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Tw o V ycor glasses of di˜erent percentages of the comp onents w ere li-

quated b etw een 725 K and 950 K and leached in order to pro duce pores.
Little intermolecular voids characteri zed by or t ho -positronium lif etime value
§2 ¤ 1: 5 ns w ere observed simultaneously . A t the Ùrst stage of pore formation
the intensity I 2 decreased considerabl y for b oth glasses, while at liquatio n
temp eratures higher than 825 K it increased again. T he increase in I 2 re-
sulted from changes in the prop erties of the bulk material. T he grow th of §2

in this range of temp eratures was also observed.

PACS numb ers: 78.70.Bj , 61.43.Gt

1. I n t rod uct io n

Posi t ron anni hi latio n l i feti m espectro scopy (P ALS) is com monly used in m a-
teri al science to investigate free volum esin vari ous substances, parti cularly in poly-
m ers [1]. There exi sts a sim ple rela ti on bet ween o r t ho -positro ni um (o -Ps) l i feti m e
and the average free volum e size, assuming a spheri cal void shape [2, 3]. Thi s rela-
ti on is com monly used to determ ine free volum eradi i and thei r therm al expansion.
In the case of sol ids the real shape of free space is, however, i rregular; so, i t seems
to be qui te reasonable to repl ace the exi sting model by, for exam ple, a cuboidal
one [4].

In the case of pores, thei r structure can be appro xi mated as a bundl e of
capi l lari es. In standard m easurements in physi cal chemistry , such as l iqui d ni tro gen
desorpti on, the avera ge pore radius is deÙned as R = 2 V =S , where V and S are the
to ta l pore vo lume and the surface area, respecti vely; tha t m eans tha t cyl indri cal
geometry is assumed. It is then requi site to modi fy the T ao{ Eldrup model for
spheres to cyl indri cal geometry [5] and thus com pare m ore easily the PALS resul ts
wi th tho se of conven ti onal porosim etri c m etho ds. Thi s m odiÙed m odel al lows us
to determ ine pore radi i up to about 10 nm .

The interpreta ti on of o -Ps intensi ty is not always stra ightf orwa rd. Someti m es
i t can be interpreted as pro porti onal to the numb er of f ree vo lume cavi ti es [6], for
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exam ple, in the case of low concentra ti on of the adm ixture [7]. W hen m ore tha n
one com ponent ascribed to o-Ps can be extra cted duri ng the spectrum pro cessing
i t is better to relate o-Ps intensi ty of the respecti ve com ponent to i ts surface
area [8, 9].

2 . E x p er im ent al an d m at er ial

Two Vyco r glassesof raw com positi on 7/ 23/ 70 (the Ùrst one) and 10/ 35/ 55
per cent (the second one) Na2 O, B 2 O3 , and SiO 2 were investigated. Porti ons of
glass gra ins were heated in an oven in order to demix the glass com ponents. The
extent of demixi ng depends on the tem perature and dura ti on of therm al trea tm ent
(l iquati on pro cess). Af ter l iquati on conti nuous alkali ne{ borate phase was form ed
in the sil ica netwo rk. T en series of sampl es for di ˜erent l iquati on tem peratures
between 725 K and 950 K in 25 K steps were prepa red for each glass. For each
anneal ing tem perature, sampl eswere prepared at di ˜erent therm al trea tm ent ti m e.
Glass sam ples were then etched in hot (368 K) 3N H2 SO4 , alkaline{ borate phase
wa s rem oved out of the materi al and netwo rk of pores wa s consequentl y form ed
in the glass. Fi na lly, the glass converted into porous sorb ent wa s washed out to
neutra l i ty by m eans of disti l led water and dri ed at 475 K for 12 h.

Al l PALS m easurements were perform ed at room tem perature at a pressure
of ¿ 0 : 5 Pa.

