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ABSTRACT

In *he present paper we have clarified by both EXAFS and nesar-edge spectrosco
pies in TiOy-SiO, very homogeneous glasses, having three different TiOg concen-
trations (4.5, 10,0, 19.0 wt%), and obtained by the sol-gel method, that the coordi-
nation of Tit4 ions is only tetrahedral, An "intermediate" ordered phase, not yet
well defined, has been observed at the beginning of the crystallization process. Also
in the essicated gels the coordination of Ti*4 ig tetrahedral, Moreover, the therm-
al treatment causes a progressive ordering of the T, tetrabedral units going from
the essicated gels to more and more dense glasses, The presence of gix-fold
Ti-sites has been clearly observed by both EXAFS and near-edge spectroscopies on
ly in a partially crystallized glass containing the highest TiOp content (19 wt%), at
1200°C, On the contrary, in all the glasses having the lowest TiOg content (4.5 wt%)
a four-fold Ti coordination has been observed up to1200°C, The crystalline phase,
which appears at high temperatures, is anatase having a crystallite size in the ran-
ge 50-100 A for thermal treatments in the range 1000-1200°C for the sample rich-
er in TiOg, An appearance of crystallinity at higher temperatures for lower TiOg
concentrations has been observed by XRD analysis, in agreement with other authors,

(%) Istituto di Struttura della Materia del CNR, Frascati,



L. - INTRODUCTION

The importance of TiOg-S8iOy glasses, either from an industrial or from a sci-
entific point of view, is well known. A low content of TiOy decreases the thermal ex
pangion coefficient of vitreous silica. It is possible to obtain a zero expansion compo
sition (7.6 wt% TiOg) which, for instance, is useful for optical telescope mirrors(l),

The systematic modifications of silica properties as a furction of TiOy content
have been investigated by Schultz and Smyth(z). Sc:hultz(S) gshowed a digcontinuity of
properties like viscosity, refractive index and density between 11 and 12 wt% TiOg
composition which is very close to the eutectic point in the TiO5-SiO, phase diagram(4).
According to Etv:zms(l) in the ideal continuous random network, the TiOg larger tetra
hedra (the ’I‘i-{-(j: radiug is 0'968§, while the S:‘L+4 one is 0.41A) can be dissolved
in a statistical way up to about 15 to 16 wt% TiOg. This is the upper limit of a "meta
stable" region which begins at about 11,5 wt% TiO,, whereas the composition in the
range 0-11,5 wt% TiOy correspond to the "stable" region for an ideal substitutional
solution of TiOg in SiOg, In this phase the 4:2 network connectivity scheme between
oxygens and cations is supposed to be fully maintained also at relatively high tempera
ture (~1000°C), This interpretation of the observed properties of Ti0,-8i0, glasses
is also supported by & previous work of Evans(5) who completely crystallized low TiO2
silica glasses (10,8 wt% of TiOg as a maximum) at very high temperature (1540°C).
She ohtained by a careful X-ray diffraction (XRD) analysis of the lattice parameters
expansion, that titanium goes completely into solid solution within the cristobalite te-
tragonal structure. It is worth noting that the above studies and properties concern ho
mogeneous TiOy~SiO, glasses prepared by the controlled flame hydrolisis process.

In contrast, Sandstrom et al.(6’ 7) have shownh, by direct structural techniques like
the extended X-ray absorption fine structure (EXAFS) and the near-edge (XANES)
spectroscopies, that, while the coordination geometry of Tit4 in low TiOg content -
SiO, glasses is primarily four-fold, i, e, tetrahedral (Tq), a small fraction of these
ions show also a six~-fold, i. e. octahedral (Oh) coordination, with a longer Ti-O bond
length, In three TiO,-8iOy glasses, containing 3,4, 7.5 and 9.5 wt% TiOy, respecti-
vely, the authors noted that the six-fold oxygen coordination increases with increased
TiO, content up to a value of 18% for the 9.5 wt % TiOy composition,

