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ABSTRACT: Positron lifetime measurements are reported for a linear polyethylene and several ethylene-
1-hexene copolymers synthesized with metallocene catalysts. The lifetimes, their intensity, the relaxation
time, and the relative free volume fraction obtained are correlated with comonomer content, crystallinity,
location of â relaxation, and some mechanical parameters, such as elastic modulus and microhardness.
A structural discontinuity is found with comonomer molar fraction that evidences the existence of two
different regimes: the first one including the homopolymer and copolymers with contents up to around
5-7 mol % and the second regime for higher compositions. Possible reasons for this behavior are discussed.
In addition, a linear relationship is found between the location of the â relaxation, which is associated
with large-scale cooperative motions in the amorphous environments, and the free volume fraction: the
higher the relaxation temperature is, the lower free volume value is obtained.

Introduction

The use of metallocene catalysts has allowed new
developments in the field of polyolefins in the past
decade. This novel generation of single-site metallocene
catalysts leads to copolymers with a homogeneous
comonomer distribution along the chain as well as a
narrow molecular weight distribution. Moreover, the
very high activities of metallocene catalysts allow to
incorporate high contents of comonomer in the case of
copolymers with different R-olefins, which are difficult
to be incorporated with the classical Ziegler-Natta
catalysts.

On the other hand, the extraordinary ability of
metallocene catalysts to polymerize and copolymerize
new monomers enables to synthesize new families of
materials that are eliminating the differences between
the so-called commodity and engineering polymers and,
also, between thermoplastics and elastomers. Conse-
quently, the final physical and mechanical properties
of polyethylene and polypropylene might be drastically
changed by copolymerization with small amounts of
R-olefins. These modifications1-5 do depend primarily
not only on the amount of counits but also on their
distribution along the chain and even the nature and
length of the side branches arising from the R-olefin.

The measurement of parameters relating to free
volume within polymeric systems is an important aspect
of their characterization. Free volume can be correlated
with such macroscopic properties as diffusion, aging,
plasticization, and mechanical properties. Therefore, the
behavior of the polyolefin copolymers previously men-
tioned depend, in a great manner, on the microstructure
of the subnanometer local free volume holes: it has to

be considered that, for high comonomer contents, an
irregular packing and low levels of crystallinity are
developed in these materials.6 Although the concept of
free volume in polymers is known for a long time, this
topic remains conceptually complex, and a relatively
limited amount of experimental data has been reported,
mainly those obtained by positron annihilation that is
a well-established technique for studying atomic and
subnanometer size voids in solids.7,8

The basis of the positron annihilation lifetime (PAL)
spectroscopy involves the injection of subatomic positrons
into the material of interest. A positron of several
hundred keV energy from a radioactive source, such as
22Na, becomes thermalized in about 10-12 s after enter-
ing a solid matter due to ionization and excitation of
encountered atoms and molecules. The thermalized
positron can (i) annihilate as free particle with one
electron within 100-200 pssas a result, two γ-rays
appear; (ii) be trapped at a vacancy-type defect, if latter
is neutral or negatively charged; or (iii) form a hydrogen-
like bound state (positronium atom, Ps) with an ambient
electron. Ps atoms have two different spin states:
orthopositronium (o-Ps) and parapositronium (p-Ps)
with parallel and antiparallel spins of positron and
electron, respectively. The self-annihilation lifetime of
p-Ps is 125 ps, while o-Ps lives in a vacuum about 140
ns. In condensed matter, however, the positron from
o-Ps may annihilate with one of the opposite-spin
surrounding electrons, the so-called pick-off process. In
this case, o-Ps lifetime shortens to several nanoseconds.
In recent years the positronium atom is widely used to
probe atomic-scale free volume holes (pores) in poly-
mers9 due to the o-Ps property to be localized in empty
spaces in condensed matter.

Some previous works have analyzed the effect of the
different copolymerization variables in metallocene-
catalyzed polyethylene homopolymer and its copolymers
with 1-hexene, and their structure has been associated
with different properties.3,10-16 The aim of this new
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paper is to study the local free volume holes by positron
annihilation methods in a family of ethylene-1-hexene
copolymers synthesized with metallocene catalysts. In
addition, the size and concentration of these holes have
been correlated to some structural and mechanical
characteristics in these metallocenic ethylene/1-hexene
copolymers. For the first purpose, measurements of
positron annihilation lifetime (PAL) have been per-
formed whereas the relationships have been established
from measurements of density, X-ray diffraction, dif-
ferential scanning calorimetry (DSC), dynamic-mechan-
ical thermal analysis (DMTA), uniaxial tensile stress-
strain, and microhardness.

Experimental Part

Two sets of ethylene-1-hexene copolymers are analyzed: (a)
three metallocenic grades from the pilot plant (CEH0.5,
CEH1.1, and CEH2.0) supplied by Repsol YPF and a ho-
mopolymer (mPE202) and (b) five other copolymers (CEH4.2,
CEH8.0, CEH11.0, CEH14.2, and CEH17.2), synthesized in
laboratory using also a metallocene-catalyst system. The
copolymerization conditions have been already described
elsewhere.10,11 Table 1 shows the composition in 1-hexene
(determined by means of 13C NMR spectroscopy), the molecular
weight (by gel permeation chromatography), and other char-
acteristics of the different copolymers.

