
Free Volume Microstructure and Its Relationship to the Chain
Dynamics in cis-1,4-Poly(butadiene) As Seen by Positron
Annihilation Lifetime Spectroscopy
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ABSTRACT: The annihilation characteristics of the orthopositronium (o-Ps) in the structurally simplest
elastomer cis-1,4-poly(butadiene) has been measured in the temperature range from 15 to 313 K and
interpreted in the framework of the free volume concept. The temperature dependence of the mean lifetime
of the o-Ps, τ3, and its relative intensity, I3, reflect a fine interplay between the free volume and microscopic
chain dynamics. In addition to a pronounced break on the τ3-T plot at the glass transition temperature,
Tg, a further two bends exist. The first, in glassy state, is relatively slight. The other one, in an elastic
state, can be correlated with the melting temperature Tm of the crystalline phase. The order agreement
between the temperature coefficients of free volume hole expansion Rh and the mean square displacement
of chain atoms R〈u2〉 from a recent neutron scattering study indicates a microscopic cause for the hole size
growth with temperature. The decrease of I3 with temperature T above 120 K correlates with the onset
temperature of the so-called fast motion from neutron scattering measurements as well as with the so-
called Vogel temperature To for the primary segmental dynamics. The N-like shape course above Tg

correlates with the cold crystallization from DSC measurements. In the melt region above 265 K, the
slightly dependent τ3 and I3 quantities correspond to a formation of the bubble states of the o-Ps in the
soft matrix. Finally, the temperature dependence of free volume hole distributions exhibits the essential
changes from relative narrow distributions in the glassy state to wide distributions above Tg and ones
that do not change much in the melt region of the polymer matrix.

Introduction

The structure of polymers of a given chemical com-
position of the monomers with their mutual binding and
arrangement determines the set of their physical as well
as physico-chemical properties. In the case of amor-
phous polymers, the structural characterization is more
complicated due to the disorder of their chains. For this
reason the use of classical diffraction techniques is
limited.1,2 To understand the relationship between
structure and properties, information on the local varia-
tion of the basic unit arrangement is necessary. Ac-
cording to the free volume concept of mobility in
disordered media,1,3-8 a given motional mode may be
only realized in certain local regions of the matrix with
lowered local density. It is evident that the detailed
knowledge of the local structure opens up the way to a
better understanding not only of motional mechanisms
but also of mechanical and transport properties.9,10

From the experimental point of view, two methods of
study of the local structural variation are usually used.
Small angle X-ray or neutron scattering (SAXS, SANS)
provides information on the density fluctuation on the
scale of a few tens of ångstroms. On the other hand,
positron annihilation lifetime spectroscopy (PALS) is
able to give direct information on the free volume
situation in amorphous systems. It is based on the fact
that the lifetimes of positron and its bound formss

positronium (Ps)sare sensitive to the existence of
structural inhomogenities.11-13 In condensed media, in
addition to e+ annihilation a formation and an annihila-
tion of two forms of the (e+e-) bound systems occur in
dependence on the mutual spin orientation of the
positron and the electron. The singlet state of para-
positronium (p-Ps) with antiparalell spin orientation has
a lifetime τ1 ) 0.125 ns in vacuo. The triplet state of
orthopositronium (o-Ps) lives in vacuo for τ3 ) 142 ns.
In liquid and solid substances τ3 is shortened due to an
interaction with electrons of surrounding on a few
nanoseconds. It is accepted that o-Ps is formed by e+

after very rapid thermalization, following capture in the
regions with reduced electron density such as holes,
vacancies, and cavities. Recent methodological and
interpretation progress revealed possibilities to deter-
mine not only the mean (spherical) hole sizes using a
quantum-mechanical model14 but also the free volume
hole fractions using various calibration schemes15-17 as
well as hole size distributions.18 This development has
caused a renaissance in applications of the PALS
method in solving many actual problems of polymer
physics such as the influence of chemical modifica-
tion,19,20 the effect of physical aging,21,22 the effect of
mechanical deformation,23 and the influence of mass,24
charge,25 and free valence26 transport. Most of the
studies so far were carried out on plastics with a glass
transition temperature, Tg, above room temperature for
reasons of easier experimentation; essentially less at-
tention was focused on elastomers.27-30 As for the PALS
data, a puzzling aspect is the fact that the temperature
coefficients of hole expansion are about 1 order of
magnitude higher than the temperature coefficients of
macroscopic volume expansion.13,16,20 In addition, some
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polymers with a rather complicated chemical structure
exhibit complicated courses in I3-T dependences, as-
cribed to the side group mobilities27,31,32 or to the
coalescence of small holes.21,29 Finally, in a few cases
practically a saturation in the lifetime τ3 and/or of the
relative intensity I3 was observed at temperatures well
above Tg not only for low molecular weight sub-
stances33,34 but also for some epoxy polymers.35

