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This pap er contains a discussion of original and recently published re-
sults on positroniu m annihil ati on lif etime studies of elementary free vol-
umes in the group of p olymer glasses. The results are used for indic atio n
of non- homogene ity of these materials and give some basis for considerin g
a connection of the long- liv ed comp onent intensities I 3 ( I 4 ) with concentra-
tions N 3 ( N 4 ) of elementary free volumes and, in this w ay, w ith fractional
free volume.

PACS numb ers: 78.70.Bj

1. I n t rod uct io n

T oday, posi t ronium anni hi lati on l i feti m e (PAL) spectro scopy can be consid-
ered as the m ost di rect pro be m etho d to estim ate free volum es in polym ers. The
longest l i feti me component(s) §3 ( § 4 ) , being characteri sti c of annihi lati on in the
bound state e+ eÀ (a hydro gen- like o r t ho -positro ni um ato m o-Ps) is indi cati ve of
free volume in materi al [1{ 4]. La rge num ber of papers are devo ted to thi s pro blem.
W e are not going to discuss here the whole spectrum of the studi es in thi s Ùeld
and ref er the interested reader to the book [5] and to som e of the recent publ i -
cati ons of m ore or less general character [6{ 8]. In the scope of the m echanism of
non- instant aneous tra ppi ng of Ps by elementa ry free volumes (EFV) [6, 9], whi ch
seems to be supported now by the recent angular-m omentum -correl ati on (A M OC)
exp eriments [10], we shal l demonstra te the appro ach to quanti ta ti ve analysis of
PAL exp erimenta l results f or a large num ber of polym er glasses (T able 1, [11])
wi th di ˜erent f ree vo lum es.Our resul ts [11] on o -Ps quenchi ng by O 2 wi tho ut in-
hi bi ti on of Ps form ati on in some polym er glassesgive the Ùrst di rect evi dence of
non-hom ogeneit y of these materi als. Recent di scussion on thi s to pic by Fuj i i and
R igby is m enti oned in [11]. Indi cati on on exi stence of com plex size-di stri buti on of
free volum e elements was obta ined usi ng both Ùnite-term and conti nuous pro ce-
dures of the data trea tm ent. A smooth tra nsiti on was observed f rom uni m odal to
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obvi ously bim odal distri buti ons in connecti on wi th permeabi l i ty and selecti vi ty of
polym ers for the l ight gases. Using these resul ts we shal l calcul ate here the den-
siti es of elementary f ree volum es N 3 and N 4 in the two appro aches: homogeneous
and hetero geneous distri buti ons of the EFV in polym ers. Here and later on, the
EFV concentra ti on N i i s labeled wi th a subscri pt showi ng the num ber of the cor-
respondi ng l i feti me component. The resul ts enabl e calculati ons of the speciÙc free
vo lumes (V f3 = N 3 v f3 ; V f4 = N 4 v f4 ; V f = V f3 + V f4 ) and fracti onal f ree volumes.
They wi ll correl ate wi th permeati on and selectivi ty of correspondi ng polym ers and
wi th calculati ons by the Bondi m etho d. Our ki neti c considerati on of Ps tra ppi ng
by EFV inf ers tha t the tra ppi ng ti me is comparable wi th the ti me of anni hi lati on
of non- local ized Ps (i n the recent AMOC experim ents for PMMA [10] thi s tra p-
pi ng ti m ewas actua l ly f ound as 0 : 5 4 Ï 0 : 0 4 ns). Thi s assumpti on means tha t some
of o-Ps ato ms anni hi late before tra ppi ng and was ini ti ally based on our publ ished
resul ts on Ps anni hi lati on in cross-l inked polym ers [9] and in porous PPO [6]. In
thi s work, we are tryi ng to Ùnd f urther supp ort o f thi s idea in describing, on the
basis of our m odel , the e˜ect of i rra diati on on the o -Ps yi eld in PMMA and PE
at low tem peratures. However, we did not succeed in thi s attem pt and have to
conclude tha t further inv estigati ons are needed to estim ate correctl y the rati o of
the rates of free Ps annihi lati on and tra ppi ng.

