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ABSTRACT: The microstructure of the free volume and its high-pressure dependence in fluoroelastomeric
copolymers of tetrafluoroethylene (TFE) and perfluoro(methyl vinyl ether) (PMVE), PFE, as well as
vinylidene fluoride (VDF) and hexafluoropropylene (HFP), VDF/HFPs,, was studied by pressure—volume—
temperature experiments (PVT, P = 0.1-200 MPa) and positron annihilation lifetime spectroscopy (PALS,
P = 0.1-448 MPa, all at 22.5 °C). Employing the Simha—Somcynsky equation of state the excess (hole)
free volume fraction 4 and the specific free and occupied volumes, V¢ = AV and V,.. = (1 — h)V, were
estimated from the specific total volume V. The pressure variation of these volumes and their
compressibilities are discussed. We found that the occupied volume V. exhibits a remarkable compress-
ibility, koee & 2.4 x 107* MPa™!, while it shows (for 7' > T) almost no thermal expansion. The PALS
spectra were analyzed using the new routine LT9.0 assuming dispersion in both the positron (z2) and
orthopositronium (o-Ps) lifetimes (z3). We speculate that positrons (e*) may show Anderson localization
at sites of the entire empty volume possibly assisted by an affinity to fluorine atoms. From the o-Ps
lifetime parameters the (excess) free volume hole size distribution, its mean value @[] and dispersion oy,
were calculated. From a comparison of [@y[with V;the specific hole number N}’ was estimated. Ny' was
determined to be constant and the same in compression and thermal expansion experiments. When taking
correctly into account the compressibility of the occupied volume V. the discrepancy in V vs ,Uplots

between compression and thermal expansion experiments discussed in the literature disappears.

Introduction

The excess free volume appearing in amorphous
polymers due to their structural, static or dynamic,
disorder is of fundamental importance for several
macroscopic properties of these materials, such as
viscosity, structural relaxation, molecular transport and
physical aging.17® This excess free volume appears in
form of many irregularly shaped, multiconnected local
free volumes of atomic and molecular dimension (holes).57
Positron annihilation lifetime spectroscopy (PALS) has
developed to be the most important method for studying
these subnanometer size holes in polymers.8® PALS
itself is able to measure the mean volume of the holes
and, with larger limitations, their size distribution,10:11
but not directly the hole density and the hole fraction.
However, by comparing PALS results either directly
with the macroscopic volume V12716 or with the (excess)
free volume V%, the hole density can be estimated.15-19

Cooling and hydrostatic compression of the meta-
stable polymer liquid are two different pathways to form
the glassy state. Usually, the free volume is studied as
a function of the temperature. High pressure experi-
ments have recently received particular interest for
understanding the relaxation dynamics due to the fact
that pressure controls molecular packing.! However,
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only a relatively small number of PALS experiments
have been performed at high pressure. The work of the
Kansas City group is a well-known example, this work
revealed a decrease of the mean hole size in polypro-
pylene and epoxy resins with increasing pressure.820:21
The Lublin group studied the effect of pressure on the
PALS parameters in various crystalline molecular
substances.?223 Additionally, some experiments have
been performed on pressure-densified polymers.!8

Recently Bohlen and Kirchheim!* published macro-
scopic volume and hole volume (PALS) experiments on
polystyrene and polycarbonate. They compared the
temperature induced and pressure induced variations
of these quantities and estimated that the hole density
in compression experiments appears to be more than
twice as large as when estimated from the temperature
variation. These estimations were interpreted by the
authors using a model that assumes the transformation
of large to small holes by hydrostatic pressure. The
analysis was based on the assumption that the occupied
volume does not expand and is not compressible.
Recently, some of us have shown that the occupied
volume of polymers is distinctly compressible, and
taking this into account, it is expected that the discrep-
ancy between compression and thermal expansion ex-
periments disappears.1?16

In this paper, we show that this is actually the case.
The paper is an extension of a previous work where we
have studied the temperature variation of the free
volume in two fluoroelastomers using PALS and PVT
experiments.?* The fluoroelastomers are ideal systems
for this study due to their relatively large holes and
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Table 1. Sample Characterization and Volume
Parameters (at Ambient Pressure and T = 22.5 °C)
Estimated from the PVT Data, where the
Compressibilities k are for P — 0

denotation uncertainty PFE VDF/HFPss
trade name Dyneon PFE  Fluorel FC-2175
components TFE/PMVE VDF/HFP
molar composition 45—85:55—15% 78:22
My, (kg/mol) +10% 100 85
T, (DSC, K) +1 271 255
V (cm?/g) +0.002 0.480 0.554
Voce (cm3/g) +0.003  0.431 0.512
Vi (em®/g) +0.003  0.049 0.042
h +0.003  0.102 0.075
k(1074 MPa™1) +0.05 8.12 5.38
Koce (1074 MPa™1) +0.1 2.37 2.10
ke (107 MPa™1) +2 56.9 45.7
T (K) +50 8038 9281
V# (em®/g) +0.005  0.4493 0.5364
P* (MPa) +20 749 850

@ Exact composition is known to the authors.

completely amorphous nature. In the current work we
investigate the free volume in the same fluoroelastomers
as a function of hydrostatic pressure.

