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Direct computation of the free volume fraction in amorphous polymers
from positron lifetime measurements
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A model for computation of the free volume fraction from the temperature dependence of positron lifetime
is presented. The model is based on the idea that the total free volume of the sample is expanding in the same
rate as the volume of holes seen by positrons. Then, having the values of thermal expansion coefficients of bulk
and free volume, it is possible to compute the temperature dependence of fraction of free #0Iyraad the
thermal expansion coefficient of occupied volumg It is also possible to compute the Vogel temperafiye
WLF coefficientc,y, and the raticc,4 /B, wherec,q is the WLF coefficient and is the Doolittle constant.
The paper also presents computed values of abovementioned parameters for six different polymers. In the case
of poly(isobutyleng and cis-trans 1,4 pofputadieng the results are compared with that obtained from vis-
cosity »(T) and temperature shift parametef(T) measurements.

[. INTRODUCTION tion of positrons takes place. Using simple quantum me-
chanical model of particle in the spherical Webine can
A free volume concept was developed to explain the noncompute the radius of free volume hddrom o-Ps lifetime
Arrhenius dependence of the fluidity or viscosity of liquids 7o-ps
on temperature® and also plays an important role in poly- 1
: : " 1 R 1 T
mer physics. It successfully describes the mobility of poly- Top==| 1— =———— +——sin| ——— } [ns, (1)
mer fluids, viscosity, etc. At the beginning the quantitative o2 R+AR 27 |R+AR
interpretation of the free and occupied volumes was not sQynere AR=0.1656 nm is empirically found constant. Next,
obvious. Later Cohen and Turnbtiifurther developed this e can compute the volume of the hole
theory using the concept of cooperativity of motion. Accord-
ing to this theory the molecular transport occurs when a mol- 4 .
ecule moves into voids having a greater size than some criti- Vd:§7TR ' @
cal volume. Voids are created by the redistribution of free
volume arising from the cooperative motion of neighboring At present it is accepted that the relative intensifyps
atoms. corresponding to the-Ps component,_ps should reflect the
Because of the success of the empirical free-volume relgaumber of free-volume holes in material. Using this assump-
tions in describing the behavior of glass-forming liquids, tion @ semiempirical equation has been proposed to deter-
there have been many attempts to quantify the relevant fre@ine the fraction of free volumein polymers
volume. Now it seems that the positron annihilation lifetime _
spectroscopy(PALS) is able to give us direct information HM=CVa(Dlo-pd T, ©
about the free volume which is present in every polymemwhereC is a parameter which must be obtained by calibra-
material. tion. In our article we have used another approach for com-
PALS is based on the fact that the lifetime of positron andputation of the free volume fraction from lifetime data with-
its bound form, positroniuniP9, is sensitive to the existence out any need of calibration constant.
of structural inhomogenities. In condensed media, in addition
to e annihilation, a formation and annihilation of two forms Il. EXPERIMENTAL SECTION
of (e*e™) bound system occurs in dependence on the mu-
tual spin orientation of positron and electron. The singlet
state of para-positroniunp¢Ps) with antiparallel spin orien- We have measured following samples: cis 1,4 fmlya-
tation has a lifetimer, ps=0.125 ns in vacuo. Triplet state dieng (cis 1,4 PBD, cis 1,4 polyisopreng (PIP), atactic
of ortho-positronium ¢-Ps) lives in vacuo for7,ps  poly(propyleng (a-PP), isotactic polfpropylene (i-PP),
=142 ns. In liquid and solid substancegpsis shortened poly(isobutyleng (PIB), cis-trans 1,4 pol§putadieng (cis-
due to an interaction with electrons of surrounding mediumtrans 1,4 PBI. Their characteristics are summarized in
to a few ns(pick-off annihilation. It is accepted fact that Table I. The samples for PALS measurements were in a form
0-Ps is formed bye* after very rapid thermalization and of small discs with diameter of 10 mm and thickness of 5
following capture in the regions with reduced electron den-mm.
sity such as holes, vacancies, cavities. The temperature range of measurement was from 15 up to
The most important component is,_ps Which gives us 305 K, for some polymers up to 470 K. During the low
information about the free volume holes in which annihila-temperature measurements5—-305 K samples in holder

A. Samples and treatment
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TABLE I. Main characteristics of measured polymel\zw, molecular weight;T,, glass-transition temperaturey;; («a,), thermal
expansion coefficients of totdbulk) volume V below (above T, obtained from the given reference,,(«,,), thermal expansion
coefficients of volume of hole¥y below (above T, obtained from our PALS measurements.