For each glasssampl ePALS spectra were col lected and then the l i feti mes and
intensi ti es of respective com ponents were determ ined. The spectrum was recorded
in 4000 channels of an analyser, the channel ti m e deÙniti on was 0.25 ns. The ti m e
spectrum consisted of several com ponents: the shortest- l ived wi th § 1 ¤ 0 : 4 5 ns was
due to p -Ps decay and to free anni hi lati on (not resolved), §2 ¤ 1 : 5 ns due to o -Ps
anni hi lati on in smal l intera to m ic voids in the glassy bul k and the longest-l ived
§ 3 ¤ 3 0 ns due to o -Ps in the pores. Respective relati ve intensi ti es are denoted
I 1 ; I 2 ; I 3 . In the Ùtti ng pro cedure the LT [10] pro gramm e was used.

Bef ore l iquati on and leaching both glasses were not porous, the l i feti m e of
the longest-l ived component was equal to § 2 ¤ 1 : 3 2 ns and 1.44 ns for the 7/ 23/ 70
and 10/ 35/ 55 glasses, respecti vely. The intensi ty I 2 was about 32%, whi ch seems
to be the satura ti on value for the o -Ps in the studi ed m ateri al . The thi rd com po-
nent, ascribed to pores, appeared after l iquati on. D uri ng spectrum pro cessing a
conti nuous di stri buti on of l i feti mes was assumed.

A deta i led di scussion of all pro cesses observed duri ng therm al trea tm ent of
7/ 23/ 70 Vyco r glass was presented elsewhere [11]. In thi s paper we com pare the
pro cesses observed duri ng pore form ati on, leading to changes in the intensi ty I 2 ,
in two glassesof di ˜erent percentages of boron and sodium oxi des.

3. R esul t s an d d iscu ssio n

In both glasses subjected to l iquati on and leaching the pore netwo rk was
pro duced. The avera geradi us and structure of the pores changed wi th the l iquati on
tem perature. In the case of the Ùrst glass, the l if eti me value of o-Ps com ponent in
the pores rose 6.5 ns to 40 ns, in the second one from 13 ns to 50 ns [12]. Thi s m eans
tha t the pore radi us determ ined assuming spheri cal shape of free volum e [2, 3] rose
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from 0.56 nm to 1.33 nm or from 0.5 to 1.23 nm in the case of cyl indri cal shape [5].
For the second glassthe spheri cal model gave valuesof radi i changing from 0.77 nm
to 1.57 nm whi le the cyl indri cal one f rom 0.7 nm to 1.57 nm , to o. The highest
values of § 3 were observed f or the 7/ 23/ 70 glass l iquated 16 h at 850 K, and 16 h
at 825 K for the 10/ 35/ 55 one.

Fig. 1. The intensity I 2 of positroni um in the intermolecular voids as a function of

liquati on time for 10 selected liquati on temp eratures. T he upp er Ùgure is for 7/23/70

p er cent glass comp ositi on, the low er one for 10/35/55. Symb ols: open circles (1) |

725 K , open triangle s (2) | 750 K , open squares (3) | 775 K , open diamonds (4) |

800 K , crosses (5) | 825 K , full triangles (6) | 850 K , stars (7) | 875 K , full diamonds

(8) | 900 K , full circle (9) | 925 K , full squares (10) | 950 K .
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Fig. 2. T he lif etime §2 of positroni um in the intermolecular voids as a function of

liquati on time for selected liquati on temp eratures. T he upp er Ùgure is for 7/23/70 per

cent glass comp osition , the lower one for 10/35/55. T he curve numb ers and symb ols

corresp ond to those in Fig. 1.

In the ini ti al stage of pore form ati on, when the I 3 intensi ty began to grow,
the second com ponent intensi ty (wi th a l i feti me of 1.32 ns or 1.44 ns) decreased
conti nuously (curves 1{ 3 in Fi g. 1). The sum of both com ponents reached sti l l 32%
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as before liquati on. Accordi ng to the m odel by Bra ndt and Paul in [8], m odiÙed by
Venkateswara n et al . [9], positro ni um ini ti al ly locates in smal l interm olecular holes
and then it di ˜uses to pores (and surf aces). The intensi ty of the bul k com ponent
di mini sheswi th increasing pore surface due to Ps tra nsiti ons to the pores. For the
Ùrst glass I 2 f ell down to about 7% and for the second one i t alm ost disapp eared
in the tem perature range of 750{ 825 K to the value of I 2 ¤ 2% (Fi g. 1, curves 2{ 5).
Beginning from curve 6 the tendency was reversed for both glasses.Thus, one can
supp ose tha t after ini ti al rapid pore form ati on, starti ng from 850 K on, the speciÙc
pore surface begins to decrease. The fracti on of o -Ps ato m s anni hi lati ng in the bul k
I 2 =( I 2 + I 3 ) can be appro xi mated by the equati on of Bra ndt and Paul in [8]

