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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 the partial pair distribution functions associated
with one specific element in the sample.** Using this
technique, it is possible tocharacterise fully the coordi-
nation environment of the isotopically substituted
element as well as determining its relationship to the
glass network. Until now, there have been no NDIS

studies on sol-gel prepared materials, probably due’

to the complexity of enriching the precursor reagents
and the difficulty in preparing two sol-gel samples that
do not differ significantly in structure or composition
except for the isotopic substitution.

The initial stage of analysis of neutron diffraction
data from an amorphous material entails the removal
of background scattering, correction for absorption
and multiple scattering and subtraction of the self
scattering term. The resultant scattered intensity, i(Q),
where Q=4rsinf/A, can reveal structural information

"by Fourier transformation to obtain the total
correlation function®

T() =T°0)+ 2 [ Q@ M(Q)sin(0r)d(©) M
0

where T°(r)=4nrp°(Zic;ib)’ is the average density contri-
bution (p° is the macroscopic numbér density, and ¢;
and b; are the atomic fraction and coherent scattering
length, respectively, of element i), and M(Q) is a
modification function used to take into account the
maximum experimentally attainable value of Q.

If two experiments are performed in which the scat-
tering length of €lement A is varied (by isotopic substi-
tution), the difference between the experimental
correlation functions is of the form®)

AT()=T()~T"() = (B3 ~b%)taa(r) | *
+2) eye;b; by —be )ty (r) @)

j#A
where ' ax(r) represents the partial pair correlation
function for elements 4 and X. Thus, only the structural
environment of element A4 is probed.

Structural information can be obtained from the

neutron diffraction data by modelling the O-space data
and converting the results to r-spacé by Fourier trans-
formation to allow comparison with the experimen-
tally determined correlation function.*” The neutron
scattering lengths are as follows: “°Ti, 5=2-469 fm,
“Ti, b=—6-063 fm and "*Ti, b=-3-438 fm (it should be
noted that the negative scattering lengths arise froma n
phase shift of the neutron wavefunction on scattering).
For the two calcia—silica samples: “Ca, b=1-42 fm,
and for *Ca, b=4-70 fm.
" The neutron diffraction data presented here were
collected on the GEM diffractometer on the ISIS
spallation neutron source at the Rutherford Appleton
Laboratory, UK time-of-flight data collécted over a
wide range of Q (up to 50 A™). The ATLAS suite of
programs was used to reduce and correct the data.®

Similarly, solid state NMR is an increasingly used
atomic scale, element-specific probe of the structure

of materials.®® #¥Si MAS NMR can determine the .
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network connectivity by identification of the different
Q species, and the loss of organic groups and hydroxyls
can be followed by *C and '"H NMR.® 'O on enriched
samples has been shown to be extremely sensitive to
the distribution of the metals through identifying
the different fragments (such as (T1,S1)-0—(Si,Ti))
present,’>® and has been used to show differences in
the degree of phase separation as the functionality of
the silicon precursor.®” )

The O MAS NMR spectra were collected using
4 mm MAS NMR probes (both Doty and Bruker)
spinning at ~12 kHz on a Varian Infinity CMX-360
spectrometer, equipped with an 8-45 T magnet, operat-
ing at 48-18 MHz. Spectra were collected using 6—t—26
spin-echo pulse sequences with 6 corresponding to a
tip angle of ~90° on the solid sample (typically 1-5 ps),
T set to the rotor period and recycle delays of 0-5-5 s,
sufficient to allow relaxation. The number of co-added
scans was typically 3x10*, Spectra were referenced to
H,0 at 0 ppm.

Isotopically enriched samples of the same composi-
tion were shown to be structurally equivalent using
x-ray diffraction (Station 9.1, Synchrotron Radiation
Source, Daresbury Laboratory, UK). Further charac-
terisation necessary for analysis of the neutron diffrac-
tion data was performed: elemental analysis (ICP-AES
and gravimetric) was carried out by a commercial
company (Medac Ltd) and in house using a Bruker S4
x-ray fluorescence spectrometer, and macroscopic
densities were determined by helium pycnometry.

