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Positron annihilation lifetime spectroscopy (PALS) is a valuable technique for assessing the typical sizes of free
volume holes in polymers. By coupling the results obtained from the positron annihilation spectra with those
supplied by dilatometry, more precise information can be extracted on the free volume fraction and novel insight
can be acquired on the shapes of the holes, demonstrating the limitations of the spherical approximation. In the
present paper, we apply the combined PALS-dilatometry approach to study an amorphous polyether-polyester

polyurethane, a polymer of great technological interest. We find that flattened and elongated holes, rather than
spherical ones, better account for the behavior of the free volume fraction as a function of the temperature.

1. Introduction

The free volume concept [1,2] accounts for several features of poly-
mers, such as diffusivity of permeants, mechanical and viscoelastic
properties. Aging effects can as well be explained in terms of changes
in the free volume [3]. Experimental assessment of the free volume is
consequently of the utmost importance, for theoretical reasons as well
as for practical purposes, especially to develop polymers with well-con-
trolled properties. Among the few experimental techniques which en-
able to extract information on the microscopic structure of the free vol-
ume (such as small angle X-ray diffraction [4], the use of photochromic
labels [5] and photoisomerization [6]), positron annihilation lifetime
spectroscopy (PALS) [7] has become one of the most popular, thanks
to its non-destructive character (as discussed in the Supplemental File)
and because it does not require the use of permanent external probes,
which could introduce some systematic bias [6]. In the case of PALS,
the probe is positronium, Ps, an unstable bound state which may be
formed when a positron introduced in the sample and rapidly ther-
malized encounters an electron of the analyzed medium. Ps has the
same size of the hydrogen atom [8] but it is about two thousand times

lighter. In fact, the Bohr radius of Ps is twice that of hydrogen, since the
reduced mass of Ps is one half of that of the electron; however, both the
electron and positron rotate around the common center of mass. The di-
ameter of the two systems is therefore the same. Because it is repelled
from the medium itself, due to the exchange repulsion between the Ps
electron and the electrons belonging to the surroundings, positronium is
an ‘hole seeker’. It means that Ps localizes preferably in the open spaces
of the host structure, such as the free volume holes in the amorphous
zones and the defects present in the crystalline regions (in the case of
semicrystalline polymers). Ground state Ps exists in two sublevels, ac-
cording to different spin orientations: para-Ps (p-Ps, antiparallel spins)
and ortho-Ps (0-Ps, parallel spins) [9]. Being the positron and the elec-
tron antiparticles of each other, they annihilate by transforming their
mass into photons, according to the equivalence between mass and en-
ergy. This makes Ps an almost ideal probe for investigating free volume
holes, if Ps lifetime is short with respect to that of dynamic holes.

The lifespan of Ps is spin-dependent: in a vacuum, p-Ps annihilates
by emitting two photons with a lifetime of 125 ps, while the o0-Ps life-
time is 142 ns and three annihilation photons are emitted. Inside a
hole, o-Ps interacts with the surrounding electrons for a time interval
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long enough to make possible annihilation with an ‘external’ electron
in a relative singlet spin state. This process, called ‘pickoff annihila-
tion’, decreases the lifetime of 0-Ps compared to its value in a vacuum.
The magnitude of the decrease depends on the overlap between the
wavefunctions of the positron and of the surrounding electrons. In other
words, the smaller the size of the holes the lower the lifetime. This cor-
relation between o-Ps lifetime and hole size is the essence of PALS appli-
cations to soft matter and, especially, to polymers. On the other hand,
the lifetime of p-Ps is only slightly affected passing from vacuum to mat-
ter, since the pickoff decay rate (generally lower than 1 ns~1) is at least
one order of magnitude lower than the intrinsic decay rate (8 ns~!). For
this reason only the 0-Ps component is generally considered for free vol-
ume investigations.