The above-mentioned problems imply the need to
obtain somemore fundamental answers on relationships
between the free volume microstructure and the inter-
nal dynamics as well as on a mutual interaction between
the o-Ps probe and the medium. According to our
opinion this requires combined investigations on suit-
able simple polymer systems in a wide temperature
range, including very low temperatures.
The aim of this paper is to present the results of such

a study on cis-1,4-poly(butadiene). The reasons for the
choice of this model polymer were the following: (i) it
is the simplest chemical structure that does not contain
the complicating effect of the side groups; (ii) the sample
has an amorphous character due to the cis geometrical
isomeric form observed for a suitable method of prepa-
ration, and finally, (iii) it exhibits a relative simple
dynamics with the lowest glass transition temperature,
Tg, among carbon backbone polymers without secondary
relaxations as detected by conventional techniques of
relaxation spectrometry.36-38

Experimental Section

1. Sample and Treatment. cis-1,4-Poly(butadiene), cis-
1,4-PBD [-CH2CHdCHCH2-]n, from Japan Synthetic Rubber
Co., Ltd, with the following molecular characteristics, Mw )
8.1 × 105 and Mn ) 2.7 × 105, was used. The microstructure
of chains from infrared measurements was 95.7% of the cis
form, 2.0% of trans form, and 2.3% of the vinyl form.
The samples for PALS measurements were in a form of

small disks with diameters of 10 mm and thicknesses of 3 mm.
After their installation into the measuring apparatus, a pair
of the samples was cooled to the starting temperature of 15
K.
The samples for differential scanning calorimetry (DSC)

measurements were undergone to the analogical cooling
regime from the room temperature to the starting temperature
of 140 K.
2. Positron Annihilation Lifetime Measurements.

PAL measurements have been performed in the temperature
range from 15 to 313 K with a mean temperature step of 15
K. Measurements lasted for 3 h at each temperature.
The positron annihilation lifetime spectra were obtained by

the conventional fast-fast coincidence method using plastic
scintillators coupled to Phillips X 2020 photomultipliers. Ortec
583 constant fraction discriminators were used for selecting
the energy and providing timing signals to a time-to-amplitude
converter. The time resolution (fwhm) of prompt spectra was
320 ps. A model-independent instrumental resolution function
was obtained from the decay curve of the 207Bi isotope with a
single lifetime of 186 ps. In conventional three component
analysis the PATFIT-88 software package39 of Kirkegaard et
al. was used. In addition, PALS spectra were analyzed in a
form of continuous lifetime distribution using the modified
CONTIN program.40,41

The annihilation of the orthopositronium (o-Ps) in a spheri-
cal hole can be described by a simple quantum-mechanical
model of the spherical potential well with an electron layer of
thickness ∆R. The semiempirical relation between the radius
of the free volume hole R and the ortho- positronium lifetime
τ3 is14

where Ro ) R + ∆R. The parameter ∆R ) 1.66 has been
determined from fitting the experimental values of τ3 obtained
for materials with known hole sizes, e.g., molecular crystals
and zeolites.
The hole radius probability distribution function is given

by40:

Then, the hole volume probability distribution function is given
by

where R(1/τ) is the positronium annihilation rate probability
distribution function.
3. Differential Scanning Calorimetry Measurements.

The thermodynamic behavior of the PBD sample has been
determined by the DSC method using a Perking-Elmer 7
Series thermal analysis system. DSC thermograms were
registered at a heating rate of 10 K min-1. The temperature
and enthalpy characteristics of the step effect due to glass
transition and of the peak effects due to the so-called cold
crystallization and melting, respectively, were evaluated using
the software Thermal Analysis Data Station.