The films of homopolymer and different copolymers were
prepared by compression-molding between hot plates (about
20 °C above the melting temperature) in a Collin press at a
pressure of about 2 MPa. The samples were cooled between
water plates at the same pressure. The thickness of the molded
sheets was around 0.20 mm.

Wide-angle X-ray diffraction (WAXD) patterns were re-
corded in the reflection mode at room temperature by using a
Philips diffractometer with a Geiger counter, connected to a
computer. Ni-filtered Cu KR radiation was used. The diffrac-
tion scans were collected over a period of 20 min in the range
of 2θ values from 3° to 43°, using a sampling rate of 1 Hz. The
goniometer was calibrated with a silicon standard. The
samples were also studied by small-angle X-ray scattering
(SAXS) employing synchrotron radiation (with λ ) 0.150 nm)
in the beamline A2 at HASYLAB (Hamburg, Germany). A
SAXS linear position-sensitive detector was used at a distance
of 235 cm from the sample and was calibrated with the
different orders of the long spacing of rat-tail cornea (L ) 65
nm). It was found to cover a spacings range from 5 to 55 nm.
The crystallite size in the direction normal to the lamellae, lc,
has been estimated from the Lorentz-corrected long spacing,
L, and the total crystallinity of the samples by assuming a
two-phase model.

The crystalline diffractions and the amorphous component
have been separated with a fitting program which allows
estimating crystallinity of the samples. The baseline has been
just taken as a straight line in the 2θ range from 10° to 30°,
and no further correction has been applied. The different
diffraction peaks were fitted to Voigt functions. The amorphous
peak of the different samples15 was found to be centered at 2θ
between 19.5° and 19.8°.

Densities, F, of the distinct specimens in the solid state were
determined at 23 °C in a water-ethanol gradient column
which had been calibrated with glass floats.

Thermal properties were determined with a Perkin-Elmer
DSC-7 calorimeter connected to a cooling system and cali-
brated with different standards. The heating rate used was
10 °C/min. For crystallinity determinations, a value of 290 J
g-1 was taken as the enthalpy of fusion of a perfectly crystal-
line material.17

Dynamic mechanical relaxations were studied with a Poly-
mer Laboratories MK II dynamic mechanical thermal ana-
lyzer, working in tensile mode. The storage and loss moduli,
E′ and E′′, respectively, and the loss tangent, tan δ, of each
sample were obtained as functions of temperature over the
range from -140 to 120 °C at fixed frequencies of 1, 3, 10,
and 30 Hz and at a heating rate of 1.5 °C/min.

Stress-strain measurements were performed by using an
Instron dynamometer equipped with a load cell and an
integrated digital display that provided force determinations.
Dumbbell samples with an effective length of 15 mm and a
width of 1.9 mm were cut from the compression-molded sheets.
These were then subjected to tensile deformation at a constant
strain rate of 0.667 min-1 and at 23 °C. Elastic modulus, E,
was determined from these stress-strain measurements.
Because of the inherent uncertainty of data in this type of
experiments, at least three specimens of each material have
been stretched. The values reported in Table 2 for this
mechanical parameter are averages from the different tests.

Microhardness measurements were performed using a Vick-
ers indentor. The microhardness values were calculated from
the expression18

where P is the contact load (in N) and d is the length of the
diagonal of the indentation surface (in mm). All the measure-
ments were carried out with a load of 0.981 N, and a contact
time of 25 s, at room temperature.

Positron Annihilation Lifetime (PAL) Measurements.
The positron lifetime measurements were carried out with a
standard fast-fast coincidence system. The time resolution
function, G(t), is represented as a single Gaussian curve with

Table 1. Characteristics of the Ethylene Copolymers Analyzed: Comonomer Content, Molecular Weight (Mw × 10-3),
Melting Temperature (Tm), Crystallinity (fc

DSC and fc
WAXD), Long Spacing (L), Crystal Size (lc), Density, and Location of â

Relaxation (Tâ
DMTA)

samples 1-hexene (mol %) Mw × 10-3 Tm (°C) fc
DSC fc

WAXD L (nm) lc (nm) density (g/cm3) Tâ
DMTA (°C)

MPE202 0 202 131 0.62 0.68 28.8 19.6 0.949 94
CEH0.5 0.5 119 126 0.56 0.61 19.7 12.0 0.936 94 -8
CEH1.1 1.1 116 122 0.52 0.55 17.1 9.4 0.933 71 -10
CEH2.0 2.0 113 115 0.42 0.53 14.8 7.8 0.920 64 -15
CEH4.2 4.2 108 100 0.36 0.53 12.8 5.5 0.908 84 -24
CEH8.0 8.0 88 84 0.23 0.33 0.896 22 -45
CEH11.0 11.0 77 67 0.14 0.24 12.7 3.0 0.884 17 -47
CEH14.2 14.2 52 54 0.06 0.09 0.864 83 -53
CEH17.2 17.2 45 0.04 0.08 -55

