry around the



504

absorber allow, therefore, one to obtain information on
the geometrical environment around the absorber
(Table 2). In the case of a transition element in a glass,
the XANES spectrum is dominated by the resonances
produced by the scattering effects of the first shell of
atoms around the absorber and the absence of long-
range order makes the effects due to shells farther then
the first, almost negligible. On the contrary, for crystal-
line materials the XANES region is more complex due
to the presence of resonances produced up to the fifth
shell of coordination, as a function of cluster symmetry
and composition (Kitzler 1993). However, even for crys-
talline materials, the first coordination shell mostly af-
fects the near-edge region, as shown by multiple scatter-
ing (MS) calculations performed at the iron K-edge for
pyroxenes (Paris and Tyson 1994).

The experimental Ti K-edge XANES spectra for alka-
li-titanium metasilicate and alkaline-earth-titanium me-
tasilicate samples are grouped in Fig. 1 and Fig. 2 respec-
tively. The pre-edge region is composed of a peak P and
two small peaks (A and B) not present in all the spectra,
whereas the absorption region presents two strong reso-
nances (C and D) followed sometimes by a bump (E).
Energy position and intensity of the XANES features
are reported in Table 3. All the spectra show similar
resonances in the region around the absorption edge,
but they differ strongly for the intensity of the pre-edge
peak (P) (Figs. 1 and 2). In fact, the peak P for metasili-
cate glasses increases in intensity from Na (47%) to K
(55%) and decreases again for the Rb sample (29%).
The spectra of the alkaline earth-bearing glasses exhibit
only minor variations, the pre-edge peak being 34% for
the Ca- and Sr-glasses but increasing to 41% for the
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Fig. 1. Ti K-edge XANES spectra for alkali-bearing glasses of me-
tasilicate composition. A variation of the intensity of the pre-edge
peak with composition is evident. This variation is interpreted as
resulting from a change in average coordination number

4960

xl||||x1v1|xvx‘|||1l\||1

metasilicate

|1\!l

‘Vll\ll\!\’l\!l

‘1|11|1|1|

ABSORPTION (a.u.)

AR
%]
=

L ] 1. [ 1 1 1 il

Ca

A NPT EFRFRI R R

Tt

4960 4980 5000 5020 5040 5060

ENERGY (eV)

Fig. 2. Ti K-edge XANES spectra for alkaline earth-bearing glasses
of metasilicate composition. The variation of the intensity of the
pre-edge peak with composition is minor. The pre-edge intensity
exhibited by these samples is interpreted as resulting from an aver-
age coordination number near 6 for all the glasses
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Fig. 3. Ti K-edge XANES spectra for alkali-bearing glasses of te-
trasilicate composition. A variation of the intensity of the pre-edge
peak with composition is evident. This variation is interpreted as
resulting from a change in average coordination number. The pre-
edge peak intensities are not the same for the tetra- and metasilicate
melts, implying that the average coordination number varies with
SiO, content in the ternary alkali titanium silicate systems. Also
included in this figure is the spectrum of the Al-bearing sample.
This sample is discussed separately in the text



Ba-glass. In Fig. 3 the XANES spectra of alkali-titanium
tetrasilicate glasses are reported, showing that the pre-
edge intensity increases from 35% (Li) to 58% (Cs) (Ta-
ble 3).

Given the relationship between the pre-edge peak in-
tensity and the local geometry around the absorber, the
P intensity data for all the samples have been compared
with data for a series of inorganic crystalline materials
(oxides, titanates and silicates). The standards were cho-
sen between the analyzed Ti compounds where Ti is ex-
clusively bonded to O (since different anions produce
a different degree of covalency that modifies the p char-
acter of the final state thus affecting the P intensity)
and it is present in a variety of coordination numbers
(4, 5 and 6) and geometries (regular and distorted octa-
hedra, tetrahedron, trigonal bipyramid) (Table 2). All
the samples are structurally well characterized both by
XAS and XRD and, as expected, the pre-edge peak
shows strong variations in intensity as a function of the
coordination number (Table 2), being very high for tetra-
hedral coordination (72-88%), intermediate for 5-coor-
dination (55-62%) and low (0-38%) for octahedrally
coordinated Ti. The uncertainty in these data can be
judged from the fact that octahedral samples 2, 3 and
4 have been reported in the literature (Waychunas 1987)
with the same values as those reported here, whereas
the tetrahedral compound Ba,TiO, is reported with a
difference in values up to 13%. This difference is possi-
bly due to uncertainties concerning purity of the ana-
lyzed samples and/or to interlaboratory error. For octa-
hedrally-coordinated titanium. the range of variation in
the observed pre-edge peak intensity can be been related
to polyhedral distortion, with the more intense pre-edge
peak resulting from samples with less regular sites (Way-
chunas 1987). Not enough data are available for similar
considerations of the 4- and 5-coordinated materials,
due to the preference of Ti** for octahedral environ-
ments and the small number of crystalline compounds
with different coordination numbers.