MW Tgsc a, @, Ref. a,, a,) TSALS

Polymer [0.1C] [K] [0104K™1] [010%K™1] [0.104K™ Y]  [0104K™ Y] K]
T<T, T>T, T<T, T>T,

cis 1,4 PBD 8.1 168 1.93 7.52 21 29.6.7 318.4-13.9  170r2
cis 1,4 PIP 8 200 1.92 5.80 22 19.9.5 155.4-3.9 196+ 1
a-PP 1 258 1.94 7.14 23 14:0.8 105.1-11.3  256-3
i-PP 2.2 273 2.20 5.70 24 3E3B.7 132.6-18.5 2717
PIB 4.2 200 1.40 5.70 25 841.7 180.1+ 7.4 199+ 2
cis-trans 1,4 PBD 241072 178 1.93 7.52 21 3691.2 201.3-7.2 1761

were fixed at the end of cold finger of a closed-cycle heliumpick-off annihilation of o-Ps. Results of PALS measure-
gas refrigerator with automatic temperature regulation. Thenents have been partially published at several papers and
source-sample assembly was kept in rotary pump vacuungonference contributiorfst?
The high-temperature measureme(@283—-470 K were per- The temperature dependence of volume of halgéT)
formed with a home-made heater and the source-sample agbtained fromr3(T) dependence is shown in Fig. 1 for PIB
sembly was in air atmosphere. and cis-trans 1,4 PBD. We can see slow increasé,oflith

Two different temperature measurement Cycles were USl{emperature up td’g and then rapid increase Md above
ally performed, heating and cooling. During the former one,T_. This temperature marks the transition between thermal
samples were cooled down to 15 K in time about 2 h anchon-equilibrium(glassy state and equilibriundliquid) state
then the temperature was being risen between measurement$ polymers.
During cooling cycle starting temperature was room tem- |t js interesting to compare this dependence with the tem-
perature(305 K) and the temperature was being lowered beperature dependence of total voluMET). Table | gives us
tween measurements. information about the thermal expansion coefficients/gf

We saw no difference i, p{T) dependence between jyst belowT,(a,;) and aboveT(a,,) and the thermal ex-
cooling and heating cycles in any sample. But we observe@ansjon coefficients of total volume in glassy stateand
difference inl,.p{T) dependence in some samples. elastic statea,. We can see that there exists quite a big
difference between these coefficients—one order belgw
and almost two orders abovg . Now the question arises of
which macroscopic quantity, if any, the expansion of free

The positron annihilation lifetime spectra were obtainedvolume hole can reflects. In the next part we will present a
by the conventional fast-fast coincidence method using plasnodel based on the assumption that the expansion of free
tic scintillators coupled to Phillips XP2020 photomultipliers. volume holes seen by positrons reflects the expansion of total
The time resolutiofFWHM) of prompt spectra was 320 ps. free volume of material.
A model-independent instrumental resolution function was
obtained from the decay curve 8'Bi isotope with a single
lifetime of 186 ps. In the conventional three component
analysis the Kirkegaaret al. PATFIT-88 software packade
was used. The third components(l3) was attributed to the

B. Positron annihilation lifetime measurement

Ill. THEORETICAL SECTION

In the following part the model for direct computation of
the fraction of free volume from positron annihilation data
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FIG. 1. Temperature dependence\gf for PIB and cis-trans 1,4 PBD with linear fits.
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FIG. 2. Temperature dependence of volume.
@
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will be presented. For a description of the temperature dee,a, from literature, we have two equations with four un-
pendence of total and free volume we will use a well-knownknowns. To solve these equation we will make the supposi-
picture similar to that presented by KovatéFig. 2). tion
As it is clear from Fig. 2 we will use the concept of
non-constant free volume beloWy and constantly expand- Ap1=ay),  Apa=ay), (13
ing occupied volumé/,.., for which we can write
which means that the holes of free volume seen by positrons

