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Abstract

Positron annihilation spectroscopy has been used to get information about the small pore structure of the
system xTi02.(l-x)Si02 (x=10,30 mol.% ). The pore radius and volume probability distribution functions have
been received from the ortho-Positronium lifetime probability distribution function, obtained by the lifetime
spectra processing with CONTIN (PALS-2) program. The linearity of the S versus W-parameters has been used
to check the similarity (or not) of the defect structure of the samples prepared under different experimental
conditions.

1. Introduction
Glasses of the system TiO2.SiO2 have a high refractoriness and low thermal expansion

coefficient. Their preparation is very difficult using the traditional oxide melting method
because of the high melting point of TiO2. Furthermore, devitrification can not be avoided for
aTiO2 content larger than ca. 12% [1].

Materials of system xTiO2.(l-x)SiO2 can be prepared by sol-gel, e. g. alkoxide method
for any value of x at low temperature [2]. However, the final product is porous and
densification occurs by heat-treatment.

The often used methods for investigation of the pores - the photochromic and
fluorescence spectroscopy when the free volume holes in a material are only of a few
angstroms in size (2-20 A) are not suitable for their studies. The small angle neutron and X-
ray scattering cannot effectively reveal the hole properties also [3].

Recently Positron Annihilation Lifetime (PAL) spectroscopy has been successfully used
for studying the free volume holes in porous materials as protective coatings [4], silica gels
[5] and polymers [6,7,8]. The method is based on the established fact that ortho-positronium
"atom" (o-Ps), a bound state of the positron and the electron, is preferentially localised in the
free-volume holes, where o-Ps lifetime is relevant to the hole size [5,9]. It is considered that
o-Ps formation probability is proportional to the concentration of holes.

In this paper we present results on positron annihilation in the system xTiO2(l-x)SiO2
(x= 10,30 mol %), obtained by means of lifetime technique and Doppler broadening of
annihilation 511 keV y-line.
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2. Experimental
2.1. Samples

The xTiO2.(l-x)SiC>2 glasses with x=10 and 30 mol % were prepared using
tetraethylorthosilicate (TEOS) and titanium isopropoxide (i-PrTi) as raw materials. TEOS
was first hydrolysed for two hours with magnetic stirring at room temperature with water,
ethanol and HC1. After this first step , i-PrTi dissolved in ethanol was added to hydrolysed
TEOS solution. Next, water was added until the final molar ratio H2O/alkoxides, R, was
attained.

The solutions obtained were left in a glass container covered with a plastic foil at 60°C
for gelation. After a period of 15 day the gels were heat treated at 120°C for 48 hours, after
which one pair of the samples was heat treated for 5.5 hours at 850°C. The heating rate to
850 ° C was equal to ttfCX1.

The experimental conditions of samples are shown in table 1.

TABLE I. EXPERIMENTAL CONDITIONS OF SAMPLES

No

#1
#2
#3
#4
#5

TiO2 (mol %)

10
10
10
10
30

R

4
4
40
40
40

heat-
treatment
120°C
120°C
120°C
850°C
120°C

The samples #1 and #2 were prepared with different ethanol/alkoxides molar ratio
which for the latter was three times that used in the former.

2.2. Positron annihilation lifetime
The lifetime spectrometer was a standard fast-fast coincidence apparatus based on Pilot

U scintillators, XP 2020 - Q PMT and ORTEC electronics. It provides a time resolution ~
260 ps FWHM. The channel width of multi-channel analyzer was A=36 ps/ch. The positron
source prepared by 22NaCl solution evaporated on and covered by 1 mg/cm Kapton foils was
sandwiched between two identical glass samples. The activity of the source was 12+1 uCi.
Approximately 3xl05 counts could be collected for one hour. As a rule several lifetime spectra
were recorded for each pair of samples.

2.3.Data analysis of PAL spectra
2.3.1. Analysis with POSITRONFIT EXTENDED program [ 10]
In this case it is considered that positrons annihilate in several strictly definite states and

a finite-term model spectrum is supposed. The lifetime spectrum, N(t), obtained from a
positron annihilation experiment is represented by the convolution of the instrumental
resolution function, I(t), and the decay curve of positrons, C(t),

N(t)=NsI(t>C(t)
n

C(t)=2] a, ?,, exp(-?w t)

(1)

(2)

where n is the number of annihilation modes, at is the fraction of positrons annihilating with
lifetime x,= I/A., and Ns is the total number of the annihilation events.
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Instrumental resolution function in our analysis was represented by one gaussian with
-260 ps FWHM. As we were interested in the longer lifetime components, we summarized
the content of the adjacent channels two by two to obtain spectra with A=72 ps/ch. These
spectra were analysed into four components. Corrections for positron annihilation in the
source have been made.