The knowledge of two quantities, the average volume of the holes
vy, and their number density N, is necessary to estimate the specific free
volume Vj, as expressed in equation (1) [10]:

V.= Nv
Foh &)

Therefore, it is necessary to convert the o-Ps lifetime into a hole size,
which implies that a suitable geometry for the holes has to be assumed.
This is mandatory to convert the raw results of PALS measurements
into a quantitative information. The use of conventional geometries is a
common feature to many experimental techniques: for instance, in the
case of nitrogen porosimetry technique, cylindrical, or even slit-shaped
pores, are often assumed [11]. The most used geometry for PALS stud-
ies in polymers is the spherical one [12,13], although alternative shapes
were sometimes considered. Indeed, ellipsoidal cavities were introduced
[14] to frame free volume holes in a semicrystalline polyether ether ke-
tone (PEEK), subjected to tensile deformation and cylindrical voids were
assumed among the chains in syndiotactic polystyrene [15]. Cuboids
were also introduced [16] to better represent voids in some molecular
crystals. It is also worth mentioning that computer simulations on the
free volume were performed, since the pioneering work by Rigby and
Roe [17]. With the increase of complexity of algorithms several features
of the investigated materials from first principles were obtained, includ-
ing the geometrical shape of the free volume holes. A complex picture
then appears, depending on the specific structure. If in soft polymers
the spherical shape seems the suitable one [18], in poly(ethylene)-like
macromolecules non-spherical shapes become important on increasing
the size of the free volume hole [19]. In stiff chain polymers cigar-like
holes seem to be more common than spherical ones [20]. Non-spherical
(elongated) shapes were found also in a molecular dynamics study of
poly(vinyl methylether) [21].

For a given o-Ps lifetime, different geometries may produce signifi-
cant differences in the calculated volumes of the holes and thus of free
volume [22]. If this last parameter has to be precisely evaluated, it is
necessary to discriminate, among the different possible morphologies
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of the holes, the one that is the most suitable for the polymer under
study.

In the present work, we show how this can be obtained by coupling
the results supplied by PALS and dilatometry and comparing the free
volume fraction as given by the experiment with that supplied by the
lattice-hole theory [23]. We studied an amorphous polyester-polyether
polyurethane, poly[4,4’-methylenebis(phenyl isocyanate)-alt-1,4-bu-
tanediol/di(propylene glycol)/polycaprolactone] (PMI). This class of
polymers is of great technological interest, as it combines the proper-
ties of both polyester- and polyether-polyurethanes, such as good flex-
ibility at low temperatures, excellent hydrolytic stability, high tensile
strength and good heat resistance. Moreover, PMI shows good bio- and
blood-compatibility, making it particularly suitable for clinical applica-
tions [24]. To the best of our knowledge, this is the first time that PMI
is investigated by means of PALS.

2. Experimental

Poly[4,4’-methylenebis(phenyl
di(propylene glycol)/polycaprolactone] is a methylene-diisocyanate
(MDI)-polyester-polyether polyurethane whose chemical structure is
represented in Fig. 1. It was purchased from Sigma-Aldrich (CAS num-
ber: 68084-39-9) in the form of pellets, which were converted in slabs
by compression molding.

Thermal analysis was carried out by means of a Mettler-Toledo DSC
822¢ differential scanning calorimeter, calibrated with high purity in-
dium standard. Samples (about 5mg) were encapsulated in aluminum
pans and heated from 193 to 273Kat a rate of 2Kmin~! under nitrogen

isocyanate)-alt-1,4-butanediol/

flux.

Specific volume of PMI was initially determined at 300K as the
inverse of the density p, measured by means of a Sartorius balance
(model ME215P: readability 10~°g, repeatability 1.5-10~°g), equipped
with a kit for the measurement of the density. It resulted to be
p=1.1620gcm~3.

Accurate specific volume measurements were carried out by means
of a capillary dilatometer (bulb volume: 2.306cm?, capillary length:
30cm, capillary section: 0.0143 cm?), containing the sample surrounded
by mercury (purity > 99.999%, Fluka) used as a reference liquid. The
temperature cooling runs were carried out by immerging the filled
dilatometer in a thermostatic bath; water in the temperature range
315-280K and ethanol (temperature range 280-249K) were used as
circulating liquids. The minimum temperature reachable by the bath
was 249K. The mercury meniscus height into the capillary was deter-
mined by means of a cathetometer with digital reading. Minimal sta-
bility of the temperature was within 0.5K. Three runs were carried
out; the determination of the specific volume at any temperature re-
sulted from an average of the corresponding values found in each mea-
surement. Each temperature was reached by cooling the sample from
the previous temperature at a rate of 0.1Kmin~! up to the new tem-

O
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SOROW:
H H

Fig. 1. Chemical structure of the investigated polyether-polyester polyurethane.
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perature. Then, the sample was allowed to remain in the new temper-
ature state for 1000s before starting the measurements. The same pro-
cedure was followed for PALS measurements. This granted that the ob-
tained values of specific volumes and free volumes above the glass tran-
sition, as obtained in PMI, were not affected by the experimental pro-
tocol, since typical relaxation times for polymers around T is of the or-
der of 100s [25] and decrease by orders of magnitude by increasing the
temperature.

