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An advanced materials characterisation’ methodology
has been used to examine systematically a range of
sol-gel glass materials of contemporary interest.
Neutron diffraction using *Ti and *Ti stable isotopes,
and isotope-enriched 7O MAS NMR, have been used
to characterise the structure of catalytically active
(Ti0;).(Si0,);- sol-gel glass as a function of talcina-
tion temperature (T=250, 500 and 750°C). The results
reveal directly two Ti-O distances in a homogeneous
(Ti0;)0.18(Si0;)0s2 s0l-gel derived glass. The detailed
nature of the Ti environment may be discerned from a
combination of neutron scattering data with solid state
NMR, including the possible presence of phase separa-
tion at the higher temperature. Neutron diffraction
using *Ca, and isotope enriched 7O MAS NMR have
dlso been used to study the detailed nature of the struc-
ture of CaO-Si0, bioactive sol-gel glasses. The results
offer a direct observation of multiple Ca—O distances
in this material, and pave the way to a fuller under-
standing of the role of Ca in its bioactivity. The results
presented here are consistent with, but greatly extend
our previous XRD, 10 and*Si MAS-NMR, XANES
and EXAFS studies of these materials.

An essential step in achieving an understanding of why
amorphous materials exhibit the properties they.do is
gaining a full knowledge of the atomic scale structure
of such materials. For instance, titania-silica mixed
oxide glasses, (Ti04)x(Si02)1, have found use as ultra
low thermal expansion glasses® and thin films with
tailored refractive indices.®» However, the majority of
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the recent work on the titania-silica system focuses on
its catalytic properties,®*® and in particular on how
these are related to the local environment of titanium in
the structure. ‘

Similarly, to allow people to remain active, and to
contribute to society for longer, the need for new mate-
rials to replace and repair worn out and damaged tis-
sues becomes ever more important®?, Melt quenched
silicate glasses containing calcium and phosphorus,
and often alkali metals, have been much studied for
their applications to promote bone regeneration and to
fuse to living bone. More recent work has focused on
the use of the relatively low temperature sol-gel route
for generating bioactive glasses, by which fewer
components are required and a wider spectrum of
compositions and glass porosities may be achieved.
Samples of the general formula (CaO),(Si0,),x have
been shown to possess significant potential as bioactive
bone regenerative materials.%!V

Titania—silica

There have been several structural studies on (TiOy),
(Si0,),. sol-gel glasses focusing both on the titanium
environment and on the degree of phase separation
between the oxide components. Dirken et al® demon-
strated that 7O NMR is a powerful technique for
observing phase separation in such systems. Extended
x-ray absorption fine structure (EXAFS), has been used
to directly probe the titanium environment. Anderson
et al®™ used EXAFS to measure the Ti-O bond dis-
tance in gels containing 8, 18 and 41 mol% Ti. The
results indicated an increase in the average Ti—O bond
distance from 1-8 to 1-9 A with increasing titanium
content from 8 to 41 mol%; this change was attributed
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to the titanium environment changing from substituted -

within the silica network to phase separated into
domains of TiO,. Rigden et al® used neutron and
x-ray diffraction to study a similar set of samples and,
on the basis of a measured Ti-O bond distance of
~1-8 A, reached the conclusion that titanium predomi-
nantly substitutes for silicon within the glass network.
Despite the value of this study, the limited resolution
of the x-ray data and the problem with overlapping
correlations in the pair distribution function obtained
from the neutron data precluded a full analysis of
the titanium site. One of the most useful techniques for
studying titanium containing oxides is XANES, which
indirectly yields information on the titanjum environ-
ment from the shape of the Ti K-edge x-ray absorption
profile and can distinguish between tetrahedral and
octahedral coordinated titanjum (TiO; and TiOs,
respectively, hereafter)."® Mountjoy et al'® exploited
this technique to confirm two important structural
trends that occur in (Ti0,),(Si05); materials. Firstly,
as the composition is varied from x=0-08-0-41 there is
a corresponding increase in the number of TiO sites.
Secondly, a clear correlation was established between
the abundance of TiO, sites and the temperature of
the heat treatment used in the gel-to-glass processing.
More recently, the XANES technique was taken
further and applied to samples that were heated i situ
to temperatures of up to 250°C.""!® Both these studies
revealed the existence of TiOs sites which could be
reversibly converted to TiO, sites upon heating to
150-250°C.