2. Ki net i cs of P s t r ap pi ng

Thi s probl em was considered in previ ous publ icati ons [6, 11] for homoge-
neous distri buti on of Ps tra ppi ng centers (EFV). It wa s shown also [11] tha t Ps
quenchi ng (wi tho ut inhi bi ti on) by atm ospheri c oxygen (whi ch is conta ined not in
every tra ppi ng center) to gether wi th disti nct resoluti on of bi modal distri buti on of
o -Ps l if eti mes m eans tha t Ps atom s moves between the tra ps, and these EFV are
di stri buted i rregul arly in polym er matri x. There are m icroregions wi th larger and
tho se wi th smaller EFV. For thi s case [12]

dP f =d t = À ( Ñ P s
f + v t

i
) P f ; P f (0 ) = 3 Q ¿ i =4 ; i = 3 ; 4 ;

dP lo c =dt = v t
i

P f À Ûi P lo c ; P lo c ( 0) = 0;

¿3 = I 3 =( I 3 + I 4 ) ; ¿ = I 4 =( I 3 + I 4 ) :

(1)

Corresp ondi ngly

v t
i = (4 I i =3 )( Ñf À Ûi ) = (Q ¿ i À 4 I i =3 ) ; i = 3 ; 4 : (2)

P f and P lo c are the probabi l i ti es of Ùnding free or tra pp ed (l ocal ized) Ps, Q i s the
ini ti al fracti on of the form ed free Ps, and Ñ Ps

f i s corresp ondi ng anni hi lati on rate;
Ûi = 1 =§ i . W e assume tha t Q and ÑPs

f are the same for the both microphases. On
the other hand

v t
i = 4 ¤ D Ps

f N i R i (3)

and concentra ti ons of EFV, N i can be found using previ ously estim ated [6] di ˜usi on
coe£ cient of non- local ized Ps D Ps

f = 0:5 È 10À 4 cm 2/ s.
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3. Fr act i on al fr ee vo lu me (FF V )

Co ncentra ti on of EFV is very im porta nt characteri stic of polym ers since i t
determ ines FFV and permeabi l i ty of membra ne m ateri als. The pro blem is how can
we calcul ate thi s characteri stic from PAL data . In pri ncipl e, FFV can be deÙned
as the sum

FFV = V f =
X

i

v fi N i = v f3 N 3 + v f4 N 4 : (4)

On the other hand, som e autho rs suggested equati on

FFV = V f = C ( vf3 I 3 + v f4 I 4 ) (5)

wi th C = 0 : 0 0 1 8 for glassy polym ers [13]. Al terna ti ve but more com pl icated ap-
pro ach coul d be found in com parison of PAL data and bul k vo lum e{ temperature
data [8, 14]. Som e aspects of thi s appro ach were discussed at the recent positro n
anni hi lati on conf erence ICP A12 [15, 16]. The FFV values found by us from PAL
m easurements are given in T abl e. For many polym ers they are in the range 2{ 15%

T ABLE

Fractional free volume estimated from PA L measurements and permeation P (in
barrer ) of glassy p olymers.

Polymer FFV V f3 + V f4 Vf3 + Vf4 C ( I 3 v f3 + I 4 v f4 ) P ( O2 )

(Bo ndi ) hom ogeneous hetero geneous [barrer]