PALS measurements were carried out on square samples (surface
area: 4cm?). Their thickness (2mm) was sufficient to stop all the in-
jected positrons. Smaller pieces cut from the same batch were used for
the measurement of the specific volume. The positron source, >Na en-
veloped between two identical Kapton® foils (thickness 7.6pum each)
was placed in the center of a small copper cup containing the sample
and in direct contact with the heat exchanger of a liquid nitrogen cryo-
stat (DN 1714 Oxford Instruments). Stability of the temperature was en-
sured within 0.5K. All the measurements were carried out in a vacuum:
before starting the measurements the sample was evacuated for 12h.
Positron annihilation lifetime spectra were collected through a conven-
tional fast—fast coincidence setup having a resolution of about 280 ps.
Each spectrum, containing about 2-10° counts, was acquired in a few
hours and analyzed through the computer code LT [26], with a suit-
able correction for the positrons annihilated in Kapton. Three spectra
for each temperature were collected.

3. Results and discussion

Dilatometric data are shown in Fig. 2. A linear trend of the spe-
cific volume V is observed in the range of investigated temperatures; the
straight line is the result of a fit with a correlation coefficient >0.999.
From the dilatometric data we can estimate the free volume fraction h
in PMI, within the framework of the Simha-Somcynsky theory [23]. The
equation of state given by this approach is valid for amorphous poly-
mers at equilibrium [27]; at atmospheric pressure it assumes the form
of the two following coupled equations:

0.87 4
")
0.86 S -
- .""/‘
o 7
E 0.85 ._’,/
N 7
!.4"‘
0.84 - . -
" V=07104(33) +5.01 (1) 104 T
0.83 T T T T
240 270 300

T(K)

Fig. 2. Specific volume V as a function of the temperature T in PMI. For certain data
points experimental uncertainties are within the symbols.
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which are expressed in terms of the reduced thermodynamic coordi-
nates

T=T/T*
and
V=v/v

where T* and V* are scaling parameters which depend on the mater-
ial. The parameters T* and V* result from a simultaneous fitting proce-
dure of equations (2a) and (2b) to the data shown in Fig. 1; otherwise, a
simpler interpolation expression can be used [28]. The two procedures
produce almost identical results at atmospheric pressure [29]. Concern-
ing PMI, it results V' =0.8453+1cm3g~! and T" = 10144 +32K. The
hole fraction h is derived from equations (2a) and (2b); it can be inter-
preted as a free volume fraction which relates to typical transport prop-
erties, such as the constant stress viscosity of melts and their mixtures
[30]. Furthermore, its connection with PALS results has been demon-
strated [31]. In the range of temperatures investigated in the present
work (0.0245 < T/T* < 0.0311) the behavior of the hole fraction versus
temperature is linear (see Fig. 5).

Positron annihilation lifetime spectra were successfully analyzed in

three components; the Xz test supplied values in the range 0.93-1.11.
The shortest lifetime component is attributed to positrons annihilating
in the bulk as well as to para-Ps annihilations. This last contribution can-
not be resolved as a distinct component, owing to both the resolution
of the apparatus and the intensity of the signal itself, which can be ex-
pected to be of the order of one third of the longest lifetime component.
The intermediate component originates from positrons annihilating into
defects and free volume holes; their lifetime is higher than the shortest
one since the electron density surrounding the positron is lower with re-
spect to the bulk. The longest component is attributed to the decay of
0-Ps trapped in the free volume holes. Fig. 3 shows the 0-Ps lifetime 75
as a function of temperature.

In the temperature region below 230K there is a moderate increase

of the lifetime 75, while above 240K there is a sharp increase with T.
corresponds to the glass transition; the associated temperature T, can
be conventionally obtained as the intersection point of the two straight
lines fitting the data. It results T, = 229K, in good agreement with the
value supplied by differential scanning calorimetry (233K). Therefore,

the behavior of 73 mirrors that of the free volume: below T, the inter-

The change of the slope of o-Ps lifetime versus the temperature
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Fig. 3. Evolution of the o-Ps lifetime in PMI as a function of the temperature. The verti-
cal lines correspond to the glass transitions as measured by PALS and DSC. Typical uncer-
tainty is reported in the first data point.

chain motions are strongly hindered and the expansion coefficient of the
free volume is smaller than above T, where the chain segments become
mobile: the free volume increases with temperature at a higher rate. The
slightly lower value of T, as obtained from PALS with respect to DSC can
be attributed to the different cooling rates used in the two techniques.