For the analysis of PALS experiments we used the
new routine LT in its latest version 9.02526 which allows
both discrete and log—normal distributed annihilation
rates. From these distributions the mean size and the
size distribution of free volume holes are calculated.
PVT experiments are analyzed by employing the Simha—
Somcynsky equation of state (S—S eos) theory?=> (see
also our previous papers!®16.24). This analysis delivers
the fractional (excess or hole) free volume and the
specific free and occupied volumes. We show that there
is no discrepancy between compression and heating
experiments with respect to the mean size, size distri-
bution, and density of free volume holes.

Experimental Section

Samples. The samples under investigation were two com-
mercial fluoroelastomers made by Dyneon GmbH & Co. KG,
Burgkirchen, Germany (a 3M Company). One elastomer is a
copolymer of tetrafluoroethylene (—[CyF4—, TFE, 45—85 mol
%) and perfluoro(methyl vinyl ether) (—[F;C—CF(OCF3)]—,
PMVE, 15—55 mol %), denoted as Dyneon Perfluoroelastomer
PFE (the exact composition is known to the authors). The other
elastomer is a copolymer of vinylidene fluoride (—[CF;CHs]—,
VDF, 78 mol %) and hexafluoropropylene (—[FsC—CF(CF3)]—
, HFP, 22 mol %), denoted as Fluorel FC-2175 (VDF/HFPqs)
(see Table 1). In ref 24 more details on the samples and their
preparation can be found.

PVT Experiments. The PVT experiments were carried out
by means of a fully automated GNOMIX high-pressure dilatom-
eter described in our former paper.?* The instrument is able
to detect changes in specific volume as small as 0.0002 cm™3/g
with an absolute accuracy of 0.002 cm~3/g.

Positron Lifetime Experiments. The PALS measure-
ments were carried out with a spectrometer which differs from
that used in the previous work: a fast—slow coincidence
system® with BaFy scintillators; the time resolution was 230
ps (fwhm of a single Gaussian, ?2Na source) and the channel
width was 11.8 ps. Two identical samples of 1.5 mm thickness
and 20 mm diameter were sandwiched around a 0.5 MBq
positron source: 22NaCl, deposited between two 8 um thick
Kapton sheets. Each sample was covered with an additional
7 um thick aluminum foil.

The PALS measurements were performed at constant
temperature of 22.5(1+0.3) °C in the pressure range between
0.1 and 448 MPa (+4 MPa at the highest pressure). For several
pressures the measurements were repeated after finishing the
first series. The pressure chamber and the experimental
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Figure 1. Specific total volume V (open circles) and the
specific occupied and free volumes V,.. = (1 — A1)V (a) and V¢
= hV (m) for PFE at 22.5 °C and increasing pressure. The dots
show the volume in the S—S theory fitted to the experimental
data below 80 MPa. The lines are first (Vo) or second order
(V, Vy) exponential fits.
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Figure 2. As in Figure 1, but for VDF/HFPss.

arrangement have been described previously.?>?® Since the
detectors had to be placed outside the thick walled pressure
chamber, the rate of coincidence counts was significantly
reduced and one measurement lasted 12 h.

The spectra which contained ~2 x 10° coincidence counts
were analyzed with the routine LT9.0?5% assuming three
lifetime components. In the final analysis the positron an-
nihilation in the source, 10% of 385 ps (Kapton and NaCl) and
5% of 165 ps (Al foils), was corrected and the resolution
function used was determined as a sum of two Gaussians with
fwhms of 210 and 280 ps and weights of 80% and 20%, the
second Gaussian is shifted by —1.0 channels with respect to
the first one (for more details of analysis see ref 24).

Results and Discussion

Specific Total, Free, and Occupied Volume from
PVT Experiments. Figures 1 and 2 show the pressure
dependence of the specific volume V of PFE and VDF/
HFPs; at a temperature of 22.5 °C. The S—S theory?
expresses the eos in form of scaled variables, V/V* =
ATIT*, PIP¥). We use here the scaling parameters T*
and P* as determined in ref 24 from fits to the
experimental data in the temperature and pressure
ranges between 27 and 213 °C and 0.1 and 200 MPa;
only V* is lowered by a small amount of 0.001 cm?/g
(Table 1). With these scaling parameters we calculated
the equilibrium volume at 22.5 °C as a function of
pressure using the algebraic formula eq 10 in ref 3 (eq
2 in our ref 24). As can be observed in Figures 1 and 2
the calculated volume fits well the experiments in the
pressure range between 0.1 MPa and approximately 80
MPa. At higher pressures the fitted curves deviate
gradually from the experiments due to the pressure-
induced glass transition. The deviation is more clearly
visible for PFE due to the higher T, (Table 1).

As in ref 24 we calculated, using the scaling param-
eters determined for the liquid, the hole fraction A for
both the liquid and the glassy states from a numerical
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Figure 3. Compressibility of the total, « (O), and free, ¢
(x-centered open squares), volume and the fractional com-
pressibility of the occupied, ko™ (a), and free, «f* (M), volume
for PFE at 22.5 °C.

solution of eq I in ref 2 (eq 1 in our ref 24). There is no
universal relationship for the A-function in the glassy
state at present. The S—S eos (eq 1 in ref 24) is derived
under the general assumption of equilibrium; however,
the specific assumption that the free energy is a
minimum has not been made. Therefore, it is usual to
calculate the i values from the specific volume below
T, (respectively T,(P), the pressure dependent glass
transition) via this equation assuming constant scaling
parameters P*, V¥ and T* determined from the specific
volume of the liquid. These & values are considered to
be sufficiently good approximations for conditions not
too far from equilibrium (see detailed discussion by
Robertson?).