PTMSP 0.34 0.080 0.110 0.80 7700

AF2 400 0.32 0.040 0.051 0.22 1140

AF1 600 0.28 0.020 0.025 0.13 170

PPrSi D PA 0.12 0.065 0.120 0.62 227

PPhSi DPA 0.15 0.016 0.034 0.11 12

PTMSS 0.029 0.047 0.14 56

PFPD MSS 0.021 0.038 0.11 38

PVTMS 0.195 0.034 0.071 0.21 44

PVPD MS 0.134 0.017 0.033 0.085 2.5

Na Ùon-117 0.002 0.028 1.1

and smal ler tha n tho se calcul ated in [17] by the Bondi metho d [18]. Thi s resul t
does not seem to be unexp ected: the Bondi m etho d ta kes into account the who le
exi sting free vo lume because i t is deÙned as a di ˜erence between speciÙc vol -
um e and corresponding van der W aals (or occupi ed) volume, whereas the PAL
m etho d shoul d be sensiti ve to only a part of the size distri buti on of free volum e.
Ho wever, for hi gh free volum e polym ers (PTMSP , PPrSi D PA), Eq. (4) gives un-
rea listi c values, as high as 80%, for exam ple in the case of PTMSP . It m eans tha t
an assumpti on of a constant and uni versal value of C for a ll the glassy polym ers
m ay not be correct, and we pref er Eqs. (3), (4) deri ved from m ore physi cal ki neti c
descripti on (1). They do not give such overesti m ati on.
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4. F ree vo l um e an d p er m -sel ect ivit y

It is interesti ng to check an abi l it y of free vo lum e found vi a PAL data to
determ ine tra nsport pro perti es of polym ers. T able perm i ts to compare the perm e-
abi l i ty coe£ cient P , barrer ( 1 barrer = 10À 10 cm 3( STP ) Â cm=( cm2

Â s Â cm Hg ))
for oxygen wi th the FFV calculated as v f3 + v f4 f or a numb er of polym er glasses.
The results show tha t there exists a stro ng correl ati on between PAL distri buti on,
free volum e, and perm eabi l i t y. However, another property is of even more im por-
ta nce for membra ne m ateri als, thei r perm -selecti vi ty (p erm eati on selecti vi ty) or
ideal separati on facto r

˜ 1 2 = P 1 =P 2 ; (6)

where P 1 and P 2 are low pressure l im i ts of perm eabi l i ty coe£ cients of gases M 1

and M 2 . As the perm eabi l i ty coe£ cient is the pro duct of di ˜usi on and solubi l -
i ty coe£ cients, solubi l i ty and di ˜usi on contri buti ons can be disti ngui shed in the
separati on factor ˜ 1 2 , tha t is

˜ 12 = ˜ S
12˜ D

12 : (7)

It is kno wn tha t perm -selectivi ty for l ight gases in conven ti onal glassy poly-
m ers is determ ined m ainly by thei r di ˜usi on selectivi ty . In our previ ous study [17]
we had found a dependence of di ˜usi on coe£ cients for di ˜erent gases[19] in poly-
m ers, incl uded in T able, versus square of ki neti c di am eter d 2 of di ˜usi ng m olecules.

Fig. 1. Di ˜usi on selectivi ty ( À a ) as a function of the volume micro cavity v f v ¡A ):

1 | PSf , 2 | PC , 3 | PS, 4 | PV PDMS, 5 | PPhSiDP A, 6 | PV T MS, 7 | A F1600,

8 | A F2400, 9 | PPrSiDP A , 10 | PT MSP .
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It could be seen[17] tha t the larger di ˜usi on coe£ cient D in a polym er for a certa in
gas, the smal ler is the slope a of the dependencies of D versus d 2

lg D = ad 2 + b: (8)

The slope a of these l ines determ ines di ˜usi on selectivi ty of a polym er. Thus,
di ˜usi on selectivi ty of large free volum e polym ers l ike PTMSP and AF2 400, is
m arkedl y lower tha n tho se of conven ti onal g lassy polym ers such as poly(carb onate)
PC. Fi gure 1 i l lustra tes a dependence of a on v f = v f4 determ ined from the PAL
exp eriments for the polym ers of the T able as well as for conven ti onal glassy poly-
m ers (p oly(sterene) PS, poly(ca rb onate) PC, poly(sul fone) PSf ) [4]. In the last
cases, in absence of vf4 , we used v f3 . It is seen tha t when the size (in ¡A 3 ) of the
free volum e, determ ined from the PAL experim ents, increa ses, di ˜usi on selecti vi ty
m onotonously decreases. Thi s dependence is characteri sti c only of glassy polym ers
since rubb ers have di ˜erent m echanism of gas perm eati on.

