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ABSTRACT: The microstructure of the free volume and its temperature dependence were studied for
amorphous Teflon AF 1600 (Tg ) 160 °C) and AF 2400 (Tg ) 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 lifetimesτ3 (corresponding to large hole sizes) and glass
transitions inτ3 near the expected values. AF 2400 shows an unusual behavior characterized by a nonlinear
temperature dependence of the orthopositronium lifetime, extraordinarily large mean values ofτ3 and the widths
of the lifetime distributionsσ3. Possible explanations for this will be discussed in relation to the microstructure
of the copolymer.

1. Introduction

In the last 2 decades, positron annihilation lifetime spectros-
copy (PALS) has become a generally accepted and most reliable
experimental tool for probing the free volume in glassy
polymers.1-4 When positrons emitted from a radioactive atom
(most commonly22Na) 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
e+ (positron) and e- (electron). Depending on the spins of
electron and positron, they can form para-Ps (p-Ps, antiparallel
spins of e+ and e-) and ortho-Ps (o-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
matter a coupling of wave functions of o-Ps and electrons of
the atoms of the material that surrounds the o-Ps is possible, so
the lifetimes are shortened by 2 orders of magnitude. In common
conventional glassy polymers, they are in the range of 1.5-3.0
ns.5-7 The paradigm of the PALS method is that o-Ps in
polymers is localized in regions with reduced density (free
volume elements or FVE) and survives there until annihila-
tion: The larger size of the FVE is, the longer the o-Ps lifetime
will be. The mathematical expression of this statement is the
well-known semiempirical equation, originally developed by

Tao,8 and for the first time applied to polymers by Eldrup and
co-workers:9

whereτo-Ps is o-Ps lifetime,R is the corresponding radius of
spherical FVE, andR0 ) R + ∆R (where the adjustable
parameter∆R is 1.66 Å as determined by Jean).10 This formula
predicts a nearly parabolic increase inτ3 when 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
longer11-14 and are in the range of 6-8 ns or even more. For
very large holes, the intrinsic o-Ps annihilation rateλT

0) 0.7×
107 s-1 cannot be neglected and will be taken into account by
simple addition. Statistical treatments of the primary PALS
experimental data using both finite term methods (e.g., PATFIT)
or continuous lifetime distributions (CONTIN or MELT) have
been conducted by numerous authors, who studied such high
permeability and large free volume polymers. Many of them
came to the conclusion that a better statistical fit is obtained, if
the lifetime distribution (and FVE size distribution that results
from it) is described not by a monomodal Gauss type function
but by a bimodal or even multimodal distribution function.11-15

However, some doubts on the reliability of such analysis have
been raised in the literature.16-18 Large hole sizes and multi-
modal size distributions have also been reported for other
materialsspolymer sorbents, zeolites, etc. It can be also added
that the sizes of FVE found via the PALS experiments have
obtained a very reasonable confirmation from other, independent
probe methods- inverse gas chromatography,4 129Xe NMR19

and BET adsorption studies of high free volume materials. Some
indication of a bimodal size distribution in a highly permeable
polymer was obtained via the two-dimensional129Xe NMR
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method.20 We will discuss this very interesting issue of the type
of lifetime and FVE size distribution in polymers and in the
later part of this paper.

o-Ps lifetimes (and correspondingly the FVE sizes calculated
from them) are very sensitive to the polymer structure, presence
of additives, mechanical stress, and other conditions of the
experiments such as pressure and temperature.10,21-24 Of special
interest here are the temperature effects on the o-Ps lifetimes
τ3. Temperature dependences ofτ3 have been reported for a
large number of polymers both below and above their respective
glass transition temperatures (see e.g., refs 5-7, 21-23, and
25-28). Such dependence combined with the dilatometric
curves (temperature dependence of the specific volumeVsp of
polymers) found a very useful application: determination of
the FVE number densityN (or hole number density).22,23,27,29,30

Initially it was assumed that the values ofN are proportional to
the intensityI3 or statistical weight of the long-lived component
in the lifetime spectrum.31 However, later it was shown that
the intensity also depends on the interaction of Ps precursors
with shallow or deep traps, for example, caused by irradiation32