With the knowledge of & the specific excess or hole
free volume can be calculated from V; = AV and the
specific occupied volume from Vi = yV =(1 — h)V. As
in the S—S eos, we assume that the partial volumes Vi,
and Vi behave additively and are exposed to the same
temperature T and hydrostatic pressure P as applied
externally to the sample, V(T, P) = V,.(T, P) + VAT,
P). Under these assumptions, their (fractional) expan-
sivities and compressibilities behave also additively.

The volumes V... and V; are shown in Figures 1 and
2 together with the total volume V. As can be observed,
V and Vi show an exponential-like decrease with in-
creasing pressure P, while V. exhibits an almost linear,
only weakly curved reduction. For PFE, the specific free
volume decreases from 0.049 cm?3/g at ambient pressure
to 0.030 cm?/g at 200 MPa. This corresponds to a
decrease in the fractional free volume, A~ = V¢V, from
0.102 to 0.063. The volumes of VDF/HFP3; show a
similar variation than of PFE but with higher values
for V and V. and smaller ones for Vi and h. The S—S
theory assumes the same cell size for occupied and
empty cells. An increase or decrease in Vycomes mainly
from the creation or annihilation of empty cells, and to
a small portion from the variation of the (uniform) cell
size. The variation in the cell volume is mirrored in the
variation of the specific occupied volume V..

From these data the isothermal compressibility pa-
rameters K = —dV/dP|r, Ko.e = —dVo/dP|7, and K =
—dV¢/dP|r can be estimated. The compressibilities are
given by k = K/V, koce = Koce/Voce, and ks = K¢'Vy, the
corresponding fractional compressibilities by o™ =
K,./V and «f¥ = K¢V with koee® = (1 — h)koce, k¥ = hi,
and k = ko™ + kF* (all at a given 7). Figure 3 shows for
PFE as an example the behavior of «, «.c.*, k¥, and .
Since Viee & V, koee X koee™. k decreases from 8.11 (P =
0.1 MPa) to 2.38 (P = 200 MPa), «¢ from 57.0 to 7.1, all
in units of 1074 MPa 1. k#* shows the same behavior as
k, but shifted to lower values by the amount of «yc.*.
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Figure 4. Lifetime parameters of o-Ps annihilation as a
function of the pressure P: The mean lifetime 75 (@), the
dispersion o3 (standard deviation of the o-Ps lifetime distribu-
tion, A), and the relative intensity I3 (¥) are shown for PFE
at 22.5 °C. The lines are first (o3, Is) or second order (z3)
exponential fits. The crosses show results from a second
measurement of the same sample.

The decrease in «* comes from the decrease in «r and
in the free volume fraction A.

Koee™ (koee) decreases only slightly, from 2.12 x 1074
to 1.89 x107* MPa~! (from 2.37 x 107* t0 2.03 x 107
MPa~1). These values are similar to those found for
polyethylene crystals: 1.5 x 1074 (20 °C) and 1.6 x 1074
MPa~1 (66 °C, all for P — 0).27 Above a pressure of 80
MPa, «¢* is smaller than «...* which is due to the small
fractional free volume A. The ratio «,..*/k changes from
0.26 at ambient pressure to 0.85 at 200 MPa. This shows
that k..™ cannot be neglected in comparison to «.
Therefore, Vi = V — V. is not the same for the same
total volume V(T, P) as frequently assumed but is
different for different 7, P sets. (Remark: In our
previous papers!®1624 we have argued that V; depends
on the pathway in the TP plane. This is a misleading
formulation since different pathways can also lead to
the same TP pair.) The compressibilities of VDF/HFPgg
behave similarly to those of PFE, but are generally
smaller.

The Positron Lifetime Spectra and their Analy-
sis. In the lifetime spectrum of amorphous polymers,
three exponential-like decay components, s(¢) = > (I;/1;)
exp(—t/t;), usually appear. These arise from the an-
nihilation of parapositronium (p-Ps, 71), free (not Ps)
positrons (e*, 72), and orthopositronium (o-Ps, 73; 71 <
79 < 13, their relative intensities are I; + Iy + I3 = 1).9
As we have discussed in detail in our previous paper,2*
physically reasonable lifetime parameters are obtained
from the nonlinear least-squares fits to the spectrum
when allowing the e* and the o-Ps lifetimes to be
distributed around their mean values 72 and 7s.

The routine LT9.0 analyzes the dispersion of the
lifetimes and returns the standard deviation, o9 and o3,
of their distributions. To improve the statistical accuracy
of the analyzed parameters, we reduced the number of
free fit parameters by constraining 7; to the self-
annihilation lifetime of 71 = 0.125 ns and the ratio of
their intensities, I1/I3, to the theoretical ratio of the para/
ortho Ps formation probability, I1/I3 = 1/3 (see the
detailed discussion in ref 24). Figures 4 and 5 show the
pressure dependence of the o-Ps annihilation for both
polymers under investigation. All of these parameters
exhibit an exponential-like decrease with increasing
pressure.

In amorphous polymers, Ps is formed in subnanom-
eter size holes of the excess free volume or, if formed
elsewhere, is trapped by these holes (Anderson localiza-
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Figure 5. As in Figure 4, but for VDF/HFPgs.

tion28:29). This results in the o-Ps lifetime being reduced
from its value in a vacuum, 142 ns (self-annihilation),
to the low ns range. This is due to the annihilation of
0-Ps’s positron with an electron other than its bound
partner and with opposite spin during a collision with
a molecule in the hole wall (pick-off annihilation).? The
smaller the hole, the higher the frequency of collisions
and the shorter the o-Ps life. The dispersion of the o-Ps
lifetime has its origin in the size and shape distribution
of the free volume holes.? 1130 The behavior of 73 and
o3 shows that the mean size of free volume holes and
the width of their size distribution decrease with
increasing pressure.