Voed T)=Voed TP 1+ ag(T—Ty)]. (4) V4 are expanding in the same rate as the total free voleme
_ . . So, having the values afg;,ag, from positron lifetime
Analogically for expansion of total volume we write measurements, we can solve E@$l), (12) for two un-

V(T)=V(T[1+ay(T-Ty] for T<T,, (5 knownsao, (T)

A1 0pp— ApQF]

V(T)=V(Ty[1+ T-T for T>T,. 6 =
(T) ( g)[ ay( g)] g (6) g (@rp—try)—(ay—ay)’ (14
Free volumé- is defined as a difference between total and
occupied volume ar—
f(Tg)=(a S — (15
F(T)=V(T)=Voed T) (7 P2 THL 2 Tt
and the fraction of free volumkas a ratio between free and NOW we also know the temperature dependence of fraction
occupied volumeDoolittle’s fraction of free volumef(T)
AL ®) M=ty 0 11 g
_ ' = or ,
Voed T) 91+ ag(T—Ty) g
From the definition of free volumé it implies that this _
quantity is also a linear function of temperature, e.g., f(T)=1(Ty,) for T>T,. 7

T+ag(T-Ty)
F(T)=F(TY[1+ ap(T-Ty)] for T<T,, (9
(D=F(Tl1+ar(T-Ty)] o O Using an extrapolation beloW, from aboveT, we can fur-
F(T)=F(Ty[1+ap(T-Ty] for T>T,. (10 therfind temperaturd, at which the free volume would be
zero
After simple algebraic manipulations, using above men-

tioned equations, we obtain following expressions for 1
F(T0)=0=F(Tg)[1+a,:z(To—Tg)]:>To=Tg——

Qp1, Qp). aFs
[ f(Ty)+1]—ag (18
“F1T f(Ty) ’ (1D TemperatureT, is equivalent to the Vogel temperature
which is defined as a temperature at which the viscosity
ay[ (T +1]— would be infinity from the extrapolation from region above
app= H(T,) - (12 T1,. From the point of view of free volume theory this is

equivalent to the statement that the free volume would be

Up to this point we have only made an algebraic manipulazero at this temperature. We must stress here that the real

tion with definition relations implied from Fig. 2. free volume is not equal to zero at this temperature because

Now let us look closer on Eq$11), (12). Supposing that of inherent structural free space between molecules and finite
we know thermal expansion coefficients of total volumedimension ofo-Ps.
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At this point we would like to stress that the value @y,
the thermal expansion of occupied volume, was never sub- Cog=Tg=To=_—» (24)
jected to experimental investigation due to its experimental F2
unaccessibility. @
Now, having all these values at the regionTgf we can B( 1- —) loge B'loge
move our attention to the next temperature pdigtwhich Cio= i = 9 ' (25)
marks the change in the temperature dependendg, pfe- g f(Ty) f(Tg)

spectively,V. If we know ag; (= «,3) from the PALS mea-
surementf(T,) and «, calculated from Eqs(17) and(14)
then we are able to calculate macroscopic bulk from
equation similar to that of Eq12):

where B'=B(1— aqg/ag,). From these last two equations
we can also see that we are not able to compute coefficient
14 from PALS data directly just the ratio,4/B, and that
Vogel temperature can be expressed by the relation

apg(T) f(Ty) + ao(Ty)
f(To+1

1
TOZTg— a_Fz

az(Ty)= (19 (26)

All former mentioned expansion coefficients were connected We can see that usually used assumpti®al is not
with Ty [e.g.,a=a(Ty)]. We must remind here that thermal generally valid. From the above made analysis we can con-
expansion coefficients must be recalculated for given temelude that if we accept the approximation of equality of the

peraturefin Eq. (19) ay from T, to T, for examplé. Fol-
lowing equation shows such recalculation in general:

a(T,)
o = .
T 1+ ) (T1=T)

(20

a3 is thermal expansion coefficient of total volume and its
value calculated from Eq19) is correct under the assump-
tion that expansion d¥, is the same as the expansion of free

volume of the sample. Using this assumption and procedur@

described above we are able to calculé{&) dependence
and thermal expansion coefficients of total volume for th
whole temperature interval af; measurement.

