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Abstract. Positron annihilation spectroscopy has been used to obtain information about the
small-pore structure of the systemxTiO2·(1 − x)SiO2 (x = 10, 30 mol%). The pore rad-
ius probability distribution functions have been obtained from the ortho-positronium lifetime
probability distribution functions, determined from lifetime spectra using the CONTIN (PALS-
2) program. The linearity of the variation ofS versusW has been used to check the similarity of
(or difference between) the defect structures 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 cannot be avoided
for αTiO2 content larger than'12% [1].

Materials of systemxTiO2·(1 − x)SiO2 can be prepared by a sol–gel, e.g. alkoxide,
method for any value ofx at relatively low temperature [2]. However, the final product is
porous and densification occurs on heat treatment.

Small-angle neutron scattering (SANS) studies [3] showed thatxTiO2·(1 − x)SiO2

xerogels heat treated at 120◦C with x = 2, 4 and 6 mol% 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. Samples heat treated at 120◦C contain a
large concentration of chemisorbed hydroxyls on the surface of the pores, since desorption
of these hydroxyls only occurs at about 550◦C. The 850◦C heat-treated xerogels showed
a similar microstructure with slightly decreased size for both oxide regions and pores. For
this material x-ray diffraction showed [3] a small amount of crystalline TiO2 (anatase) in a
solid solution of amorphous SiO2.

The often-used methods for investigation of the pores—photochromic and fluorescence
spectroscopy when the free-volume holes in a material are only of a fewängstr̈oms in
size (2–20Å)—are not suitable because of the significant perturbation that they introduce
by incorporating a sizeable probe into the holes. Small-angle neutron and x-ray scattering
cannot effectively reveal the properties of holes whose size is less than 20Å either [4].
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Recently positron annihilation lifetime (PAL) spectroscopy has been successfully used
for studying the free-volume holes in porous materials such as protective coatings [5], silica
gels [6] and polymers [7, 8, 9]. The method is based on the established fact that the ortho-
positronium ‘atom’ (o-Ps), a bound state of the positron and the electron, is preferentially
localized in the free-volume holes, where the o-Ps lifetime is dependent on the hole size [6,
10]. It is considered that o-Ps formation probability is proportional to the concentration of
holes.

In this paper we present results on the positron annihilation in the systemxTiO2·(1 −
x)SiO2 (x = 10, 30 mol%), obtained by means of the lifetime technique and Doppler
broadening of the annihilation 511 keVγ -line.

2. Experimental details

2.1. Samples

The xTiO2·(1 − x)SiO2 xerogels with x = 10 and 30 mol% were prepared using
tetraethylorthosilicate (TEOS) and titanium isopropoxide (i-PrTi) as raw materials [2].
TEOS was first hydrolysed for two hours with magnetic stirring at room temperature with
water, ethanol and HCl. After this first step, i-PrTi dissolved in ethanol was added to the
hydrolysed TEOS solution. Next, water was added until the final H2O/alkoxides molar
ratio, Rwa, 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 days 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 rate of
heating to 850◦C was equal to 60◦C h−1.

The experimental conditions for the samples are shown in table 1. The samples were
produced in such a way that the influence of some of the processing parameters could be
obtained.

Table 1. Experimental conditions for the samples.

No TiO2 (mol%) Rwa Rea Heat treatment

1 10 4 10.0 120◦C
2 10 4 2.8 120◦C
3 10 40 2.8 120◦C
4 10 40 2.8 850◦C
5 30 40 10.0 120◦C

Samples 1 and 5 were prepared with an ethanol/alkoxides molar ratioRea, which was
about three times that used for all of the other samples. The influence of this ratio can
be studied by comparison of samples 1 and 2. To check the influence of heat treatment,
samples 3 and 4 have been studied. Samples 2 and 3 have different H2O contents. Sample
5 has a large TiO2 content.

The differential thermal analysis showed [3] that for water contentRwa 6 10 at 120◦C
there are still some non-hydrolysed organic groups present in the samples: Ti-OR and Si-
OR, whose combustion occurs at 250–450◦C. However, forRwa = 40 and allx, hydrolysis
is complete.
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2.2. Positron annihilation lifetimes

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 the multi-channel analyser was1 = 36 ps/channel.
The positron source prepared by22NaCl solution evaporated on and covered by 1 mg cm−2

Kapton foils was sandwiched between two identical glass samples. The activity of the
source was 12± 1 µCi. Approximately 3× 105 counts could be collected for one hour. As
a rule, four lifetime spectra were recorded for each pair of samples.