Results and discussion

Titania—silica

Figures 1 and 2 serve to illustrate both the method and
benefit of using NDIS to study this class of materials.
Figure 1(a) shows the (-space neutron diffraction
interference functions for the isotopically enriched
(Ti04)p15(Si05)pg, sol-gel glasses heated to 750°C.
There are two points to note concerning these spectra.
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Figure 1. Typical Q-space neutron diffraction data from the
isotopically enriched (TiO;).(SiO;)sx sol-gel samples: (a) Q-
space interference functions, i(Q),. from the *“Ti enriched (upper
trace) and ®Ti enriched (lower trace) (Ti0;)o15(S510z)0s2 sam-
ples heated to 750°C and (b) difference interference function
obtained by subtracting the *Ti i(Q) from the i(Q) “Ti '
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——*Ti enriched sample

2.0+
------ “*Ti enriched sample
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Figure 2. Real space neutron diffraction data obtained by
Fourier transformation of the data shown in Figure 1: (a) total
correlation functions, T(r), from the *Ti enriched and *Ti
enriched (Ti05)013(Si0z)0452 samples heated to 750°C and (b)
difference correlation function showing clearly a feature at just
below 2 A due to Ti~O bonding; the broad feature at ~4-3 A is
associated with second neighbour correlations involving Ti (e.g.
Ti-0-Si)

(@

T(r) (barnsA?)

T,,,(r) (barnsA?)

Firstly, the data are of sufficient quality over a wide
range of O (Qnax=50 A™) to provide excellent real-
space resolution when Fourier transformed. The
second is to observe how similar the two spectra are.
This is to be expected because the materials are mostly
silica (over 80 mol%%) and were prepared to be structus-
ally equivalent: i.e. identical in all pertinent respects
except for the isotope of titanium present. Figure 1(b)
shows the result of subtracting the interference function
of the (48Ti02)0.13(8i02)0v32 750°C sa.mple from that
obtained from the *Ti-enriched sample; this difference
function contains only information about the correla-
- tions involving titanium (see Equation (2)). Structural

information is best observed by examining the pair dis-

" tribution functions obtained by Fourier transformation
of the Q-space data. Figure 2 shows the real space data
obtained by Fourier transformation of the interference
functions shown in Figure 1. The two 7(r) functions
(Figure 2(a)) are dominated by peaks at ~1-6 and
~2-6 A which are assigned to the Si-O and O-O corre-
lations, respectively. The broader feature at just over
3 A is due to the Si-Si correlation. The information
concerning the Ti-O correlation is contained in the
weak features between 1-75 and 2:10 A, and conse-
quently this is the region where the two spectra differ
significantly. It is. important to note how weak the

+ featuresin this region are; it is only by taking the differ-

ence between the i(Q) functions and obtaining a real
space correlation function by Fourier transformation
that information about the Ti environment can accu-
rately be obtained. Figure 2(b) illustrates this point
well. The Ti-O correlation clearly contains two
distances at ~1-8 and ~2-0 A, with the latter seen as a
distinct, partially resolved shoulder. This is the first
direct, unequivocal observation of two Ti-O distances
in this type of material.

The structural parameters obtained from simulation
of the difference interference functions are presented in
Table 2 (the fit parameters associated with the silica
host network are not included here; they are as would
be expected for a sol-gel silica glass and add nothing to
the discussion of the Ti environment per se). Figure 3
shows the MAS NMR "0 spectra after heat treatment
to various temperatures.

