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ABSTRACT: The microstructure of the free volume and its temperature dependence were studied for
amorphous Teflon AF 1600T§ = 160 °C) and AF 2400 Ty = 240 °C). These copolymers consist of
tetrafluoroethylene and 2,2-bis(trifluoromethyl)-4,5-difluoro-1,3-dioxole units and are used as highly permeable
membrane materials. We employed positron annihilation lifetime spectroscopy (PALS) to investigate the free
volume. From the lifetime spectra analyzed with the routine LT9.0 the hole size distribution, its mean size and
width were calculated. Results obtained from a three and a four component analysis of lifetime spectra are com-
pared. Both polymers show very large orthopositronium lifetimggorresponding to large hole sizes) and glass
transitions int3; near the expected values. AF 2400 shows an unusual behavior characterized by a nonlinear
temperature dependence of the orthopositronium lifetime, extraordinarily large mean vatg@sdfthe widths

of the lifetime distributionsr;. Possible explanations for this will be discussed in relation to the microstructure

of the copolymer.

1. Introduction Tao? and for the first time applied to polymers by Eldrup and
In the last 2 decades, positron annihilation lifetime spectros- co-workers?

copy (PALS) has become a generally accepted and most reliable 1 R 1 . [27R\]-1

experimental tool for probing the free volume in glassy To-ps™= é[l - (ﬁo) + o Sln(ﬁ)] ns (1)

polymerst—* When positrons emitted from a radioactive atom
(most commonly??Na) hit condensed matter (in this case a
polymer), they slow down quickly. Consecutively, until an-
nihilation, they can exist in the in form of free positrons)e

or as hydrogen-like Positronium atoms (Ps), the bound state of
et (positron) and & (electron). Depending on the spins of
electron and positron, they can form para-Ps (p-Ps, antiparallel
spins of € and €) and ortho-Ps (0-Ps, parallel spins). In p-Ps,
the selection rule does not prevent rapid intrinsic annihilation,
so very short lifetimes (0.125 ns) are observed. Free positrons
annihilate with intrinsic lifetimes of about 0.4 ns. Much longer
lifetimes are characteristic for annihilation of o-Ps. In vacuum,

the intrinsic lifetime of this bound state is 142 ns. However, in simple addition. Statistical treatments of the primary PALS

matter a coupling of wave functions of o0-Ps and electrons of - . o
the atoms of Fhe gr;naterial that surrounds the o-Ps is possible Soexpenmental data using both finite term methods (€.g., PATFIT)

the lifetimes are shortened by 2 orders of magnitude. In common or continuous lifetime distributions (CONTIN or M.ELT) have.
conventional glassy polymers, they are in the range of 3.8 been conducted by numerous authors, who studied such high

ns5~7 The paradigm of the PALS method is that o-Ps in permeability and large free volume polymers. Many of them
poiymers is localized in regions with reduced density (free came to the conclusion that a better statistical fit is obtained, if

volume elements or FVE) and survives there until annihila- ;Pc?n:lfi(te)tlir:?jgs:trriltt)):ctil%r:)t(indaFr:q/EniI;eog;tggﬁgntthzt fruer?cl:JtlitoSn
tion: The larger size of the FVE is, the longer the o-Ps lifetime y yp

: . o 15
will be. The mathematical expression of this statement is the algvxt/)gvzrblrsnoorggl;él?t\)/tinorr?l:#t:arrlztl?glb(ijlilftrg;Lfsthc::r;\f::grﬁs?é have
well-known semiempirical equation, originally developed by ’ y Y

been raised in the literatut&:18 Large hole sizes and multi-
modal size distributions have also been reported for other
* Corresponding author. Technische Fakultaet der CAU, Kaiserstrasse materials-polymer sorbents, zeolites, etc. It can be also added

2, 24143 Kiel, Germany. Telephone:49-431-880-6227. Fax:+49-431- : : .
880-6229. E-mail kr@tf.uni-kiel.de. that the sizes of FVE found via the PALS experiments have

wheret,—psis 0-Ps lifetime,R is the corresponding radius of
spherical FVE, andRy = R + AR (where the adjustable
parameteARis 1.66 A as determined by Jedf)This formula
predicts a nearly parabolic increaserywhen the hole radius
increases, and it can also be applied for hole size distributions.
Since the 90s, the studies of highly permeable glassy
polymers, potential or actual membrane materials, indicated that
in many such polymers the o-Ps lifetimes are, however, much
longett~1* and are in the range of-@8 ns or even more. For
very large holes, the intrinsic 0-Ps annihilation rﬁf'}e: 0.7 x
10’ s7! cannot be neglected and will be taken into account by