2.3. Data analysis of PAL spectra

2.3.1. Analysis with the POSITRONFIT EXTENDED program [11].In this case it is
considered that positrons annihilate in several strictly defined states, and a finite-term model
spectrum is assumed. 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) (1)

C(t) =
n∑

i=1

αiλi exp(−λit) (2)

wheren is the number of annihilation modes,αi is the fraction of positrons annihilating
with lifetime τi = 1/λi , andNs is the total number of the annihilation events.

The 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
1 = 72 ps/channel These spectra were analysed into four components. Corrections for
positron annihilation in the source have been made.

2.3.2. Analysis with the CONTIN (PALS-2) program [7, 12, 13].In fact, in many cases,
e.g. in polymers or porous materials, an assumption of a lifetime distribution due to
heterogeneity of the local environment in which positrons annihilate is more realistic. In
these cases equation (2) should be replaced by

C(t) =
∫ ∞

0
λα(λ) exp(−λt) dλ (3)

where α(λ) is the annihilation rate probability density function (PDF). The fraction of
positrons annihilating with rates betweenλ andλ + dλ is given byα(λ) dλ with∫ ∞

0
α(λ) dλ = 1. (4)

The necessary transformations for converting the positron annihilation rate PDF to the
corresponding lifetime, radius, and free-volume PDFs are given in [7].

The computer program CONTIN, originally developed by Provencher [12] and then
modified by Gregory and Zhu [13, 14, 7] to CONTIN (PALS-2), is widely used for the
analysis of positron lifetime spectra of heterogeneous materials. In CONTIN (PALS-2) the
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 withτ = 121 ps was used as a reference spectrum. The
total counts of both the sample and reference spectra were about nine millions each.
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We installed CONTIN (PALS-2) on our IBM 486DX PC using F77 Fortran 77, version
5.20 under DOS 6.2.

2.4. Doppler broadening of the annihilationγ -line

The 511 keV annihilationγ -line was measured using a high-purity germanium detector of
energy resolution 1.17 keV at the 514 keVγ -line of 85Sr. Each spectrum, containing more
than 106 counts, was collected for 104 s. Eight spectra were recorded for each pair of
samples.

The annihilationγ -line was characterized with usual shapeS- andW -parameters. TheS-
parameter is defined as the ratio of the number of counts in the annihilation line central region
(0 < |1E| < 0.933 keV) and the total number of countsNtot in the line. TheW -parameter
is the ratio of the number of counts in the annihilation line(2.33 keV< |1E| < 7.31 keV)

wings andNtot .
Liszkay et al [15] 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-parameter versus theW -parameter curve. Obviously, the method remains valid not only
when positrons annihilate from the bulk state and only one defect state, but also when the
annihilation takes place in two distinct types of defect. Furthermore, it is easy to prove that
the linear interdependence of theS- 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 theS- (W -) parameter for a sample in which three definite
states with relative intensitiesf1, f2, f3 = 1−f1 −f2 andf1 = af2 (wherea is a constant)
exist, can be written as

S = af2S1 + f2S2 + (1 − af2 − f2)S3

W = af2W1 + f2W2 + (1 − af2 − f2)W3

whereS1(W1), S2(W2), S3(W3) are characteristic for the respective states. By eliminating
the fractionf2, a linear interdependence ofS and W can be obtained. In the presence of
four states, the linear dependence is possible if the conditionf1:f2:f3 = a:b:c (a, b, andc

are constants) is valid.
Let us use the term ‘defect structure’ to briefly designate 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 generally say that the linear interrelationship
betweenS- andW -parameters exists for samples with the same defect structure.

3. Results and discussion

3.1. Results obtained with the POSITRONFIT EXTENDED program

The best fit was obtained for four-component analysis of the PAL spectra. The results are
shown in table 2.

Taking into account that xerogel is composed of oxide regions and pores located between
them, the first componentτ1 ≈ 175–215 ps is attributed mainly to p-Ps (singlet Ps) and
free-positron annihilation in oxide regions. This assertion is consistent with fact thatτ1 has
its minimum value for sample 4, which contains a small amount of TiO2 crystalline phase.
We consider that the second componentτ2 ∼ 430–450 ps is due to positron annihilation
in vacancy-type defects in the homogeneous oxide regions of the samples. The last two
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componentsτ3 ≈ 1500–2000 ps andτ4 ≈ 3700–7500 ps are, as is commonly accepted, due
to o-Ps annihilation in pores with two different average sizes.