The existence of octahedrally coordinated Ti as a former cation in the vitreous
network was directly shown i alkali titanite glasses by a X-ray diffraction study on
the electron radial digtribution function by Zarzycki(g), Also Rao'?) guggested for the
glassy system Kp0-Si04' TiOy a dual role for titanium which assumes a predominant

ly tetrahedral coordination in the high silica region and a predominantly octahedral



coordination in the low silica region,

The aim of the present work is to clarify whether in Ti()z—SiO2 glagses, obtlain
ed by the sol-gel process, the coordination of Tit4 is only tetrahedral, as suggest-
ed by Evans(l), or also partially octahedral, as suggested by Sandstrom et al,, as
long as the glass composition belongs to the "gtable" or to the "metastable"” region
sbove indicated, The EXAFS and XANES spectroscopies, the sole direct structural
techniques adequate to the present purposes, have been here employed, In fact, as
shown by Jose and Urnes(lo) in the system Nay0+SiO4*TiOg, the electron radial di-
stribution obtained by XRD was unable to resolve the Ti-involving distances which
superimpose onto the corresponding Si-involving distances.

Furthermore, the present work follows the structural evolution of the materials
essicated from the gel s'ate towards the vitreous state and, afterwards, towards par
tially crysiallized glasses (here namad also glass-ceramic materials) as a function
of temperature from 250°C up to 1200°C. The XRD analysis has been used in order
to detect and structurally characterize the crystalline phases obtained at high tempe
rature.

Thre - lifferent compositions have been investigated: 4,5, 10 and 19 wt % TiOs9,
The first two refer to glasses belonging to the "stable" region, the second one being
very close to the eutectic composition, The third composition harely exceeds the
"metastable" region, in a range where it can be argued that the 6:3 connectivity sche
me can be inluced by the more numerous Ti-O-Ti bridges. Bearing in miad a possi-
ble dual coordination and a possible dual réle of titanium, the environment of this ca
tion was studied by EXAFS and XANES, comparing the short and intermediate range
order of the initial essicated gels with those of the more and more dense glasses,
in which microporosity has progressively decreased as a function of the thermal treat

ment,

2. - EXPERIMENTAL PART

2. 1. - Preparation of the TiO9-SiO, glasses by the sol-gel method and their thermal
freatment

In the recent years, glasses from the sol-gel technique have been successfully
prepared in a wide range of systems and compoeitions and their properties have been
studied often in comparison with the corrispondent glasses obtained from classical fu
sion techniques(ll). In the sol-gel method a gel is obtained by hydrolyzation of orga-

no-metallic compounds in alcoholic solution and by subsequent condensation reactions.



Glass is then obtained from the gel by a controlled heat treatment which enables the
elimination of liquid phases, the condensation of unreacted groups and the densifica-
tion of the rmaterial microstructure,

The preparation of TiO-5i09 gal-glasses has been described(lz‘n) in many pa
pers for obtaining fibres(13, 14), films(13) ang many properties have been studieci(16‘17).
In the present work titanium n-butoxide and silicon tetraethoxide were dissolved in a
mixture of eth=nol and butanbl with small amounts of acetylacetone, After 2h stirring
at 80°C under reflux, the solutions were left in air until gelation., A subsequent heat
treatment was performed with a heating rate of 1°min~! and with a permanerce at
430°C for 40h in order to eliminate the solvent and the unreacted organic radicals, The
materials thus obtained as white powders were treated at different temperatures in the
range 430-1200°C for 3h (430, 700, 1000 and 1200°C). Table I reports the
chemical compositions in mol % and wt% of the three TiOy-SiO, gel-glasses prepared

by the sol-gel method,

TABLE 1 - Chernical compositions in mol % and wt % of the

three TiO,-5i04 gel-glasses examinead,

Chemical composition of the gel-glasses
Oxids I II I II1
mol% vt To mol% | wt% mol % wt %
S‘:‘LOZ 95, 6 95,5 92.3 90 85 31
TiO2 3.4 4,5 7.7 10 15 19
VOO U - ORI SOy S —

9. 2. - DTA measuremerts

DTA experiments were carried out under the following conditions : heating rate

1002 min'l; gensitivity 0,1 mV for a full scale expansion; weight 200 mg of sample

vs, 200 mg of alumina in specimen holders of sintered alumina,

2.3, - XRD analysis

The crystallinity content was determined by using a version of the Ruland meth-

od“m, subsequently computerized by 'V'onk(lg)

(20)

and modified by Vonk and Fagheraz-

wiiereas the crystallite size distributions were calculated by means of Fourier

analysis, following the Warren-Averbach procedure(m).