We observe in Figures 4 and 5 that the o-Ps intensity,
I3, and lifetime, 73, seem to vary in a similar way. The
same can be observed in our thermal expansion experi-
ments: I3 grows with increasing 73 and therefore tem-
perature T.2* Frequently, it is assumed that I3 shows
the variation in the free volume hole density directly.8
This is misleading, however, as the Ps yield, mirrored
by Is, can be affected by very different processes and
properties. Within the radiation chemistry model, 31733
Ps is formed from a thermal or epithermal positron and
an excess electron from the terminal positron spur
(blob). This process competes with electron—ion recom-
bination and trapping of e~ and/or e at deep or shallow
traps. The up—down—up variation of I3 with the tem-
perature frequently observed for weakly polar polymers
and also poly(tetrafluoroethylene)?* is explained by
trapping-detrapping reactions of spur electrons with
shallow traps (radicals) below T, and mobilization of
ions and their recombination with radicals above T.3
We observed, however, for PFE only a small decrease
in I3 of about 1% over a longer period (compare Figure
4), which we ignore here. VDF/HFPy; did not show any
observable radiation effect (Figure 5). As usual, we
observed no hysteresis in the lifetimes 7;.

Since our results may indicate that increasing hole
size promotes Ps formation we have plotted in Figure 6
I3 vs 13 for PFE as example. A linear dependency is
observed with distinctly different slopes for compression
and thermal expansion experiments. The question
remains how the hole size may effect Ps formation. After
the decay of the terminal positron spur a correlated e*—
e~ pair remains if the distance of particles is less than
the Onsager sphere. When such a pair occur close to a
local free volume they can bind into Ps by passing on to
a localized state. The energetic conditions of Ps forma-
tion and localization may be describe by30:31.32

E.+E_ > Ey — I, (1)

where E are the energies of positrons, electrons, and
Ps, measured against the vacuum level, Ips < 6.8 €V is
the Ps binding energy, and Ep; is the zero-point energy
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Figure 6. Plot of the intensity Is vs the mean lifetime 73 of
0-Ps annihilation for PFE. Empty squares: current compres-
sion experiments at 296 K in the range between 0.1 and 448
MPa: (@) thermal expansion experiments at 0 MPa in the
range between 300 and 380 K, from ref 24.

of Ps localized at the hole. In a spherical potential well
of finite depth Uy, the minimum well radius at which
the energy level exists (i.e. the well is able to trap Ps)
is rmin = 2.16 A Uy %5 (U in electronvolts). When
assuming Up ~ 3 eV, the minimum radius of the Ps trap
is 1.25 A. A value of ~1.5 A has been estimated from
experiments.3® Following Ito32 the similar variation of
I3 and 13 may be the consequence of the hole size
distribution: the fraction of holes available for Ps
formation (those with a size larger than rp;,) increases
with increasing mean hole size.

Another controlling factor of the process, however,
may be the transition rate of particles into the hole.
With increasing radius r of the hole the surplus of
energy to be dissipated to the bulk, (E+ + E_) — (Eps —
Ip,), increases since Ep, varies approximately like 1/72.31
The energy release may occur via the excitation of the
large variety of molecular vibrations such as bond
stretching, bond-angle bending, and rotational isomeric
transitions, as well as localized and cooperative motions
of the chains.?” Electron—hole excitation is usually
hindered in insulators due to the large forbidden energy
gap between the valence and conduction bands.?® How-
ever, this process may be important in polymers because
the structural disorder smears the band structure and
creates a lot of deep states lying in the band gap. It has
been calculated for small voids in metals, where elec-
tron—hole excitation is the dominating process of energy
dissipation that the transition rate of positrons in-
creases with the binding energy of positrons at the trap.
The result is a linear increase of the trapping (transi-
tion) rate with the volume of the void.?? This result
agrees well with experiments (see the review in ref 40
and references given therein). Positron trapping by
neutral vacancies in semiconductors was found to show
similar properties as in the case of metallic vacancies.?8

The compression of polymers leads not only to the
reduction in the free volume hole size but also to an
increasing density of the occupied volume (Figures 1 and
2). This density increase shifts the energy levels of the
Ps precursors et and e~ and changes phononic and
electronic energy levels as well as the dielectricity
constant. During a temperature increase, however, the
occupied volume shows almost no change (at ambient
pressure and above Ty, see ref 24). This behavior
together with a decrease of the radius of Onsager sphere
may explain the smaller slope of the I3 vs 73 curve in
thermal expansion experiments. We will later show that
the number density of free volume holes does not change
with pressure or temperature. From this it follows that
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Figure 7. Plot of the dispersion o3 vs the mean lifetime 75 of
the o-Ps annihilation for PFE. Empty squares: current
compression experiments: (@) thermal expansion experiments
between 100 and 473 K, from ref 24.
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Figure 8. Lifetime parameters of positron (e*) annihilation
as a function of the pressure P: The mean lifetime 7, (®) and
the dispersion o0 (standard deviation of the e lifetime
distribution, A) are shown for PFE. The lines are first-order
exponential fits. The crosses show results from a second
measurement of the same sample.
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Figure 9. As in Figure 8, but for VDF/HFPy;.