Table 2. Parameters Obtained from the Mechanical
CharacterizationsElastic Modulus (E) and

Microhardness (MH)sand Positron
AnnihilationsIntensity Independent of Measurement

Path (I3(0)), Pore Volumes (Vp), and Free Volume
Fraction (fV)

samples
1-hexene
(mol %)

E
(MPa)

MH
(MPa) I3(0) (%)

Vp
(Å3)

fV (arb
units)

mPE202 0 774 42.5 21.64(48) 134.6 25.4
CEH0.5 0.5 496 34.2 24.00(10) 132.1 30.0
CEH1.1 1.1 364 26.6 25.39(43) 133.3 32.3
CEH2.0 2.0 217 18.2 27.00(25) 137.2 35.3
CEH4.2 4.2 74 6.0 27.50(1.1) 146.4 37.4
CEH8.0 8.0 25 3.5 32.61(9) 156.0 50.9
CEH11.0 11.0 15 1.7 33.93(11) 163.1 54.9
CEH14.2 14.2 1.3 32.78(8) 173.3 56.9
CEH17.2 17.2 33.54(10) 173.4 58.1

MH ) 2 sin 68 P/d2 (MPa) (1)
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full width at half-maximum (fwhm) equal to 0.275 ns. The
positron source was 22NaCl between two thin (∼7 µm) Kapton
foils.

The specimens used for positron annihilation measurements
were stacks of thin films, obtained from the compression-
molded sheets. All measurements were made in air at room
temperature in an air-conditioned laboratory to avoid any
electronic drift of the spectrometers used.

The total thickness of the film stacks for some of the
materials studied was not sufficient for full absorption of all
incident positrons. Because of this, the sample-source-sample
sandwich was enclosed between two indium (In) disks. The
part of positrons annihilating in the source and in the In disks
was taken into account during the spectra processing and was
calculated by the program “Layer”.19 The statistics of positrons
annihilating only in the samples studied was of the order of
3.5 × 106 counts for each spectrum. At least eight spectra were
recorded during 2 days of measurements for each sample.

Each experimental spectrum N(t) is expressed as a convolu-
tion of the experimental resolution function G(t) and 3 or 4
negative exponentials P(t) (PATFIT code):

Here Ns is the total number of annihilation events, λi is the
annihilation rate, B is the background, and Riλi ≡ Ii is the
fraction of positrons annihilating with lifetime τi ) 1/λi. The
sum of relative intensities, Ii, is, of course, equal to 1, ∑1

nIi )
1.

Lifetime spectra have been also analyzed by the CONTIN-
PALS2 program, in which a distribution of annihilation rates
is supposed due to heterogeneity of the local environment in
which positrons annihilate. In this case the positron lifetime
spectrum is expressed by

Here R(λ) is the annihilation rate probability density function
(PDF). To avoid the exact determination of the instrument
resolution function, the lifetime spectrum of indium was used
as a reference spectrum. Using CONTIN, there is no necessity
of making assumptions concerning the number of lifetime
components. Moreover, the results from CONTIN can help to
choose the proper number of discrete components for PATFIT.

Because of the decrease of the ortho-Ps intensity in the
course of measurements, exclusively the last four successive
spectra from the whole recorded ones were summed to obtain
one spectrum for each sample, with great statistics, analyzed
by CONTIN.

Results and Discussion

Characterization of Crystalline and Amorphous
Regions. Some features related to crystalline and
amorphous fractions of the different specimens (melting
temperature, Tm, degree of crystallinity, fc

DSC and fc
WAXD,

long spacing, L, crystal size, lc, and the location of the
â relaxation, Tâ

DMTA) are collected in Table 1, in addition
to other molecular parameters previously commented.
Determination of crystallinity from WAXD measure-
ments leads, as usual, to fc

WAXD values slightly higher
than those from fc

DSC, due to the fact that interfacial
content is not contributing to the enthalpy.20 In addition,
it is observed that Tm and fc decrease with increasing
comonomer molar fraction since the lateral butyl
branches coming from comonomer cannot be included
in the orthorhombic crystalline lattice of polyethylene.
Therefore, the presence of comonomer leads to a disrup-

tion of the crystallizable units and the formation of
smaller and less perfect crystallites (see values of lc in
Table 1).

These characteristics associated with the crystalline
morphology do deeply affect its counterpart, the amor-
phous component, in either amount or mobility. The
location and intensity of glass transition are commonly
good sensors of measuring the effect of crystallites on
the mobility of the amorphous regions in semicrystalline
polymers. However, if the degree of crystallinity is too
high or the glass transition is too close to the melting
process in the polymeric system analyzed, the temper-
ature at which its glass transition takes places (Tg)
cannot be clearly detected by DSC. In these cases,
dynamic mechanical thermal analysis (DMTA) and,
more recently, modulated differential scanning calorim-
etry (MDSC) are useful tools for Tg determination.