This composition exhibits very interesting struc-
tural behaviour with significant changes occurring
throughout the temperature range studied. The tita-
nium site in the sample heated to 250°C is characterised
by a very broad correlation due to Ti-O bonding. The
results in Table 2 again suggest at least two distinct
Ti-O distances. The neutron difference data can be
simulated by an average titanium nearest neighbour
environment of four oxygen atoms at a distance of
1-89 A and two oxygen atoms at a longer distance of
2-11 A. This type of distorted octahedral environment
is observed in the.mineral ramsayite which has four
shorter Ti~O bond lengths in the range 1-82-1-96 A
and two in the range 2-14-2-18 A.®V The origin of
this distorted TiOg site in this sample appears to be the
desire of Ti"" to expand its coordination sphere above
four by forming longer non-network forming bonds to
H,0 and OH- ligands. Further evidence that the longer
Ti-O distances are indeed due to weaker bonds to H,O
and OH" ligands comes from a previous high tempera-
ture XANES study!” that demonstrated the abundance
of reversible TiOg>TiO, sites in the structure of
samples of this composition.

After heating to 750°C, the titanium environment
in the sample becomes more well defined as can be
witnessed by the much narrower Ti-O correlation: the
parameters derived from the simulation analysis of
this feature given in Table 2 indicate that two Ti-O
distances are present, a short distance at 1-81 A due
to titanium tetrahedrally substituted within the silica
network and a longer distance at 1-95 A which is
very close to the average Ti~O bond length determined .
from the mineral anatase (one of the crystalline
forms of TiO, that has a structure consisting of TiOs

Table 2. Structural parameters for the Ti-O correlations obtained from the simulation of the single difference
correlation functions, Tr.x(t). Each Trx(t) was derived from the difference between the interference functions

from the “Ti and *Ti enriched samples*

Sample Correlation RIA+001 4 Nlatoms +20% old +0-01 4
(Ti02)015(Si02)os2 Ti-O = 1-89 36 0-084
250°C Ti-O 211 15 0-052
(Ti02018(Si02)052 Ti-O 1-84 3-0 0-060
500°C Ti-O - 2:02 14 0-060
(Ti001s(Si02os2 - Ti-O - ‘ 1-81 24 0-033
750°C ’ Ti-O 1-95 17 0-061

*R Nand orepresent the atomic separation, coordination number and disorder factor, respectively
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Figure 3. 70 MAS NMR from the (Ti03)0.08(5i0;) o2 samples

after various heat treatment: (a) unheated, (b) 120°C, (c)
250°C, (d) 500°C and (e) 750°C

octahedra).®? The average Ti—O coordination number
determined at this temperature of heat treatment is
close to four, suggesting that the majority of titanium
in this sample is substituted within the silica network
with a minority species present in a TiOg environment
similar to that found in anatase. Indeed, the 750°C
sample containing natural titanium exhibited very
weak Bragg peaks in the i(Q) data, the positions of
which corresponded to those expected for anatase.
Hence, it seems that at least some of the TiOg present in
the samples heated to 750°C is in the form of phase
separated TiO, which is on the point of crystallisation
at this temperature. .

At the intermediate temperature of heat treatment,
the Ti-O environment is consistent with a mixture of
TiO, sites and unstable, distorted TiOg sites. There is an

overall decrease in average Ti—O coordination number
and associated decrease in the average Ti—O distance
as the temperature of the heat treatment is increased.
These changes are consistent with the conversion of
TiO, sites to TiOg sites as a function of temperature,
and agree well with the results of previous structural
studies using XRD, and ®Si MAS-NMR, XANES and
EXAFS.(16'33’34)

The 70 NMR MAS spectra in Figure 3 again show

- a strong signal from the second-order quadrupole

lineshape at ~0 ppm from Si-O-Si, and the Ti-O-Si
peak at ~270 ppm. There is a small but nevertheless
distinct peak at ~550 ppm corresponding to Ti-O-Ti,
probably as OTi;.® The use of YO NMR therefore
helps unequivocally to show that a very small amount
of phase separation is occurring. As well as agreeing
with the results from the NDIS analysis, thess NMR
results confirm that the (Ti0,)0.15(Si02)0s2 composition
is indeed on the limit of solubility of TiO, in sol-gel
silica.(639