(I3 is the o-Ps yield), and the aforementioned proportionality
holds only for polymer series of similar structure.33 Combination
of τ3(T) and Vsp(T) curves for various polymers resulted in a
relevant finding: the hole number densitiesN are confined in
a rather narrow range of (1-10) × 1020 cm-3 independent of
the polymer nature and structure.4,22,23,27,29,30When this work
was conceived, all the reportedτ3(T) data had been obtained
for conventional glassy polymers, such as polyvinyl acetate,
polystyrene or poly(methyl methacrylate). Unfortunately, only
few results were available for highly permeable polymers, which
draw much attention now as advanced materials for gas
separation membranes.12,34

Amorphous Teflons AF 1600 and AF 2400 are random
copolymers of tetrafluoroethylene and 2,2-bis(trifluoromethyl)-
4,5-difluoro-1,3-dioxole with the mole content of-C2F4- units
of 35 and 13%, respectively. They have attracted much attention
because of many unusual properties:35 low density (1.7 g/cm3),
much smaller than that of polytetrafluoroethylene (2.1 g/cm3),
attractive optical and dielectric properties, good mechanical
characteristics, and very high gas permeabilities.35-38 Interest-
ingly, those high gas permeabilities of these polymers are
combined with low heat conductivities.35

PAL spectra of perfluorinated polymers had been measured
several times at room temperature, also by some of the present
authors.27,38-41 The data treatment in those publications involved
PATFIT and/or CONTIN programs. In the case of the Teflon
AF copolymers four component lifetime distributionss
corresponding to bimodal size distributions of FVEssgave better
fits than simple three component fits. It should be noted that,
under the assumption of a four component fit, the shorter
orthopositronium lifetimeτ3 revealed a relatively small intensity
I3 (in the range 2-8%). The present study was prompted by
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
materials. By analyzing computer generated spectra, one of us
has shown that in the case of a rather broad o-Ps lifetime
distribution the routines CONTIN and MELT deliver a bimodal
distribution as an artifact of the data analysis (for details see
the extended analysis and discussions in refs 16-18). Two
narrow peaks appear in the analysis which are located right and
left of the maximum of the simulated broad distribution. This
artificial splitting may also appear for not so broad distributions
when the quality of the experiments (time resolution, statistical

accuracy) is distinctly improved. It was found that it cannot be
decided whether the analyzed bimodal distributions come from
true bimodal or broad monomodal distributions.16-18 It should
be noted, however, that the results described in refs 16-18 were
obtained for conventional glassy polymers such as polycarbon-
ate, and have never been tested for high free volume polymers
like poly(trimethylsilyl propyne) or Teflon AF copolymers.

So the aim of this work was to study the temperature
dependence of positron lifetime spectroscopy for amorphous
Teflons AF 1600 and AF 2400, both being well investigated
high-free volume polymers, in order to find an adequate
description of free volume distribution and its temperature
dependence above and below their caloric glass transition
temperatures.

In the second part of our work now under preparation and to
be published in a follow-up paper, we will present a full set of
PVT experiments on AF 1600 and AF 2400. We will analyze
these data with the help of the Simha-Somcynsky equation of
state, calculate the fraction of free volume holes, and compare
these results with the hole sizes calculated from the current
PALS data in order to estimate the hole densities. Here we will
also compare the results for AF 1600 and AF 2400 with those
for the cyclic copolymer glass CYTOP and with the linear
fluoroelastomer PFE.

2. Experimental Part

2.1. Materials. As already mentioned, two amorphous Teflons
AF were studiedsthe copolymer of 2,2-bis(trifluoromethyl)-4,5-
difluoro-1,3-dioxole and tetrafluoroethylene with the content of the
former being 87 mol % (AF 2400) and the copolymer with this
content being 65% (AF 1600). The films of the two copolymers
were cast from solutions in perfluorotoluene in the laboratory of
one of the authors.