T Faculty of Engineering, Christian-Albrechts University of Kiel. obtained a very reasonable confirmation from other, independent
*A.V. Topchiev Institute of Petrochemical Synthesis, Russian Academy probe methods- inverse gas chromatography29%Xe NMR®
of Sciences. ; i i ;
SN.N. Semenov Institute of Chemical Physics, Russian Academy of and BE.T adsorppon StUdl.es Of.hlg.h fr.ee Yomm? materials. Some
Sciences. indication of a bimodal size distribution in a highly permeable
I'ITA Institute for Innovative Technologies, Kioen/Halle. polymer was obtained via the two-dimensiodéaiXe NMR
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method?® We will discuss this very interesting issue of the type accuracy) is distinctly improved. It was found that it cannot be
of lifetime and FVE size distribution in polymers and in the decided whether the analyzed bimodal distributions come from
later part of this paper. true bimodal or broad monomodal distributidf§s!® It should
0-Ps lifetimes (and correspondingly the FVE sizes calculated P€ noted, however, that the results described in refslBowere
from them) are very sensitive to the polymer structure, presenceOPtained for conventional glassy polymers such as polycarbon-
of additives, mechanical stress, and other conditions of the &€, and have never been tested for high free volume polymers
experiments such as pressure and temper&tdte’* Of special like poly(trimethylsilyl propyne) or Teflon AF copolymers.
interest here are the temperature effects on the o-Ps lifetimes SO the aim of this work was to study the temperature
75. Temperature dependencesmfhave been reported for a dependence of positron lifetime spectrogcopy fo.r amqrphous
large number of polymers both below and above their respective Teflons AF 1600 and AF 2400, both being well investigated
glass transition temperatures (see e.g., ref3,5221-23, and high-free volume polymers, in order to find an adequate
25-28). Such dependence combined with the dilatometric description of free volume distribution and its temperature

curves (temperature dependence of the specific voMgpef dependence above and below their caloric glass transition
polymers) found a very useful application: determination of (emperatures. .
the FVE number densitll (or hole number density.23:27.29.30 In the second part of our work now under preparation and to

Initially it was assumed that the valueshfare proportional to e published in a follow-up paper, we will present a full set of
the intensityl or statistical weight of the long-lived component  PVT experiments on AF 1600 and AF 2400. We will analyze
in the lifetime spectrurd! However, later it was shown that ~these data with the help of the Simha-Somcynsky equation of
the intensity also depends on the interaction of Ps precursorsState, calculate the fraction of free volume holes, and compare
with shallow or deep traps, for example, caused by irradigion these results with the hole sizes calculated from the current
(I3 is the 0-Ps yield), and the aforementioned proportionality PALS data in order to estimate the hole densities. Herg we will
holds only for polymer series of similar struct#eCombination ~ also compare the results for AF 1600 and AF 2400 with those
of 7(T) and Vs(T) curves for various polymers resulted in a for the cyclic copolymer glass CYTOP and with the linear
relevant finding: the hole number densitidsare confined in fluoroelastomer PFE.

a rather narrow range of 110) x 10?° cm3 independent of _
the polymer nature and structuf@23272930hen this work - EXPerimental Part

was conceived, all the reported(T) data had been obtained 2.1. Materials. As already mentioned, two amorphous Teflons
for conventional glassy polymers, such as polyvinyl acetate, AF were studied-the copolymer of 2,2-bis(trifluoromethyl)-4,5-
polystyrene or poly(methyl methacrylate). Unfortunately, only difluoro-1,3-dioxole and tetrafluoroethylene with the content of the

; ; ; i % (AF 2400) and the copolymer with this
few results were available for highly permeable polymers, which former being 87 mol :
draw much attention now as advanced materials for gas COMteNt being 65% (AF 1600). The films of the two copolymers
separation membran&s* were cast from solutions in perfluorotoluene in the laboratory of

one of the authors.
Amorphous Teflons AF 1600 and AF 2400 are random  Differential scanning calorimetry (DSC) was performed with a
copolymers of tetrafluoroethylene and 2,2-bis(trifluoromethyl)- DSC Q 1000 (TA Instruments) with a heating rate of 10 K/min. In

4 5-difluoro-1,3-dioxole with the mole content ofC,F,— units the first heating scan the curves of the as-received polymer samples
of 35 and 13%, respectively. They have attracted much attentionshowed glass transitions at 119 (AF 1600) arzD0°C (AF 2400),
because of many unusual propertiéow density (1.7 g/cr) which shifted to 153 and 23, respectively, in the second heating

run. This behavior may be attributed to the desorption of the solvent

much smaller than that of polytetrafiuoroethylene (2.1 djom used in casting. After the samples were dried for a longer period

attractive optical and dielectric properties, good mechanical in a vacuum at temperatures above the expedigdhe glass
characteristics, and very high gas permeabilitfed? Interest- transitions were found at 160 and 23Z (second heating scan),
ingly, those high gas permeabilities of these polymers are yegpectively. These values correspond to those indicated by the
combined with low heat conductiviti€s. provider (DuPont CO¥®

PAL spectra of perfluorinated polymers had been measured 2.2. PALS Measurements Positron annihilation experiments
several times at room temperature, also by some of the presenf!@ve been performed in a fadast coincidence setup with a home
authors’--41 The data treatment in those publications involved Madeé temperature-controlled sample holder under high vacuum

conditions as described in more detail, e.g., in 42. Polymeric thin
iéTig—pglr;/ %c‘;rrscof(l)\llp Nc?)rrﬂg:)anrgﬁ'.[ Ir;ifg]t?mcssfjigrr;[gjti-gzzon films were cut into 9x 9 mn? pieces and stacked together with a