Figure 1 shows the relaxation spectra in loss modulus
basis at 3 Hz for some of the different specimens. In
the samples of lower comonomer content, three different
relaxation processes, labeled as γ, â, and R in order of
increasing temperatures, are observed. The latest one
is associated with vibrational and reorientational mo-
tions within the crystallites.21,22 The temperature loca-
tion of this relaxation, TR, has been found in polyeth-
ylenes to be very much dependent on the crystal
thickness;23 therefore, TR is moved to considerably lower
temperature, and its intensity is diminished with the
increase of comonomer content in ethylene copoly-
mers,3,23,24 as is clearly seen in Figure 1 for mPE202,
CEH0.5, CEH1.1, and CEH2.0, due to the reduction in
either crystallinity or crystallite size. For the higher
comonomer contents, the R relaxation is not clearly
observed due to the progressively decrease in intensity
and/or to the merging with the â relaxation.

The assignment of the glass transition in polyethylene
to the γ or â relaxations has been a matter of continued
intensive study as well as widespread disagreement.25-30

On one hand, some authors, on the basis of experiments
of 13C nuclear magnetic resonance, concluded that the
â process could not be identified with the glass transi-
tion in either branched or linear polyethylene. On the
other hand, the relative lack of sensitivity to morpho-
logical factors (presence or absence of crystalline frac-
tion) and the magnitude of the activation parameters

N(t) ) NsG(t) P(t);

P(t) ) ∑
1

n

Riλi exp(-λit) + B (i ) 3 or 4) (2)

P(t) ) ∫0

∞
λR(λ) exp(-λt)dλ + B (3)

Figure 1. Temperature dependence of the loss modulus (E′′)
for different specimens under study: mPE202, CEH0.5, CEH1.1,
CEH2.0, CEH4.2, CEH11.0, and CEH14.2.
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have suggested that the γ relaxation has its origin in
relatively localized molecular motions.29 To designate
the γ process as the glass transition in linear polyeth-
ylene would be justifiable only if one wishes to describe
the more prominent amorphous phase relaxation as the
glass transition. Molecular dynamics simulations have
predicted a volumetric glass transition in amorphous
polyethylene associating the â process with the glass
transition.31,32 A Tg of around -50 °C determined by
MDSC has been found33 in an ethylene-1-octene co-
polymer with a 9.3 mol % 1-octene content and in its
composites with glass fiber, and their corresponding â
relaxation has been assigned as that associated with
cooperative motions.34 These results are in a perfect
agreement with those described for a set of copolymers
within a very broad range of compositions.35

A clear dependence of the â relaxation on comonomer
composition is observed in Figure 1 in the copolymers
analyzed. Its location is shifted to lower temperatures,
its intensity is considerably raised, and its relaxation
time distribution becomes narrower as 1-hexene content
is higher in the copolymer. This process has been
attributed to a generalized large-scale molecular motion
within the amorphous component in these copolymers,
similarly to the assumption supposed in the ethylene-
1-octene copolymers just mentioned. Therefore, these
features are correlated to the increase of overall mobility
as crystallinity diminishes and crystallites become less
perfect and smaller in size.

Figure 2 represents the influence that comonomer
content has, on one hand, on the development of three-
dimensional ordered arrangements (fc

DSC) and, on the
other hand, on the mobility of the amorphous phase
(Tâ

DMTA). It is clearly observed that the disruption of
crystallizable units, already mentioned, leads to the
formation of a lesser number of crystallites as comono-
mer incorporation raises in the copolymer. Obviously,
this fact is accompanied by an augment in the amor-
phous fraction as well as an increase of the mobility of
this disordered phase. Consequently, the temperature
at which occurs the relaxation associated with the
cooperative motions of the amorphous chains is shifted
to lower temperatures with the introduction of higher
1-hexene molar compositions. The fc decrease with
composition shows, in principle, a continuous decrease.
However, a close approximation displays the existence
of two more or less linear behaviors: one for composi-

tions lower than 5 and the other for those equal or
higher than 8. This structural discontinuity is again
observed in the variation of the mobility within the
amorphous domains. (A rather similar trend is observed
if fc

WAXD values are taken, considering the analogous
decrease of both fc

DSC and fc
WAXD.)

It might be argued that the mentioned discontinuity
observed in several magnitudes may be due to the fact
that the samples come from two different sources, as
explained in the experimental part. However, the
CEH4.2 copolymer, corresponding to the “second” group
of samples, actually falls in the “first” group behavior.

The physical and mechanical properties of polymeric
materials depend on the degree of crystallinity as well
as on the crystalline structure and morphology. There-
fore, a change in the mechanical parameters is expected
for the different copolymers due to the variations within
the crystalline and amorphous regions by the insertion
of distinct compositions in 1-hexene. The effect of these
structural modifications is observed in Figure 3 where
the dependence of elastic modulus and microhardness
on crystallinity is plotted. A discontinuity in both
mechanical parameters is again observed. The copoly-
mers with 1-hexene contents lower than around 5%
(crystallinities higher than around 30%) are relatively
much more rigid than the other copolymers: it seems
that the crystals in the copolymers with higher comono-
mer contents contribute very little to the mechanical
properties.