Differential scanning calorimetry (DSC) was performed with a
DSC Q 1000 (TA Instruments) with a heating rate of 10 K/min. In
the first heating scan the curves of the as-received polymer samples
showed glass transitions at 119 (AF 1600) and∼200°C (AF 2400),
which shifted to 153 and 232°C, respectively, in the second heating
run. This behavior may be attributed to the desorption of the solvent
used in casting. After the samples were dried for a longer period
in a vacuum at temperatures above the expectedTg, the glass
transitions were found at 160 and 237°C (second heating scan),
respectively. These values correspond to those indicated by the
provider (DuPont CO).35

2.2. PALS Measurements.Positron annihilation experiments
have been performed in a fast-fast coincidence setup with a home
made temperature-controlled sample holder under high vacuum
conditions as described in more detail, e.g., in 42. Polymeric thin
films were cut into 9× 9 mm2 pieces and stacked together with a
22Na source in a sandwich like manner (total thickness) 1 mm)
to ensure complete absorption of the positrons in the sample. The
sandwich was wrapped into Al-foil and put into the sample holder.
Spectra were recorded with up to 107 counts within 12 h typically.
The temperature was increased and decreased in steps of 10 K
(accuracy of temperature(2 K) using an electrically resistive heater.

3. Results and Discussion

3.1. Positron Lifetime Spectrum at Room Temperature
and Its Interpretation. Before discussing the temperature
dependence, a suitable model for the description of the data
(lifetime τ or the reciprocal, the decay rateλ) and the free
volume distribution at room temperature was determined. For
the spectrum analysis, we use the new routine LifeTime43 in its
last version 9.0.44 The routine LT9.0 was developed based on
experiences with the routine CONTIN and assumes from the
beginning that the distributions ofRi(λ) follow a logarithmic
Gaussian function, whereRi(λ) is the probability density function
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(pdf) of the annihilation rate of the decay channeli. One of us
found recently that employing LT9.0 the artifacts of the
spectrum analysis discussed above can be avoided.26 The LT9.0
analysis reproduces very accurately the input-parameters used
in the computer generation of spectra. The reason for its success
lies in the significant reduction of the degrees of freedom in
LT9.0 compared with the routines CONTIN and MELT by
assuming the number of different annihilation channels and the
shape of the annihilation rate distributions. Of course, similar
to the discrete term analysis, we have to test how many
components (three or four) describe correctly the lifetime
spectrum. However the advantage of LT9.0 is to allow all, or
some of them, to follow a distribution in their lifetimesτi. The
parameter set of the decay function with the minimum number
of components, which shows an excellent fit to the experimental
spectrum, should be considered as that reasonable result which
can be derived from the experiment within the limits of the
experimental accuracy. A further increase in the number of
components assumed in the spectrum decomposition may be
possible, but would not be required and therefore not supported
by the experiment. (See the general discussion of the problem
of deconvolution and lifetime extraction for nonexponential
decays in ref 45.)

The program LT9.0 expresses the lifetime spectrum by the
continuous function

whereλi0 is the position of the maximum ofRi(λ)λ andσi* )
σi(λ) is a measure for the standard deviation of theith
distribution. EachRi(λ) is normalized so that∫Ri(λ) dλ ) 1
and ΣIi ) 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
eqs 2a and 2b. In its version 9.0, the routine LT delivers the
mean lifetimesτi and the mean dispersionsσi of the corre-
sponding lifetime distributionsRi(τ) dτ ) Ri(λ)λ2 dτ, τi ) exp-
(σi*2/2)/λi0 and σi ) σi(τ) ) τi[exp(σi*2) -1]0.5 as output.43

Unconstrained three component fits have nine free floating
parameters:τ1, τ2, τ3 (the mean or first momentum of the
lifetime distributions),σ1, σ2, σ3 (the square root of the second
momentum of the distributions),I1, I3 (the relative area below
the distributions), and the time zerot0. The backgroundB can
be determined from the spectrum intensity at very large times
t > 70 ns.

As an example, we present in Table 1 the results of such fits
for AF 2400, performed under different assumptions. The
sample was measured at 30°C after finishing the upward and
downward temperature runs and hence in equilibrium (see later).
As usually, we sort the components with respect to increasing
lifetimes: τ1, p-Ps;τ2, positron (e+); andτ3, o-Ps. In the case
of a four component analysis theo-Ps component splits up into
two subcomponents which we denote here asτ31 andτ32. The
analysis “c-free” shows the parameters from an unconstrained
three component fit. The analyzed parameters agree completely
with the expectations. Thep-Ps component, for example, which
is extremely sensitive to the analysis, shows the relative intensity
F1 ) I1/P ) 25((1) % (P ) I1 + I3 denotes the total Ps yield)
and the lifetime parametersτ1 ) 0.106 ((0.002) ns andσ1 ≈
0. Sincep-Ps annihilates very rapidly mainly via self-annihila-
tion and shows almost no interaction with matter, its lifetime
should be near to the lifetime in a vacuum, 0.125 ns, without
showing a distinct distribution. Recently, unconstrained LT9.0
fits to the lifetime spectra of two fluoroelastomers27,21and poly-
(dimethylsiloxane)28 delivered analogous results. In the latter
polymer the Ps yield is rather higher,P ) 62%, which allows
a very exact analysis. The spectrum analysis with discrete
lifetime terms by contrast leads to a strong overestimation of
τ1 and I1.