. ) ) e 22Na source in a sandwich like manner (total thicknesé mm)
corresponding to bimodal size distributions of F\iggve better 15 ensure complete absorption of the positrons in the sample. The
fits than simple three component fits. It should be noted that, sandwich was wrapped into Al-foil and put into the sample holder.
under the assumption of a four component fit, the shorter Spectra were recorded with up to’d@unts within 12 h typically.
orthopositronium lifetimers revealed a relatively small intensity ~ The temperature was increased and decreased in steps of 10 K
Is (in the range 28%). The present study was prompted by (accuracy of temperatuee2 K) using an electrically resistive heater.
previous results of one of us (GD) which could cast some doubts
whether a four component description gives an adequate
representation of the FVE size distributions of real polymer  3.1. Positron Lifetime Spectrum at Room Temperature
materials. By analyzing computer generated spectra, one of usand Its Interpretation. Before discussing the temperature
has shown that in the case of a rather broad o-Ps lifetime dependence, a suitable model for the description of the data
distribution the routines CONTIN and MELT deliver a bimodal (lifetime 7 or the reciprocal, the decay rafg and the free
distribution as an artifact of the data analysis (for details see volume distribution at room temperature was determined. For
the extended analysis and discussions in refs18. Two the spectrum analysis, we use the new routine Life Timeits
narrow peaks appear in the analysis which are located right andlast version 9.3 The routine LT9.0 was developed based on
left of the maximum of the simulated broad distribution. This experiences with the routine CONTIN and assumes from the
artificial splitting may also appear for not so broad distributions beginning that the distributions @f;(1) follow a logarithmic
when the quality of the experiments (time resolution, statistical Gaussian function, wheg(A) is the probability density function

3. Results and Discussion
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Table 1. Parameters of the Lifetime Spectrum of AF 2400 at 30C Obtained from Fits under Different Assumptions.
(usually 14/13 = Y5 and o1 = 0)°

quantity y¥df ti(ns) o1(ns) t2(ns) o62(ns) 731(NS) o031(NS) t30rTa2(NS) ozoros(ns) P (%) Fi(%) Fai(%) FsorFsz(%)

a 2.783 0.0927 0 0.3929 0 0 0 6.841 0 2248 25 0 75
b 1.469 0.0911 O 0.3848 O 0 0 7.069 3.624 2422 25 0 75
c 0996 0.1082 O 0.3960 0.1050 O 0 7.276 2.753 2261 25 0 75
c-free 0.995 0.1063 0.0003 0.3960 0.1045 O 0 7.275 2.755 22.63 25.04 0 74.96
d 0.991 0.1078 O 0.3934 0.0978 2.04 0.002 7.437 2.477 23.08 25 4.50 70.50
d-free 0.991 0.1094 0.01 0.3937 0.0948 1.87 0.026 7.421 2.496 2355 26.12 4.43 69.45
e-discr 1.018 0.173 0 0422 0 2.97 0 8.06 35.9 51.0 12.1 36.9
error+ @ 0.005 O 0.003  0.002 0 0 0.01 0.01 0.3 0 0 0
error=+P 0.01 0 0.01 0.005 05 ~1 0.3 0.4 0.5 0 1 1

a Statistical error for analysis €.Statistical error for analysis d. The values 0, 25, and 75 are parameters fixed during tediumptions: (a) three
components, additional constraints; = o3 = 0 (discrete three term analysis); (b) three components, additional conswaint:0; (c) three components,
no further constraints; (d) four components, helrg(ls; + I32) = /3 andoy = 0, no further constraints. c-free and d-free denote fits without any constraints.
For comparison e-discr shows the results of the unconstrained disefeted, = 03 = 04 = 0) four term analysisP is the Ps yield given by = |1+ I3
(three components) arfdl= 1, + 131 + I3, (four components), respectively. Tieare the fractions of the Ps components defined~by: Ii/P.

(pdf) of the annihilation rate of the decay channéDne of us As an example, we present in Table 1 the results of such fits
found recently that employing LT9.0 the artifacts of the for AF 2400, performed under different assumptions. The
spectrum analysis discussed above can be avéfdeue LT9.0 sample was measured at 30 after finishing the upward and

analysis reproduces very accurately the input-parameters usedlownward temperature runs and hence in equilibrium (see later).
in the computer generation of spectra. The reason for its succes®s usually, we sort the components with respect to increasing
lies in the significant reduction of the degrees of freedom in lifetimes: 71, p-Ps; 1, positron (&); andzs, 0-Ps. In the case
LT9.0 compared with the routines CONTIN and MELT by of a four component analysis tieePs component splits up into
assuming the number of different annihilation channels and the two subcomponents which we denote herefsandrz,. The
shape of the annihilation rate distributions. Of course, similar analysis “c-free” shows the parameters from an unconstrained
to the discrete term analysis, we have to test how many three component fit. The analyzed parameters agree completely
components (three or four) describe correctly the lifetime with the expectations. ThePs component, for example, which
spectrum. However the advantage of LT9.0 is to allow all, or is extremely sensitive to the analysis, shows the relative intensity
some of them, to follow a distribution in their lifetimes The F1=11/P = 25(1) % (P = |1 + I3 denotes the total Ps yield)
parameter set of the decay function with the minimum number and the lifetime parameters = 0.106 (-0.002) ns andr, ~

of components, which shows an excellent fit to the experimental Q. Sincep-Ps annihilates very rapidly mainly via self-annihila-
spectrum, should be considered as that reasonable result whickion and shows almost no interaction with matter, its lifetime
can be derived from the experiment within the limits of the should be near to the lifetime in a vacuum, 0.125 ns, without
experimental accuracy. A further increase in the number of showing a distinct distribution. Recently, unconstrained LT9.0
components assumed in the spectrum decomposition may bsits to the lifetime spectra of two fluoroelastom&atand poly-
possible, but would not be required and therefore not supported dimethylsiloxane¥ delivered analogous results. In the latter
by the experiment. (See the general discussion of the problempolymer the Ps yield is rather highd?,= 62%, which allows

of deconvolution and lifetime extraction for nonexponential 5 very exact analysis. The spectrum analysis with discrete

decays in ref 45.) o lifetime terms by contrast leads to a strong overestimation of
The program LT9.0 expresses the lifetime spectrum by the ¢, and|,.