Now, having the temperature dependencé(df) we can

try to use this quantity for determination of the temperature
dependence of viscosity, for example. Later we can compar
these results with that obtained from experimental measure-

ments of viscosity.
In the next part we will mention a couple of equations

describing the temperature dependence of viscosity and we
will express their coefficients through the above mentioned

parameters. Vogel, Fulcher, Tamman, and HE¢ETH)
equation for viscosit}#~*is using T, parameter for its de-
scription:

BVFTH ..
|Og 77=AVFTH+ T T AVFTH y BVFTH CoeffICIentS
—'o
(21)

and another well-known description is the WLF equalion

T-T,

i —_
log—=—Cyq———==", Cig, Cpq COefficients.
g 9029+T—Tg 9 9

(22

An alternative description of viscosity is based on the free

e

thermal expansion coefficients of free volume and volume of
holes seen by positrori&qg. (13)], and having the values of
thermal expansion coefficients of total volume below and
aboveTy(a;,a,), we are able to compute the temperature
dependence of free volume fractié(iT), the expansion co-
efficient of occupied volumex,, Vogel temperaturerly,
WLF coefficientc,y, and the ratiac;4/B. We are also able
to compute the values of expansion coefficients of macro-
scopic volume for temperature regions different from that
roundTg.

On the other hand if we have WLF coefficienttg;, c,q
rom viscosity measurement we can directly compute
and f(Tg)/B’. Other quantitieg f(Tg),a,ar,] depend on
the value ofB. If we somehow choose the value Bfwe can
obtain these quantities by solving Eq§1),(14),(15) and by
gsing Eqgs.(24),(25).
Following equations give direct relations between two
groups of values obtained from different experiments,
namely,ag,f(Ty), a0 andc,4,Coq,B:

f

Ciglar—ay) 1

a“:Bczg(az—llczg)loge+c_zg’ @7
H(T.) = BCyg(1/cog— az)loge 29
97 cygtBeyg(ay—1/cyy)loge’
c +B(ay—1lcyy)loge
= 1g@2 T B(ay 2¢)10g 29

© Cygt+Beyg(ay—1lcyy)loge”

In the next section we will apply the presented model for
six different polymergTable ) and in the case of PIB and
cis-trans 1,4 PBD we will compare our results from PALS
measurements with that obtained from viscosityT) and
temperature shift parametef(T) measurements.

IV. RESULTS AND DISCUSSION

volume concept. It is represented by the famous semiempir-

ical Doolittle equatiof

7(T)=AexpB/f(T), A, B coefficients. (23

Combining both Eqs(23), (22) and Eq.(17) we get follow-
ing expressions for WLF coefficients:

First let us look at the data obtained from our positron
lifetime measurements. In Fig. 1 we can see a typical ex-
ample of temperature dependence of volume of holes seen by
positronsVy(T) computed frono-Ps lifetime r53(T) depen-
dence using Eg9.l) and (2). Table | gives us information
about the thermal expansion coefficients just belawy ]
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TABLE Il. Computed data from presented model using positron lifetime dafaénd thermal expansion
coefficients from literature ). «,, thermal expansion coefficient of occupied volun€T), fraction of

free volume aff ;; Ty, Vogel temperaturec,y,c,4, WLF coefficients;B, Doolittle’s coefficient.

Polymer ag f(Tg) To Cag C14/B
[0.107 K™1] [%] (K] (K]

cis 1,4 PBD 1.380.05 2.0:0.1 138.6:2.4 31.4-1.4 21911
cis 1,4 PIP 1.320.024 3.:0.1 131.6:1.9 64.4£1.6 14.6:0.4
a-PP 1.140.09 4.4-0.2 189.1-2.6 69.9-2.4 9.8£0.4
i-PP 1.16-0.26 3.6:0.7 195.6-12.6 75.4-10.5 12.0:2.3
PIB 1.23+0.05 2.6:0.1 143.5:3.0 55.5:2.3 16.8£0.8
cis-trans 1,4 PBD 0.760.08 3.5:0.2 126.3:2.0 49.7+1.8 12.3:0.6

