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Abstract

The influence of vinylidenefluoride (three different compositions, viz. 0, 0.5 and 3.0%) on the free volume of the polymer poly(chlorotri-
fluoroethylene) has been investigated using the Positron Annihilation Lifetime technique. The lifetime results indicate that, with the increase
in the composition of vinylidenefluoride, the average free volume size of the polymer decreases whereas their number density increases.
Further, it has been observed that the glass transition temperature (Tg) of this polymer decreases with the increase in vinylidenefluoride
content. The present results complement the literature report that vinylidenefluoride influences mainly the amorphous regions of poly
(chlorotrifluoroethylene).q 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is common in polymer chemistry to modify the proper-
ties of a homopolymer by the introduction of a second
monomer in a suitable proportion resulting in a copolymer
with properties intermediate between those of the parent
homopolymers [1]. This copolymerization permits the
synthesis of an almost unlimited range of polymers and is
often used, therefore, to obtain a better balance of properties
for commercial application of polymeric materials. It has
been noted that although the homopolymers are immiscible
with other polymers, the copolymers are more likely to be
miscible in them [1]. For example, neither polyethylene nor
poly(vinylacetate) is miscible with poly(vinylchloride)
whereas some ethylene/vinyl acetate copolymers are mis-
cible. The miscibility will reduce the number of unfavourable
contacts between the two types of segments [1]. Another
advantage of copolymerization is that one can improve
upon the mechanical, electrical and optical properties of
the product [2].

Further, the process of copolymerization is one of the
ways of increasing the amorphous content of a polymer.
This is because, copolymerization introduces units that
destroy the regularity of the chains and hence the tendency

to pack together in the crystalline form decreases [3]. The
decrease in crystallinity leads to reduction in stiffness, hard-
ness and softening point [4]. Also, copolymerization may
improve the polymer characteristics such as yield strength,
specific gravity, impact strength and the stability to over-
come the degradation effects from agencies such as thermal,
photochemical and high energy radiations [5].

In the amorphous regions of a polymer, there exits certain
low electron density regions called the free volume holes. In
recent years, it has been shown that free volume can be
treated as an internal material parameter based on which
the visco-elastic properties of the polymers can be under-
stood. Of the different techniques, the Positron Annihilation
Lifetime (PAL) technique is a novel tool for characterizing
these free volume holes as it measures both the average free
volume size and their population [6,7]. This is based on the
fact that the ortho Positronium (o-Ps) is formed and annihi-
lated mainly in these free volume sites [8]. For details on
positron and positronium decay in polymers, one can refer
to the articles by Stevens [9] and Jean [7].

Of particular interest, is the polymer, poly(chlorotrifluor-
oethylene)—PCTFE. It has been observed that the addition
of vinylidenefluoride (VF2) as a comonomer to PCTFE
enhances the thermal, chemical and mechanical properties
of the latter [10]. Furthermore, the increase in the amor-
phous content of PCTFE with the addition of VF2 has
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been reported [10,11]. More amorphous content in turn
leads to high impact strength in this polymer. A change in
the amorphous content may indicate a change in the free
volume content, hence it is interesting to study the free
volume behaviour in a polymer with various compositions
of a copolymer. Additionally, it is of interest to understand
the site of localization of VF2 in the PCTFE structure. To
understand these aspects, we have measured the average
free volume hole size and their number density in PCTFE
as a function of VF2 concentration using the PAL technique.

2. Experimental

The PCTFE films used in this study are marketed by
Allied Signal Inc., USA as ’Aclar’. The sample with 0%
VF2 is denoted as HP, that with 0.5% VF2 as TVS and
that with 3.0% VF2 as 22A. The weight average molecular
weight of these samples (films) is 250 000. The films were
cut into two equal parts and approximately 1 mm of the
films were stacked to form two identical samples. A
15mCi 22Na positron source deposited and sealed on a
kapton foil of 0.0127 mm thickness was sandwiched
between the aforesaid two identically stacked samples (12
films each of thickness 0.076 mm in case of 22A, six films
each of thickness 0.2 mm in case of TVS and three films
each of thickness 0.4 mm in case of HP) to form a source
sample sandwich for positron lifetime measurements. They
were placed between the two detectors of the lifetime spec-
trometer. The positron lifetime spectrometer consists of a
fast–fast coincidence system with a time resolution of
340 ps. The details of the spectrometer can be found else-
where [12,13]. More than one million counts were collected
for each spectrum at room temperature. The experiment was
repeated for each sample to check the reproducibility of the
measurements and consistently reproducible spectra were
used in the final analysis. The source correction term and
the resolution function were obtained from a metal spectrum
of known lifetime (well-annealed aluminium) using the
programresolution [14]. The measured lifetime spectra
were analysed using the programpatfit-88 [14].