continuous function

s(t) = ; I ) a(A)d exp(=At) diwith  (2a)
i=12,3

The analyzed distribution in the"difetime, o, = 0.10 ns
andos/t, = 0.26 (Table 1), may be attributed to the annihilation
of positrons from different states, such as localized at local
empty spaces of different size and shape and possibly at some

1 (In }J}Lio)2 kind of traps. An & lifetime distribution ¢ = 0.363 nsp, =

. 2 - 22 di (2b) 0.09 ns,o,/7, = 0.25) was found in the past also for Kapton, a
op(2m) "4 20} polyimide which does not show Ps formatidp# 10096)6-18
The distribution in theo-Ps lifetime,o3 = 2.755 ns andrs/t3
= 0.38 is interpreted to mirror the volume and shape distribution
of the holes wher®-Ps is localized. It was previously found
that 7, and o, follow closely, although not one by one, the
variation ofrz andos as a function of temperature and pressure
that may underline the role of free volume in positron annihila-

a(A)di =

wherelj is the position of the maximum af;(1)A ando* =

oi(A) is a measure for the standard deviation of title
distribution. Eachai(4) is normalized so thaja;(d) di = 1

and ZI; = 1. A nonlinear least-squares fit of this function,
convoluted with the resolution function (a sum of two Gauss-
ians), to the spectra provides the annihilation parameters of the

eqgs 2a and 2b. In its version 9.0, the routine LT delivers the 10N*+%%

mean lifetimesz; and the mean dispersions of the corre- The large number of fitting parameters can make the
sponding lifetime distributionei(z) dr = ai(1)A? dz, 7i = exp- numerical analysis instable, particularly when thes intensity
(6i*2312)IA0 and o; = oi(r) = ti[exp(oi*?) —1]°° as output3 is not very high. In such cases we may introduce into the

Unconstrained three component fits have nine free floating analysis two reasonable constraintgiz = ¥/3 ando; = 0. The
parameters:t;, 7, 73 (the mean or first momentum of the results presented in Table 1 show the perfect agreement of both
lifetime distributions) o1, 02, 03 (the square root of the second analyses, “c-free” and “c”, within the accuracy of the experi-
momentum of the distributions), I3 (the relative area below  ments. For comparison we have analyzed the spectrum assuming
the distributions), and the time zetp The backgroundB can discrete lifetime terms for'eando-Ps. The lifetime parameters

be determined from the spectrum intensity at very large times from these fits and from a constrained and a free four component
t > 70 ns. analysis are shown in Table 1.
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Figure 1. Repeat units of the Teflon AF copolymer.

Our results allow the following conclusions: (i) The assump-
tion of discrete lifetime terms fan-Ps ¢3) and € (2, analysis
“a” and “b”) leads to imperfect fits indicated by too large values
for the reduced chi-squarg?/df, and systematic oscillations in
the weighted residuals. (ii) The analysis “c” (three components,
the only constraints ark/l; = %3 and o; = 0) results in an
excellent fit shown by the low value gf/df and the statistical
distribution of the residuals. The obtained fit parameters agree
with those from the unconstrained analysis “c-free”. (iii) The
analysis “d” (four components, either free or with the constraints
11/(Is1 + 13 = Y3 and o1 = 0) gives only slightly better fits
than analysis “c”. We consider this as evidence that both variants
“c” and “d” give approximately equal statistical fits, so it is
impossible to discern the better model, at least for this polymer.

So we have analyzed all spectra of our polymers by both models.
One can assume that this result is the consequence of rathe

small Ps yield in the Teflon AF polymers. Possibly, both models
could be distinguished in the case of highly porous polymers
with a high Ps yield.

The unconstrained discrete four term analysis (e-discr in Table
1) show good fits withy?/df near 1. Compared with the analyses
allowing distributions, all lifetimes shift to higher values. As
usually observed in discrete term fits, the fraction of p-Ps
formation, hereF; = 51%, appears too large compared with
the theoretical expectatidf, = 25%.

In Figure 2, the corresponding results for the distributions of
free volume for mono- and bimodal hole size distributions are
plotted. We show the radius probability density functions (pdf)
n(ry) calculated frorm(rn) = —oa(1) dA/dry, whereos(4) is the
0-Ps annihilation rate pdf.” In the case of the four component
lifetime analysis the distributionsxsi(1) and asx(l) were
weighted with their relative intensitids; = P x Fz; andls; =
P x Fs2 (Table 1). It is not very clear whether o-Ps samples
holes of different size with the same probability. Frequently an
increasing weight with increasing hole size is assufvéd!

For a comparison with the theory we have therefore shown in
Figure 2 the volume-weighted distributions from molecular
modeling Rnax accessible free volume distribution for a probe
molecule with the radius, = 1.1 A, see Figure 7 in Hofmann
et al9).

We remark again that the respective paramgtélf derived
from the analyses “c” and “d” do not differ very much. The
distribution derived from analysis “c” of Teflon AF 2400 has a
maximum at 5.4 A and a half-width of 1.1 A, whereas that from
“d” has a dominating peak (weight 70.5/250.94) at 5.75 A
with a half-width of 1.3 A associated with a very narrow peak
at 3.8 A (weight 4.5/75= 0.06). Both distributions disagree
with computer simulations (so-call&ax approximation) which
show a broad peak centered3eA and a flat wing up to 13 A.
There is, however, a disagreement in detail: The experimental
distributions have higher mean values and narrower widths. This
is also true for the four component (bimodal) analysis. The
distributions for AF 1600 show the same behavior.