and above &,,) T4, obtained from such dependences, to-trans 1,4 PBD up to 0.88 for PIB. This observation reflects
gether with the thermal expansion coefficients of total vol-the different speed of expansidae.g., a different tightnegs
ume a;,@, obtained from literaturé'~2* Now, using the of free volume belowT in different polymers.
above mentioned model we are able to calculate the follow- Next we will focus our attention to two polymers, PIB
ing values:ag,f(Ty),To,Coq,C14/B. Results of these calcu- and cis-trans 1,4 PBD and we will present calculated values
lations are summarized in Table Il for six different polymers.of macroscopic expansion coefficients for regions different
Let us have a look at these values and decide how “reafrom that aroundr, and thef(T) dependence for the whole
sonable” they are, e.g., to legalize our assumption about themeasured interval of PALS. Table III gives us the values of
equality of expansion coefficients of holes seen by positronghermal expansion coefficients of totat) and free volume
and expansion coefficients of total free volufieg. (13)].  (ag=«,) together with the fraction of free volume at given
Table 11-1l from Ref. 18 gives following ranges of values of temperature. Calculation procedure was as follows: first we
Cig,Cog andf(T4)/B coefficients obtained frora; measure-  performed calculations for temperature region arolipdis-
ments for different polymers:c,q=6.1-32.2¢,;=17.6 ing a;,a, values from literature andy,;,a,, from our
—129.4 Kf(Ty)/B=1.3-7.1%. From our PALS measure- PALS measurement. Applying Eq&l3), (14), (15 we re-
ments and model calculations for our polymer samples weeived ao(T,) and f(T,) values. Further we moved to the
received following ranges of coefficientsc;q/B=9.8  next temperature region using Eq46), (17), (20) for cal-
—21.9053=31.4-74.5 Kf(T4)=2.0-4.4%. Taking into culation of f(T), and Eq.(19), (20) for calculation of ther-
account the fact that the value Bfshould be close to (Ref.  mal expansion coefficient of total volume In such a way
18) we can conclude that our calculated values are “reasonwe were able to cover the whole measured temperature in-
able” enough, and that positrons “feel” free volume which terval and to obtairf(T) dependence. Value of fraction of
also governs such macroscopic quantity as viscoelasticity. free volume &0 K is of course just extrapolation. Figure 3
Thermal expansion coefficients of occupied volumg  shows the temperature dependencef@F) for the whole
are smaller than that of total volume beldlya,, as one temperature interval of PALS measurements.
would expect, and the ratiay/«, vary from 0.36 for cis- We must remind here that assumption behind these calcu-

TABLE Ill. Thermal expansion coefficientsy; macroscopic volumeyg, free volume and the fractions
of free volumef(T,) for PIB and cis-trans 1,4 PBD.

Tx a(TX)(T<Tx) a(TX)(T>Tx) ap(T)(T<Ty) apr(TI(T>Ty) f(T)

[K] [0104K Y] [0104K™'] [0104K %] [0.10%K™1] [%]
PIB
0 1.4+0.0 9.6:2.5  2.2+0.1
Ty= 199+2%  1.4+0.0° 5.7+0.0° 8.1+1.7”  180.1+x7.4  26+0.1
Tg= 288+12  54+0.0 12.4-0.6 69.1-1.2 181.7+3.5  6.6+0.7
Te= 349+42 115+0.5 4.2-0.5 86.2-3.0% 25.7+3.60 13.8:1.9
cis-trans 1,4 PBD
0 1.3+0.1 31.32.F 2.0+0.1
Ta= 105+5%  1.3+0.1 2.0:0.0 23.6:0.9° 50.0-1.8  2.6=0.4
0= 176+1*  1.9+0.0P 7.5+0.0 36.9-1.2 201.3+7.2  3.5+0.2
Tg= 207+2%  7.4+0.0 10.3-0.6 124.6-3.8 179.1+4.00 5.7+1.3
Te= 266+1%  9.7+0.5 1.4-0.1 87.1+1.6° 7.8+0.8 11.6+0.9

&/alues calculated fronvy(T) dependencéPALS data, see Eq. 13
byalues obtained from literature, other values were calculated from the proposed model using both the above
mentioned data sets.
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FIG. 3. Temperature dependence of fraction of free vold(@ for PIB and cis-trans 1,4 PBD.

lations is that the expansion of holes of free volume seen by Using thec,gy,C,q coefficients from viscosityn(T) or

positrons ,) reflects the expansion of total free volume temperature shift factaa(T) measurements we can reverse
(a¢) [Eq. (13)]. This is obviously not the case for regions the process of computation in the model and obtain values of
aboveT because there is no clear reasonffff) andV to  T,, f(T,),e,aF, if we somehow choose the value Bf
almost stop rising. This effect is maybe connected with thE{Eqs_(24)_(29)]_ Table IV summarizes some of these values

behavior of pOSitron itself in soft medium, probably with the in dependence oB. Given interval ofB values was chosen
creation of holes of free volume by positronium atoms themyecause of the negative values @f; for smaller B and
selves. From Fig. 3 and Table Il it is also clear that cis-trang,ecause of the negative values af for bigger B. Just for

1,4 PBD is a much “softer” material than PIB and this fact
leads to a much bigger increasef¢f) in a similar tempera-

ture region.