The diffraction curves of the powdered partially crystallized glasses were obtain
o1 with CuKa radiation and were recorded from 20 = 9% to 29 = 130° with a vertical
jitfractometer which was equipped with a graphite focussing monochromator, Measu-
rements were made at steps of 0,1° and 0,2°, varying with 20, and were collected
by means of a programmed step scanner. The X-ray intensities were corrected for
polarization effects taking into account the formula found by Takeshi and Hiroshi(zz)u
Air and background scattering were suitably subtracted according to standard proce-
dure(23). The atomic scattering factors and the incoherent scattering power data were
entered into the original program using the analytic functions reported by Momm.-(-z'i)
and by Palinkas and Radnai(25), respectively, The original basic computer program
for crystallinity determination, kindly provided by C. G, Vonk, has been accordingly
modified. Since the incoherent radiation is attenuated by the monochromator, it was
necessary to find its pass-band function M(A) in order to correct the intensity .as
function of A,

As regards the Fourier analysis of the crystalline peaks present in the X-ray
diffraction patterns of the glass-ceramic materials, the deconvolution from instru-
mental and spectral effects was performed according to Stokes method using a Han-
ning window function in order to minimize the spurious oscillations due to series trun

cation effects(zs).

2.4, - X-ray absorption measurements

The samples, in the form of finely ground powders, were suspended in distilled

water and deposited onto a polv. .."bonate membrane (thickness = 6 pm) by using a
standard filtration technique. -+ eral tests were made in order to verify samples ho
mogeneity, The optical densiiv of the whole set of samples varied in the range px =

= 1,5-2,0, The X-ray absorption spectra at the Ti K-edge were collected at the X-ray
beam line of the Frascati Synchrotron Radiation Faci]_ity(x), utilizing the radiation
emitted by the storage ring Adone working at 1,3 GeV with a typical current of 50mA.,
The radiation was monochromatized by a Si(111) channel-cut crystal, at an average
resolution of ~1 eV for the EXAFS spectra and of ~ 0,5 eV for the near edge spectra,
The measurements were taken in vacuum at room temperature, Fig, 1 shows some

of the experimental curves.

(%) The Synchrotron Radiation Facility is sponsored by CNR (Consiglio Nazionale del-
le Ricerche) and INFN (Istituto Nazionale di Fisica Nucleare).
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FIG, 1 - Typical Ti K-edge absorption spectra after pre-edge
background removal, a) TiO9 anatase; b) gel-glass II heated
at 2500C; ¢) glass II heated at 1000°C; d) glass III heated at

T000C, All thermal treatments are for 3h,

3. - RESULTS AND PRELIMINARY DISCUSSION

3,1, - DTA measurements

At 250°C the materials appeared strongly coloured owing to the formation of car
bonaceous products, This darkening completely cleared up after the heating stage at
430°C for 40h, At relatively low temperatures DTA curves similar to those describ-
ed by Gonzalez-Oliver{27) were found, An endothermic peak appeared at about 130°C
due to the physical desorption of water and aleohol from gels and an exothermic peak
appeared at about 260-290°C, due to the combustion of carbonaceous materials, No
trace of exothermic peaks for all the three cotipositions, due to the crystallization

of the glasses; were revealed up to 1300°C.

3, 2, - XRD analysis

By XRD analysis it was possible to ascertain that all samples remained amor-
phous up to 700°C, Glags I in particular did not erystallize up to 1200°C, On the con
trary, increasing the TiOg content, the crystallization temperature decreased, as al
(27)

ready verified by Gonzalez-Oliver et al, . In fact, crystallinity die to anatase be=

gins to appear at 1200°C for the composition II and is well present at 1000°C for the



composition III,

Table II gives the so-obtained values of crystallinity obtained by the already men

. . 20)
tioned computerized procedure(lg’ ‘)

phases using this method.

No disorder was detected in the crystalline

TABLE I - Values of anatase crystallinity {wt %) in the
glasses heat treated at high temperature,

Gel-Glasses 700°C 1000°C 1200°C
compositions 3h 3h 3h
1 amorphous amorphous | amorphous
il amorphous amorphous <1
i) amorphous 3(%) 11

1

(%) For this sample the crystallinity was determined taking
into accoun® all the observed XRD peaks, included some
ones not attributed to anatase,

It is interesting to note that the glass III heated at 1000”2 shows broad XRD
peaks slightly shifted to lower 20 angles (expansion of the anatase tetragonal unit
cell), with respect to those of the same glass heated at 1200°C. Moreover, some
other intermediate broad peaks (four in the 29 = 10°-70%ange) appear at 10002
‘see Tig., 2, where the XRD diagrams of these two samples are reported), Very li-

kely, these extra XRD peaks belong to another crystalline phase containing titanium,