Results and Discussion
1. Finite Term Analysis Data and Mean Free

Volume Analysis. (a) Mean Lifetime and Relative
Intensity vs Temperature Dependences. Experi-
mental results from finite term lifetime analysis of cis-
1,4-PBD in the temperature range from 15 to 313 K are
presented in Figures 1 and 2 and Tables 1-3. Typical
values of the three-component analysis at several
representative temperatures with fixed τ1 component
are given in Table 1. The temperature dependences of
annihilation characteristics of o-Ps are shown in Figures
1 and 2. Both graphs have rather complicated courses
exhibiting several regions of different behavior of τ3 and
I3. These regions were approximated by the linear
regression fits with A and B parameters summarized
in Table 2.
At the lowest temperatures up to 50 K, we observe a

practically constant course with τ3 ) 1.05 ns. This value
is very low in comparison with rare data on polymers
at cryogenic temperatures, e.g., polycarbonate (BPA-PC)
where τ3 (50 K) ) 1.78 ns.16 The corresponding limiting
mean free volume hole size is Rh ) 1.75 Å, i.e., Vh ) 22

Figure 1. Mean o-Ps lifetime τ3 as a function of temperature
in cis-1,4-PBD.
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Å3. It is about one-third of the van der Waals volume
of the monomer unit, Vw

mon ) 62 Å3. The small size of
free volume holes indicates a very effective packing of
the chains deeply in the glassy state of PBD. It is a
consequence of the chemical structure as characterized
by a relatively high internal flexibility which may be
quantified by the characteristic ratio C∞ ) 5.1.42 This
high flexibility results in small holes in comparison with
the long rigid aromatic bonds in BPA-PC. The second
temperature region is characterized by a linear increase

of the o-Ps lifetime, and its upper boundary agrees with
the glass transition temperature Tg ) 168 K (see Figure
5). The mean hole radius at Tg is Rhg ) 2.15 Å (Vhg )
42 Å3); it represents about two/thirds of the van der
Waals volume of the basic structural unit. In the elastic
state from 170 to 265 K, one observes the pronounced
increase of τ3 with temperature. It corresponds to an
enhancement of the mean hole size from Rhg ) 2.15 Å
to Rh ) 3.4 Å or Vh ) 150 Å3, i.e. 2.4Vw

mon. Finally, the
fourth high temperature region is characterized by
slight temperature change.
The temperature variations of o-Ps relative intensity

I3 is more complicated. Nevertheless, five regions of
distinguished behavior can be found. In the first region,
a slight increase of 3.5% is observed. Then, we can see
the first decreasing zone with a slightly decreasing trend
up to 180 K. The upper boundary of this region
overcomes Tg. Further, the second anomalous region
characterized by an N-like shape dependence is present.
In the fourth region, above 220 K, the pronounced
increase of I3 is evident. In the last, high temperature
region above 265 K, I3 behaves similar to τ3. The origin
of these slight temperature dependences of τ3 and I3 will
be discussed in the last part of the paper.
(b) Relations between Temperature Coefficients

of Free Volume Hole Size and Geometric Param-
eters of Chain Microdynamics. The temperature
coefficients of o-Ps annihilation quantities, including
free volume characteristics calculated from eq 1, are
defined as

and are summarized in Table 3. Here, X ) τ3, and Vh,
I3, and Xg are particular quantities at Tg. The temper-
ature expansion coefficients of free volume Rh are
compared with the macroscopic volume expansion coef-
ficient RV. Thus, a comparison of Rh from Table 3 with
RV ) 1.93 × 10-4 K-1 for glassy state from ref 43
confirms a finding on the other polymers; i.e., the hole
expansion in the glassy state is 1 order of magnitude
higher than the expansion of macroscopic volume.44
Similarly, in the elastic state up to about Tg + 100 K,
the Rh value is almost 2 orders of magnitude higher than
the RV ) 7.5 × 10-4 K-1 from ref 43. But RV is a global
property of the whole system consisting of free and
occupied volume, while Rh is a local quantity which
characterizes the hole expansion only. Therefore, we
propose to relate the temperature hole expansion to
some quantity characterizing the microscopic dynamics.
One possibility is to use the dynamical parameter of
chain motionsthe mean square displacement 〈u2〉 ac-
cessible from the elastic neutron scattering experiment.
The temperature coefficients â〈u2〉 and R〈u2〉 of chain
scatterer in the same kind of polymer were calculated
from the 〈u2〉 - T dependence for the energy resolution
δε ) 0.02 meV45 using eqs 4 and 5 (see Table 3). The
order agreement between Rh and R〈u2〉 in both the glassy
and elastic states as well as the closeness of its ratios
below and above Tg (1.3 for Rh vs 1.1 for R〈u2〉) suggest
that the free volume hole expansion has an origin
similar to that of microscopic small-scale and high-
frequency chain dynamics observed by neutron scatter-
ing.