Comparison with the standards suggests that some
of the alkali-bearing metasilicate glasses, which show
the highest pre-edge peak heights, have lower average
coordination number than the alkaline-earth-bearing
metasilicate glasses, whose pre-peak heights are lower
and similar to those typical of the standards containing
octahedrally coordinated Ti. Figure 4 shows that by
plotting the intensity data obtained for the standards
versus their coordination numbers the relationship be-
tween the two parameters show a linear trend, which
can be expressed by the equation [P=—28.57 CN+
194.9 where CN is the average coordination number and
IP is the normalized intensity of the pre-edge peak P.
The regression factor is R=0.95. The validity of this
equation has been tested by calculating the coordination
number of crystalline compounds knowing the experi-
mental IP value. Therefore, assuming that the correla-
tion between the coordination number and the intensity
of the pre-edge peak P obtained for crystalline materials
can be applied to glasses, we can now try to evaluate
more quantitatively the average coordination number
for our samples. This assumption is well supported by
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Fig. 4. The relationship between coordination number and pre-edge
peak intensity for a number of crystalline reference materials. This
relation is used subsequently to estimate an average coordination
number for unknown samples
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Fig. 5. The derivation of average coordination number for all of
the glasses investigated in this study based on the regression pre-
sented in Fig. 4. The resultant range in average coordination
number is from 4.8 to 5.8 for the alkali titanium silicate glasses
and restricted to 5.4 to 5.6 for the alkaline earth silicate glasses

the comparison with the coordination number obtained
by neutron diffraction on a glass of composition inter-
mediate between our samples (Yarker ct al. 1985), which
has also been analyzed by XAS. The coordination
number obtained for this glass is 4.82+0.02 that is in
reasonably good agreement with the value 4.7 calculated
using the above equation and the experimental IP peak
intensity value of 62% (renormalized for comparison
with the other spectra).

The calculated coordination numbers for our glasses
(Table 3) show that all the values are comprised between
4.8 and 5.8. However, in Fig. 5 we show that our data
for glasses, derived from the regression given above, lic
at constantly higher average coordination number for
the alkaline-earth silicate glasses (5.4-5.6) and in a lower



506

but larger range of CN for alkaline silicate glasses (4.8—
5.8). The CN range is slightly lower for alkali tetrasili-
cate glasses (4.8-5.6) if compared with the metasilicate
composition ones (4.9-5.8). Also, in Figs. 1 and 2 the
absorption peak D of XANES experimental spectra ex-
hibits for some samples a small shift toward higher ener-
gies, suggesting an increase of the bonding and a de-
crease of the mean Ti—O bond length in passing from
Li to Cs and Ca to Ba (Natoli and Benfatto 1986). This
supports the general idea of decreasing average coordin-
ation number as a function of increased cation size in
each series of glasses. Thus the XANES features appear
to be particularly sensitive to the coordination of Ti
in these glasses and this will be subsequently discussed
in the interpretation of the spectra.

Further support for the application of the correlation
between CN and P peak intensity to the determination
of Ti local environment comes from the results obtained
by MS calculations performed at the Ti K-edge on small
clusters reproducing tetravalent titanium surrounded by
oxygens in different types of coordination numbers and
geometries (Paris et al. 1992, 1994). The theoretical spec-
tra obtained by using clusters of this type have been
used to study of the local environment of transition ele-
ments in aqueous solutions (Garcia et al. 1986) and can
be applied also to glasses, since in both cases only the
contribution of the first coordination shell is expected
because of the strong disorder of the more distant li-
gands. The MS calculations show that each geometrical
environment produces characteristic features in the edge
region and that the peak P increases in intensity in pass-
ing from 6 to 4-fold (Paris et al. 1994). It also increases,
in minor extent, for the octahedral clusters as a function
of polyhedral distortion, in agreement with the trend
just seen for the crystalline compounds. The variation
of P as a function of local geometry in the theoretical
spectra further supports therefore, the validity of our
equation and its application to CN determinations. The
comparison with the theoretical spectra also suggests
that Ti is present in our glasses in three different geome-
tries, tetrahedron, trigonal bipyramid and distorted oc-
tahedron, whose combination in the glasses is strongly
composition-dependent. For example, Li-glass spectrum
(Fig. 3) can be reproduced by linearly combining the
distorted octahedron and the trigonal bipyramid theo-
retical spectra in the proportion 50: 50 (Paris et al. 1994).
This combination gives the exact IP value of the experi-
mental spectrum and reproduces the other resonances
(B, C and D) as well, with a CN value (5.5) in good
agreement with that independently obtained via our
equation (5.6) (Paris et al. 1994). The Li-glass spectrum
is not reproduced by combining other geometries (like
a tetrahedron and an octahedron) or by using other pro-
portions. Application of this approach to the entire set
of spectra need, however, to consider the contribution
from tetrahedral titanium, as the other spectral features
(A, B, C, D) suggest that in some of these glasses it
plays a more important role than in others. A more
detailed investigation of Ti XANES spectra by MS cal-
culation is in progress.