A division of ethylene-1-octene copolymers as a
function of density has been suggested.1 Such a clas-
sification scheme shows a broad range of solid-state
structures. Copolymers with densities higher than 0.93
g/cm3 exhibit a lamellar morphology with well-developed
spherulitic superstructure. If density values are in the
0.93-0.91 g/cm3 range, the copolymers have thinner
lamellae and smaller spherulites. Materials with densi-
ties between 0.91 and 0.89 g/cm3 have a mixed morphol-
ogy of small lamellae and bundled crystals. These
materials can form small spherulites. And finally,
copolymers with densities less than 0.89 g/cm3 have no
lamellae or spherulites: fringed micellar or bundled
crystals are inferred from the low degree of crystallinity
and the granular, nonlamellar morphology. Supplemen-
tary work on very low density copolymers has shown

Figure 2. Dependence of DSC crystallinity (left axis) and
location of â relaxation (right axis) on comonomer content.

Figure 3. Dependence of elastic modulus (left axis) and
microhardness (right axis) on crystallinity. The values of
moduli, taken from ref 1, for 1-octene copolymers are also
displayed.
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that even copolymers with densities in the range 0.88-
0.89 present two crystal populations, attributed to a
mixture of lamellar and bundled crystal.36

Moreover, a careful analysis of the diffraction profiles
corresponding to specimens with high comonomer con-
tent indicates that, besides the (110) and (200) reflec-
tions typical of the orthorhombic modification of poly-
ethylene, a third crystalline reflection, centered at 0.453
nm, is obtained. This reflection has been attributed to
a hexagonal phase more disordered than the ortho-
rhombic one.4,37 For instance, the analysis in a copoly-
mer with a 9.3 mol % 1-octene shows a total X-ray
crystallinity of 22%, which is divided, approximately,
in a 9% of disordered hexagonal form and 13% of
orthorhombic one.

Similar features seem to be valid for the present
ethylene-1-hexene copolymers. In fact, Figure 4 shows
the X-ray diffractograms corresponding to the three
copolymers with higher comonomer contents (the dif-
fractograms for the other samples have been previously
reported15). It can be observed that the diagram for
sample CEH11.0 exhibits the (110) and (200) reflections
of orthorhombic polyethylene crystals, and a peak
centered at 19.5° is also observed. On the contrary, the
diffractograms for the other two copolymers with higher
comonomer content do not exhibit the (110) and (200)
reflections, and only the peak centered at 19.5° is
observed. This peak is significantly narrower than the
one corresponding to a molten sample,38 so that our
interpretation is that they are composed of an amor-
phous very wide component and a single diffraction (of
intermediate width) at the top, assigned to disordered
hexagonal crystals. These disordered crystals may be
the major constituent of the bundlelike crystals exhib-
ited by these copolymers of very low crystallinity (but
yet detectable by DSC). The total crystallinity values
deduced from WAXD, as mentioned in the experimental
part and commented above, are presented in Table 1.

The contribution of these very imperfect crystals to
the total rigidity of the sample seems to be considerably
smaller than the one from the “regular” lamellar
crystals, judging from the clear break observed in Figure
3 for both the elastic modulus and microhardness. This
break occurs when the DSC crystallinity is around 30-
35% (a density around 0.90 g/cm3), which corresponds
to the value, as commented above, where a mixed
morphology of small lamellae and bundled crystals is

obtained. This change in morphology is also accompa-
nied by a different mechanical behavior: the samples
with higher comonomer content display deep elasto-
meric characteristics, and therefore, they are much more
ductile and softer.

The parallelism between the present ethylene-1-
hexene copolymers and those with 1-octene1 can be
observed in Figure 3: the elastic moduli of the two series
of copolymers behave in a very similar manner.

PAL Spectroscopy. Three components appear in the
lifetime spectrum of an amorphous polymer. The first
one (τ1 ≈ 150 ps) comes from p-Ps self-annihilation. The
second term (τ2 ≈ 0.4 ns) is due to annihilation of free
(not bound in Ps atom) positrons. These two short-lived
components are insensitive to the polymer structure
changes.39,40 The third lifetime constituent (t3 is of the
order of several nanoseconds) is ascribed to o-Ps pick-
off annihilation, and it depends on polymer structure.

However, a four-term decomposition of lifetime spec-
tra is often used in semicrystalline polymers. In this
case, components appearing at the longest lifetime vary
with structural details of the polymeric systems. The
third one (τ3′ ≈ 1 ns) refers to o-Ps pick-off annihilation
at defects localized in crystalline parts of the samples
while the longest-lived component (τ4 of the order of
several nanoseconds) is due to pick-off annihilation of
o-Ps, localized at free volume holes in amorphous parts.
Free volume holes are due to static (Tmeasurement < Tg)
or dynamic (Tmeasurement > Tg) structural disorder in the
amorphous phase of a polymer. The Tg values of CEH
copolymers are within the interval from -8 to -55 °C,
so at room temperature, i.e., at the temperature of
measurement, Tmeasurement, the free volume holes are
related to dynamic disorders.