I is not simply related to the total number of holes but
is strongly controlled by energetic factors including
chemical and hole size effects.

It is interesting to compare the variation in g3 with
that in 73. Figure 7 shows for PFE plots of 03 vs 73 where
results from our previous thermal expansion experi-
ments?* are again included. A good correspondence of
both experiments can be observed. o3 follows roughly
the relation o3 (ns) ~ 0.30(r3 — 0.5) (the o-Ps lifetime is
0.5 ns for zero hole volume, see eq 2). A more accurate
description is given by o3 (ns) = —0.43(+£0.03) +
0.34(+0.01)73 where 73 > 1.26 ns. The experimental data
for VDF/HFP3; show a similar behavior, o3 (ns) ~
0.26(r3 — 0.5); the statistical accuracy is, however,
smaller due to the small 0-Ps intensity I3 in this
polymer.

Figures 8 and 9 show the variation of the positron
(e™) annihilation parameters 72 and o2 of PFE and VDF/
HFPy with the pressure P. Positrons (e*) annihilate in
the empty space between the molecules. The finite width
of their lifetime distribution may show that positrons,
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Figure 10. Plot of the dispersion o3 vs the lifetime 72 of the
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experiments: (@) thermal expansion experiments between 100
and 473 K, from ref 24.
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Figure 11. Plot of the mean e* lifetime 7, vs the mean o-Ps
lifetime 75 for PFE. Empty squares: current compression
experiments, filled circles: thermal expansion experiments.
The window shows the variation of 72 and 73 at zero pressure
as a function of temperature, from ref 24.

or at least a fraction of them, are localized in the empty
volume at sites of different size. If a positron samples
many empty volume sites during its life, the lifetime
should be more averaged and not show the dispersion.2?
This conclusion is supported by positron mobility ex-
periments. The mean positron diffusion length has been
estimated to be 150 nm in crystalline polyethylene,*!
but ~1 nm in amorphous Kapton.*2

We observe, however, some differences in the behavior
of 79 and 0y compared with 73 and o3. The relative
variation in 79 is smaller than in 73 and the pressure
dependence of both 72 and 02 shows a reduced curvature.
At room temperature and zero pressure we observe oy
~ 0.2579. This ratio, however, changes with the variation
of 79. From the linear fit shown in Figure 10 one obtains
for PFE the relation o (ns) = —0.25(£0.01) +
0.93(£0.02)72 where 72 > 0.27 ns. The data of VDF/
HFPyy follow 09 (ns) = —0.16(4+0.01) + 0.63(£0.03)72
where 72 > 0.25 ns (not shown).

To understand differences in the positron and o-Ps
annihilation in polymers, it is of interest to compare the
variations in 73 and 73. Figure 11 shows a corresponding
plot for PFE. The window shows the thermal variation
of 72 and 73 at zero pressure from our previous work.?*
73 exhibits a typical glass transition behavior with a
jump-like increase in the coefficient of thermal expan-
sion at Ty (window). At the “knee” temperature Ty the
increase of 73 levels off. The reason for this behavior,
which is not observed in the macroscopic volume, is
under discussion.*3 However, it seems clear that above
T the o-Ps lifetime 73 no longer mirrors the correct hole
size. The e* lifetime shows an almost linear increase
with no sign of T or Tk.

Because of the different temperature variation of 79
and 73, the plot of 72 vs 73 shows three different regions
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denoted in Figure 11 as I, II, and III. Between T, and
Tx (region II) 79 varies linearly with 73 following the
function 72 (ns) = 0.337(+0.003) + 0.0105(4-0.0006)73.
When assuming that both e™ and o-Ps annihilate in the
same local free volumes this relation may be used to
calibrate 72 as a function of the hole volume (see eq 2).
It is, however, not clear whether this assumption is
correct. In ref 24 we have speculated that positrons (e™,
not Ps) may annihilate in the entire empty space. The
continuation in the decrease of 7, with decreasing
temperature below T (region I) without a change in the
slope may support this idea.

The entire empty space consists of a large number
(volume fraction > 0.26) of small holes forming the
interstitial free volume and a number of larger holes
(volume fraction 0.06—0.1 in our case) forming the excess
or hole free volume (where o-Ps is localized).1%16 Due to
the large fraction of the entire free volume one may
expect that positrons rapidly tunnel from hole to hole
and form delocalized states. This would actually be the
case for periodic potential wells.2? Then, the positron
lifetime would respond to compression or thermal
expansion, but not show a distribution. In the case of
wells of different size, however, the positron eigenfunc-
tions become predominantly localized in one well or the
other so that a positron starting in one well is already
in an approximate eigenstate and does not oscillate
between wells. This effect is well-known as Anderson
localization.?8:29 A positron is trapped at only a single
hole until it decays. This picture can explain the
observed distribution in the e* lifetimes.

Above T (region III) 79 continues its linear increase
while 73 shows the leveling-off. One explanation of the
leveling-off of 75 is the assumption that the structural
relaxation time comes in the order of the o-Ps lifetime
and the holes are smeared during the life of 0-Ps.%? The
much shorter living positron (e*) should be insensitive
to this effect and show a continuous increase in 79, as
observed.