The analyzed distribution in the e+ lifetime, σ2 ) 0.10 ns
andσ2/τ2 ) 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
kind of traps. An e+ lifetime distribution (τ2 ) 0.363 ns,σ2 )
0.09 ns,σ2/τ2 ) 0.25) was found in the past also for Kapton, a
polyimide which does not show Ps formation (I2 ) 100%).16-18

The distribution in theo-Ps lifetime,σ3 ) 2.755 ns andσ3/τ3

) 0.38 is interpreted to mirror the volume and shape distribution
of the holes whereo-Ps is localized. It was previously found
that τ2 and σ2 follow closely, although not one by one, the
variation ofτ3 andσ3 as a function of temperature and pressure
that may underline the role of free volume in positron annihila-
tion.21,26,27

The large number of fitting parameters can make the
numerical analysis instable, particularly when theo-Ps intensity
is not very high. In such cases we may introduce into the
analysis two reasonable constraints:I1/I3 ) 1/3 andσ1 ) 0. The
results presented in Table 1 show the perfect agreement of both
analyses, “c-free” and “c”, within the accuracy of the experi-
ments. For comparison we have analyzed the spectrum assuming
discrete lifetime terms for e+ ando-Ps. The lifetime parameters
from these fits and from a constrained and a free four component
analysis are shown in Table 1.

Table 1. Parameters of the Lifetime Spectrum of AF 2400 at 30°C Obtained from Fits under Different Assumptions.
(usually I1/I3 ) 1/3 and σ1 ) 0)c

quantity ø2/df τ1 (ns) σ1 (ns) τ2 (ns) σ2 (ns) τ31(ns) σ31(ns) τ3 or τ32(ns) σ3 or σ32(ns) P (%) F1 (%) F31(%) F3 or F32(%)

a 2.783 0.0927 0 0.3929 0 0 0 6.841 0 22.48 25 0 75
b 1.469 0.0911 0 0.3848 0 0 0 7.069 3.624 24.22 25 0 75
c 0.996 0.1082 0 0.3960 0.1050 0 0 7.276 2.753 22.61 25 0 75

c-free 0.995 0.1063 0.0003 0.3960 0.1045 0 0 7.275 2.755 22.63 25.04 0 74.96
d 0.991 0.1078 0 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 23.55 26.12 4.43 69.45
e-discr 1.018 0.173 0 0.422 0 2.97 0 8.06 35.9 51.0 12.1 36.9

error( a 0.005 0 0.003 0.002 0 0 0.01 0.01 0.3 0 0 0
error(b 0.01 0 0.01 0.005 0.5 ∼1 0.3 0.4 0.5 0 1 1

a Statistical error for analysis c.b Statistical error for analysis d. The values 0, 25, and 75 are parameters fixed during the fit.c Assumptions: (a) three
components, additional constraints:σ2 ) σ3 ) 0 (discrete three term analysis); (b) three components, additional constraint:σ2 ) 0; (c) three components,
no further constraints; (d) four components, here:I1/(I31 + I32) ) 1/3 andσ1 ) 0, no further constraints. c-free and d-free denote fits without any constraints.
For comparison e-discr shows the results of the unconstrained discrete (σ1 ) σ2 ) σ3 ) σ4 ) 0) four term analysis.P is the Ps yield given byP ) I1+ I3

(three components) andP ) I1 + I31 + I32 (four components), respectively. TheFi are the fractions of the Ps components defined byFi ) Ii/P.

s(t) ) ∑
i)1,2,3

Ii ∫0

∞
Ri(λ)λ exp(-λt) dλ with (2a)