Finally, to check for the oxidation state, the energy

position of the absorption edge has been measured by
computing the first derivative of each spectrum. A chem-
ical shift about +2 ¢V is generally observed in titanium
compounds (Waychunas 1987) and reported as charac-
teristic of the change in oxidation state from Ti**t to
Ti**. This shift is evaluated in details only if a reference
material is used for calibration. In this case a Ti metal
foil has been measured to evaluate the energy position
of the glasses spectra. The results show that there is
no shift in energy between the spectra: all of them are
consistent with the presence solely of Ti**. However,
the slight bluish colour of the Li- and Al-bearing samples
suggest a minor presence of Ti** in these glasses, below
the sensitivity of the XAS method, since no energy shift
has been detected.

Discussion

We interpret the variations in pre-edge intensity of the
XANES spectra of our Ti-bearing silicate glasses in
terms of a variation in the average coordination number
of Ti in the glass structure. The values of the calculated
coordination numbers (based on the regression of Fig. 4
and presented in Fig. 5) are clearly non-integral. We in-
terpret this observation, together with several other lines
of evidence discussed below, as a consequence of a ho-
mogeneous equilibrium in these glasses between different
coordination states of Ti. Thus the coordination number
quoted in Table 3 is labelled as “average coordination
number”. We do not intend to establish a topological
stability of the fractional coordination numbers quoted
here, rather they are taken to represent the average of
two or more coordination states of Ti in these glasses,
most likely 4 and 6 or 4, 5 and 6.

A further observation from the comparison of the
metasilicate and tetrasilicate series of glasses can be
made for the Cs, Rb, K and Na-bearing glasses. The
relative intensity of the pre-edge is not the same for
both compositions (Table 3). For the Na-bearing glasses
the pre-edge decreases with increasing SiO, content
whereas for the K-bearing glasses it is almost constant
and for the Rb- and Cs-bearing glasses it decreases
strongly with decreasing SiO,. Variation of the relative
intensity of the pre-edge in the TiO, —SiO, system has
also been observed by Greegor et al. (1983). They ob-
served an initial increase in the pre-edge intensity with
the addition of TiO, to SiO, up to 2wt.% a constant
pre-edge intensity up to the addition of 7.5 wt.%, and
then a subsequent decrease in the pre-edge intensity with
further addition of TiO, beyond this to 14.7 wt.%. Ac-
cording to our preferred interpretation, these trends re-
flect differences in the average coordination number with
melt composition. In fact such trends must exist if the
equilibrium between the Ti coordination species is a ho-
mogeneous one involving other melt components. The
relative pre-edge intensity data presented here for the
alkali meta-versus alkali tetrasilicate compositions can
been interpreted as extensions of the trends observed
by Greegor et al. (1983) into the respective alkali-bearing
ternary systems. According to the forgoing discussion



our observation of similar pre-edge intensities for the
K metasilicate and tetrasilicate compositions must be
fortuitous in that the pre-edge is predicted to be in gener-
al composition dependent within the ternary. Support
for this comes from data reported by Yarker et al. (1986)
on a glass composition intermediate between our two
compositions, K,TiSi,O,. The pre-edge intensity re-
ported for this composition yields an average coordina-
tion number of 4.7 from our regression, in good agree-
ment with the value 4.82 4+0.2 reported by Yarker et al.
(1986) from their combined neutron diffraction and
XAS study. Interestingly, the pre-edge intensity of their
glass is much higher than our data for the tetra- and
metasilicate compositions and thus supports the notion
that a maximum in pre-edge intensity (and by inference
a minimum in average coordination number) occurs as
a function of composition within the K,O0—TiO,—
Si0,, just as is seen for the TiO,—SiO, binary. We
know that the stability of the low coordinate, high pre-
edge species is alkali specific and thus the stability as
a function of SiO, content can be individual as well.
We would only add that according to this interpretation
the pre-edge intensity in all ternary alkali-bearing sys-
tems must eventually decrease as the pure TiO, compo-
nent is approached.