It is not clear at the moment whether the properties
of e* annihilation observed in this work are of general
nature or related to the special type of polymer under
investigation. We observed greater similarities between
the behavior of 72 and 73 in poly(dimethylsiloxane) than
for the materials in this work. It might be that an
affinity of positrons to fluorine atoms, speculated upon
in ref 45, assists positron localization at smaller holes.

The 72 vs 73 plot of the lifetime from pressure experi-
ments (open squares in Figure 11) shows 73 values
larger than those from thermal expansion experiments
by about 0.03 ns. This difference can easily appear due
to the use of different lifetime apparatus, source, and
background corrections, counting statistics and resolu-
tion functions in both experiments. Taking this into
account, 72 values from pressure and thermal expansion
experiments behave in the same way.

Mean Size and Density of Holes. The usual way
to calculate the mean radius rn(z3) of the holes (assumed
spherical) at which o-Ps annihilates employs the equa-

tion
Ty N 1 . [ 2ar,
r,+or 2= st r, + or

- —ope-l
Apo = VT, =2ns 71 —

where Ap, = A3 = 1/t3 is the mean o-Ps pick-off annihila-
tion rate. This equation comes from a semiempirical
model (see refs 8 and 9 and references given therein)
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Figure 12. Mean hole volume vy, (filled symbols) for PFE at
22.5 °C, calculated either as vy, = vn(t3) (a), the number-
average, [0, of the hole volume distribution gn(vyn) (¥), or the
corrected average volume @y} calculated from the modified
distribution g,(vn)* = gn(vn)/vn (@), and the corresponding hole
volume dispersions oy, = 0, and on* (open symbols: v, O) as a
function of the pressure P. The lines are second-order expo-
nential fits.
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Figure 13. As in Figure 12, but for VDF/HFPss.

which assumes that 0-Ps is localized in an infinitely high
potential well with the radius r, + 6r where ry, is the
hole radius and the empirically determined ér = 1.66
A describes the penetration of the Ps wave function into
the hole walls. The relation 1, = 1/tp, = 1/73 is based
on the assumption that spin conversion and chemical
quenching of Ps? is negligible. The mean hole volume
then follows from v(73) = (4/3)mry3(t3).

Since A3 and also, therefore, 73 have broad distribu-
tions, we estimated the mean hole volume as the mass
center of the hole size distribution.?* The radius prob-
ability distribution n(ry) can be calculated from n(ry,) =
—og(A) dAs/dry1%11 where as(A) is the o-Ps annihilation
rate distribution, which is assumed in the routine LT9.0
to be a log—normal function. The volume fraction hole
size distribution follows from g(vy) = n(ry)/47r,? and the
number fraction hole size distribution from g,(vy) =
g(p)/vy. Moreover, as in our previous paper,?* we
calculated the modified distribution g,(vi)* = gn(vn)/vn.
The mean and the variance of gn(vy), @r0) and 0,2 and
of gn(vn)*, Du*, and o,*2 were calculated numerically
as first and second moments of these distributions. To
reduce the statistical scatter, we have calculated the
hole size distributions from 73 and o3 values smoothed
by exponential functions (see Figures 4 and 5). More
details about the calculation can be found in ref 24.

Figures 12 and 13 show plots of the mean hole volume
for PFE and VDF/HFPss, which we denote by the bold
symbol vy, calculated either as vy = vy(73), Wn0) or WL,
and the corresponding hole volume dispersions, oy, = oy
and o,,*. Because of the weights 1/vy,, [,is smaller than
vn(r3), and @yF is smaller than @y All values exhibit
an exponential-like decrease. Below a pressure of 80
MPa there is a transition to the glassy state of the
polymer where the hole size displays a continuous



Macromolecules, Vol. 38, No. 2, 2005

Table 2. Free Volume Parameters (at Ambient Pressure
and T = 22.5 °C) Estimated from the PALS Data, where
the Hole Compressibilities k1 are for P — 0

quantity uncertainty PFE VDF/HFPss

A3y +2 248 166
@hEKé3)b +3 221 157

@5 (A3 +5 191 146

kn (1073 MPa~1)e +0.5 8.4 5.7
kn (1073 MPa~1)b +0.6 6.6 n.d.
kn (1073 MPa~1) +0.8 5.2 n.d.
Ny' (from Vy, 1021 g=1)e +0.01 0.143 0.182
Vi (em?/g)e +0.002 0.014 0.014
Ny' (from Vy, 1021 g~1)p +0.013 0.169 n.d.
Vo (cm3/g)? +0.003 0.012 n.d.
Ny' (from Vy, 1021 g~ 1y +0.015 0.214 n.d.
Vi (em?/g)° +0.004 0.008 n.d.

@ From vp(t3). ® From @, ¢ From @,[F, see text.
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Figure 14. Number-averaged hole volume from PALS, @[]
for PFE vs the volumes [&[d and [pld where @Oand [pOare
the number fraction and volume fraction averaged numbers
of S—S vacancies in agglomerates from MC calculations* (see
also ref 24) and w(P,T) is the cell volume. The dash—dot line
illustrates a 1:1 correspondence between @nand [&[d or [pld.

decrease, albeit one with a reduced slope. This behavior
is physically reasonable and correlates well with the
temperature variation of the hole volume from above
to below T observed in ref 24. In Table 2, the mean
hole volume at 22.5 °C and ambient pressure, vy, and
the hole compressibility «, = kn/vy, with ky, = —dvn/dP
are shown. One observes that «,, calculated from my,CF
has the same value as «¢ calculated from the PVT data
(Table 1). The hole volume of VDF/HFPs shows a
similar behavior than for PFE but with smaller values
of vy and o,