In the next step we will compare our abovementioned

and our

PALS data.

sample hadT,

clarity, these calculations are totally independent of any

As we can see in Table IV the only parameters which are

calculated parameters from PALS measurements with thaﬁlrectly comparable between PALS andT) respectively,

obtained from#(T), respectivelya(T) measurements for
PIB and cis-trans 1,4 PBD. In the case of PIB we took dat
from Ref. 19 and made the fits of WLF equation in the tem-
perature region(T,;Tg). They used PIB with T,
=200.4 KM,,=7.85x 10%,
=200 K,M,,=4.2.10. So, one must keep in mind this dif-
ference inM,, during comparison oft,4,c,y parameters.
Table IV gives us results of WLF fit ta(T) and 7(T)
dependencescoefficients ¢,4,C,g) and values calculated
from our model[ Ty, f(Tg),a0,B] using these coefficients

ar(T) are cyq and Ty. In the case ofy(T), respectively,
ar(T)cyq is directly obtained from fit by WLF equatidrtq.
?22)] to experimental data, in the case of PAL, is ob-
tained from thermal expansion coefficient of free volume
aboveTy ag; [EQ. (24)]. Ty is directly connected witlt,,

by Eq.(24) and with ag, by Eq. (26).

To compare also the values &{Ty) and o, obtained
from 7(T), respectively,at(T) and PALS measurements
using our proposed model we treated two special césats
tom part of Table 1V. In the first cas€l) the value ofB was
chosen in such a way that it gives the same valu(of) as

(second and third lingsThere are also given values obtained f(T4) from PALS data. In the second ca@g) such value of
from our model using data from PALS measurements, folB was chosen that it gives the same valuexgfas thate,
from PALS data. For the first cagequality of f(Tg)] we

comparisoryfirst line).

TABLE IV. Fitted [Cy4,Coq for 7(T),ar(T)] and computedall the rest data for PIB from proposed
model using viscosity or shift parameter or PALS data. The bottom part of the(taid I1) treats the cases
of special chosen values 8f (see discussion

Clg ng TO f(Tg) ap B
(K] (K] (%] [0.107% K™1]

PALS (16.8-0.8) B 55.5+2.3 143.5-3.0 2.6:0.1 1.2:£0.1
2(T) 15.6+0.3 93.9-35 106.535 (4.2-57)+0.1 (0.0-1.5*0.2 1.53-2.03
ar(T) 13.8+0.4 60.6:3.8 139.83.8 (2.7-3.610.1 (0.0-1.4¥04 0.86-1.14
2(T) 2.6-0.1 3.2:0.1 0.92

0
ar(T) 2.6-0.1 1.6-0.3 0.82
7(T) 4.4+0.1 1.2:0.2 1.57

qy;
ar(T) 2.8+0.1 1.2:0.3 0.88
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TABLE V. Fitted [cq,,Cyy for ar(T)/ar(T,)] and computedall the rest data for cis-trans 1,4 PBD from proposed model using
temperature shift parameter or PALS data. The bottom part of the (alaled ) treats the cases of special chosen value8pfsee
discussion B, wherex=g,B,C is Doolittle’s constant for different temperature regions.