It can also be reminded that another simulation approach,
Veonnectused in ref 46 and elsewhere, gives two distinct peaks
(bimodal size distribution of FVE), though with larger holes
than are predicted by the PALS and other probe methods. For

Temperature Dependent PALS in Teflon AF91

(@) 3

AF1600

hole radius pdf n(r,) (a

(b)

A) 1

hole radius pdf n(r,) (a. u.)

. (A)

F|gure 2. Hole radius probability density functiongry,) = —as(1)
dA/dry at 30°C. The solid and the dashed lines show the curves for a
three- and a four-component analysis of the lifetime spectrum. The
bars show the volume-weighted distributions from molecular modeling
(Rmnax accessible free volume distribution for a probe molecule with
the radiusr, = 1.1 A, see Figure 7 in Hofmann et &t.and data are
from Hofmann et al. directly and rescaled for comparison). The
distributions are normalized to the unity area below the curves. The
insets show the cumulative hole size distributions. Key: (a) AF 1600;
(b) AF 2400.

other systems, e.g., for poly[1-phenyl{2triisopropyl)phenyl]-
acetylene] the agreement between the PALS data and computer
simulations is much bettéf.One can assume that in real glassy
polymers one encounters with some overlapping of the topolo-
gies described by the moddRax and Veonnect

The effect that both three and four component treatments of
the PALS data lead to mean hole sizes larger than those from
molecular dynamics calculations (in approximati®Rax'®) is
also observed for other high free volume polymers (polyim-
ides2—poly(trimethylsilyl propyne) and for polymer sorberifs.

Itis likely that such a discrepancy is not accidental and is related
to the mechanism of capture of positronium by free volume
elements. Kirchheim et afé for example, concluded that the
0-Ps hole sizes are distinctly larger than those estimated from
sample dilatation during gas sorption. These observations must
be a subject of further investigations.

One important problem in calculations is how to simulate
the particular response of 0-Ps to complex holes and holes being
flat or elongated. One may expect that o-Ps, when trapped by
a larger complex hole, can move within this hole and concen-
trates at that part of the hole which shows the highest openness
(size and three-dimensionality). Here the localized o-Ps finds
its lowest energy level within the hole. Less open parts of this
complex hole may then appear underrepresented. This possible
effect is not yet considered in computer simulations. The
calculations to correlate MD simulations and positronium
lifetime at room-temperature we are aware of, are billéfu
Plathe et al*? but it is not clear whether this gives appropriate
sizes of free volume. Recently, work was performed taking into
account the temperature dependence also above glass transition
and hence including dynami€%lt might also be possible that
the effective size of the 0-Ps probe assumed in the calculations
in ref 46,rps = 1.1 A, is too small to simulate correctly the
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Table 2. Orthopositronium Lifetimes at Room Temperature in (a) 12 ——
Teflon AF Copolymers. (Error Bars Not Given by Original Authors, 11] AF1600 {20
Usually Less than 10% of Value) 101 9
{18 =,
polymer 731(NS) 732 (NS) atmosphere ref 94 -
{16
AF 1600 1.4 52 ambient 39 81 o
0.68 4.7 ambient 38 74 1, 114
53 N 46 ? 8] 12
14 55 high vacuum this work = 5] T,
AF 2400 1.7 6.0 ambient 38 4 - 10
1.8 8.0 N 46 -
2.0 7.4 high vacuum this work - 3 o, oe 18
(=
£ 21
© 16
. . . . . . ©
1 T T T v
localization of the Ps, a light quantum mechanical patrticle, in 0 50 700 750 360 350

a potential well of finite width and depth. The effective size

should correspond to the smallest hole size detected by o-Ps. TCo
This was estimated to, ~ 1.5 A 225152 (b) 127

Since the problem of interpretation of PAL spectra via one 11] AF2400 é@?g 19 3
or more orthopositronium components is very relevant for 10] O aathe® T — | 43 e
probing free volume in glassy and especially high permeability 9] D,?s
polymers and other materials, it is worthwhile to return to this 8] ;ﬂ’! 17
subject using the LT9.0 methodology for materials with larger T 7] 'W~ 16
relative intensities of both positronium components. e T (DSC)

Let alone the type of lifetime distribution, it is interesting to © 5] — ° 115
compare the longest lifetimes of amorphous Teflons AF % 14
measured in the present work and earlier publications. This is %
given in Table 2. It is obvious from this table that, if one takes o’ 2 crpersbein e | 13
into account the effects of oxygen quenching (measurements } 12

in air atmosphere, in a vacuum or in nitrogen atmosphere), all 0 50 100 150 200 250
the works indicate that very long lifetimes are characteristic T(C)

for these polymers. It_means that relatively large sizes of FVE Figure 3. Lifetime parameters of o-Ps annihilation as a function of
(see eq 1) should exist in the structure of amorphous Teflons the temperatureT. Shown are the mean lifetimess, the mean
AF. dispersiongr; (square root of the variance the o-Ps lifetime distribution),

Summarizing one can state that from positron lifetime alone and kt)hfl% relaﬁvﬁf intensitiels (;:”_'ed circles). Tdhg open and the filled