5. F ree vo l um e el em ent s or fr act i on al fr ee vo lu m e?

W e succeeded in obta ining the dependencies sim i lar to tha t in Fi g. 1 also
for v f = v f4 + vf3 , but not for v f = vf3 . It m eans tha t nam ely free vo lum es of
larger radius R 4 are responsibl e for gas permeati on and selecti vi ty of glassy poly-
m ers relati ve to l ight gases. Thus, o -Ps is sensiti ve to the free volum es, whi ch
are responsible for the m embra ne pro perti es of glassy polym ers. Ho wever, wha t
is the character of thi s dependence? Is i t sensiti ve to the num ber of EFV or onl y
to thei r size? In other wo rds, can we actua lly say tha t I i i s dependent on EFV
concentra ti on N i and thi s concentra ti on can be found from anni hi lati on charac-
teri sti cs [1, 6, 13], or I i reÛects only the rati o between the num bers of EFV of
di ˜erent size and is dependent mostl y on the fracti on Q of positro ns whi ch f orm
Ps [20, 21]? In the Ùrst case, o -Ps tra ppi ng rate x t

i
(3) is com parabl e wi th anni -

hi lati on rate Ñ f of free o -Ps, whi le in the second case x t
i

ƒ Ñ f . Unf ortuna tel y,
the described experim ents sti l l cannot answer thi s questi on. Actua l ly, scatteri ng
of the data did not perm i t to m ake choice between the two cases: v f = v f4 and
V f = v f4 N 4 . Thi s is seen in Fi g. 2 and in Fi g. 3, where correl ati ons between v f , V f

and perm eabi l i ty coe£ cient P (T abl e) are shown. The reason is in the character
of the dependence of vf and V f on R : vf4 ¿ R 3

4
whi le N 4 ¿ v 4 =R 4 (see Eq. (3)),

and permeati on is determ ined m ostly, at least in the studi ed sampl es, by the free
vo lume size, but not by the numb er of these vo lumes. On the other hand, there
are som e previ ously publ ished experim ents in the cross-linked polyg oether acry-
lates [9], and poly(di ethyl ene glycol bis(al lyl carb onate)) [22], where, f or m olecules
of sim i lar chemical com positi on (thi s com positi on excluded chemical inhi bi ti on of
Ps form ati on), intensi ty of the long-l ived com ponent I 3 was strongly dependent on
density of l inks c : I 3 went down at hi gher c, so tha t I 3 = 0 was detected for some
of com positi ons [9], and I 3 went up (§3 decreased) for hi gher c in [22]. Both typ es
of vari ati ons of I 3 can be expl ained, in pri nci ple, by the inÛuence of cross-l inki ng
on the numb er and size of EFV: smal ler num ber of EFV (N 3 ) for the higher c (f or
the Ùrst typ e of the dependence) and larger num ber N 3 of the holes of smal ler
size in the second case. Ob vi ously, such cases may be typi cal of the com parabl e
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Fig. 2. Correlations betw een the elementary free volumes v f = v f3 ; v f 4 and permeabili ty
coe£cient P for oxygen for the substances show n in Table (excludi ng naÙon).