2.3.2.Analysiswith CONTIN(PALS-2)program [6,11,12]
In fact, in many cases, e.g. in polymers or porous materials an assumption of lifetimes

distribution due to heterogeneity of the local environment in which positrons annihilate is
more realistic. In these cases equation (2) is necessary to be replaced by integral,

CO

t)=J X a(X) exp(-ta) dk (3)C(t)=J

where a(X) is the annihilation rate probability density function (PDF). The fraction of
positrons annihilating with rates between X and X+dX is given by a(X)dX with

J a(X)dk=l (4)
0

The necessary transformations for converting positron annihilation rate PDF to the
corresponding lifetime, radius, and free volume PDFs are given in [6].

The computer program CONTIN, originally developed by Provencher [11] and
modified by Gregory and Zhu [12,13,6] CONTIN (PALS-2) is widely used for the analysis of
the positron lifetime spectra in heterogeneous materials. In CONTIN (PALS-2) PDF is
obtained by using a reference spectrum of the specimen with a single well defined positron
lifetime. In the present study, the lifetime spectrum of a well annealed and chemically polished
Cu sample with x=121 ps was used as a reference spectrum. The total counts of both sample
and reference spectra were about 9 millions each.

We installed C0NTIN(PALS-2) on our IBM 486DX PC using F77-EM/32 Fortran 77,
ver.5.20 under DOS 6.2.

2.4. Doppler broadening of annihilation y-line
The 511 keV annihilation y-line was measured using a high purity germanium detector

of energy resolution 1.17 keV at 514 keV y-line of 85Sr. Each spectrum, containing more than
106 counts was collected for 104 s. Eight spectra have been recorded for each pair of samples.

The annihilation y-line was characterized with usual shape S and W-parameters. The S-
parameter is defined as a ratio of the counts in the annihilation line central region
(0<|AE|<0.933keV) and the total counts number Ntot in the line. The W-parameter is the ratio
of the counts in the annihilation line (2.33 keV<|AE|<7.31 keV) wings and N tot.

Liszkay et al. [14] suggested a method for data analysis which directly shows that the
same vacancy defect can be present in a set of samples by checking the linearity of the S
versus W parameter. Obviously, the method remains valid not only when positrons annihilate
from the bulk state and only one defect state, but also when the annihilation take place in two
distinct types of defects only. Furthermore, it is easy to be proved that the linear dependence
between S and W parameters is valid also in the case of three distinct positron states provided
that the relative intensities of two of them remain constant. In fact, the average value of S (W)
parameter for a sample in which three definite states with relative intensities ft, f2, fs = l-ft-f2
and ft=af2 (where a is a constant) exist, can be written as

S = afcSi + f2S2 + (l-af2-f2)S3

W = af2W! + f2W2 + (l-tff2-f2)W3
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where Si(Wi), S2(W2), S3(W3) are characteristic for respective states. By eliminating the
fraction f2, a linear dependence between S and W can be obtained. In the presence of four
states, the linear dependence is possible if the condition fi:f2:fs - a:b:c , (a, b, c - constants) is
valid.

Let we used the term "defect structure" to designate briefly the presence of a
combination of several positron states in a sample, between the relative concentrations of
which exist the above mentioned ratios. Then one can say generally that the linear relationship
between S and W parameters exists for samples with the same defect structure.

3. Results and discussion
3.1.Results, obtained by P0S1TR0NFIT EXTENDED program

Four component analysis of the PAL spectra have been done. The results are shown in
table 2.

TABLE II. THE POSITRON LIFETIMES AND INTENSITIES OBTAINED BY POSITRON FIT
EXTENDED PROGRAM

sample

#1

#2

#3

#4

#5

ti(ps)

198(4)
19.5(8)

180(3)
26.4(9)

174(3)
23.5(7)

215(5)
29.9(2)

195(4)
24.7(9)

T2(ps)

h(%)

439(3)
70.3(7)

441(4)
67.0(7)

431(3)
67.8(6)

457(6)
61.8(1)

433(3)
71.2(8)

t3(ps)
Is(%)

2031(80)
8.2(6)

1469(83)
3.7(2)

1547(44)
6.24(15)

1695(85)
4.9(2)

1649(81)
2.8(1)

T4(ps)
L»(%)

3708(329)
2.0(7)

7579(205)
2.8(1)

6267(166)
2.50(8)

6605(195)
3.3(1)

6853(308)
1.27(6)

(I3+I4)
(%)

10.2

6.5

8.74

8.2

4.07

As it is known from the studies by techniques other than positron annihilation [15],
xerogels heat treated at 120°C consist of homogeneous regions of about 12 nm average
diameter and pores of about 3.6 nm average diameter located in the free space left by the
contact of those regions. It is believed that the samples heat-treated at 120°C contain a very
large concentration of chemisorbed hydroxyls on the surface of the pores. Thermal treatment
in the range 500-800°C desorbs these hydroxyls and decreases the pore diameter.