; ; _ ; i~ Symbols come from runs with increasing and decreasing temperatures.

one .Car.mOt .deCI.de the question of mono or bimodal size The lines are a guide for the eyes. Key: (a) AF 1600; (b) AF 2400.
distributions in high-free volume polymers. This can only be
dealt with in conjunction with other techniques or methods like
MD simulations. However, as it will be shown in the following

paragraph, the temperature dependence can be investigated wit . . o .
both approaches and gives similar information. The mean dispersion of the o-Ps lifetime distributiof

3.2. Temperature Dependence of Positron Lifetime Spec- mirrors the density fluctuations in the amorphous polymer which
tra. Since three and four component descriptions of the PAL Nave a static, frozen-in, character beldy but a dynamic
spectra of AF copolymers gave approximately equal results, the Character (thermal fluctuations) abov<_a that temperature. I_n most
data accumulated at different temperatures were treated for botH?°lymers the ratiog/(zs — 0.5) (0.5 ns is the o-P; ggeUme limit
cases. Let us start with the three component description. for zero hole size) exhibits values around-6@3* *For very

Figure 3a presents the temperature dependence of the o-pflexible polymers it might be o_listinctly smaller. In the case of
lifetime parameterss, os, andlz = P x Fs in AF 1600. This AF1600 the ratiass/(t3 — 0.5) increases from 0.3 at 3C to
dependence closely resembles the ones obtained in the literaturd-4 at 230°C. These large values may be understood from the

for numerous polymers in the temperature range below and assumption that the hole size distribution is sensitive not only
above their glass transition temperatures. The kink in the to thermal fluctuations but also to an inherent disorder in the

temperature dependencemfandos occurs close to th@ of random copolymer (cqncentration fluctuation.s) and. changes in
this polymer as measured by DSC. It is interesting that above the conformation of this polymer (see the Discussion below).
Ty the lines obtained in the heating and cooling cycles virtually ~ The intensityls also increases with temperature, however,
coincide, which is indicative of equilibrium state of the polymer similarly to 73, with different slopes in the heating and cooling
aboveTg. Below Ty, some difference in lifetimes can be noted. cycles.ls mirrors the Ps yield P, which is a complex function
They can be explained by a removal of the residual solvent of the diffusion kinetics of positrons and free electrons, trapping
from the rubbery polymer during the first heating run. In the and detrapping reactions of these particles with shallow or deep
polymer glass the small solvent molecules can occupy the freetraps (including centers produced by theand fast positron
volume holes and reduce in this way the average hole volume radiation), and the Ps formation kinetics. Some of us observed
detected by the 0-Ps probe. This leads to a decrease in the o-P8 linear dependency betweénand 73 in thermal expansion
lifetime. When approaching the glass transition, the solvent and isothermal compression experiments for two fluoroelas-
molecules desorb from the sample, and ab@yend in the ~ tomers. Arguments were given that larger holes may promote
subsequent cooling run o-Ps detects the free volume structurePs formatiore!27
of the pure polymer. So in different polymers various trends of th€T) depend-
Comparing the slopes of the curvegT) below and above encies were observed: virtual independenceTo{PVA,>
Ty with other polymers shows that the slope observed for AF polybutadiené? polystyrend), increase with temperature (PC,
1600 does not differ noticeably from those reported for other, PS, PMMA3* polyimides$®), and even decrease (polypropy-

conventional glassy polymers. This result can be confirmed by
Wuch more numerous data for other polymers.
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7 90 - 0 values ofy?df from both fits are almost the same and very

4 g-g: . % %% %é%@m :g close to 1 (bottom of the Figure 4). The longer o-Ps component,
T 75] — ] denoted here ags, (032, 132 — the intensities are not plotted),

< 7.0 ATi T (DSC) - shows a behavior similar to the third term from the three
S, 3 ._%lluﬁ%ﬁﬁa@éwlﬁ @ component analysists (o3, l3). The following systematic

5 24% - 1 LI e 4 3 changes between both groups of parameters can be observed in
.% (1): Wc—‘ 3 f%’ Figure 4: 73, is larger thanrs by ~0.5 ns,03; is smaller than

2 = SRRRSEEE | 17 o3 by ~1 ns, and s, is smaller tharis by ~2.5%. This behavior

a . . . L 3 can also be observed in the distributions in Figure 2. The
° 0 50 100 T1(5°((J:) 200 250 300 E appearance of the lower o-Ps lifetimg shifts the upper o-Ps

_ _ lifetime to larger values and narrows the distributian;
Figure 4. Comparison of the results of the three and four component decreases with increasing temperatures approximately linearly
analyses of lifetime spectra for AF 2400 (heating run). Filled circles: from 3.1 to 2.5 ns, whilds; stays almost constant at 2.5%
meano-Ps lifetime and mean dispersion from the three component ) ; ’ st . NN
analysiszs andos. Here the error flags are smaller than the point size. Because of the larger number of parameters in the four
Empty squares: mean and mean dispersion of the upperlifetime component analysis, the scatter in the lifetime parameters and
from the four component analysiss; and oz2. Empty triangles: the intensities is distinctly larger than in the three component
ower o bs lifefimersy from the four component analysis. For reducing  analysis. Sinces varies parallel and close o, the qualitative

the scatter in the analyzed parameters, we assum . Compare . . .