Table 2. The positron lifetimes and intensities obtained with the POSITRONFIT EXTENDED
program.

Sample τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ps) I3 (%) τ4 (ps) I4 (%) I3 + I4

1 198(4) 19.5(8) 439(3) 70.3(7) 2031(80) 8.2(6) 3708(329) 2.0(7) 10.2
2 215(5) 29.9(2) 457(6) 61.8(1) 1695(85) 4.9(2) 6605(195) 3.3(1) 8.2
3 180(3) 26.4(9) 441(4) 67.0(7) 1469(83) 3.7(2) 7579(205) 2.8(1) 6.5
4 174(3) 23.5(7) 431(3) 67.8(6) 1547(44) 6.2(2) 6267(166) 2.50(8) 8.74
5 195(4) 24.7(9) 433(3) 71.2(8) 1649(81) 2.8(1) 6853(308) 1.27(6) 4.07

The last column of table 2, which refers to the probability of o-Ps formation, assumed
to be proportional to the concentration of pores, presents the lowest value for sample 5 and
the largest for sample 1.

The influence of the heat-treatment temperature can be studied by the comparison of
τ3(I3) and τ4(I4) for samples 3 and 4. A decrease in the longest lifetime is observed and
the concentration of the small pores is seen to increase whereas that of the larger ones is
seen to decrease slightly from the 120◦C to 850◦C heat-treated samples.

The presence of chemically absorbed water in sample 3 was established by the
measurements of the infrared absorption, and is in accordance with the results in [3]. Chuang
and Tao have shown in [6] that the lifetime of o-Ps located in pores of silica gel increases
until the pore surface is entirely covered by water. After that a decrease of o-Ps lifetime
was observed due to the reduction of pore sizes by the further absorption of water. As we
have no samples with absolutely the same sizes of pores, containing and not containing
water, from our results it is not possible to reach any conclusions about the influence of
OH radicals on the pick-off o-Ps annihilation.

Results for samples 2 and 3, prepared withRwa = 4 and 40 respectively, show that for
the largerRwa there is a decrease in the smaller-pore concentration while the longest positron
lifetime increases. The results for samples 1 and 2, prepared with different ethanol/alkoxides
ratios, show for the smaller pores an increase of the concentration ('50%) and of the
lifetime, whereas for the larger pores the concentration is practically unchanged but a
decrease of the positron lifetime occurs with increase ofRea.

3.2. Results from data processing with CONTIN (PALS-2)

These results are consistent with those obtained using the POSITRONFIT EXTENDED
program. Figure 1 shows as an example the positron annihilation lifetime probability dist-
ribution functions for samples 3 and 4 obtained using the CONTIN (PALS-2) program.

It should be noted that although the shortest lifetime distribution is not very reliable
because of the lifetime resolution of∼260 ps of the spectrometer, the resolution has only a
minor influence on the longer distributions ofτ3 andτ4, which are the lifetimes of interest
in the present study [6, 7]. The results for the two longest lifetimesτ3 and τ4, as well
as their relative intensities, obtained using CONTIN (PALS-2) are shown in table 3. The
last column in the table contains the experimental fraction,82(β) = I3/(I3 + I4), of o-Ps
annihilated in oxide particles (see the text below).

A semiempirical equation relating the measured o-Ps lifetime and the free-volume hole
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Figure 1. The positron annihilation lifetime PDFs for samples 3 (——) and 4 (– – –).

Table 3. The o-Ps average lifetime parameters obtained using CONTIN (PALS-2).

Sample τ3 (ns) Positron fraction τ4 (ns) Positron fraction 82(β)

1 2.25 0.093 5.78 0.007 0.93
2 2.00 0.044 8.28 0.030 0.59
3 1.73 0.028 9.37 0.027 0.51
4 1.73 0.057 8.23 0.023 0.71
5 1.99 0.022 10.05 0.012 0.65

radiusR has been obtained [16, 17]:

τ = 1
2[1 − R/(R + Rw) + (1/2π) sin(2πR/(R + Rw))]−1 (5)

whereτ andR are expressed in ns and̊A, respectively andRw takes the value 1.656̊A.
Using the corresponding transformation formulae from [7] and equation (5), the radius

PDFs were obtained from the Ps lifetime probability distribution functions. The fraction
of positrons annihilating in cavities with radii betweenR andR + dR is f (R) dR, where
f (R) is the radius PDF and is given by

f (R) = |2Rw{cos 2πR/(R + Rw) − 1}α(λ)/(R + Rw)|. (6)

The free-volume PDF assuming a spherical cavity isg(V ) = f (R)/4πR2. The fraction
of positrons annihilating in cavities with volumes betweenV andV + dV is g(V ) dV .