As discussed in detail in ref 24 the holes detected by
0-Ps can be considered as multiples or agglomerates of
holes (vacancies) of the S—S lattice (see the Monte Carlo
calculations by Vleeshouwers et al.44). In Figure 14, we
have plotted the number-averaged hole volume [@y,[from
PALS vs the volumes [&[d and [Pl where @ [A(P,T)]0
and p[A(P,T)]0are the number fraction and volume
fraction averaged numbers of S—S vacancies in ag-
glomerates from the MC calculations of Vleeshouwers
et al.** and w(P,T) is the vacancy (cell) volume, w(P,T)
= MoV P,T)/Ns (Nao — Avogadro’s number) where M
= RT*/3P*V* is the molecular mass of a mer occupying
a lattice site (see calculation in ref 24). The cell volume
varies at ambient pressure only from o = 45.2 (300 K)
to 45.3 A3 (395 K) while it decreases with the pressure
from 45.2 (0.1 MPa) to 43.1 A3 (200 MPa, all at 22.5
°C). We observe that the plot of @,[vs [pld agrees much
better with the expectation of a 1:1 correspondence than
WhOvs @ld. This behavior supports our conclusion in
ref 24 that o-Ps may prefer larger holes with a weight
of approximately “vy”. The small deviations from the
ideal line and the slight discontinuity between temper-
ature dependent and pressure dependent data can be

Free Volume in Fluoroelastomers 435

0 50 100 150 200 250 300

v, (A%
Figure 15. Specific free volume V; plotted vs the mean hole
volume calculated as vy = vi(13) (A), DLO(V), or @LF (O) for

PFE (see text). Experimental data from pressure range
between 0.1 and 150 MPa.

easily caused by uncertainties in the estimation of 73
and o3. At higher pressures (smaller [@,0) the o-Ps hole
volume [@,keems to decrease faster than [pld. Further
research may clarify this question.

An estimate of the hole density may be obtained by
comparing PALS and PVT experiments. The mean
number of holes per mass unit, Ny', may be determined
from one of the relations!?

V=V + N, v, (3)
V=V, +Vy+ N, v, (4)

where vy, = vn(r3), L0 or @LF. In these equations, the
free volume V;is expressed by Ny'vy. The term Vi may
count for a possible deviation of the mean hole volume
estimated from the o-Ps lifetime data from the true
mean hole volume.

Figure 15 shows, as an example, the specific free
volume V¢ = hV estimated from the S—S eos analysis of
PVT data for PFE plotted vs the mean hole volume vy,.
One observes that Vi follows a linear function of vy,
which shows that Ny,' does not change with the pressure.
The slope of the V¢ vs vy curves, which corresponds
directly to Vy', increases when going from vn(r3) to @y0
and @,F while the value of Vi decreases (Table 1). As
in ref 24, we conclude that [@,[¥ is most compatible with
the theoretical expectation that Vi = 0. This behavior
may again indicate that o-Ps shows a preference for
larger holes with a weight approximately equal to the
volume of the holes. This preference is corrected in
calculating the modified distribution gn(vh)* = gn(vn)/
vp. The findings Vi > 0 may indicate that the correction
is not fully complete. Since these conclusions need
further evidence we have shown in Figure 15 and in
Table 2 all of these three volumes.

There is a complication in the calculation of Ny' for
VDF/HFPy; which we have already discussed in ref 24.
Because of the small values of 73 at higher pressures
and the finite values of 03 the calculated distribution of
0-Ps lifetimes extend to values lower than 0.5 ns, the
lowest physically reasonable o-Ps lifetime. Because of
this effect, the values of @y0and @L[F are increasingly
underestimated with pressure compared with the true
values leading to a change in the slope of the V;vs @00
and @y plots. Therefore, for VDF/HFPsg, we have only
shown results calculated from vy(z3) (Table 2).

The specific hole number estimated from @, for PFE
is Ny’ = 0.21(£0.015) x 102! g~1, This value corresponds
to a volume related hole density of Ny = Ny'/V =
0.45(4£0.02) nm—3. For VDF/HFPy; a value of Ny =
0.18(£0.01) x 102! g~ (N, = 0.33 nm™3) is estimated
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Figure 16. Specific free volume V; (®, O) and specific total
volume V (M, O) plotted vs the mean hole volume calculated
as vn(t3) for PFE. Open symbols: current compression experi-
ments (T = 22.5 °C, pressure range between 0.1 and 192 MPa),
filled symbols: thermal expansion experiments (P = 0.1 MPa,
temperature range between T, + 20 K and T}) from ref 24.
The lines show linear fits to all data (Vy, slope = 0.128(+0.01)
x 102! g71) or only to thermal expansion experiments (V, slope
= 0.129(£0.01) x 102! g™1).