Ri(λ)dλ ) 1

σi*(2π)1/2λ
exp[-

(ln λ/λi0)
2

2σi*
2 ] dλ (2b)
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Our results allow the following conclusions: (i) The assump-
tion of discrete lifetime terms foro-Ps (τ3) and e+ (τ2, analysis
“a” and “b”) leads to imperfect fits indicated by too large values
for the reduced chi-square,ø2/df, and systematic oscillations in
the weighted residuals. (ii) The analysis “c” (three components,
the only constraints areI1/I3 ) 1/3 and σ1 ) 0) results in an
excellent fit shown by the low value ofø2/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
I1/(I31 + I32) ) 1/3 and σ1 ) 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 rather
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 withø2/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, hereF1 ) 51%, appears too large compared with
the theoretical expectationF1 ) 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(rh) calculated fromn(rh) ) -R3(λ) dλ/drh, whereR3(λ) is the
o-Ps annihilation rate pdf.47,7 In the case of the four component
lifetime analysis the distributionsR31(λ) and R32(λ) were
weighted with their relative intensitiesI31 ) P × F31 andI32 )
P × F32 (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 assumed.7,27,21

For a comparison with the theory we have therefore shown in
Figure 2 the volume-weighted distributions from molecular
modeling (Rmax accessible free volume distribution for a probe
molecule with the radiusrp ) 1.1 Å, see Figure 7 in Hofmann
et al.46).

We remark again that the respective parameterø2/df 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 Å and a half-width of 1.1 Å, whereas that from
“d” has a dominating peak (weight 70.5/75) 0.94) at 5.75 Å
with a half-width of 1.3 Å associated with a very narrow peak
at 3.8 Å (weight 4.5/75) 0.06). Both distributions disagree
with computer simulations (so-calledRmaxapproximation) which
show a broad peak centered at 3 Å and a flat wing up to 13 Å.
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,
Vconnectused 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

other systems, e.g., for poly[1-phenyl-2-[p-(triisopropyl)phenyl]-
acetylene] the agreement between the PALS data and computer
simulations is much better.46 One can assume that in real glassy
polymers one encounters with some overlapping of the topolo-
gies described by the modelsRmax andVconnect.

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 approximationRmax

46) is
also observed for other high free volume polymers (polyim-
ides42-poly(trimethylsilyl propyne) and for polymer sorbents.34

It is likely that such a discrepancy is not accidental and is related
to the mechanism of capture of positronium by free volume
elements. Kirchheim et al.48 for example, concluded that the
o-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 o-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 by Mu¨ller-
Plathe et al.,49 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 dynamics.50 It might also be possible that
the effective size of the o-Ps probe assumed in the calculations
in ref 46, rPs ) 1.1 Å, is too small to simulate correctly the

Figure 1. Repeat units of the Teflon AF copolymer.

Figure 2. Hole radius probability density functionsn(rh) ) -R3(λ)
dλ/drh 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
(Rmax accessible free volume distribution for a probe molecule with
the radiusrp ) 1.1 Å, see Figure 7 in Hofmann et al.,46 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.
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localization of the Ps, a light quantum mechanical particle, in
a potential well of finite width and depth. The effective size
should correspond to the smallest hole size detected by o-Ps.
This was estimated torh ≈ 1.5 Å.22,51,52

Since the problem of interpretation of PAL spectra via one
or more orthopositronium components is very relevant for
probing free volume in glassy and especially high permeability
polymers and other materials, it is worthwhile to return to this
subject using the LT9.0 methodology for materials with larger
relative intensities of both positronium components.

Let alone the type of lifetime distribution, it is interesting to
compare the longest lifetimes of amorphous Teflons AF
measured in the present work and earlier publications. This is
given in Table 2. It is obvious from this table that, if one takes
into account the effects of oxygen quenching (measurements
in air atmosphere, in a vacuum or in nitrogen atmosphere), all
the works indicate that very long lifetimes are characteristic
for these polymers. It means that relatively large sizes of FVE
(see eq 1) should exist in the structure of amorphous Teflons
AF.

Summarizing one can state that from positron lifetime alone
one cannot decide the question of mono- or bimodal size
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 with
both approaches and gives similar information.

3.2. Temperature Dependence of Positron Lifetime Spec-
tra. Since three and four component descriptions of the PAL
spectra of AF copolymers gave approximately equal results, the
data accumulated at different temperatures were treated for both
cases. Let us start with the three component description.