Above 300K a reduced increase of z; with temperature is visible.
This trend is commonly observed in many polymers and various expla-
nations were proposed: (i) formation of a Ps bubble [32], (ii) digging of
holes by Ps itself [33] or (iii) a relaxation time of the molecular chains
which is comparable to Ps lifetime [34]. In this last case Ps would not be
any longer able to correctly probe the size of the host cavity. Whatever
the adopted explanation, there is a general agreement on the contention
that in this temperature region Ps cannot give reliable information on
the free volume hole [35]. Therefore, we will limit our discussion to
temperatures below 300K.

Lifetime values as those shown in Fig. 3 are generally converted into
average sizes of the free volume holes by using the Tao-Eldrup equation
(3) [12,13], with the assumption that the cavity hosting Ps is a spher-
ical void with effective radius R. Such a Ps trap has a potential well
with finite depth. However, for convenience of calculations the depth is
considered to be infinite but the radius is increased to R + AR, where
AR (= 0.166nm) is an empirical parameter [13,36] which describes the
penetration of the Ps wave function into the bulk. The electron density
is supposed to be zero for r < R and constant for r > R. The relationship
between the o-Ps pickoff decay rate 4, and R is the following:

A = [ 2R +isin<2nL)]

»~ "0l R+AR " 2% R+ AR 3)

where 1, ? 2 ns™! is the annihilation rate of o-Ps in the presence of a
high electron density, which results from the spin-averaged annihilation
rate of p-Ps and o-Ps in a vacuum.

The o-Ps lifetime 75 is the reciprocal of the total decay rate A3, which
is the sum of the pickoff decay rate and the intrinsic decay rate 4, = 1/
142 ns~:

5=1/A3=1/(4,+4) @
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The last term generally represents a negligible correction: in a good
approximation o-Ps lifetime in a free volume hole of common polymers
can be assumed to be the inverse of the pickoff decay rate.

Other relationships can be deduced between T3 and the typical size

of a cavity having a different shape with respect to the spherical one
[14,15,37]. Using the spherical geometry we calculate the hole volume
as v, = ger3, where R is obtained from equation (3).

Specific volume is then given by Ref. [38]:

V=NUh+V

occ

)]

where V., is the occupied specific volume, i.e. the sum of the Van der
Waals volume and the interstitial free volume [39]:

Vocc=Vvdw+Vif

In fact, interstitial free volume consists of local empty spaces which
are too small to localize even a small probe such as Ps and it is associ-
ated to the occupied volume. The S-S theory predicts a dependence of
the occupied volume on the temperature which reflects the expansion of
the interstitial free volume [28]; however, the thermal expansion coeffi-
cient is of the order of 3x10~°K~!. Therefore, in the range of tempera-
tures investigated in the present study we assumed the specific occupied
volume V. to be constant.

The free volume V; is an ‘excess’ free volume accessible to Ps and
it is the one calculated as the hole fraction h in the lattice-hole theory
[39].

Fractional free volume f is evaluated according to the definition:

_Yr__ Nw
V' Nv,+V,. 6)

oce

f

By coupling PALS and dilatometric data we can find both N and V.
through the fitting procedure shown in Fig. 4, where V is plotted versus
v, in a suitable range of temperatures.

Fig. 4 shows that the specific volume V is a linear function of the
average hole volume vy, calculated with the spherical approximation:
the data are fitted by a straight line (also shown in Fig. 4) and the cor-
relation coefficient is 0.996. According to eq. (5), a linear relationship
implies constancy of parameters N (slope) and V., (intercept at the ori-
gin). The physical consequence is that N can be assumed constant for

0.87
.
0.86 - .
-~ -
.//l/
‘Th /}/
-2 0.85 -
IS -
\21 ’,/'
> g
/}'
0.84 - .
/l/
e
0.83 . T T T g T
0.06 0.08 0.10 0.12
3
v, (nm’)