In the present case, the variances, ø2, of the fit for a
three-term decomposition of the spectra are in the range
1.0-1.8. A better agreement (ø2 ≈ 0.95-1.2) is obtained
using an unconstrained four-term decomposition for the
fit, although the scatter in lifetimes and their relative
intensities were larger to some extent.

The above interpretation of lifetimes τ3′ and τ4 is
consistent with the dependences of their relative inten-
sities I3′ and I4 on the amorphous fraction (1 - fc

DSC) in
the polymers studied, as depicted in Figure 5 (fc is the
DSC degree of crystallinity). As can be seen, I3′ de-
creases and I4 increases when the amount of amorphous
part in the polymer studied increases. Two different
linear regions are again observed, related with the
comonomer content. Figure 5 also shows a higher

Figure 4. X-ray diffraction patterns at room temperature of
CEH11.0, CEH14.2, and CEH17.2 (from top to bottom) shifted
vertically for clarity.

Figure 5. Variation of I3′ and I4 with amorphous content.
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sensitivity of I4 compared with intensity of the compo-
nent associated with annihilation at crystalline defects,
I3′.

The mean lifetimes, τm, calculated by

are the same in the error limits for the two different
spectra processing, implying that three- and four-term
decompositions are not contradicted. The largest com-
ponent τ4 is only 3-6% greater than t3 obtained from a
three-term decomposition of the lifetime spectra, and
both τ3 and τ4 vary in the same way with comonomer
content. Mainly, the results from three-term analysis
of the lifetime spectra will be presented and discussed
further.

The o-Ps lifetime τ3 as a function of comonomer
content, fHEX, is depicted in Figure 6. It is found to vary
linearly with 1-hexene content, but two different re-
gimes can be observed. The τ3 value of mPE202 ho-
mopolymer is in some extent larger than expected from
the linear dependence of the copolymers with low
1-hexene content.

As mentioned above, in some of the polymers studied
here a decrease of the o-Ps relative intensity I3 during
the period of measurements has been observed, similar
to that reported elsewhere.41,42

To obtain for each specimen a value of I3 independent
of the particular way of positron lifetime measurement,
namely number of repetitions and duration of each
measurement, I3(t) has been fitted to an exponential

where δ is the relaxation rate of I3(t).
Moreover, two different samples in two independent

measurements of the homopolymer mPE202 have been
performed under two different protocols to check the
influence of the number and way of lifetime measure-
ments on the fitted values from eq 5. The approximation
of I3 with eq 5 gave I3(0) ) 21.67(48)%, δ ) 0.00123(36)
min-1 and I3(0) ) 21.67(48)%, δ ) 0.00123(32) min-1

for the first and second series, respectively. So, although
the number and route of measurements are different,
the values of I3(0) and δ obtained are the same. This
implies that the attained I3(0) values may be used to

characterize the properties of the polymers studied
regardless of the way of positron lifetime measurement.

The relative intensity I3 of o-Ps pick-off annihilation
ceased to depend exponentially on time elapsed from
the first contact of positron source and studied samples,
i.e. during the period of measurement for CEH copoly-
mers with concentration in 1-hexene equal to or higher
than 8 mol %. For these copolymers, I3(0) was obtained
by linear approximation of I3(t), and δ is considered
equal to zero. The I3(0) values are listed in Table 2, and
the relaxation rate, δ, as a function of fHEX concentration
is presented in Figure 7.

The commonly accepted explanation of the o-Ps
intensity-time dependence is that it is a result of
positive charge ceaselessly accumulated in the polymer
during PAL measurement and/or competition between
formation and disappearance of species, as free radicals
and ionized molecules, produced by positrons them-
selves, which inhibit Ps formation (see ref 9 and
references therein). The lifetimes of the mentioned
species depend on their mobility. The latter is deter-
mined by the temperature, availability of free volume,
and is higher as the difference ∆T ) |Tmeasurement - Tg|
is larger. In the present case the values of ∆T and pore
volumes VP increase as 1-hexene molar fraction does.
This is in our opinion the reason for δ decrease. Similar
change of I3 rate decrease with elapsed time is observed
by Dlubek et al. in poly(R-olefin)s.43

The values of o-Ps lifetimes are nearly independent
of time of measurement.

The ortho-Ps pick-off lifetime t3 (or τ3′ and τ4) depends
on size of the free volume hole at which the Ps atom is
localized before annihilation. The so-called Tao-Eldrup
model,44,45 in which a spherical-shaped pore of radius
R has been assumed, gives the following dependence
between R and τ3

In this equation, λB ) 2 ns-1 is the spin average Ps
annihilation rate and R0 ) R + ∆R. The thickness, ∆R,
of the electron layer on the pore walls, ∆R ) 0.1656 nm,
was empirically determined in ref 46. Therefore, the
volume Vp

s of isolated pores can be determined via Vp
s )

(4/3)πR3 from the corresponding average pore radii,
calculated by eq 6 from the o-Ps lifetimes.

Figure 6. Dependence of lifetime τ3 on comonomer composi-
tion.

τm ) ∑
1

N

τiIi (N ) 3 and 4) (4)

I3(t) ) I3(∞) + [I3(0) - I3(∞)] exp(-δt) (5)

Figure 7. Variation of the relaxation rate with 1-hexene
content.