73 and g, from the four component analysis with andas from the conclusions from both types of analysis would not differ.

three component analysis. The dots and crosses show the reduced chi- Only preliminary assumptions can be made now regarding
squarey?/df of the three and four term analyses. the nature of such behavior. It can be noted that recently the
. . temperature dependences of the positron annihilation parameters
lené®®). Note that different behavior has been observed for the were measured for other high free volume, highly permeable

same polymers (PS). We do not discuss further this temperatur olvmers—polvI5-(trimethvisilvl)-2-norbornendl and the so-
dependence, th.OUQh it can be note(_j that in the co_oling cycle inegaléd “polSmZ[r 01S intrinsi)é mi{:)roporosity" or P]il\?lféﬁg Earlier
the polymer which apparently contains no or very little residual the lifetimes in poly(trimethylsilyl propyne) at different tem-

solvent, the observel values are markedly higher. peratures were reportéd.In all cases, high permeability

d Enﬂ:jely d|ffefrt(i]nt results were Slbtamled forAtlrzleziteargperature polymers revealed independence of positronium lifetimes of
epencdence ol the more permeable polymer yare temperature in the glassy state. So a conclusion can be made

pre_sented in Figure _3b. In order to remove the casting solvents,that anomalous dependence3), in contrast to conventional
which we observed in the case of Teflon AF 1600 (see above), glassy polymers, are a feature of highly permeable polymers.

we have annealed this polymer in the lifetime device in a
vacuum at a temperature abolgfor 1 day. Now the lifetimes A complex character of thes(T) dependence for AF 2400

73 from the heating and cooling run are largely identical. Only OPserved in the present paper (see Figures 3b and 4) can be
I3 shows a hysteresis below 10€. This we attributed to related to changes in conformation of this polymer which can
positron radiation effects which appear stronger in the cooling 0CCUr at elevated temperatures. Quantum chemical calculations

run of measurements than in the sample used for starting thehave showff that the rings of 2,2-bis(trifluoromethyl)-4,5-
heating run. This radiation effect seems to anneal out at difluoro-1,3-dioxole that form main chains in AF 2400 can exist

temperatures higher than 10G. in two conformations with different distortions of the flat shape

Above the temperature of break (it is somewhat beTywof of the ring. Their energies differ by about 10 kJ/mol. Main
this polymer from DSC) both curves coincide again, indicating chains of this polymgr can include also dlﬁerent confor_rnat!ons,
that the polymer is in the equilibrium state. AboTgthe o-Ps but the energy barriers be'tween .two adjacent 2,.2-b|s(tr|fluo-
lifetime behaves quite normally with a coefficient of thermal romethyl)-4,5-difluoro-1,3-dioxole rings are much higher (about
expansion of (If(Ty)) dra/dT = 1.7 x 10-3 KL, which is not _60 kJ/moI)_, SO an assumption that conformation transitions occur
as steep as for other polymers above tfgiHowever, below 1N the main chains at 16e200°C seems to be less probable.
Ty the behavior ofrx(T) is fairly complicated showing first Thg changes of §pat|al orientation of the rings at every repeat
relatively steep increase with temperatured(6 x 10-3 K1) unit can affect slightly the sizes of FVEs, as is manifested by
and then a broad maximum or very weak temperature depen-the temperature dependencergl). We remark here that AF
dence. 2400 exhibits extraordinary broad lifetime distributions with

The temperature dependences of lifetimes in AF 2400 were 'atiosos/(zs — 0.5)~ 0.4. These larger values occur also in the
also considered in the approximation of a four component 9lass which shows the importance of non-thermal density
distribution, being equal to two o-Ps components and a bimodal qu_ctuat|on_s (concentration and conformational fluctuations) in
hole size distribution. (See Figure 4.) The aim of this part of this material.
the work was to examine to what extent statistical fits will For the polymers investigated here, at least a first tentative
change at higher temperatures. Especially interesting is the taskevaluation shows that if one assumes a bimodal size distribution
to examine the annihilation spectra above the corresporiging and hence fits the data with two long lifetimes, this bimodal
of both polymers, because all the high permeability polymers size distribution remains even above the caloric glass transition
studied so far have glass transition temperatures above theitemperaturdy (Figure 3b). Under these assumptions, this means
onset of decomposition. Therefore, no information was available that a bimodal hole distribution also exists in the rubbery state.
whether such polymers in rubbery state would keep some However, this seems to be surprising: a bimodal size distribution
interesting features of high free volume polymers: the observed implies that holes in the polymer of the size of the minimum
lifetimes aboveTy are much greater than any ones reported so of the distribution (e.g., 0.4 nm for Teflon AF 1600, see Figure
far for other rubbers. 2a) are either not observed or thermodynamically not stable in

As an example, we show in Figure 4 for AF 2400 the o-Ps this polymer, even abov&;. Two speculations about this are
lifetime parameters from the four component analysis in possible. One is that this size is just the boundary for the
comparison with those from the three component analysis. The orthopositronium between tH&nax and theVeonnectmodel; i.e.,
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holes of this size are either seen as a single hole with a smaller (3) Bartos, J. InEncyclopedia of Analytical Chemisiriieyers, R. A.,

it i St Ed.; Wiley: Chichester, U.K., 2000; p 7968.
!:_fﬁtlmehor as I?rger.con.neCted ho(ljes Wlth(;m;]Chflonger: |If$1tlTeS.f (4) Yampolskii Yu, P.; Shantarovich, V. IMaterials Science of Mem-
e other explanation Is centered around the fact, that holes o branes for Gas and Vapor Separatioampolskii, Y., Pinnau, 1.,

this size are thermodynamically unstable, although the reason Freeman, B. D., Eds.; Wiley: Chichester, U.K., 2006; p 191.
for this is not clear yet. (5) Kobayashi, Y.; Zheng, W.; Meyer, E. F.; McGervey, J. D.; Jamieson,