3. Results and discussion

A typical lifetime spectrum of PCTFE along with the
60Co prompt spectrum is presented in Fig. 1. All the positron
lifetime spectra were analysed into two, three and four
components. The three-component fit gave betterx 2 values
and standard deviations than the two- and four-component
fits. In the three-component fit, the intensity of the third
component (I3), although small (2.5–4.5%) is considered,
because the four-component fit gave negative intensities and
higher x 2 values. Hence, the three-component fit lifetime
results are presented and discussed here. In general,
compared to other polymers, the fluoropolymers are
known to have lower o-Ps intensity (I3) [15]. This suggests
that in PCTFE, the free volume distribution comprises a
small number of large holes. Because of the lowI3 value,
the source correction term was carefully measured and it
was found that it contained no term having a lifetime around
the t3 value reported here.

The attribution of the three lifetimes to various states of
positron annihilation are as follows: the first short lived
componentt1 with intensity I1 is attributed top-Ps and
free annihilations. With regard to the attribution of the
second or the intermediate lifetime component (t2) and its
intensityI2, there is some ambiguity, since different research
groups follow slightly different approaches. We follow the
prescription outlined by Goldanskii et al. [16] according to
which the intermediate lifetime component (t2) with inten-
sity I2 is considered to be caused due to annihilation of
positrons trapped at the defects present in the crystalline
regions or trapped at the crystalline–amorphous (c–a) inter-
faces. The longest lived componentt3 with intensity I3 is
attributed to pick-off annihilation of the o-Ps in the free
volume sites [7,13].

The annihilation of o-Ps in the free volume sites can be
described by a simple quantum mechanical model [17–19].
As per this model, the positronium is assumed to be loca-
lized in a spherical potential well with an electron layer of
thicknessDR and the relationship between the radiusR of
the free volume hole and the o-Ps lifetime (t3) is

1=t3 � 2�1 2 �R=R0�1 �1=2p� sin�2pR=R0�� �1�
with R0 � R 1 DR and the reasonable assumption that the
lifetime of the o-Ps in the electron layer is the spin averaged
Ps lifetime of 0.5 ns. The value ofDR � 0.1656 nm was
determined by fitting Eq. (1) with experimentalt3 values
and the known hole radii for molecular materials. Using this
value ofDR, the free volume radiusR was evaluated from
Eq. (1) and then the free volume size (Vf3) was calculated as
Vf3 � 4/3(pR3). The fractional free volume (Fv) can be
estimated as

Fv � CVf3I3 �2�
in whichC is the structural constant. One way of calculating
C is from a measurement of the thermal expansion coeffi-
cient of the free volume (a0). Thisa0 is calculated using the
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Fig. 1. Typical lifetime spectrum of PCTFE with60Co prompt spectrum.



value ofVf3 obtained through Eq. (1) as follows:

a0 � �Vf3T 2 Vf30�=Vf30�T 2 T0� �K21�; �3�
whereVf30 andVf3T are the sizes of the free volume at room
temperature and at a temperature where the free volume
expansion is maximum (this was done in a separate isochro-
nal annealing experiment in which the free volume radius
and its size were calculated at each annealing temperature.
The results are not reported here).T0 andT are the corre-
sponding temperatures. The value ofa0 for 22A, TVS and
HP turns out to be 3.603× 1023, 2.907× 1023 and 0.9282×
1023 K21, respectively, which is in agreement with the poly-
mer data available. Based on the Williams, Landel and Ferry
(WLF) theory [20], the fractional free volume (Fv) can be
represented as [21]

Fv � 0:0251 a0�T 2 Tg�: �4�
Now using the value ofa0 obtained as described above, Eq.
(4) is fitted for temperatures fromTg to (Tg 1 100 K). The
value ofFv so obtained at each temperature is used in Eq. (2)
to calculate the value ofC since we knowVf3 andI3 at these
temperatures. In this way we obtain the value ofC as

0.0065, 0.0105 and 0.0116 A˚ 23 for 22A, TVS and HP
respectively. We have estimated theC value in the range
Tg to (Tg 1 100 K), where the WLF theory and hence, the
temperature dependence of the fractional free volume (Eq.
(4)) are valid [22]. These values of the structural constants
were used in the present experiment to calculateFv.

