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The e˜ect of anneali ng on free-volume prop erties of poly (ethylene tereph-
thalate ) w as studied using a set of samples annealed for tw o hours in air at
eight temp eratures b etw een 8 0

£ C and 220
£ C. T he fractional free-volume in

the samples w as estimated from o r t ho -positroniu m lif etime and its relative
intensity . T he variations of fractional free-volume and of the macroscopic
speciÙc volume w ith annealing temp erature w ere compared. The variation
of the pore volume probabil ity density functions w ith the annealin g temp er-
ature w as found. The interdep endence betw een S - and W -parameters w as
also discussed.

PACS numb ers: 78.70.Bj

1. I n t rod uct io n

Co nsiderabl e changes in polym er am orpho us par ts occur duri ng thei r crys-
ta l l izati on. These changes, especial ly of the free-vo lum e structure , can be studi ed
by positro n anni hi lati on spectro scopy (PAS) m etho ds [1]. A considerable part of
positro ns ( ¿ 5 À 30%), getti ng into a polym er, can form a bound state wi th a
m edium electro n{ positro ni um (Ps). Positro nium has two states | a singlet one,
p a r a -Ps (p -Ps), and a tri plet one, or t ho -Ps (o -Ps). The self -anni hi lati on li feti me of
p -Ps is about 120 ps, whi le o -Ps l ives for ¿ 140 ns in vacuum . In condensed m atter
o -Ps tends to localize in low- density parts of the sam ple under study , and his l i fe-
ti m e§ reduces to several nanoseconds. Thi s is caused by o -Ps positro n anni hi lati on
wi th one electron, picked o˜ from the surro undi ng matter. The l if eti me of o -Ps,
anni hi lati ng by pi ck-o˜ pro cess, depends on the size R of the free-volum e hole, at
whi ch o-Ps is tra pped. The intensi ty of the o-Ps com ponent in the anni hi lati on
spectra m ost of ten is connected wi th the numb er of free-volum e holes [2, 3].
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The purp ose of thi s study is to eluci date the changes, as seen by positro ns,
in the am orpho us parts of poly(ethyl ene terephtha late) (PET), due to isochro nal
anneal ing at tem peratures bellow the m elti ng tem perature. Positro n l if eti me (PL)
and Doppl er broadening of the anni hi latio n gamm a-l ine (D BAL) m easurem ents
were used.

2. E x per i m en t a l

The PET sam ples are f rom Jam bol , Bul garia. Ini ti al ly they are ful ly am or-
phous as was shown by wi de angle X- ray scatteri ng (WAXS). A set of ni ne pai r of
sam ples was used. Except for the reference pai r, the sampl eswere annealed for two
hours in an oi l bath in ai r. The anneal ing tem peratures and pycno m etri c densiti es
of the sampl es are shown in the Tabl e.

T ABLE

A nnealing temp eratures and densities of the PET samples studied.

Sampl e 1 2 3 4 5 6 7 8 9

Ta [ £ C] una nnealed 80 100 120 140 160 180 200 220

£ Ï 0 : 0 2 [g/ cm 3 ] 1.14 1.14 1.17 1.32 1.39 1.45 1.34 1.45 1.43

The l if eti me spectro meter wa s a standard fast{ fast coincidence apparatus.
It pro vi des a ti m e resoluti on ¿ 260 ps ful l wi dth at hal f maxi mum (FW HM).
A positro n source, 2 2Na Cl sealed wi th Ka pto n foi ls, wa s sandwi ched between
two identi cal sam ples. Correcti ons for positro ns anni hi lati ng in the source were
m ade accordi ng to [4]. The experi menta l spectra were Ùtted by the program
POSIT RONFIT- EXTEND ED [5]. The pro gram CONTIN (PALS- 2) [6, 7] was
also used. In the latter case the l i feti me spectrum of well -annealed and chemical ly
pol ished Cu sam ples wi th § = 1 2 1 ps (> 9 9%) was used as a ref erence spectrum .

The Doppl er broadening of the 511 keV anni hi lati on Û- l ine was measured
usi ng a high puri ty germani um detecto r of energy resoluti on 1.17 keV at 514 keV
Û -l ine of 8 5Sr. The anni hi lati on Û- l ine is characteri zed by ordi nary S - and W - shape
parameters.