Fig. 3. C orrelations b etw een the fractional free volume V f , ta ken as v f 3 N 3 or v f4 N 4 ,
and p ermeabili ty coe£cient P for oxygen for the substances show n in Table (excludin g

naÙon).

ra tes x 3 and Ñ and m ay supp ort the idea tha t I 3 i s dependent not onl y on Q

but also on EFV concentra ti on N 3 . However, the autho rs [22] got some argum ents
showi ng tha t N 3 was not changing in thei r case. In thi s uncerta in situa ti on we



Some A spects of Posi troni um Int eract ion . . . 493

were tryi ng [23] to use ki neti c consi derati on of the e˜ect of Û -i rra diati on on o -Ps
form ati on Â I 3 in PMMA and PE at low temperatures to put som e l ight on the
m echani sm of o -Ps tra ppi ng. The value of Â I 3 was derived as a functi on of Ps
tra ppi ng rate x t and Ps form ati on rate x fo r m , the last being dependent on density
of the tra pped electrons N e

Â I 3 = (3 =4 )(1 À Q ) A B ; (9)

A = vfo rm =( Ñ f + vfo rm À Û3 ) and gives the probabi l i ty of Ps form ati on, B =

v t =( Ñ f + v t
À Û3 ) i s the pro babi l i ty of Ps local izati on in the Ps tra ppi ng sites

(EFV). We supp ose tha t Ñ
+

f = Ñ Ps
f ² Ñ f and rem ember tha t Û3 = 1 =§3 and

v fo rm = k fo rm N e = 4 ¤ D + R N e. Fi tti ng of Eq. (9) to exp erimenta l points for PE
gave k fo rm ( PE ) = 10À 7 cm 3 / s, and B = 1 , whi ch actua l ly means tha t x t

ƒ Ñ f

and the probabi l i t y of Ps tra ppi ng in PE is equal to 1. Descripti on of the PMMA
resul ts (exp erim ental points in Fi g. 4), usi ng Eq. (9), is possible by suggesting the
two al terna ti ves:

1. k fo rm ( PMMA ) = ( 1=50) kfo rm ( PE ) = 0:2 È 10À 8 cm 3/ s, B = 1 . Thi s pro ba-
bl y m eans tha t D + ( PMMA ) = (1=50) D + (PE), where D + (PE) is kno wn
to be 0.1 cm 2 / s. Ho wever, D + (PMMA) is unkno wn.

2. k fo rm ( PMMA ) = kfo rm (PE ) = 10À 7 cm 3/ s and B = 0 : 2 . Pro babi l it y of Ps
tra ppi ng is smal ler tha n 1.

Lo oki ng now on Fi g. 4, we have to recogni ze tha t al terna ti ve (1) gives much
better descripti on of experim ental points for PMMA tha n the al terna ti ve (2). Thi s

Fig. 4. A dditional long- li ved comp onent intensity Â in PMMA as a function of the
trapp ed electron density . Solid curves corresp ond to di˜erent sets of parameters in

E q. (9): ( PMMA ) = ( PE ) = 1 2 10 cm /s, = 0 2 1 or ( PMMA ) =

(1 50) ( PE ) = 0 24 10 cm /s, = 1 .
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is the Ùrst clear argum ent in favor of the point of vi ew tha t in such polym ers as PE
and PMMA o -Ps always com es to tra ppi ng before anni hi lati on (B = 1 , x t

ƒ Ñf ).
Further experim ents of thi s typ e and, may be, also AMOC measurements for other
substa nces coul d be useful .

6 . Co n cl u si on

Thus, in spite of the great numb er of PAL exp eriments in polym ers, there
are no Ùnal concl usions on the character of the dependence of o -Ps long-l ived
component intensi t y on the numb er of elementa ry free volum es, local izing o -Ps,
and on the fracti on of positro ns, form ing Ps. In fact, the probl em is reduced to
estim ati on of the rati o of the rates of non- local ized o -Ps annihi lati on and tra ppi ng.
Thi s is di rectl y related to the questi on on the possibi l i ty to estimate fracti onal free
vo lume, responsi ble for perm eabi l i t y and selectivi ty of polym ers, di rectl y from PAL
exp eriments. W e expect to conti nue our wo rk in thi s Ùeld.
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