» /,1zoo°c
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FIG, 2 - XRD diagrams of the partially crystallized glasg IIT hedted
at 1000°C a1d at 12000C for 3h. The extra peaks not belonging to the
anatase phase are denoted by an asterisk.



which could not be identified,
A Fourier analysis of the X-ray line broadening was carried out on the glasses

III, partially crystallized at 1000 and 1200°C, For both samples the anatase 111 peak

was investigated., Fig, 3 reports the two
\ 1000° C crystallite size distributions  obtained
from the second derivative of the Fourier
coefficients AF 1) plotted as a function

[~
of the L distance (in A), defined in the di

\1200 C rect space, The mean values of
/\ the anatase crystallite sizes are 50& and

100 A for the two samples partially cry-

stallized at 1000 and 1200°C, respectively,

Thege values are similar to those found by

Gonzalez-Oliver et al, after heat treat-
\

ments at about 1000-1100°C, carried out

Crystallite size distribytion

60 100 140 180
L(/&)

FIG, 3 - Crystallite size volume distri
butions, py (L), obtained according to The crystallite size increases with increas
the equation: p (L) =L(d“A* (L)/dL.“)

where A]P(L) are the corrected Fouri-
er coefficients for the (111) XRD peaks, sion controlled growth and probably precipi
The line broadening was attributed on- 27)

ly to microcrystallinity, )

on TiO,-Si0, partially crystallized glas-

ses obtained with the sol-gel method too,
ing temperature thus indicating that "diffu-

tate coarsening effects were occuring"(

Note that a Fourier analysis, based on the Warren-Avarbach method(m’ 26), per-

formed on the pair of 200-400 anatase reflections of glass III heated at 1200°C did nof
show any presence of lattice disorder, In fact, the Fourier corrected coefficients plots
of the two peaks were closely superimposed to each other, This confirms the result pre

viously obtained using the completely different Ruland method,

3.3, - EXAFS and XANES results

X-ray absorption spectra are usually divided in two parts, according to the energy
of the photoelectron and consequently to the theoretical framework used to interpret
them(zg). The near-edge spectra extend up to 30-40 eV above the absorption edge, while

the EXAFS spectrum is at higher energies,

3.3, 1, - Near-edge (XANES) gpectra

In Fig., 4 the near-edge spectra of the Ti K-edge in the TiO5-5i0, gel-glasses heat

treated at various temperatures are shown, The near-edge spectrum of TiO, (anatase)
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FIG, 4 - Near edge spectra of : a) TiOg anatase; b} glass I heated at 700°C ;
c) glass 11 heated at 700°C ; d) glass I heated at 700°C; e) glass Il heated
at 1000°C ; f) glass ITI heated at 12009C,

is also reported. The rather complicated shape of the edge reflects trangitions of the
photoelectron to both discrete and continuous final states. The gharp rising edge is due
to transitions to states it the continuum, while the following structures are due to mul-
tiple scattered photoei sctron state functions, and are related to the local geometry a-
round the Ti - sites (xaNEs)(2% 30,

The XANES structures can be used to investigate the local geometry up to the

third and fourth coordination shell(gl" 32). The peak labelled A in the spectra is due to

transitions to final states localized around the Ti'+4

ions due to the overlap of the Ti 3d
states with the O2p states, These transitions are dipole allowed only when the point
group of the Ti-site has no inversion symmetry, For this reason the intensity of peak
A has been related(e) to the ratio of T Ti-sites versus Oy Ti-sites in this class of

materials,
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Table III sliows the intengity of peak A for the glasses studied in the present
work ; the intensities were normalized to the atomic absorption coefficient as measur

ed far from the edge when the EXAFS oscillations die out, in order to elimminate their

gingle atom.,

Cel-Glasses Heat Treatments
compositions | 250°C | 430°C | 700°C | 1o00°C | 1200°C
3h s5h | 3h 3h 3h
1 0,38 0, 32 0.38 0. 60 0,171
I 0, 30 0,29 0, 32 0. 55 0. 54
11 0,28 0. 32 0,28 0. 36 0,19

thickness dependénce. Note that the intensity of the peak increases with increasing tem
perature and decreases with increasing Ti content. Only the glass IiI heated at 1200°C
shows an anomalous behaviour, exhibiting the smallest intengity of peak A, This sam-~
ple shows also significant differences in the XANES pattern due to a strong contribution
to XANES spectrum given by the presence of Oy Ti-sites, thus demonstrating a partial

crystallization, No chemical shift has been observed in any of the sample studied.