What evidence can we assemble to independently sup-
port this proposed homogeneous equilibrium between
coordination states of Ti? There are three lines of evi-
dence. Firstly, the value of the pre-edge intensity, in ad-
dition to being a function of composition (both SiO,
content and alkali identity), is also a smooth continuous
function of pressure (Paris et al. 1994) and possibly tem-
perature (Seifert et al. 1994). The continuous composi-
tion-, temperature- and pressure-dependence of the pre-
edge intensity is the type of behavior expected for a
homogeneous equilibrium with finite values of enthalpy
and volume, the latter of which results in the pressure-
dependence observed by Paris et al. (1994). Were the
non-integral value of coordination number an actual
coordination state of constant composition and struc-
ture rather than an equilibrium between coordination
numbers then the temperature- and pressure-dependence
of the transition to another coordination state might
be expected to occur at some elevated and discrete pres-
sure and temperature. We propose that the continuous
composition-, pressure- and temperature-dependence of
the pre-edge intensity results from the subequal propor-
tions of differing coordination polyhedra that are im-
plied by the non-integral average coordination numbers
obtained in this study. Finally with regard to this point,
the pressure-dependence of the proposed equilibrium is
in the direction favouring higher coordination. Although
the entropic consequences of a putative coordination
shift from 4 to 6 coordination are ambiguous, the vol-
ume consequences are clear. The shift in coordination
from 4 to 6 should result in a volume reduction per
oxygen atom. This is consistent with the observed pres-
sure-induced shift of Ti to lower pre-edge intensity and
independently consistent with volume measurements de-
scribed next.

The second type of evidence favouring the interpreta-
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tion of speciation proposed above lies in the available
property data for melts of the metasilicate composition.
Specifically, the density of melts of the titanium metasili-
cate composition have been determined and the partial
molar volume of the TiO, component has been calculat-
ed for each using the available densities of the respective
Ti-free metasilicate melts from sources in the literature.
The partial molar volume of TiO, (est. at 1000° C), so
calculated rises from a value of 23.9(5) in the CaTiSiOs
melt to a value of 28.5(5) in the K, TiSiO5 composition.
The results of these density determinations have been
interpreted as a change in the coordination of Ti from
a relatively low-volume polyhedron in the alkaline earth-
bearing melts to an increasingly large-volume polyhed-
ron or combination of polyhedra in certain alkali-bear-
ing melts. This interpretation is consistent with the cur-
rent interpretation of the pre-edge intensity data of the
present study.

Further property data also point to an anomalous
behavior of the TiO, component in the temperature de-
pendent properties of equilibrium Ti-bearing silicate lig-
uids. Richet and Bottinga (1985) have demonstrated that
portion of the heat capacity of silicate melts contributed
by temperature-dependent configurational changes, the
so-called “configurational heat capacity”, which is de-
rived by subtracting the glassy value of the heat capacity
from the measured value above the glass transition, is
anomalously large and temperature-dependent for titan-
um-bearing alkali silicate melts in comparison with Ti-
free alkali silicates. The anomalously large configura-
tional heat capacity observed above the glass transition
can be attributed to a temperature-dependent reaction
involving the coordination of Ti in the Ti-bearing melts.
Similarly, Lange and Navrotsky (1993) have emphasized
that the temperature-dependence of the configurational
entropy of alkali titanosilicate liquids is anomalously
large at temperatures just above the glass transition but
becomes similar to that of Ti-free alkali silicate melts
at temperatures of approximately 1000° C. The observa-
tion that the anomalous configurational heat capacity
disappears at high temperature might indicate that the
reaction reaches completion at high temperature. The
data for the temperature dependent shift of the pre-edge
intensity for a Rb-titanosilicate melt presented by us
(Seifert et al. 1994) can be interpreted to indicate a subtle
temperature-dependent coordination shift of Ti which
is complete at such high temperatures.