There is one more point to be discussed. Obviously, intensities ﬁ.ri?t.c; WS’"H"a'A.Ff"g;gﬁymé"'fc\;‘é?sfgé;z’ >%i3u;(,)2|;.; Gidley, D. W.
of the 0-Ps components cannot be used directly for calculations " pacromolecules996 29, 8507.

of the number densities of the free volume holes of a given (7) Liu, J.; Deng, Q.; Jean, Y. @acromoleculest993 26, 7149.
radius, since the discrete component representation is only an (8) Tao, J.J. Chem. Phys1972 56, 5499.

approximation and because density of electrons in the spur is Eldr“p' M.; Lightbody, D.; Sherwood, J. Nl. Chem. Phys1981, 63,
sometimes a limiting factor. However, if once trapped o-Ps does (10) Jean, Y. CMicrochem. J199Q 42, 72-102.

not move from hole to hole, we might expect higher intensities (11) Yampolskii, Yu. P.; Shantarovich, V. P.; Chernyakovskii, F. P.;
of the lifetimes corresponding to holes of predominant concen- Kornilov, A. I.; Plate, N. A.J. Appl. Polym. Scil993 47, 85.

. . . . (12) Consolati, G.; Genco, |.; Pegoraro, M.; ZanderighiJ LPolym. Sci.
tration. According to simulation for AF 1600 and AF 2400, these Pol. Phys.1997, 34, 357.

are holes of the radius about 3 A. However actubjly I, and (13) Okamoto, K.; Tanaka, K.; Ito, M.; Kita, H.; Ito, Wiater. Sci. Forum
is about 2-3%, whilel; = 16—17%. As one of the possible 1995 175-178 743.

i i i (14) Hougham, G.; Zhang, Q.; Jean, Y.Ralym. Prepr(Am. Chem. Soc.,
explanations, this effect can be considered as a result of Ps Div. Polym. Chen). 1998 39, 871

mo.tlon, for example in a pore of a complex Sh?pe’ con§|stlng (15) Winberg, P.; Desitter, K.; Dotremont, C.; Mullens, S.; Vankelecom,
of interconnected smaller pores of different sizes, as it was I. F. J.; Maurer, F. H. IMacromolecule®005 38, 3776.
discussed above in the “V-connect” model of the dynamic (16) Dlubek, G.; Hbner, C.; Eichler, SNucl. Instrum. Methods Phys. Res.

; ; ; it ; P ; ) B 199§ 142 191—202.

simulation. Further PAI_. investigations in comblnayon with low: (17) Diubek, G.: Eichler. S.: Fhner, C.. Nagel, CPhys. Status Solidi A
temperature gas sorption and theoretical modeling of polymer 1999 174 313.

structure are considered capable of giving more insight into this (18) Dlubek, G.; Eichler, S.; Faner, C.; Nagel, ONucl. Instrum. Methods
pr0b|em. Phys. Res. B999 149 501. o )

Nevertheless, we may conclude that, in spite of some specific (1% S%%T%;Sdégi%y's&%; Fonseca, A.; Algieri, C.; Yampolskii, Yu.

features of trapplng, positron anr_1|h|Iat|on_data, after appropn_ate (20) Wang, Y.: Inglefield, P. T.; Jones, A. A. Polym. Sci., Polym. Phys.
treatment, can give valuable information on the pore-size 2002 40, 1965.

distribution in systems with highly developed porosity. For (21) Dlubek, G.; Wawryszczuk, J.; Pionteck, J.; Goworek, T.; Kaspar, H.;

example, these data give a hint on asymmetry of the distribution, 22) 'k?limﬁaé .ng\’,\v/'r?grzocr;l?ll(ecju.legi?gék?’g 4,23?(;&?(;& I sHlar. R.:

information which until recently was not accessible with such Alam, M. A. Macromol. Chem. Phy005 206, 818.
more traditional methods a¥%e NMR and inverse gas (23) Bohlen, J;; Kirchheim, RMacromolecule2001, 34, 4210.

chromatography?® The role of 0-Ps mobility can be further (gg) Deng, Q. Jean, ¥. G\"}f‘??mto'eﬁ“ﬁihggg 28 8 o, Ph
studied in comparison with sorption experiments and molecular )1938%6 iélgér'nen’ - Fretwetl, 7. AL Folym. Set., Folym. Fhys.

dynamic simulations. This comparison may become still more (26) Dlubek, G.; Supej, M.; Bondarenko, V.: Pionteck, J.; Pompe, G.;
interesting for materials with closed porosity, where possibilities Krause-Rehberg, R.; Emri, 1. J. Polym. Sci., Polym. Phy2003

. . 41, 3077.
of sorption methods are limited. (27) Dlubek, G.; Gupta, A. S.; Pionteck, J.; Krause-Rehberg, R.; Kaspar,

H.; Lochhaas, K. HMacromolecule2004 37, 6606.
4. Summary (28) Dlubek, G.; De, U.; Pionteck, J.; Arutyunov, N. Y.; Edelmann, M.;
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size distributions. The temperature dependence of lifetimes 67.

. . . : (34) Shantarovich, V. P.; Suzuki, T.; Djourelov, N.; Shimazu, A.; Gustov,
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