Taking into account the above, the first component "C;«l 75-215ps is attributed mainly to
p-Ps (singlet Ps) and free positron annihilation. We consider that the second component xr~
430-450 ps is due to positron annihilation in vacancy type defect in the homogeneous regions
of the samples. The last two components t3«l 500-2000 ps and i4«3700-7500 ps, as it is
commonly accepted, are due to o-Ps annihilation in the free volume holes with two different
average sizes.
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By the measurements of the Infrared absorption of samples #3 and #4 heat treated at
120°C and 850cC respectively, the presence of hydroxyl radicals in sample #3 was established
by the appearance of 3650 cm"1 absorption band. By the comparison of T30b) and T4CI4) values
for samples #3 and #4 (table 2), one can say that the difference between them is the somewhat
smaller size of the largest holes and the increasing of the concentration of the smaller ones.
The presence of the hydroxyl groups on the surface of the holes apparently has no influence
on the positron annihilation in this case.

3.2.Resultsfrom data processing with CONTIN(PALS-2)
These results are consistent with results, obtained by POSITRONFIT EXTENDED

program. Figure 1 shows as an example the positron annihilation rate probability distribution
functions for samples #3 and #4 obtained by CONTIN(PALS-2) program.

Xa(X)
3 -1

2 -

1 -

1 2 3 4 5 6

X [ns"1]

FIG. 1. The positron annihilation rate PDFsfor samples #3 and #4(—)

The shortest lifetime (longest annihilation rate X) distribution is not very reliable since
the lifetime resolution of- 260 ps of the spectrometer. The influence of this resolution on T3
and X4is not significant [5,6].

A semiempirical equation between the measured o-Ps lifetime and the free-volume hole
radius R has been obtained [16,17]

x= 1/2 [1 - R/(R + Rw) + (l/2ic)sin(2wR/(R + Rw))]"1 (5)

where T and R are expressed in ns and A, respectively and Rw takes the value 1.656 A.

Using the corresponding transformation formulas from [6] and equation (5), the radius
and free volume PDFs were obtained from the Ps lifetime probability distribution function.
The fraction of positrons, annihilating in cavities with radii between R and R+dR is f(R)dR,
where f(R) is the radius PDF and is given by

f(R)=|2Rw{COS2TIR/(R+ Rw) - 1 }a(?,)/(R + Rw) | (6)

The free-volume PDF assuming a spherical cavity is g(V)=f(R)/47tR2 . The fraction of
positrons annihilating in cavities with volumes between V and V+dV is g(V)dV.
The radius and free-volume PDFs are presented in Figures 2 and 3.
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FIG. 3. Volume PDFs
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Keeping in mind that the annealing of the samples at 850°C leads to (i) desorbtion of
hydroxyls and (ii) decreasing of the pore size, from fig.2c and 3c one could conclude that (i) it
seems that the water is located mainly in the smaller holes as the distributions of hole radius
around 2.6 A and corresponding volume for sample #4 are wider than for sample #3 and (ii)
the main effect of the water in holes is to diminish their sizes.

3.3.Doppler broadening of annihilation line
The S parameter as a function of W parameter is presented in fig.4 As it can be seen,

only the points corresponding to samples #1, #2 and #3 lie on the same straight line. So, only
these samples have the same defect structure (see section 2.4). The experimental point for
sample #5 lies near by the straight line whereas that for sample #4 is situated far away.

0.120 0.115

w
0.110

FIG. 4. Valence annihilation parameter S as a Junction of core parameter W

Taking into account data in table I, one can conclude that the defect structure seen by
positrons is determined mainly by the heat-treatment of material. The molar content of TiO2

has the minor effect on defect structure. The most "ideal" (the lowest concentration of
defects) of the samples heat-treated at 120°C is sample #1 (the small value of R and small
value of ethanol/alkoxides molar ratio). The concentration of defects is the highest in the
sample #3 (large value of R).

The results from the study of Doppler broadening of the annihilation y-line confirm the
established fact [15] that the structure of the system xTi02(l-x)Si02 is determinated from the
heat treatment, the molar ratios H2O/alkoxides and ethanol/alkoxides.
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