Figure 3a presents the temperature dependence of the o-Ps
lifetime parametersτ3, σ3, andI3 ) P × F3 in AF 1600. This
dependence closely resembles the ones obtained in the literature
for numerous polymers in the temperature range below and
above their glass transition temperatures. The kink in the
temperature dependence ofτ3 andσ3 occurs close to theTg of
this polymer as measured by DSC. It is interesting that above
Tg the lines obtained in the heating and cooling cycles virtually
coincide, which is indicative of equilibrium state of the polymer
aboveTg. BelowTg, some difference in lifetimes can be noted.
They can be explained by a removal of the residual solvent
from the rubbery polymer during the first heating run. In the
polymer glass the small solvent molecules can occupy the free
volume holes and reduce in this way the average hole volume
detected by the o-Ps probe. This leads to a decrease in the o-Ps
lifetime. When approaching the glass transition, the solvent
molecules desorb from the sample, and aboveTg and in the
subsequent cooling run o-Ps detects the free volume structure
of the pure polymer.

Comparing the slopes of the curvesτ3(T) below and above
Tg with other polymers shows that the slope observed for AF
1600 does not differ noticeably from those reported for other,

conventional glassy polymers. This result can be confirmed by
much more numerous data for other polymers.

The mean dispersion of the o-Ps lifetime distributionσ3

mirrors the density fluctuations in the amorphous polymer which
have a static, frozen-in, character belowTg but a dynamic
character (thermal fluctuations) above that temperature. In most
polymers the ratioσ3/(τ3 - 0.5) (0.5 ns is the o-Ps lifetime limit
for zero hole size) exhibits values around 0.2-0.3.21,22For very
flexible polymers it might be distinctly smaller. In the case of
AF1600 the ratioσ3/(τ3 - 0.5) increases from 0.3 at 30°C to
0.4 at 230°C. These large values may be understood from the
assumption that the hole size distribution is sensitive not only
to thermal fluctuations but also to an inherent disorder in the
random copolymer (concentration fluctuations) and changes in
the conformation of this polymer (see the Discussion below).

The intensityI3 also increases with temperature, however,
similarly to τ3, with different slopes in the heating and cooling
cycles.I3 mirrors the Ps yield P, which is a complex function
of the diffusion kinetics of positrons and free electrons, trapping
and detrapping reactions of these particles with shallow or deep
traps (including centers produced by theγ and fast positron
radiation), and the Ps formation kinetics. Some of us observed
a linear dependency betweenI3 and τ3 in thermal expansion
and isothermal compression experiments for two fluoroelas-
tomers. Arguments were given that larger holes may promote
Ps formation.21,27

So in different polymers various trends of theI3(T) depend-
encies were observed: virtual independence ofT (PVA,5

polybutadiene,53 polystyrene7), increase with temperature (PC,
PS, PMMA,54 polyimides55), and even decrease (polypropy-

Table 2. Orthopositronium Lifetimes at Room Temperature in
Teflon AF Copolymers. (Error Bars Not Given by Original Authors,

Usually Less than 10% of Value)

polymer τ31(ns) τ32 (ns) atmosphere ref

AF 1600 1.4 5.2 ambient 39
0.68 4.7 ambient 38

5.3 N2 46
1.4 5.5 high vacuum this work

AF 2400 1.7 6.0 ambient 38
1.8 8.0 N2 46
2.0 7.4 high vacuum this work

Figure 3. Lifetime parameters of o-Ps annihilation as a function of
the temperatureT. Shown are the mean lifetimesτ3, the mean
dispersionsσ3 (square root of the variance the o-Ps lifetime distribution),
and the relative intensitiesI3 (filled circles). The open and the filled
symbols come from runs with increasing and decreasing temperatures.
The lines are a guide for the eyes. Key: (a) AF 1600; (b) AF 2400.
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lene56). Note that different behavior has been observed for the
same polymers (PS). We do not discuss further this temperature
dependence, though it can be noted that in the cooling cycle in
the polymer which apparently contains no or very little residual
solvent, the observedI3 values are markedly higher.

Entirely different results were obtained for the temperature
dependence of the more permeable polymer AF 2400sthey are
presented in Figure 3b. In order to remove the casting solvents,
which we observed in the case of Teflon AF 1600 (see above),
we have annealed this polymer in the lifetime device in a
vacuum at a temperature aboveTg for 1 day. Now the lifetimes
τ3 from the heating and cooling run are largely identical. Only
I3 shows a hysteresis below 100°C. This we attributed to
positron radiation effects which appear stronger in the cooling
run of measurements than in the sample used for starting the
heating run. This radiation effect seems to anneal out at
temperatures higher than 100°C.