Ty Cix Cox To (T ao(Ty) By
(K] (K] (%] [0.10%K™]
PALS: V4(T) dependence
Ty=176+1 (12.3+0.6) B, 49.7+1.8 126.3-2.0 3.50.2 0.7:0.1
Tg=207+2 (7.6-1.7) Bg 55.8+1.3 151.2-2.4 5713 0.7+1.6
Tc=266+1 (3.4+0.3)Bc  1290.3-126.5 11.6-0.9 0.70.2

ar(T)/a(T,) dependence

T,=178.0:0.1 8.4-0.4 17.0:1.5 161.0:15 (1.0-1.310.1 (0.0-2.0%0.7 0.19-0.25
Te=213.4-0.2 5.5-0.2 55.8-3.5 157.2-3.5

Te=271.1+0.2 2.5-0.4 83.1-15.3

T,=178.0:0.1 3.5+0.2 ~13.0+2.1 0.66
Te=213.4-0.2

T,=178.0:0.1 1.2+0.1 0.7:0.7 0.23
Te=213.4-0.2 3.6-0.3 0.7 0.45

can see that the values af, are too high, resulting in nega- val of a; measurement was quite larg¢172.9;298.5 K
tive temperature expansion coefficient of free volume belowgng this fact allowed us to compare our PALS results with

T4 (agq, not shown in the tabje A physically more accept-
able picture is the second ofequality of ) resulting in a
higher free volume fraction iMy. So if we choose such
values ofB that we receive equal values @ for PALS and
7(T),a7(T) data| B=1.57 for »(T),B=0.88 fora;(T)] we
get higher values off(Tg) for »(T),a(T) than that for
PALS. But in the case od(T) this difference is small and

in the range of experimental error. We must remind theThijs value is connected with a small change/g{T) above

reader here that the samples had differely} which prob-
ably influenced these results. Another fact is that there wer¥y(T) dependence does not reflect the chang€ @) any
nine temperature points iar(T) dependence i{Ty;Tg)

region in comparison with seven temperature pointg(m)

dependence and tleg(T) points were better “spread” over
this region. A better comparison of these two measurements In the case ob(T)/a(T,) dependence we were able to
from the point of view of the above made analysis wouldcompute intervals of(T,), aq(Ty) values in dependence on

require measurement in the same temperature points.

markable [f(Ty)=2.6£0.1% from PALS, f(T,)=2.8

is very similar as expressed by the value of thg coeffi-
cient [Eq. (24)], c,q=55.5+2.3 for PALS, andc,y=60.6
+3.8 for ar(T). That means that these two measurements(T) as thatay(T,) in PALS. We can see that for the
“feel” similar free volume and it allows us to estimate also temperature region just abovg, the correspondence be-
the Doolittle constanB (B=0.88) for these processes in this tweena; and PALS results is not very good. The value of
B=0.66 which leads to equd(Tg) for a;(T) a PALS pro-
For cis-trans 1,4 PBD we used data of temperature shiftluces physically nonacceptable value efy=—13.0

polymer.

parameterar(T)/ar(T,y) provided by Zorrf? made fits by
WLF equation in different temperature regioffer T>T,)
and obtained coefficients, ,c,,. Temperature points, for
at(T)/ar(T,) dependence were chosen to be closest to
values from PALSV4(T) dependence. The sample was of dependence we took determined value @, calculated
the same type of PBD as our sample. The temperature intevalue of f(T,) and using Eqs(27)—(29) and Eq.(17) we

that from a; measurement in different temperature regions

what we could not do for PIB.

The thermal expansion coefficient of total volume used
for this calculations are given in Table |, comparison of val-
ues computed from model using PALS a#(T) data is
given in Table V. Looking at the data from PAL®y(T)
dependence we can see very high valuegffor T>T..

Tc. As it was said before in this temperature region the

more and the effect of a small temperature change4f)
is probably connected with the creation of free volume holes
by positronium atoms themselves.

B just for the region abov@y not for higher temperature

Anyway the similarity of results obtained from such dif- regions because of not having the values of thermal expan-
ferent kinds of measurements as microscopic positron annsion coefficients of total volume for these regions. In bottom
hilation and macroscopic temperature shift parameter is repart of Table V(similar as in Table 1Y special cases @& are
treated to be able to comparf€T,),aq(T,) values from
+0.1% fromar(T)]. Also the expansion of total free vol- PALS anda(T) measurements. In the first caggethe value
ume aboveT g in the case of PALS and(T) measurements of B was chosen in such a way that it gives the same value of
f(Ty) for a;(T) as thatf(T,) in PALS, in the second case
(Il the value ofB ensures the same value af(T,) for

x 10 4 K™, The case of equat, is again physically more

acceptable which giveB=0.23 and smallef(Ty) =1.2%

from a; thanf(Ty)=3.5% from PALS data.
For the next temperature regidin>Tg for a+(T)/a(Ty)
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calculatedf(Tg)=3.6+0.3% andBg=0.45 Bg=B for T measuremeft f(T,)/B=1.3-7.1%Cpq=17.6-129.4 K,
>Tg). Again the value off (Tg) is lower thanf(Tg)=5.7 C1g=6.1-32.2.
+0.3% determined from PALS. Table Il gives us the fraction of free volume at different