Calcia—silica
The i(Q) of the *Ca and *Ca-enriched (Ca0)5(SiO5)o
samples are shown in Figure4, together with the
corresponding weighted difference between the two.
The structural parameters derived from fitting to both
the original and to the difference function are provided
in Table 3. . _ :
The parameters obtained for Si-O and O-O are as
one would expect for porous sol-gel derived silica® -
and this lends confidence to the fitting of the other
correlations observed. In a fully condensed silica net-
work the O-O coordination number would be six, in
these materials it is reduced to ~4-6 due to the presence
of nonbridging oxygen atoms (NBO) which are abun-
dant in high surface area materials. It is important also
to note that the parameters obtained from the fit to the
difference correlation function, #c. x(r), may be carried
over to the fitting of the original datasets unchanged:

0.3

0.2

0.1+

0.0 -

-0.1 -

i(Q) /barns atom™ Steradian”

-0.2 4

Momentum Transfer Q /Angstroms”
Figure 4. i(Q) data for ™ Ca (top) and *Ca (middle) (Ca0)os(Si0z)o7 and difference between i(Q) functions from the *Ca qm?

1 T i T T T
30 40 50 60

nat Ca .

samples. ™Ca and difference have been offset by +0-2 and —0-2, -respectively, for clarity ) e
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Table 3. Fitting parameters obtained from simulation
of neutron diffraction data

Correlation RIA (+0-01) Nlatoms (+0-25) o /A 2001
H-H 1-28 1-02 0-05
Si-O 1-61 3-8 + 005
Si-H . 220 ’ 0-7 0-15
Ca-O 2:32 23 0-08
Ca-O 2:51 - 1-65 0-07
0-0 2:64 4-64 : 0-09
Ca-O 275 1-05 0-08
Ca-H 2:95 06 0-08

we take this as further evidence that the fits generated to
teax(r) are robust. .

The fit parameters obtained uniquely from the
NDIS results show clearly that the Ca—O environment
actually consists of distinct, but partially overlapping,
correlation shells centred at 2-3, 2-5 and 2+75 A.. This is
the first time a Ca~O environment of this complexity
has been discerned in the context of contemporary
bioactive glass materials: it is a key observation given
the central role that Ca dissolution plays in the
material’s ability to promote bone growth. It is helpful
at this point to draw comparisons with crystalline cal-
cium silicate materials where Ca—O distances ranging
from 2-3-2:8 A have been observed, indicating that the
values obtained here aré certainly physically reason-
able per se: In theory it should be possible to extract
information from the NDIS data relating to higher
correlations such as those from Ca-Si and Ca-Ca.
However in practice, even using this method, the
residual overlap between the large range of possible
correlations above ~3 A renders this unreliable as a
quantitative exercise. What the NDIS results do offer
is the uniquely detailed quantitative data required
for computer simulation studies of bioactive glasses,
and in particular towards the full understanding of
the Ca dissolution and subsequent mineral deposition
processes.

Conclusions

The (Ti0,)18(S10,)45, samples exhibit the presence
two titanium environments at low temperature, the
tetrahedrally substituted site and the distorted octahe-
dral site formed when the titanium forms two extra
bonds to OH™ ligands. Heating the sample to higher
temperature converts some of the distorted octahedral
sites to tetrahedral sites whilst the remainder becomes
less distorted and more similar to the titanium site in
anatase. A small amount of phase separation of TiO, is
confirmed by both the neutron diffraction and the "0
MAS NMR. These results confirm that this composi-
tion is indeed on the limit of solubility of TiO, in sol-gel
derived silica.

We have for the first time directly observed three
Ca-0 distances in a bioactive (Ca0),(Si0,), sol-gel
glass and quantified their respective contributions to
the bonding of Ca within the silica network. The data
obtained point to.a complex calcium environment in
which the calcium is loosely bound at the surface of
the network. This data provides a direct atomic scale
explanation for the empirical observation that calcium
loss from these materials is facile and can be achieved
by simple ion exchange with body fluid.

‘438  Physics and Chemistry of Glasses Vol. 46 No. 4 August 2005 NCM?9, Corning, USA

Itis only by such a detailed knowledge of the sites of
importance in materials that systematic improvements
in their application to tissue engineering can be
achieved. :
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