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

3. 1. Li fet ime measurement s

The best values of â 2 were obta ined for unrestri cted three- com ponent de-
compositi on of the measured l i feti me spectra. In general , our results agree wi th
tho se of the other autho rs [8{ 10] except for the higher value of the longest-l ived
component, ranging from about 17 to 22%. As i t is com monly accepted, thi s com -
ponent is due to the pi ck-o˜ anni hi lati on of o-Ps, localized in free-vo lum e holes,
and is the only one carryi ng the structura l inf orm ati on.
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Assum ing an inÙnite spheri cal potenti al of the radi us R wi th a uni form
electron layer of thi ckness R 0 , the fol lowi ng semi-empi rica l form ula has been pro-
posed [11, 12]
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˚
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where Ñ B = 2 nsÀ i s the spi n averaged Ps anni hi lati on rate, and R = 1 : 6 5 6 ¡A.
The l i feti me § and the radius R are expressed in ns and ¡A, respect ively.

In Refs. [2, 3, 13], i t was suggested tha t the fracti onal free-volum e in a sampl e
can be expressed by the fol lowi ng form ula :

F = C V I ; (2)

where I [%] is the intensi ty of o -Ps li feti m e component § , Vf in ¡A is the pore
vo lume | V = ( 4 =3 ) ¤ R and C i s an empi ri cal constant tha t has to be obta ined
in a study di ˜erent from the positro n anni hi lati on exp eriment. Obvi ously the
parameter V = I R , where the pore radi us R i s calcul ated by Eq. (1) from the
values of § , can be used as a quanti ty proporti onal to the fracti onal free-volum e.
The dependence of V on the anneal ing tem perature is depi cted in Fi g. 1. In the
sam e Ùgure, the speciÙc vo lum e V sp = 1=£ is also presented. The sam e behavi or
of the two quanti ti es versus anneal ing tem perature m eans, in our opini on, tha t in
the present case, the fracti onal free-volum e depends not onl y on V f but on I , as
wel l . As shown by D lubek et a l. [14], thi s is not val id in general .

In Fi g. 2 som e representa ti ve pro babi l i ty density functi ons (PD Fs) of the
hole-vo lum e, obta ined from the o -Ps anni hi lati on rate PD F (CONTIN program ),
are presented. T ransform ati on form ulae from [6] were used. It is interesti ng to
note the di ˜erent FW HM of the volum e distri buti ons. From the Ùgure one can
see tha t the isochronal anneal ing of PET sampl es at elevated tem peratures leads
to an increase in the FW HM of the hole-volum e distri buti ons. Thi s m eans tha t
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Fig. 2. Representative hole- volume distribu tio ns.

the di sorderi ng of the am orpho us parts of the sampl es increaseswi th an increases
in the anneal ing tem perature. Thi s is accompanied, as i t can be exp ected, by
the decreasing of the am ount of the amorphous part o f the sam ples (area under
di stri buti on curves).

3.2. Doppl er broadening of the anni hi lat ion l ine measurement s

The vari atio ns of S -param eter and of m ean positro n l i feti m e §m (§ m =
P 3

i =1
I i §i ) wi th anneal ing tem perature are presented in Fi g. 3. It can be seen

tha t S and §m , al tho ugh sim i lar, are not proporti onal . The latter might occur i f
the vari atio ns are caused by a sing le defect wi th di ˜erent concentra ti ons, whi ch

Fig. 3. S -parameter and mean p ositron lif etime versus anneali ng temp erature.
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obvi ously is not the case. Thi s is consistent wi th the observed not l inear interde-
pendence between S - and W -param eters. The latter m eans [15] tha t the defect
structure of the PET sam ples, isochro naly annealed at di ˜erent tem peratures, is
di ˜erent.

4 . Co n cl usion s

Positro n l i feti mes and D oppl er broadening of the anni hi lati on l ine m easure-
m ents are appl ied to study the changes of the free-volum epro perti es of the am or-
phous parts of poly(ethyl ene terephtha late) af ter isochro nal anneal ing. It was
establ ished tha t good agreement exi sts between the behavi or of the fracti onal
free-vo lum e and the speciÙc volum e versus anneal ing temperature. The defect
structure of the sampl es,annealed at di ˜erent temperatures, is di ˜erent. The wi dth
of the hole-vo lume distri buti ons increa seswi th an increase in the anneal ing tem -
perature.
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