As this comparison shows the agreement between PAL&mperaturesT, together with calculated expansion coeffi-
anda(T)/a;(T,) is not very good for the case of cis-trans cients of total volume for several temperature regions for
1,4 PBD. This is caused by different value of, for T PIB anq cis-trans 1,4 PBD. Finally, Tables IV and V shows
>T, for PALS anday. It seems that in this 30 K tempera- comparison of parameters computed from PALS data and
ture interval(up to Tg) both processes “feel” different free ar(T),7(T) data for PIB and cis-trans 1,4 PBD, respec-
volume. ForT>Tg the value ofc,, is the same for both tively. In the case of PIB we reached very good agreement
processes indicating the same thermal expansion coefficief" r(T) and PALS data, in the case of cis-trans 1,4 PBD
of free volume characterizing transport and dynamic proWe€ received higher fraction of free volume arouhgfrom
cesses in polymers. PALS as thz_it frorraT('I'_)/aT(TX) data but agreement in ther-

It is also possible to make others computations and COmr_nal expansion coefficients of free volume at higher tempera-

parisons with all these coefficients, to "play around with thetur?l'fgggleope.sults suggest that positrons in polymers reflect the
data” but the main purpose of this article is just to point out 99 P poly

- - same basic mechanism as other processes such as viscosit
the possibility to obtain important parameters of free volume P y

L . or relaxation processes. As positrons are governed by free
theory characte_rlzmg po!ymers, as a fraction of fr.ee VOIume&/olume, the abovementioned processes are influenced mainly
thermal expansion coefficients of fre_e and O(.:C'“'p'.Ed volumeby free volume. So, PALS measurements can be used to
gricl)ggor;:q(;?:iksrﬁggguroJmIZ,rA]\tI;S(respectlvely, viscosily and obtai_n information_on dynamic processes in poI_ymers and to

' predict the behavior of polymer materials at different tem-
perature ranges. A more thorough investigation of tempera-
ture dependence of fraction of free volume in polymers

In this paper we presented the model for direct computaW0U|d require measurements of temperature depende'nce of
tion of the temperature dependence of fraction of free voliotal volume, PALS measurements, and, for example, viscos-
ume f(T), expansion coefficient of occupied volure, ity on the same polymer samples. A_ comb|n_at|on of these
Vogel temperaturd, and the WLF coefficients,q,C14/B met_hods could bring more complex mformatlpn about be-
from temperature dependence\4§(T) obtained fromo-Ps hgwor .of free volume in polymers and dyngmps connected
lifetime 4(T) dependence measurements. with th|s free v_qume. .Moreov_er, thg combination of PALS

The model is based on the assumption that the expansi(ﬁ“Pd dilatometric techn!ques gives c_hrect access to the occu-
of holes of free volume/, as seen by positrons reflects the PI€d volume ) and it allows testing of the models pro-
expansion of total free volume of material. The model as itsP0Sed for this last and never subjected to experimental inves-
input parameters also uses thermal expansion coefficients gations.
total volume just below ¢,) and above &,) T4 and is able
to compute the expansion coefficients of total volume for
regions different from that stated above. This research was supported by the VEGA age(@rant

Results obtained from the proposed model for six differ-Nos. 2/5082/98 and 2/4008/@7The authors wish to thank
ent polymergTable 1)) show values of (Ty) from 2.0 upto  Professor R. Zorn for kindly providing the sample of cis-
4.4%, Cpg from 31.4 up to 75.4 Kcq4/B from 9.8 up to  trans 1,4 PBD as well as data on the temperature shift pa-
21.9, ag from 0.70 up to 1.3%10 % K1, and they are of rameter. We thank Dr. J. Bartder a very useful discussion
the same magnitude as coefficients obtained fromati{&) on topics connected with this work.

V. CONCLUSION
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