Figure 2. Relative intensity I3 of o-Ps as a function of
temperature in cis-1,4-PBD.

Table 1. Typical Values of the Three-Component Fit of
Positron Annihilation Spectra in cis-1,4-PBD at Several

Temperatures

T/K τ2/ns τ3/ns I2/% I3/%

45 0.314 ( 0.009 1.052 ( 0.018 67.95 ( 2.73 23.77 ( 0.87
75 0.333 ( 0.009 1.182 ( 0.018 63.95 ( 2.23 24.01 ( 0.74
200 0.364 ( 0.004 1.690 ( 0.009 57.20 ( 0.77 25.26 ( 0.19
300 0.391 ( 0.002 2.614 ( 0.005 42.98 ( 0.30 39.45 ( 0.07

a The first component τ1 is fixed to the value of 125 ps.

Table 2. Parameters of the Linear Fits Y ) AX + B for
the Mean Lifetime τ3 and Relative Intensity I3 in

cis-1,4-PBD

quantity region T/K A B

τ3a I 15-50 0 1.05 ( 0.01
II 55-170 (2.275 ( 0.211) × 10-3 0.958 ( 0.026
III 175-265 (1.319 ( 0.048) × 10-2 0.903 ( 0.100
IV 265-313 (4.43 ( 1.78) × 10-4 2.482 ( 0.052

I3b I 15-125 (3.138 ( 0.422) × 10-2 21.790 ( 0.399
II 130-180 (-1.342 ( 0.944) × 10-3 25.945 ( 1.666
III 220-265 (2.760 ( 0.05) × 10-1 37.45 ( 1.286
IV 270-313 (8.03 ( 2.35) × 10-3 37.08 ( 7.01

a A in ns K-1 and B in ns. b A in %K-1 and B in %.

Table 3. Temperature Coefficients of Annihilation of o-Ps
(τ3, I3), of free volume holes (Vh), and of Dynamic

Parameter (〈u2〉)

temp
interval/K âxa Rx/K-1 â〈u2〉/Å2 K-1 R〈u2〉/K-1

τ3 55-170 2.3 × 10-3 1.7 × 10-3

175-265 1.3 × 10-2 9.8 × 10-3

270-313 4.4 × 10-4 3.3 × 10-4

Vh 55-170 1.6 × 10-1 3.7 × 10-3 2.1 × 10-4 5.5 × 10-3

175-265 1.2 2.7 × 10-2 1.95 × 10-3 5.1 × 10-2

270-313 7.0 × 10-2 1.7 × 10-3

I3 15-120 3.1 × 10-2 1.2 × 10-3

125-180 -1.3 × 10-3 -5.2 × 10-5

220-265 2.8 × 10-1 1.1 × 10-2

270-313 8.0 × 10-3 3.1 × 10-4

a τ3 in ns K-1 and Vh in Å3 K-1.

âx ) ∆X
∆T

(4)

Rx ) 1
Xg

(∆Xg

∆T ) (5)
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2. Continuous Term Analysis Data and Free
Volume Distributions. The PAL spectra measured
in the temperature interval from 15 to 313 K with high
statistics have been evaluated by using the CONTIN
programm to give continuous lifetime distributions.
These were converted into the hole radius and the hole
volume distributions according to eqs 2 and 3, respec-
tively. Although this procedure has been questioned,46
a very recent analysis47,48 of this problem showed that
only the special case had been treated in ref 46. Figures
3 and 4 show the hole size distributions at several
temperatures from various regions of Figures 1 and 2.
Qualitatively, the maxima of both distributions shift to
higher values with a rise in temperature. Simulta-
neously, widening of both distributions occurs, which
is especially pronounced in the elastic state. Above 265
K, small changes can be observed with increasing
temperature. Similar trends exhibit free volume dis-
tributions in a typical plasticspoly(styrene) (PS).49
From a quantitative point of view, the free volume hole
distributions in PBD are very narrow below Tg. For
instance, at 15 K it ranges from 15 to 40 Å3, i.e., 25-
65% of Vw