I 2 =( I 2 + I 3 ) = 1 À

3

2
Ù

È
1 À Ù 2 + (1 + Ù)2 exp( À 2 =Ù)

Ê
; (1)

where Ù = 1

3
S £ ( D § 2 ) 1 = 2 ; S; £; D are the speciÙc surface area of pores, the bul k

glass density , and the Ps di ˜usi on coe£ cient, respecti vely.
In a di scussed range of tem peratures thi s rate increases (as wel l as I 2 ), thi s

m eans tha t a decrease of the pore surface is correla ted wi th an increase of the in-
term olecular vo id surface. Cha nges in the o-Ps l i feti m e§ 2 were also found (Fi g. 2).

If in the spectrum analysis the l i feti m e of the second com ponent is not Ùxed,
i ts value is observed to increase to 2.5 ns at 900 K and 1.8 ns at 925 K for the
7/ 23/ 70 glass; wi th a further increase in ti me or tem perature of l iquati on, thi s
l i feti m evalue returns to the ini ti al value, 1.3 ns. For the 10/ 35/ 55 glassthe increase
in the §2 value is consi derabl y hi gher: up to ¿ 6 ns at 850 K. Ho wever, thi s value
cannot be ta ken to o seriousl y because of the low intensi ty of thi s component: 3{ 5%
(curve 6 in Fi g. 1), whi le the next one wi th the l i feti me §3 ¿ 4 0 ns has the intensi ty
I 3 ¿ 30%. At low liquati on tem peratures a component ascribed to interm olecul ar
vo ids can be hardl y resolved, i ts intensi ty fal ls down below 2%. However, in both
glasses the rise of a l i feti me value of thi s com ponent is noti ced.

Possible expl anati ons for the observed l if eti me v ariati on are as fol lows:

1. Ab ove the tem perature speciÙc for each glass com positi on, the glass shows
l iqui d- like properti es, so there is intense migratio n of glasscom ponents inside
the gra in. Mo lecules of sodium and borate oxi des tendi ng to inhom ogeneiti es
leave addi ti onal f ree space (whi ch m ay be reÛected in the I 2 growth), such
vo ids are bigger tha n the natura l ones in the glass (increase in §2 ).

2. D uri ng therm al trea tm ent at higher tem peratures, a f orm atio n of a two -
-com ponent alkal ine phase insi de the glass becom es possibl e (b esides alka-
l ine{ borate also alkal ine{ sil icate). D uri ng etchi ng, the sodium { borate com -
ponent is eluted and the sodium sil icate compound decom poses into sil icon
di oxi de, whi ch as a secondary sil ica netwo rk is redeposited along the leached
channel and creates a loose structure in whi ch the di stances between the
settl ed m olecul es are bigger tha n in the bulk m ateri al , thus § 2 for o -Ps lo-
cated in tha t structure is larger. W i th an increasing am ount of sil ica the
free spacings in the secondary structure are Ùlled up. Thi s m echanism of §2

vari ati ons is less probable as Ps located very close to the pore surface woul d
di ˜use rapidly out to the bigger pore volume.
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4. Co n cl usion s

The PALS metho d is com monly used in studi es of m ateri als f or observati ons
of l i ttl e free vo lum es(a few angstro ms size) in polym ers, m olecul ar crysta ls, l iqui ds
or for pore measurements (a few nanom eters size). In our study both sizes of the
vo ids were observed simul taneousl y. Pore radi i were determ ined using a m odel as-
suming cyl indri cal shape of free volume. Using the data concerni ng interm olecul ar
vo ids one can fol low the pro cessesoccurri ng duri ng therm al and chemical trea t-
m ent of the materi al inv estigated. PALS seems to be especial ly useful to study the
dyna mics of processespro ceeding in various substances.
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