τ3 ) {λB[1 - (R/R0) + (1/2π) sin(2πR/R0)]}
-1 (6)
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The o-Ps intensity is often considered as an estimation
of the free volume pore concentration,9,47 and the
relative free-volume fraction FV is expressed by

where C is a parameter, extracted usually from pres-
sure-volume-temperature (PVT) measurements. If the
value of C can be considered identical for all polymers
here studied, the parameter fV ) I3Vp

s can be used as a
quantity proportional to the fractional free volume. The
latter is defined by FV ) Vp/(Vp + Vm), where Vp and
Vm are the volumes of the all pores and solid phase
holding in a given volume V ) Vp + Vm of the material
studied. The specific pore volume VS

pore (cm3/g) ) Vp/
VmFm according to Brinker et al.48 can be depicted by
VS

pore ) 1/F - 1/Fm, where F and Fm are the bulk and
solid phase densities, respectively, supposing that all
of the free volume is spatially together in the latest
density. The fractional free volume FV can be expressed
by VS

pore: FV ) Vp/V ) FVS
pore, and FV ≈ 1 - F/Fm. If Fm is

considered as equal and constant for all samples stud-
ied, then fV will be a linear function of F.

The values of fV vs density are depicted in Figure 8.
Two different linear intervals are again observed: the
specimens with densities higher than about 0.90 g cm-3

follow a well different straight line than those of lower
densities.

In connection with eq 7 some additional remarks are
needed. First of all, this equation may be applied only
for polymers that do not contain groups, which are
scavengers of electron or/and positrons. On the other
side, the o-Ps intensity decreases with time elapsed from
the beginning of PAL measurements of each studied
sample. As discussed above, this is explained by ac-
cumulation of species, which inhibit Ps formation. To
overcome this difficulty, the I3(0) values obtained by eq
5 were used in eq 7, since at the very beginning of a
sample measurement there is no inhibition.49

The scaling constant C in eq 7 expresses the prob-
ability of o-Ps formation that does not depend on free
volume. As the macromolecules of the studied copoly-
mers contain the same repeating units, there is no
reason to consider that C will have a variety of values
for different copolymers.

Using o-Ps as a probe of free volume studies of
polymers, the free volume could be either observed (Vo)

or unobserved (Vuo) with o-Ps, depending on their size:
if they are macroscopic defects, larger than the ang-
strom scale, they cannot be observed by o-Ps atoms. The
polymer density is determined from both free volumes,
while the parameter fV should depend only on Vo. In
other words, if fV linearly decreases with density
increase, this means that I3 is a measure of pore
concentration and, additionally, that there are not
macroscopic defects in the samples studied. The opposite
statement is also valid; i.e., if I3 is not a measure of pore
concentration and/or if macroscopic defects larger than
angstrom scale exist in the samples, then fV and F are
not linearly dependent. From the linear behavior ob-
served in Figure 8, it follows that in the present case I3
could be considered as a measure of the concentration
of pores.

The o-Ps intensity I3 varies linearly with the amount
of amorphous phase in the copolymers studied, as seen
in Figure 9. As well, two linear regimes with composi-
tion and, therefore, with amorphous fraction are ob-
served. The extrapolation of linear dependence from
samples with low comonomer content to a fully crystal-
line specimen leads to an I3 value of 12.8%. As discussed
above, this can be explained40,50 considering that Ps
atoms may be formed not only in amorphous but also
in crystalline parts of semicrystalline polymers. The
value obtained for I3 is somewhat larger than the one
of I3′ obtained by unconstrained four-component fit of
the lifetime spectra.

In fact, as discussed by Dlubek et al.,51 the conception
of only two phases, crystalline and amorphous, in
semicrystalline polymers is a too simplified one. At least
a three-phase model, which includes the crystal/
amorphous interface, should be regarded as more cor-
responding to the reality. The free volume holes at
which o-Ps atoms annihilate are localized both in
amorphous regions and in the crystal/amorphous inter-
face. Obviously, it could not be expected that the crystal
fold surface in the present case of CEH copolymers is
an ordered one, since the butyl branches are excluded
from the crystallites. The rejected counits aggregate,
resulting in a “switchboard” appearance of the lamella
fold surface. It is reasonable to suppose that the disorder
of the interface grows up with increasing comonomer
content. Accordingly, the relative part of o-Ps atoms that
annihilate at free volume holes localized in the crystal/
amorphous interface also increases. In our opinion this
is the reason for different slopes of I3 (and I4 from Figure

Figure 8. Relationship between free volume fraction and
density.

FV ) CI3Vp
s (7)

Figure 9. Dependence of I3 on amorphous content.

8436 Cerrada et al. Macromolecules, Vol. 38, No. 20, 2005



5) for samples with different comonomer content. The
discontinuity of I3 (I4) ) f(1 - fc

DSC) occurs at the same
1-hexene molar composition as for the other copolymer
characteristics.