mon. At 90 K, i.e., 80 K below Tg, it is 20-50
Å3 corresponding to 0.3-0.8, Vw

mon. These data can be
compared to analogical values in PS49 (Tg ) 368 K) for
identical temperature differences (T - Tg). In this
polymer the width of the hole volume distribution
ranges from 40 to 190 Å3. For a typical elastomer in
the glassy state, the hole volume distributions for

identical T - Tg are narrower than that in the above-
mentioned plastics. Thus, not only the mean hole size
but also the width parameter of hole size distribution
indicate a very effective arrangement of chains in the
glassy state. On the other hand, in elastic state,
pronounced widening in the distribution boundaries
occurs, especially at a high value tail. For example, at
200 K (Tg + 30 K) the width ranges from 30 to 150 Å3.
The analogous value for PS at 398 K is from 50 to 250
Å3. Thus, despite the narrower distributions at T < Tg,
a stronger relative growth of the hole size fluctuation
takes place in the elastic state of PBD. We can say that
it is related to higher flexibility and to more intensive
chain dynamics in PBD in comparison with PS (C∞ )
10.8).42

3. Relationships between Free Volume Micro-
structure and Segmental Dynamics. (a) Glassy
State Region. As mentioned above, one of the reasons
for the choice of cis-1,4-poly(butadiene) was its very
simple relaxation behavior. The temperature depen-
dence of the mechanical loss exhibits a relatively wide
primary relaxation peak without any evident secondary
relaxations.36-38 This finding seems to be consistent
with the results of previous parts of this paper indicat-
ing a high degree of packing efficiency. The small holes
do not form appropriate conditions for a local secondary
mobility. However, it does not mean an absence of any
other motional possibilities in the glassy state suggested
by Figure 2. Above 120 K up to 180 K a slight decrease
in I3 occurs. Such a phenomenon has been observed in
several amorphous and semicrystalline polymers21,31,32
and interpreted by two different methods, both based
on the idea about the proportionality between the I3 and
the hole concentration. The coalescence hypothesis
argues that the hole size increases with temperature,
which takes place at the cost of hole coalescence.21,29 On
the other hand, a blocking concept assumes that part
of the holes may be excluded for o-Ps localization due
to some local motion.27,31,32 While the first idea is hardly
verifiable by independent means, the second one can be
tested by a comparison of the o-Ps lifetimes and the hole
sizes with time as well as the geometric characteristics
of potential motions. A recent quasielastic scattering
(QENS) study of segmental dynamics on the same
polymer revealed an existence of the so-called fast
motion. This motion of a relaxational nature on a
picosecond time scale starts to appear at the onset
temperature Tf ) 120 ( 7 K.45,50,51 Good agreement
between an appearance of the intensity decrease and
the onset temperature of fast motion as well as a
fullfilling of the condition31 of a mutual relation between
the characteristic time of motion and the lifetime of o-Ps
indicates their link. From QENS measurements it
follows that the fast motion has a localized, cage
character and it is ascribed to the relaxational motion
in the C-C torsion potential.45,51 Assuming that this
motion may be described by a a two-site model, an
additional analysis of the scattering data by using eq 6
from ref 51 leads to an amplitude of hydrogen motion
of about 1.3-1.4 Å between 120 K and Tg. This is a
sufficiently large displacement which can block part of
the free volume holes of mean radius 2 Å, considering
that the o-Ps diameter do-Ps ) 2.12 Å.13 Thus, on the
basis of the combined PALS and QENS analysis, we
conclude that the intensity decrease above 120 K can
be caused by a blocking effect of the fast motion in the
glassy matrix.

Figure 3. Free volume hole radius distributions f(R) of cis-
1,4-PBD at given temperatures of 15, 90, 120,175, 200, 250,
260, and 293 K.