3. 3. 2, - EXAFS gpectra

The EXAFS spectra were extracted from the raw data using the procedure describ

ed el\sevvhere(%). Some of the resulting X(k) are shown in Fig, 5. The EXAFS spectra

are described(w’ 35) in the one electron approximation by
n 9 »2a$k2
1) = 3 (NJkRD)e |k, |sin(2kR, + 0,) (1)
j=1 J J J J J

where Nj is the number of neighbours of the jth shell at a distance R. from the origin,
whose backscattering function is represented by f‘j(k,n); ;bj is a phase term due to the
scattering of the photoelectron from both the jth neighbour potential and the central
atom potential; ojz represents the mean square deviation of the j“f1 neigﬁbour distance
with respect to the central atom, In eq, (1) no term has been considered to take into ac
count inelastic Il.osses(36’ 37).

By Fourier transfortning the experimental spectra one obtains the partial pair di

stribution functions: Ti-other component(38). In Fig. 6 the Fourier transforms (¥, T, )

of the EXAFS spectra of Fig, 5 are shown, The F. T, of the EXAFS spectrum of
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anatase sample is also reported. As can be noted, the glasses studied do not show
any sighificant structure above the first coordination shell, indicating a lack of inter-
mediate and long range order in these glassy materials,
In Table IV the bond distancesobtained from the F, T.'s are reported, The posi-
tiong of F. T, maxima Ry are related to the bond distances in the glass, R, by the
relation

= R, +0R v (2)

where 6Rphase is a phage-shift induced in R~space by the term y)j(k) in eq. (1), This

term is inherent to a given pair absorber-scatterer atoms, and can be transferred from

a system to another one, provided they are chemically alike(39).

TABLE IV - Ti-0O RG} bond distances obtained from the FT maxima a), and from the RG
va, k linear frend b), All the values reported are in A,

Heat treatment
Gel-Glasses ca r~ea ments
compositions | 250°C 3h 430°C 3n 700°C 3h 1000°C 3h 1200°C 3h
p
(wt% TiOg) | a) | b) | a) b) a) b) a) b) a) b)
I(4.5) nd | nmmd | nd, | nd | 1.841] 1,84 | 1,81 | 1.81] 1,82 | 1,81
II{(10) 1,84 11.8411.841 1,84 | 1,84 | 1.83 | 1,82 1.81 | 1.82 1,81
oI (19) 1.85 1,85 |1.841 1,85 1.84 | 1,84 | 1.85 | md. | 1.95 | 1,93

For the Ti-O pair the 6Rphase term wes dzrived from the TiO, anatase and rutil

le crystals, obtaining a value of

= 0,42 F 0,01 A,
phase

With the exception of the sample 1II heated at 1200°C, the values thus obtained range
from 1,80 :‘g\ up to 1.86 gu, distances too short to be compatible with an Oy coordina-
tion of Ti-sites and in agreeméent with the Ti-O bond distances in Ela2TiO4, the only
known crystalline Ti compound exhibiting a Ty coordination around Tit4 jons(40), On
the contrary, for the glass IIT heated at 1200°C, the Ti-O distances agree with an octa
hedral coordination, as measured in anatase and rutilel41) and also in some glasses(S).

As it is possible to see in Fig, 6, the F, T, of the glass III heated at 1000°C, as
well as the F. T. of the same glass heated at 1200°C, shows peaks up to the gth coordi
nation shell, typical of a long range ordered material, Moreover these F. T, res emble
tHe anatase one even though 4 graaier axount of disorder around the equilibrium posi-

tions is present, It ig worthnoticing that inthe glags IIT heated at 1000°C the Ti-O distances
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are significantly shorter and the disorder higher then in the glass heated at 12000C,
This result which may correspond to an intermediate ordered phase parallels the pre

sence of the extra unildentified XRD peaks observed in thig sample,

3. 3. 3. - k-space analysis

By back transforming the first peak of the F, T., one selects the contribution to

the %4 (k) due only to the first coordination shell in eq. (1)(42). In this way it is possi-

ble to analyze the phase function of Zl(k) given by

ﬂGk'&) = Zle + bl(k) ) (3)
separately from the amplitude function given by
2.2
N1 -2ojk
A (k)= ——5 @ ' If.(k: W)l . (4)
G a2 {
kR]