Above the temperature of break (it is somewhat belowTg of
this polymer from DSC) both curves coincide again, indicating
that the polymer is in the equilibrium state. AboveTg the o-Ps
lifetime behaves quite normally with a coefficient of thermal
expansion of (1/τ3(Tg)) dτ3/dT ) 1.7× 10-3 K-1, which is not
as steep as for other polymers above theirTg. However, below
Tg the behavior ofτ3(T) is fairly complicated showing first
relatively steep increase with temperature (∼0.6 × 10-3 K-1)
and then a broad maximum or very weak temperature depen-
dence.

The temperature dependences of lifetimes in AF 2400 were
also considered in the approximation of a four component
distribution, being equal to two o-Ps components and a bimodal
hole size distribution. (See Figure 4.) The aim of this part of
the work was to examine to what extent statistical fits will
change at higher temperatures. Especially interesting is the task
to examine the annihilation spectra above the correspondingTg

of both polymers, because all the high permeability polymers
studied so far have glass transition temperatures above their
onset of decomposition. Therefore, no information was available
whether such polymers in rubbery state would keep some
interesting features of high free volume polymers: the observed
lifetimes aboveTg are much greater than any ones reported so
far for other rubbers.

As an example, we show in Figure 4 for AF 2400 the o-Ps
lifetime parameters from the four component analysis in
comparison with those from the three component analysis. The

values ofø2/df from both fits are almost the same and very
close to 1 (bottom of the Figure 4). The longer o-Ps component,
denoted here asτ32 (σ32, I32 - the intensities are not plotted),
shows a behavior similar to the third term from the three
component analysis,τ3 (σ3, I3). The following systematic
changes between both groups of parameters can be observed in
Figure 4: τ32 is larger thanτ3 by ∼0.5 ns,σ32 is smaller than
σ3 by ∼1 ns, andI32 is smaller thanI3 by ∼2.5%. This behavior
can also be observed in the distributions in Figure 2. The
appearance of the lower o-Ps lifetimeτ31 shifts the upper o-Ps
lifetime to larger values and narrows the distribution.τ31

decreases with increasing temperatures approximately linearly
from 3.1 to 2.5 ns, whileI31 stays almost constant at 2.5%.
Because of the larger number of parameters in the four
component analysis, the scatter in the lifetime parameters and
intensities is distinctly larger than in the three component
analysis. Sinceτ32 varies parallel and close toτ3, the qualitative
conclusions from both types of analysis would not differ.

Only preliminary assumptions can be made now regarding
the nature of such behavior. It can be noted that recently the
temperature dependences of the positron annihilation parameters
were measured for other high free volume, highly permeable
polymersspoly[5-(trimethylsilyl)-2-norbornene]57 and the so-
called “polymer of intrinsic microporosity” or PIM.58,59Earlier
the lifetimes in poly(trimethylsilyl propyne) at different tem-
peratures were reported.12 In all cases, high permeability
polymers revealed independence of positronium lifetimes of
temperature in the glassy state. So a conclusion can be made
that anomalous dependencesτ(T), in contrast to conventional
glassy polymers, are a feature of highly permeable polymers.

A complex character of theτ3(T) dependence for AF 2400
observed in the present paper (see Figures 3b and 4) can be
related to changes in conformation of this polymer which can
occur at elevated temperatures. Quantum chemical calculations
have shown60 that the rings of 2,2-bis(trifluoromethyl)-4,5-
difluoro-1,3-dioxole that form main chains in AF 2400 can exist
in two conformations with different distortions of the flat shape
of the ring. Their energies differ by about 10 kJ/mol. Main
chains of this polymer can include also different conformations,
but the energy barriers between two adjacent 2,2-bis(trifluo-
romethyl)-4,5-difluoro-1,3-dioxole rings are much higher (about
60 kJ/mol), so an assumption that conformation transitions occur
in the main chains at 100-200 °C seems to be less probable.
The changes of spatial orientation of the rings at every repeat
unit can affect slightly the sizes of FVEs, as is manifested by
the temperature dependence ofτ3(T). We remark here that AF
2400 exhibits extraordinary broad lifetime distributions with
ratiosσ3/(τ3 - 0.5)≈ 0.4. These larger values occur also in the
glass which shows the importance of non-thermal density
fluctuations (concentration and conformational fluctuations) in
this material.