The radius PDFs are presented on figure 2 in such a way that the influence ofRwa and
Rea, as well as of the heat treatment, on the pore sizes can be seen.

PAL measurements reveal the existence of pores with two different sizes provided that
the same annihilation rate/pore radius correlation (5) is valid for both species—the small
pores with average diameter66 Å and larger pores with average diameters ranging from
10 to 13Å.

For the 10 mol% TiO2 composition heat treated at 120◦C, the sample prepared with the
larger Rea-ratio (sample 1) shows the largest small pores with the greatest concentration,
and the smallest large pores with the lowest concentration. The defect structure of sample
3, prepared with larger water content, is just the opposite. Sample 3 shows smaller small
pores with low concentration, and larger large ones with comparatively high concentration.
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These results indicate that the oxide network of xerogel treated at 120◦C is very open.
In the case of sample 1 there is essentially a one-size pore distribution of small pores with
large concentration, whereas the sample prepared with larger water content, sample 3, shows
a larger concentration of pores with two pore size distributions. When such a sample is heat
treated at 850◦C it becomes sample 4. PAS results for this sample show that the essential
difference introduced by heat treatment at such a temperature is the decrease in both size
and concentration of the large pores.

Figure 2. Radius PDFs.

The higher-TiO2-content sample presents a PDF similar to those of the other samples.
As the influence of the water on o-Ps lifetimes is not clear, all of the following numerical

evaluations refer to sample 4.
The presence of pores with two different average sizes inxTiO2·(1 − x)SiO2 as well

as the results of SANS studies [3] of xerogels are compatible with the assumption that the
physical structure of dried silica–titania gels is similar to that of dried silica gel [6]. It is
composed of closely bounded homogeneous oxide regions (particles) with finer pores located
within these regions and larger ones between them. There is a certain probability for the
o-Ps, formed in such a sample, to diffuse into the larger pores, be trapped there, and survive
inside them over the course of a mean timeτ4 (from 6 to 10 ns). The third component with
a mean lifetimeτ3 ∼ 1.7–2.2 ns can be attributed to the pick-off annihilation of o-Ps before
it diffuses into the larger pores. Following the method proposed by Chuang and Tao [6]
it is possible to evaluate the diffusion constant,D, of o-Ps in silica–titania gel, assuming
that the oxide particles are spherical in shape and that the connecting bridges between them
are thin. Under these assumptions the fraction,82(β), of all o-Ps atoms annihilating inside
oxide particles with mean radiusr, can be calculated from the formula

82(β) = 1 − 1.5β[1 − β2 + (1 + β)2 exp(−2/β)] (7)
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whereβ = (Dτ3)
1/2/r.

Inserting in (7) our experimental values of82(β) = 0.71 andτ3 = 1.73 ns for sample
4, which does not contain water, the valueD = 0.58 × 10−5 cm2 s−1 has been derived
provided that the mean particle radius forx = 10 mol% TiO2 is the same as was obtained
for x = 2, 4 and 6 mol% (about 5 nm) [3]. This value ofD is one order of magnitude
smaller thanD for silica gel [6] with r ≈ 2–3 nm.

It is interesting to note that if the structure of dried silica–titania gel is composed
of closely packed spherical oxide particles with radiusr, from purely geometrical
considerations the radiusR of the inscribed pores isR = 0.23r. From the experimentally
obtained valueR = 0.6 nm (sample 4), the mean radius of the oxide particles is evaluated
to ber = 2.6 nm, i.e. of the same order of magnitude as that used above.

3.3. Doppler broadening of annihilation lines

TheS-parameter as a function of theW -parameter is presented in figure 3. As can be seen,
only the points corresponding to samples 1, 2 and 3 lie on the same straight line. Hence,
only these samples have the same defect structure (see section 2.4), although prepared with
different water/alkoxides and ethanol/alkoxides molar ratios. The experimental point for
sample 5 lies near the straight line, whereas that for sample 4 is far away, as if the heat
treatment had greater influence on the defect structure than the TiO2 content.

Figure 3. The S-parameter as a function of theW -parameter.
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