Figure 4. Free volume distributions g(V) of cis-1,4-PBD at
the same temperatures as in Figure 3.
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We note that the onset of intensity decrease correlates
not only with the onset of fast motion but also with the
temperature parameter To from an empirical Vogel
equation for the segmental dynamics

where τ∞R and B are the empirical coefficients and T is
the absolute temperature. On the basis of agreement
between Tf and To ) 118 K is believed that the fast
motion is a precursor for R segmental mobility.45,51 This
seems to be consistent with the existence of a broad
shoulder on the low temperature side of the relaxation
peak from dynamic-mechanical measurements,37,38 in-
dicating the course of R mobility in the glassy state.
Thus, the intensity decrease is an independent evidence
not only for the fast motion but also for the local
segmental mobility at T < Tg. However, the nature of
the coupling between fast and segmental mobility is still
unclear. One possibility is that the fast motion works
as a free volume reorganizer which shifts very small free
volume entities through a matrix. An occasional ac-
cumulation of these entities allows the course of seg-
mental motion, presumably of conformational character.
(b) Glass-Liquid Transition Region. The most

pronounced feature in the τ3 - T dependence is the large
change of slopes below and above 170 K. This break
temperature agrees with the glass transition tempera-
ture Tg ) 168 K from DSC measurementssFigure 5.
Such a finding is quite general, and it has recently been
analyzed by one of us from phenomenological, chemical,
and free volume structural points of view.42 Our values
of τ3g and the product τ3gI3g at Tg

DSC confirm the
empirical correlations between both quantities vs Tg

DSC

values for a series of 13 amorphous polymers.42 The
change of τ3 at Tg correlates not only with the change
of macroscopic propertysenthalpysbut also with the
onset of the so-called slow motion at Ts ) 171 K as
detected by the QENS method on the same material.45
This motional mode is characterized by a time scale of
10-10 s and an amplitude of about 2.5 Å.50 On the basis
of a comparison of this amplitude with that from the
analysis of potential motional modes in the basic
structural unit of cis-1,4-PBD, it was concluded45,50 that
the slow motion consist of local conformational transi-
tions of R bonds in dCHCH2- as well as of â bonds in
-CH2CH2- parts of the chains.
According to the free volume concept of mobility in

condensed media, a particular motion is realized when
a critical hole in the immediate vicinity of the moving
unit exists.5,6 For vinyl polymers, a conformational
transition in the Tg region is connected with a reorien-

tation of the whole monomer unit;52 it has been evi-
denced in the case of atactic poly(propylene) by 2D 13C-
NMRmeasurements53 and supported by analysis of the
PALS data for this as well as for other vinyl polymers.42
Similar analysis of the annihilation data from Figures
1, 3, and 4 shows that at Tg the mean hole radius is Rhg
) 2.15 Å with a fluctuation from 1.75 to 2.75 Å. It
corresponds to the hole volume distribution range from
25 to 90 Å3 with the mean value at about 42 Å3, i.e.,
0.4-1.4Vw

mon with the mean about 0.67Vw
mon. The

above-mentioned conclusion from the QENS study as
well as the free volume holes findings is also consistent
with the results of recent molecular-dynamics (MD)
simulations of mobility in bulk cis-1,4-PBD.54,55 Ac-
cording to them, the conformational motions consist of
70% uncorrelated and 30% correlated transitions; the
proportion of the latter rises with decreasing tempera-
ture. The effective activation energies of both types of
transitions, (8.2 and 12 kJ/mol) are on the order of one
to two barrier heights55 in a good agreement with an
experimental value for the slow motion from a QENS
measurement (about 12 kJ/mol).50 Since the rates of
individual transitions of R and â bonds are comparable
and the correlated transitions are dominant by (2
transitions of bonds separated by a â bond or double
bond, the motion are quite localized at the level of the
three-bond kinetic segment54 with reasonable agree-
ment with the mean hole size from our PALS study.
The intensity decrease starting in the glassy state

overcomes the Tg at roughly 10-15 KsFigure 2. It may
suggest that with increasing temperature the blocking
effect of the fast motion may be replaced by that of
larger scale slow mobility. Since the hole size at Tg is
commensurate with the size of kinetic segments in both
types of transitions, it may result in a continuing
blocking effect of the slow dynamics on stabilization of
a part of o-Ps at and slightly above Tg.
From these findings a good consistency among free