The above relations are valid if there is only one shell (even if distorted) contributing
to the first peak it the F, T,

The general method employed to extract the Rn values from the phase function
(eq. (3)) is the comparison of the total phase function (eq. (3)) with the one of a model
(42)

compound with known crystallographic Ry; value ""’, Indeed the quantity

(B (k) - By, (k) 2k

is phase shift independent, constant over the k range measured and equal to Ry - Ryp.
Table IV shows the ]RG values obtained for the glasses using the approach described
and TiOg anatase as model compound. An excellent agreement with the Rg values ob-
tained from F, T, 's is evident.

The comparison with the amplitude function Ay; of a miodel compound is used %o
extract Ny and U? information from the spectra(x)(ﬂ). 3y plotting the function

lnl AG(k)/AM(k)' vs, k2 one should get a straight line whose glope is given by
. .2 Ae?)
G

and whose extrapoldtion to %2 =0 is

In BNG/NM)' (RM[/RG)J '

3:‘ Ly
{(#) THese and the subsequent derived symbols Nn, Ni,, ¢ and oz are referved to
\ I G’ "M’ G M
the first coordination shell,
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Systematic deviation from the straight line behaviour indicate the presence of more

(43)

than one shell contributing to the first peak of F. T, . This is not the case for all

the glasses studied in the present work, provided they have notbeen partially crystal

lized, This indicates that the presence

0.35 A of O, sites for Ti*4 is negligible in the
o17 K 5‘ g glass. state, the esgicated gels at
‘i\ | i. ‘ 250-430°C iacluded.
0.00 1 4 ’\J \’-\—,)2':3 To verify in a more quantitative
| way the possible presence of a small
~017 - quantity of sixth fold coordinated T34
-035 ! 1 i | iong, a fit has been performed on the
inverse Fourier transform of the first
025 peak of the spectra, using both a single
B and double shell model, together with
013 f\ the TiO, anatase phase and amplitude
000 li;\/ﬂ\\ '-.__w$ fu1nctions(44). An excellent agreement
! " is obtained with a single shell model
—-012 b with an average coordination number of
-0.25 | | \ | 4, as shown in Fig. 7.

Thus, the present results bolh on

30 48 66 84 102 120 A"
bond distances and coordination numbers
FIG, 7 - Examples of the quality of the fits
obtained by using a single shell approachas
described in the text in the case of glass II
heated at 1000°C (A) and glass III heated at
700°C (B), The continuous lines are the ex
perimental ones. while the big points (e )
represent the output of the fitting procedure.

clearly indicate that Ti*4 ions occupy Ty
gites, when crystallinity is not present,

In all these samples a presence of Oh-cg
ordinated Ti-sites greater than the com-
plessive error of the method (~3% of

the total Ti content) can be excluded,
2
G

interesting to note that the effect of the thermal treatment is a progressive decrease of

The results on Ng and Ao, thus obtained are summarized in Table V. It is very
Aaé, indieatir;g that one goes from a highly distorted T4 unit at low temperature when
the material is an essicated gel to a more ordered Ty unit in the more densified glas-
ses, The value of Aaé in the glass I heated at 1200°C is negative, which means that
the first coordination shell in the glass is more ordered than in TiO4 anatase. Since the
structural disorder in anatase is negligible (we estimate oztatic ¥ 0.1x 10'2132 for the
first shell) it can be deduced that the bond distance fluctuations in this glass are negli-

gible, and the tetrahedral units almost perfect,
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! 2 e .
TABLE V - Coordination numbevr Ng, and AO’G differences, for the gel glasses,
Anatase TiOg has been used 2« reference compound,

Hezat treatments

Gel-Glasses f
compositions | 250°C 3h | 430°C 3n 700°C 3n | 1000°C sh . 1200°C 3h
[ Ng n, d. n, d. 1.6 4.4 1.1
I¢ :
1 Aaé a, d, n. d., -0.23x1072| -0,33x10"2| -0,41x10"2
( N, 3.6 3.4 3.8 4,3 3.7 '
1 2 -2 -2 102 o1 (=2 <1072 |
Aoﬂ 0.10x 10 0.13x10 -0.14%10 -0,22%x10 -0,29x10
[ Ng 3.6 3.6 3.8 n.d. 5.9 |
IR 2 2 -2 5
| dof | 0.45%107% | 0.25x107 0.09x10 n, d. 0.6 x107° |