Property data constraining the coordination number
of Ti also come from recent ultrasonic determinations
of the bulk modulus of alkali and alkaline earth titanium
silicate liquids of the metasilicate composition (Webb
and Dingwell 1994). Preliminary data from these melts
indicate that the compressibility of the partial molar vol-
ume of TiO, component is strongly dependent on com-
position. This is an anticipated consequence of varying
the proportions of two or more coordination states of
Ti in silicate liquids as a function of composition. The
K and Na titanium metasilicate melts, in particular,
show a large decrease in bulk modulus compared with
the equivalent alkali disilicate compositions (related by
the exchange operator TiSi_,). This sensitivity for the
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K and Na-bearing melts is tentatively interpreted as re-
sulting from the subequal proportions of differing coor-
dination states of Ti in those melts. Further, the pres-
sure-dependence of the pre-edge intensity (Paris et al.
1994) implies that a coordination shift is occurring with
pressure and the variable compressibility of the 1 atm
liquids is consistent with this observation.

The third line of evidence consistent with the interpre-
tation of variable pre-edge intensity as a consequence
-of changes in the average (non-integral) coordination
number of Ti in the silicate melts comes from analogous
interpretations of other types of spectroscopic data for
Ti and for other cations in silicate melts. Previous studies
of the coordination of Ti in silicate glasses have been
undertaken in a variety of chemical systems and using
a number of different spectroscopic techniques (e.g. neu-
tron scattering: Wright et al. 1977, vibrational spectro-
scopy: Takahashi etal. 1977; Furukawa and White
1979; Mysen et al. 1980; Kusabiraki 1986; X-ray ab-
sorption spectroscopy: Greegor et al. 1983; Sandstrom
etal. 1980; Yarker et al. 1986). Previous spectroscopic
studies of the structural role of Ti in silicate glasses have
been interpreted as evidence for a composition-depen-
dence of the coordination number of Ti and for the
presence of both 4 and 6-fold coordinated of Ti in cer-
tain compositions. Of special interest in the present con-
text are the studies of Wright et al. (1977), Hanada and
Soga (1980) and Yarker et al. (1987). Wright et al. (1977)
conducted a neutron scattering study of K,Si,TiO,
glass, obtaining an average bond length of 1.95 A. They
concluded that the average coordination number of Ti
in this composition is 5.2. Hanada and Soga (1980) con-
ducted a study of the chemical shift of the Ti Kf X-ray
emission spectrum for glasses in the Na, 0 —TiQ, —SiO,
system. They observed a composition-dependence of the
wavelength which they interpreted as an increasing pro-
portion of tetrahedrally-coordinated Ti with increasing
Ti content to 33 mol% TiO, and a subsequent decrease.
Their Fig. 1 indicates an average coordination number
near 5.2. Finally, as noted above, Yarker et al. (1987)
have interpreted their neutron diffraction and XAS data
in terms of a non-integral coordination number of 4.8.

Previous discussions of the structural role of TiO,
in silicate melts have returned again and again to the
distinction between two possibilities. Firstly, that the
anomalous coordination of Ti in large-alkali silicate
glasses is due to an extreme distortion of an octahedral
coordination and secondly that the anomalous coordina-
tion results from a proportion of lower coordination
species. What distinguishes these two possibilities has
to do with the definition of a coordination number for
Ti in these melts. In our studies we have observed 1)
a partial molar volume which varies up to 20% with
composition and 2) a pre-edge feature in the XANES
spectra which varies, over a range of average coordina-
tion number from 4.8 to 5.8. We find these data easiest
to reconcile with the interpretation of a changing aver-
age coordination number of Ti in these melts. We have
chosen to describe this structural degree of {reedom as
a homogeneous reaction between lower and higher coor-
dinate species, dependent on composition, temperature

and pressure. These species may be greatly distorted and
the definition of a coordination number may be blurred.
Thus whether one chooses to interpret the pressure-,
temperature- and compositional features of these spectra
as a reaction between coordination polyhedra of regular
geometry or between species of varying degree of distor-
tion of an octahedron, one must explain the large molar
volume difference between the species. This term is large
enough to lead us to conclude that the best description
of the homogeneous equilibrium occurring in these melts
yields an effective shift in the coordination number of
TiO,.

Conclusion

The coordination of Ti in simple ternary silicate melts
can be described by a composition-dependent average
coordination number between 4 and 6. The presence
of large alkali cations reduces the proportion of high
coordinate Ti species, presumably by shifting a homoge-
neous equilibrium involving variously coordinated Ti
specics. The variation in the average coordination
number of Ti is reflected in a composition-dependence
of physical properties such as density, heat capacity and
compressibility. The equilibrium appears to be pressure-
and temperature-dependent as well. Average non-inte-
gral coordination of cations in silicate melts may well
be the rule rather than the exception.
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