volume characteristics from the PALS measurement,
the neutron scattering motional modes from QENS
investigation, and MD calculations follows.
(c) Elastic State Region. The o-Ps lifetime τ3

increases practically linearly above Tg up to about 270
K. On the other hand, the I3-T dependence is more
complicated. After the suggestion of increase at 190 K,
there is a N-like shape course with a minimum in the
vicinity of 210 K followed by a relatively large increase
up to about 270 K again. This course can be correlated
with two phenomena. The first is the so-called cold
crystallization detectable by dilatometry56 or calorim-
etry.57 Our DSC thermogram exhibits an exotermic
peak effect characterized by an extrapolated initial
temperature Tcc,i ) 210 K with a minimum at Tcc,m )
217 K. Good temperature correlation indicates that the
N-like shape effect is connected with the course of phase
change, which reduces the number of holes. The second
phenomenon is an observation of the so-called spectral
collapse temperature Tcoll from 13C-NMR study58 which
agrees quite well with the liquid-liquid transition
temperature Tll ) 205 K.59 According to Boyer’s analy-
sis, the Tll transition marks the transition of elastic
phase from rigid to the true liquid state.60 Coincidence
between Tcc from DSC measurements, Tcoll, and Tll
seems to be quite natural because the orderning process
requires sufficient mobile chains. Then, the relative
intensity I3 is reduced due to the elimination of part of
the holes during local formation of crystallites with the
extent being about 19% as determined from the melting

Figure 5. DSC thermogram of cis-1,4-PBD.

τR ) τ∞Re
B/(T - T0) (6)
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peak by using ∆Hm ) 9.2 kJ mol-1.61 Above 220 K the
intensive conformational-segmental dynamics results
in the formation of further holes and leads to an increase
of the I3 with rising temperature in the semicrystalline
matrix.
(d) High-Temperature Region. In the high-tem-

perature region above 265 K both the o-Ps lifetime τ3
and relative intensity I3 exhibit a similar behavior. The
courses of both quantities are characterized by slight
temperature dependences. Analogous dependences have
been found for some low molecular weight substances
when investigated in wide temperature ranges,33,34 and
an indication of such a trend is observed for some
amino-epoxy polymers at very high temperatures above
Tg.35 By analogy to liquids, this slight temperature
dependence can be connected with formation of the so-
called bubble state. We note that this bubble state of
o-Ps is not connected with the concept of free volume.
The bubble state of o-Ps is considered to be a result of
a competition between the quantal zero-point motion of
o-Ps and matrix resistance. Then, the bubble size is
determined by the balance between outward pressure
due to the zero-point motion of o-Ps and inward pressure
due to surface tension, γ, and internal pressure, pint, of
the medium62

whereme is the mass of the positron and rb is the bubble
radius. To test this hypothesis, we estimated the bubble
size at room temperature and compared with the rsults
of Figure 3 using γ ) 32 × 10-3 N m-1 63 and pint ) 5.3
× 108 Pa from the pVT equation of cis-1,4-PBD.64 The
calculation gives rb(293 K) ) 3.9 Å. Comparison with
Figure 3 shows that this rb value falls between the most
probable radius Rh (293 K) ) 3.4 Å and the maximal
radius Rh,max (293 K) ) 4.2 Å. A further argument in
favor of the bubble concept is a correlation between the
onset of a slight temperature dependence and the
melting temperature Tm,e ) 263 KsFigure 5. Then, the
increase of temperature leads to the melting of crystal-
line phase formed inevitably during the measurement.
Consequently, this melting process removes the steric
hindrance for equilibrium interaction of o-Ps with the
soft matrix and results in the slightly changing bubble
state of o-Ps in the cis-1,4-PBD melt.

Conclusions

The annihilation characteristics of orthopositronium
in cis-1,4-poly(butadiene) in the temperature range from
15 to 313 K are presented. The temperature depend-
ences of the mean lifetime τ3 and the relative intensity
I3 as well as the lifetime distributions were interpreted
in the framework of free volume concept as the mean
hole size, the number of hole entities, and the hole size
distributions. It was found that these temperature
dependences reflect a close interplay between free
volume microstructure and internal microdynamics at
lower temperatures below the melting temperature and
an interaction of the o-Ps with the soft matrix in the
melt phase.
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