For the polymers investigated here, at least a first tentative
evaluation shows that if one assumes a bimodal size distribution
and hence fits the data with two long lifetimes, this bimodal
size distribution remains even above the caloric glass transition
temperatureTg (Figure 3b). Under these assumptions, this means
that a bimodal hole distribution also exists in the rubbery state.
However, this seems to be surprising: a bimodal size distribution
implies that holes in the polymer of the size of the minimum
of the distribution (e.g., 0.4 nm for Teflon AF 1600, see Figure
2a) are either not observed or thermodynamically not stable in
this polymer, even aboveTg. Two speculations about this are
possible. One is that this size is just the boundary for the
orthopositronium between theRmax and theVconnectmodel; i.e.,

Figure 4. Comparison of the results of the three and four component
analyses of lifetime spectra for AF 2400 (heating run). Filled circles:
meano-Ps lifetime and mean dispersion from the three component
analysis,τ3 andσ3. Here the error flags are smaller than the point size.
Empty squares: mean and mean dispersion of the uppero-Ps lifetime
from the four component analysis,τ32 and σ32. Empty triangles: the
lowero-Ps lifetimeτ31 from the four component analysis. For reducing
the scatter in the analyzed parameters, we assumedσ31 ) 0. Compare
τ32 andσ32 from the four component analysis withτ3 andσ3 from the
three component analysis. The dots and crosses show the reduced chi-
squareø2/df of the three and four term analyses.
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holes of this size are either seen as a single hole with a smaller
lifetime or as larger connected holes with much longer lifetimes.
The other explanation is centered around the fact, that holes of
this size are thermodynamically unstable, although the reason
for this is not clear yet.

There is one more point to be discussed. Obviously, intensities
of the o-Ps components cannot be used directly for calculations
of the number densities of the free volume holes of a given
radius, since the discrete component representation is only an
approximation and because density of electrons in the spur is
sometimes a limiting factor. However, if once trapped o-Ps does
not move from hole to hole, we might expect higher intensities
of the lifetimes corresponding to holes of predominant concen-
tration. According to simulation for AF 1600 and AF 2400, these
are holes of the radius about 3 Å. However actuallyI3 < I4 and
is about 2-3%, while I4 ) 16-17%. As one of the possible
explanations, this effect can be considered as a result of Ps
motion, for example in a pore of a complex shape, consisting
of interconnected smaller pores of different sizes, as it was
discussed above in the “V-connect” model of the dynamic
simulation. Further PAL investigations in combination with low-
temperature gas sorption and theoretical modeling of polymer
structure are considered capable of giving more insight into this
problem.

Nevertheless, we may conclude that, in spite of some specific
features of trapping, positron annihilation data, after appropriate
treatment, can give valuable information on the pore-size
distribution in systems with highly developed porosity. For
example, these data give a hint on asymmetry of the distribution,
information which until recently was not accessible with such
more traditional methods as129Xe NMR and inverse gas
chromatography.19 The role of o-Ps mobility can be further
studied in comparison with sorption experiments and molecular
dynamic simulations. This comparison may become still more
interesting for materials with closed porosity, where possibilities
of sorption methods are limited.

4. Summary

The free volume and its temperature dependence have been
determined in Teflon AF 1600 and AF 2400 by positron
annihilation lifetime spectroscopy in a wide temperature range
(25-260 °C) including both the regions of glassy and rubbery
states of both copolymers. Large lifetimes were observed both
at room and at elevated temperatures. Three or four component
descriptions of lifetime spectra gave approximately equal fits
for both polymers implying bimodal or monomodal free volume
size distributions. The temperature dependence of lifetimes
reveals interesting differences between the two materials. Teflon
AF 1600 shows a regular behavior with a change in slope of
the o-Ps lifetime and hence free volume vs temperature around
Tg, whereas the unusual behavior of Teflon AF 2400 can be
related to reversible isomerization of dioxolane rings that affects
the chain packing in this polymer with rather rare appearance
of tetrafluoroethylene units in the main chains.
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