Despite the many studies outlined above, the
exact nature of the titanium site has never been fully

characterised. Here, for the first time, we combine two’

advanced structural probes in the study of this class of
material: neutron diffraction with isotopic substitution
(NDIS) can provide unambiguous and quantitative
information on the Ti environment, whilst ’O MAS
NMR can directly probe this structural location.

. Calcia—silica
The exact mechanism by which calcia-silica materials
promote bone growth and the requirements for

" optimisation of their properties are still as yet only
partially understood, but have been strongly linked to
the evident ease of calcium dissolution from the glass
matrix.®? A great deal of interest in the structure
of these materials has therefore been engendered,
especially the nature and the role of the Ca sites within
the glass network.

The local calcium environment in crystalline
calcium silicate minerals and apatites is extremely
diverse; iri most minerals there are several crystallo-
graphically distinct Ca environments. This diversity
adds to the complexity of the Ca environment and
ensures a wide range of possible calcium-oxygen coor- .
dination numbers. Amorphous materials are intrinsi-
cally even more structurally complex in the sense that
the long-range order of the crystalline form is lost.
Analysis of the short range environment in calcium sili-
cate glasses has been attempted using x-ray absorption
fine structure and near edge structure (EXAFS and
XANES)" and by x-ray powder diffraction,?” how-
ever the complexity of the calcium environment limits
the useful information available from these techniques.
For instance, conventional diffraction measurements
show the Ca~O correlations as a broad feature centred
around 2:35 A, but this feature is overlapped by the
strong O-O correlation making a quantitative measure
of Ca environment impossible based solely on such
data.

Experimental method

Sample preparation

Initially, samples of *™*Ti0,, “TiO, (72:1 atom%
enriched, Isoflex USA), “*TiO, (99-8 at% enriched,
CK Gas.Products) and “*TiO, (74-3 and 23-9 at%
enriched respectively, CK Gas Products and Isoflex
USA) were converted to the corresponding isopropox-
ides via their chloride analogues. The (TiO2)«(SiO2)1«

. sol-gels, with x nominally 18 mol%, were prepared

by reacting the isotopically enriched Ti(OPr), with
TEOS (tetraethyl orthosilicate, Si(OEt),) in the pres-
ence of H,0 and HCI using the procedure described
previously.®” In the case of the samples for the NMR
study, 45 at% "O-enriched water was used. Samples
were heated to 250, 500 and 750°C at a ramp rate of
5°Cmin™ under an atmosphere of flowing air; each
temperature was maintained for 2 h. Sample details are
.shown in Table 1. _

Two samples of (CaO)3(SiOz)s were prepared
samples were prepared following previously published
procedures,”” one containing natural Ca and the
other #Ca. Sample details are shown in Table 1.

Neutron diffraction and NMR

Diffraction methods give access to both short and
medium range order (up to ~15 A). However, for
multicomponent systems, the overlapping of coordina-
tion shells limits the structural information which can
be extracted from the data. NDIS allows the separation

Table 1. Sample characterisation of heat treated (TiO;)(Si02) 1 sol-gel glasses containing natural titanium and

of (Ca0),(Si0; ) 1—x Sol-gel bioactive glasses containing natural calcium

Sample (notional Composition (atm%) erd (ertes) Density (glen?’)
molls & heat T S c H .
treatment temperature)
Ti, x=0-18 250°C 34 16-1 563 29 214 0-17 2:23(5)
Ti, x=0-18 500°C - 44 20-7 629 0-00 Lo 121 0-17 2-27(2)
Ti, »=0-18 750°C ' 44 214 61-3 0-00 12-9 017 2-36(2)
Ca S 0 . H
Ca, 600°C 122 21-0 54-4 12-4 2-21(2)
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of materials.® #Si MAS NMR can determine the . ‘puained by subtracting the *Ti i(Q) from the i(Q) “Ti
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