0.10 T T T T .
VDF/HFP,
22 thermall 0.60
0.08 expansion
o5
0.06 0.58 e
&) )
E 0.041 0.56 >
L
> 002 0.54
0.00 compression los2
50 100 150 200 250 300 350 400
vy(t)) (")

Figure 17. As in Figure 16, but for VDF/HFPy,. The lines
show linear fits to all data (Vi, slope = 0.178(£0.01) x 10%!
g™ 1) or only to thermal expansion experiments (V, slope =
0.173(+0.01) x 1021 g™1).

from the vy (73) data. The hole densities estimated in this
paper agree within the error limits with those from our
previous thermal expansion experiments.?*

Plots of the total volume V vs vy exhibit different
behavior from those of Vi the slopes of the plots
increase with increasing pressure (decreasing volume
V). Figures 16 and 17 help to understand this behavior
and deliver also a direct comparison of isothermal
hydrostatic compression and isobaric thermal expansion
experiments for both fluoroelastomers. We have plotted
the specific free volume V; and specific total volume V
vs the mean hole volume vn(z3). We look here only to
vn(ts) as example since, as mentioned, slight differences
in 03 from compression and expansion experiments lead
to a discontinuity in the behavior of [@y,0and @,[¥. The
figures provide evidence that the hole density, Ny,
estimated from the slope of the V¢ vs vn(r3) curve is
constant and the same in isothermal compression and
isobaric thermal expansion experiments.

Assuming constant Ny' its value can be calculated
from

= E/e, isobaric thermal expansion
N,' = dVydv, (5)
= K/k, isothermal hydrostatic

compression

Here Ef = dV¢/dT and e, = dvy/dT are the thermal
expansivities of the specific free, Vi, and hole, vy, volume
(P = constant), and Ky = —dV¢dP and ky, = —duvn/dP are
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the corresponding compressibility parameters (' =
constant). While the thermal expansion is almost linear,
i.e., Er and e, are independent of temperature, the
variation of Vi and vy with the pressure is highly
nonlinear (Figures 1, 2, 12, and 13). K¢ky, is, however,
constant as long as K¢{P) and kn(P) follow the same
function. Deviations from the exactly parallel behavior
lead to Vi = 0. Therefore, the values of K{P)/kyn(P) have
to be averaged over the whole range of data under
consideration when calculating Ny,' from eq 5.

The (constant) hole density can also be calculated
from plots of the specific total volume V = Vi + V. vs
the mean hole volume vy, via

=(E — E e, isobaric thermal expansion
N, =dV/dv, — dV /dv, (6)
= (K — K, J/k, isothermal hydrostatic

compression

where E = dV/dT and E.,.. = dV,./dT (P = constant)
are the isobaric specific expansivities of the total and
occupied volume, and K = —dV/dP and Kyc = —dVoed
dP (T = constant) are the corresponding isothermal
specific compressibility parameters. In this relation the
slope dV/dvy, = K/ky, (dV/dvy, = E/er,) must be corrected
by the term dV,./dvy, = Koeo/kn (dVoe/dvn = Egcolen) to
take into account the possible variation of the occupied
volume with the pressure (or the temperature).

The ratio K/ky, grows for PFE with increasing pressure
from 0.25 x 102! g~! at 0.1 MPa to 0.45 x 102! g1 at
192 MPa. This causes the increasing deviation of the V
vs vy curve from the linear behavior, while the ratio
(K — Koeo)lky, = Ki/ky, is constant at 0.14 x 102! g~1 (all
for ky, calculated from vi(z3)). This behavior leads to an
overestimation of the hole density, when being calcu-
lated directly from dV/dvy, by a factor of 1.5 (P = 0.1
MPa, rubbery state) to 2.8 (P = 192 MPa, glassy state).
These ratios correspond to the values for V' estimated
in ref 14 from the compression of polystyrene at 390 and
300 K. As we have shown in ref 24, in thermal expansion
experiments dV,./dvy = Ey./en ~ 0.0036 x 1021 g~1 (for
vn(r3) and T > Ty) can be neglected and therefore
dV/dvy, = Eley, gives the same good value for V' as when
estimated from dVyduvy. This is visualized in the parallel
behavior of V and V¢ for thermal expansion (Figures 16
and 17). This is not the case below T (see refs 15 and
16) and, as we have shown here, generally not for
compression experiments.

Conclusion

1. The specific volume V of PFE and VDF/HFPy,
measured at 22.5 °C as a function of pressure shows an
exponential like decrease. This variation can be well
fitted by the S—S eos from which the fraction of empty
lattice cells, which constitute the excess free volume, is
estimated. This fractional excess free volume i was
found to vary for PFE between 0.105 at 0.1 MPa to 0.075
at 200 MPa corresponding to a change in specific free
volume Vi = AV from 0.051 cm?/g to 0.0288 ¢cm?/g. The
compressibility of the free volume is 1 order of magni-
tude larger than that of the total volume V. Both
compressibilities decrease exponentially with the pres-
sure. The specific occupied volume V.. shows a definite
compressibility with a value similar to that of polymer
crystals. The change (at 22.5 °C) is almost linear, from
2.4 x 107*t0 2.0 x 107* MPa L.
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2. The intensity Is, the mean lifetime 73, and the
dispersion o3 of 0-Ps annihilation show an exponential
like decrease with increasing pressure. From this a
corresponding decrease in the mean hole volume vy, and
the standard deviation oy, of the hole volume distribution
follows. From the behavior of 72 and o2 we speculated
that in fluorine polymers positrons (e*) might undergo
Anderson localization at sites of the entire empty space.
Possibly an affinity of positrons to fluorine atoms may
assist this effect.

3. Plots of the pressure dependent specific free volume
VH(P) vs the hole volume v,,(P) show that the hole density
Ny' is constant and the same as found in thermal
expansion experiments. Apparent discrepancies between
isobaric compression and thermal expansion experi-
ments observed in the literature when plotting the total
volume V vs the hole volume vy, have their origin in
ignoring the compressibility of the occupied volume V.
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