Then it is possible to infer that in this glass the Ti*4 ions occupy completely or-
derod Ty sites with all bond distinces alike, Bearing t"is in mind, and assuming that
the dynamical parameters ara z»mparable, both in the glassy and in the crystalline pha
52, we calculated the root maan square deviati“ons for all the glasses studied (Tahi» VI},
with the exception of glass III heated at 1000°C, In this latter siwmple an intermediate
ordered phase, very likely, was originated, at the beginning of the crystallization pro-
cess as deduced from the F. T. spectra. For this sample a one-shell fit did not give
good results, while a two-shell fit showed too high a correlation between parameters.,

More refined models to explain this "intermediate” phase are under study.

TABLE VI - éR-« fluctuations of Ti-O bond distances obtained by the AUN va -

lues of Table V. "All the values are reported in A,

N Heat treatments
Gel.Glasses H tre s

compositions | 250°C 3h | 430°C 3h | 700°C 3h | 1000°C 3h| 1200°C 3h

I n. d, n, d. 0. 030 0. 020 0.0
I 0, 050 0, 350 0, 035 0. 030 0. 025
111 0, 065 0, 060 0. 050 n. d, 0. 055

4. - FINAL DISCUSSION AND CONCIL . USIONS

Taking into account the previously reported EXAFS and XANES results concern-
ing the behaviour of the coordination geometry, the bond distancesand the Aloé values

as functions of heat trz+imant and Ti concentration, i7 is possible to conclude that Titt
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ions occupy only four-fold (Ty) sites at any concentration up to the temperatures where
an "intermediate" ordered phase comes out. Thus, the Evan's suggestion of a comple-
te dissolution of TiOg in the SiOz network has been here confirmed and extended out of

the upper limit of the "metastable" region as defined by Schultz and by Evans,

This fact may be thought to be due to the high homogeneity characteristic of glasg
ses obtained from the sol-gel method and considered of great importance for the validi
ty of the assumptions made by Evans,

It must be observed that the described picture ig already clear in the essicated
gels and the thermal treatment causes a progressive ordering of the T4 units, as shown
by the smaller dRg fluctuations of the Ti-O bond distances obtained by the A‘oé Vel -
Ligs (Table VI), This effect is seen also from the progressive increase of the intensity
of the peak A in the pre-edge region (Table III)., In our materials these variations are
not o be attributed to different percentage of Ty vs, Oy (ociahedral) sites, as it was
supposed by Sandstrom et al, in their glasses, which could be less homogeneous than
the present ones., This picture is indeed a simplified scheme since in determining the
strength of the transition one has to take into account not only the symmetry of the site
but also the geometrical details of the cluster like bond lengths and bond angles, In
fact, the shortening of the bond length implies a more compact structure and an increas
ing of the overlap integrals between Ti 3d and O 2p states, resulting in an increased
oscillator strength of the transitions,

The crystallization of the TiO4-Si0y glasses towards anatase, having very small
crystallite sites in the range 50-100 & has been here confirmed for heat treatments in
the range 1000-1200°C, Also an appearance of crystallinity at higher temperature for
lower TiOg concentration has been confirmed.

It is worth noticing that for the partially crystallized glass III, heated at 1200°C,
a crystallinity content of 11 wt% has been computed instead of the total 19 wt % TiOg
content, as it would be possible to assuime on the basis of the almost perfect six-fold
coordination (Table V) and the Ti-O bond distance (1.93-1.95 .Z) found in this sample,
This apparent contradiction can be explained on the basis of a presence of clusters,
nuclei, very small cvystallites (=25 K) or paracrystallites which do not contribute
to the XRD peaks, Clearly, in these ordered sagregate phases as well as in a possible
initial glassy segregate phase, the titanium ions have an octahedral coordination com-
ing out from the gilica network owing to the opehing of the Ti-O tetrahedral linkages,

Furthermore, the "intermediate" ordered phase seen both by XRD and EXAFS
in the glass III heated at 1000°C, which is likely to appear also in the glasses I and II
at higher temperatures, as some preliminary evidences are showing, will be better in

vestigated in a work to comie,
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