Fig. 4. Specific volume V versus the hole volume v}, in PMIL
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Fig. 5. Free volume fraction f as obtained from PALS and dilatometric data, by consider-
ing holes as spheres (empty circles), flattened cuboids (full triangles) or elongated cuboids
(empty triangles). Flattened (aspect ratio 0.48) or elongated (aspect ratio 3.4) cuboids pro-
duce the same free volume fraction. The continuous line represents the free volume frac-
tion h, as calculated from the lattice-hole model. Typical uncertainty is reported in the first
data point.

the analyzed PMI, at least above the glass transition and in the range of
investigated temperatures. It results N = 4.9 1020g~1,

A linear correlation is produced also by assuming a non-spherical
geometry, too, although with different values for N and V.. The spe-
cific volume was evaluated at the same temperature of positron data by
using a linear interpolation from the data shown in Fig. 2.

Once obtained N and V, the free volume fraction f (equation (6))
was calculated for a given hole geometry. Its behavior versus the tem-
perature is shown in Fig. 5 together with the theoretical free volume
fraction h. Values of f obtained using a spherical cavity geometry (empty
circles in Fig. 4) are systematically higher than h; furthermore, expan-
sion coefficients of f are slightly higher than the corresponding theoret-
ical values.

The discrepancy between f and h can be solved by choosing a differ-
ent morphology for the free volume holes. By approximating the holes
as cuboids, for simplicity with square section, and introducing the ratio
k between the height and the size of the base of the cuboid, we found
that flattened cuboids (k = 0.48, full circles in Fig. 5) produce a very sat-
isfactory agreement between the theoretical and the ‘experimental” de-
terminations of the free volume fraction. Also elongated cuboids (k > 1)
produce agreement between f and h; but in this case the best fit is ob-
tained with a rather high aspect ratio, k = 3.4. The flattened/elongated
morphology does not seem to depend on the geometry chosen; in fact,
almost the same results are found by treating the holes as finite cylin-
ders [15] with aspect ratio q¢ = 0.43 (flattened) or g = 3 (elongated),
which are very similar (within 10%) to the values found for k. It is worth
to note that molecular dynamics simulations performed in poly(vinyl
methylether) [40] suggest that aspect ratios of elongated holes do not
change with temperature, in agreement with our present finding.

N2
A »? test (where normalized y2 = %Z;':] (M) , d =number of

degrees of freedom, ¢; = uncertainty associated to the i-th measurement,
n = number of measurement) [41] gave in the case of spherical holes
> =5.3, while for flattened cuboids = 0.41 and for elongated ones
72 =0.36.

The free volume fraction extrapolated at the glass transition, calcu-
lated using the spherical geometry for holes supplies a value (2.67%)
which is higher than the one estimated on the basis of the lattice-hole
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theory (2.49%). On the other hand, almost the same value (2.46%) is
obtained using flattened or elongated geometries for the holes.

4. Conclusions

Amorphous polyester-polyether polyurethanes are widely used for
their favorable technological properties. However, a detailed charac-
terization in terms of free volume is lacking. In the present work,
we contributed to fill this knowledge gap by studying poly[4,4’-meth-
ylenebis(phenyl isocyanate)-alt-1,4-butanediol/di(propylene glycol)/
polycaprolactone] (PMI). The results of dilatometry and PALS were used
to deduce a more precise value of the free volume fraction at the glass
transition temperature as well as to get insight on the morphology of the
free volume holes present in the polymer. In fact, despite the irregular
shape of real holes, we found that flattened or elongated cavities, with
aspect ratio of the order of 0.5 and 3, respectively, are more suitable
models for free volume holes in PMI compared to spheres. More than the
specific geometry (cuboids or cylinders), our findings address towards
a morphology which allows a better representation of the free volume
fraction. Presently, we cannot discriminate between a flattened or elon-
gated morphology. Valuable help could come from computer simula-
tions; as already mentioned, insights on shapes of the holes can be ob-
tained by suitable algorithms. They seem to suggest elongated holes as
preferred geometries, but detailed investigations are needed for each
kind of polymer. Different factors could contribute to non spherical mor-
phology, including preparation of the sample (by compression molding,
in our case). We also point out the importance of dilatometry to in-
crease the accuracy of such measurements, both because it supplies the
thermodynamic parameters needed to evaluate the theoretical free vol-
ume fraction, and because it is only through a combination of PALS and
dilatometry that it is possible to compare various possible geometries of
the holes and choose the most suitable ones.

Although obtained for a specific polymer, the described methodol-
ogy has a general value since it can be applied to any amorphous poly-
mer at equilibrium.
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