As mentioned above, the lifetime spectra have been
also processed by the CONTIN program. Two o-Ps
lifetime distributions have been observed for all of the
specimens studied, as depicted in Figure 10 for some of
the CEH copolymers. This observation urged us to probe
the unconstrained four-term decomposition of the life-
time spectra (see above). As already mentioned, this
procedure drives to ø2 reduction, but also to a consider-
able scatter in the I3′, τ3′, I4, and τ4 values. Nevertheless,
it is interesting to follow the trends of o-Ps intensities
as functions of amorphous phase content (1 - fc

DSC) of
polymers studied (Figure 5). As can be seen, I3′ values
decrease, while I4 values increase with (1 - fc

DSC)
increasing. Such trend could be expected if the latter
intensity is connected with amorphous and the former
one with the crystalline regions of polymers.

The τ3′ values are in the range 1-1.5 ns, while τ4 is
in the range 2.5-2.8 ns. Ortho-Ps lifetimes as functions
of comonomer concentration are presented in Figure 11.
The τ4 lifetimes increase with comonomer content, and
two linear behaviors are shown. However, there is not
a clear dependence for τ3′ in these CEH copolymers.

These features might be interpreted as an indication
that the interaction between macromolecules in amor-
phous parts of the polymers studied decreases with
adding of comonomer, while in the crystalline phase of
CEH there is no indication of such change.

Pore radius distributions (Figure 10) point out the
heterogeneity of the local environment of the annihilat-
ing o-Ps atom. The distribution have been approximated
by Gaussians

using the program package ORIGIN 4.1. The obtained
values for widths w3 and w4 of radii R3′ and R4,
respectively, are presented in Figure 12. As can be seen,
the samples studied could be classified into two groups
depending upon composition, as we have already dis-
cussed for another structural and mechanical param-
eters: those for lower contents of comonomers and,
therefore, high values of crystallinity and those with
1-hexene compositions equal to or higher than 8%. In
each group, w3 and w4 decrease as comonomer increases.
This feature implies that the sizes of pores, related to
those existing within the crystalline (w3) and amorphous
(w4) parts, become more uniform, and therefore, the
distribution width is reduced. In addition, as expected,
the pore radius distributions in crystalline phase (w3)
of a particular material are always narrower than those
in the amorphous phase (w4).

Finally, Figure 13 shows the relationship between the
free volume fraction and the location of the relaxation
related to cooperative motions within the amorphous
regions. A significant increase of free volume amount
is observed when the amorphous content increases, as
also reported in Table 2. It seems that now a single
straight line is obtained, meaning that a direct relation-
ship exists between these two variables. It is noticeable,
however, the wide gap observed between the two kinds
of samples: those of low comonomer content (with a
lamellar spherulitic morphology) and the ones with high
comonomer content (exhibiting bundlelike crystals and
a majority of disordered hexagonal crystals). The change
in morphology seems to be responsible, therefore, for a
very high increase of the free volume fraction, and as a
direct result, the â relaxation appears at considerably

Figure 10. Positron lifetime distributions from the lifetime
spectra of different copolymers analyzed.

Figure 11. Dependences of lifetimes τ3 and τ4 on comonomer
content.

Figure 12. Variation of the widths w3 and w4, with the
comonomer content.

f (R) ) const + A

wxπ/2
exp(-2(R - RC)2

w2 ) (8)
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lower temperatures for the group of copolymers with
high comonomer contents.

A final aspect from Figure 13 is that, assuming the
depicted linear relationship, a extrapolated value of
around 0 °C would be obtained for the â relaxation of
the studied polyethylene homopolymer sample, from the
known value of 25.4 for its free volume fraction (see
Table 2).

Conclusions

A structural discontinuity is observed within the set
of ethylene-1-hexene copolymers analyzed. Thus, the
variation of crystallinity and the mobility of the amor-
phous regions with the comonomer composition show
two different linear dependences: one up to 1-hexene
contents of around 5-7 mol % and another for higher
molar fractions. This feature is probably associated with
changes in morphological aspects within the copolymers.
Those included in the former regime present a lamellar
morphology with well-developed spherulitic superstruc-
ture, though the lamellae become thinner and spheru-
lites smaller as 1-hexene content increases. However,
a mixed morphology of small lamellae and bundled
crystals is developed in copolymers with comonomer
contents equal to or higher than 8 mol %, similarly to
that found in ethylene-1-octene copolymers. Moreover,
a careful analysis of the diffraction profiles correspond-
ing to specimens with high comonomer content indicates
that, besides the (110) and (200) reflections typical of
the orthorhombic modification of polyethylene, a third
crystalline reflection, centered at 0.453 nm, is obtained
that is attributed to a hexagonal phase more disordered
than the orthorhombic one. All these structural char-
acteristics do deeply affect the mechanical response and
the parameters estimated by positron annihilation.
Therefore, these two linear behaviors with composition
or related magnitudes are observed in the variation of
elastic modulus, microhardness, o-Ps lifetimes and their
intensities, relaxation rates, and free volume fractions.
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Pérez, E.; Cerrada, M. L. Macromol. Chem. Phys., in press.

(6) Dlubek, G.; Bamford, D.; Henschke, O.; Knorr, J.; Alam, M.
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