The change in the value of the structural constant clearly
points that the structure of the polymer gets altered upon
VF2 addition. The structural constant decreases with
increase of VF2 content. The percentage change in the
value ofC is 12% for 0.5% addition of VF2 and 45% for a
mere 3% addition of VF2. The glass transition (Tg) of these
three polymers are found from a separate isochronal anneal-
ing experiment from the plot of lifetime parameters vs.
annealing temperature and the details of the experiment
are reported elsewhere [13,23]. TheTg values for 22A,
TVS and HP are 52, 62 and 708C respectively and these
values are in good agreement with the DSC measurements.

The chemical structures of PCTFE with the absence and
presence of VF2 are shown Fig. 2. The variation of o-Ps
lifetime (t3) and the free volume size (Vf3) as a function
of VF2 composition are depicted in Fig. 3. TheVf3 and
hence thet3 value decreases gradually with VF2 composi-
tion. Fig. 4 presents the variation of the o-Ps intensity (I3)
and the fractional free volume (Fv) as a function of VF2
composition. Further, the plot of the glass transition
temperature (Tg) against VF2 composition is presented in
Fig. 5. It is clear from this figure thatTg shows a decreasing
trend with the increase in VF2 composition.

In the structure of PCTFE (see Fig. 2), the skeletal angles
on the two backbone forming carbon atoms CF2 and CFCl
cannot be equal because of the difference in size of the F and
Cl atoms. Consequently, the presence of two alternating
unequal angles within the polymer chain backbone cannot
be accommodated in a planar arrangement of the chain
backbone or in an arrangement in which the atoms of the
backbone would lie at equal distances from the axis of the
helix [24]. The most acceptable shape of the polymer chain
seems to be a corkscrew shape in which the two carbon
atoms lie at different distances from the helix axis and
winds around it [25]. A suggestion was made that this
may represent a twisted ribbon like structure analogous to
that proposed for banded spherulites of polyethylene and
other polymers [26]. X-ray powder pattern of the CTFE–
VF2 equimolar structure suggests a fair amount of disorder
along the chain direction. This may be interpreted as an
indication of randomness in the positions of the chlorine
atoms along the chain of one-to-one copolymer. This points
to a constitutionally irregular system containing head-to-
head (–CH2–CF2–CClF–CF2–) and head-to-tail (–CF2–
CH2–CClF–CF2–) sequences or a low degree of alternation
[10]. But, NMR study excludes the presence of head-to-
head structure [27] and therefore, the most probable struc-
ture is head-to-tail. Due to the asymmetry in the size of F
and Cl atoms, the structure of CF2 and CFCl would be
different and it is a probable site where the chain can fold
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Fig. 2. Chemical structure of PCTFE homopolymer (HP) and with VF2

comonomer added (TVS and 22A).

Fig. 3. Variation of o-Ps lifetime (t3) and free volume size (Vf3) as a
function of VF2 composition (the line drawn is a guide to the eye).



to a greater extent resulting in the formation of additional
free volume sites.

The decrease in the average free volume size (Vf3) and the
increase in o-Ps intensity (I3) (see Figs. 3 and 4) can be
explained in the following way: Inhibition and anti-inhibi-
tion of positronium (Ps) formation in different molecular
media in the presence and absence of additives have been
described by several investigations [28–31]. If Ps formation
is inhibited, it is normally seen as a decrease in o-Ps inten-
sity whereas quenching of o-Ps leads to decrease in o-Ps
lifetime (t3). The supporting evidence can be found in the
earlier works like the following: Halogenated compounds
are the best examples for these observations. It has been
found that in the presence of C6F6 additive, halogenated
compounds have shown increase in o-Ps intensity indicating
that the C6F6 additive acts as an anti-inhibitor ofp-Ps [29].
Some halogenated compounds on addition of nitro
compounds show great reduction in the o-Ps intensity. It
was also found that the inhibiting effect seems to depend
on the chlorine position in the polymer structure. In the light

of these observations, the linear increase in o-Ps intensity
(I3) in the present data can be termed as due to the anti-
inhibiting effect of VF2. But, the decrease int3 and hence
the free volume size may be due to the localization of VF2 in
the free volume cavities which is in agreement with earlier
results [10,32]. Even the fractional free volume (Fv) or the
total free volume content in the sample decreases.

As stated earlier, the addition of the VF2 comonomer also
leads to an increase in the amorphous content of PCTFE
[10,32] since the former destroys the regularity of the chains
in the latter. Once the amorphous content of the sample
increases, one expects the number of free volume sites to
increase. This is reflected in Fig. 4.

It is evident from Fig. 5 that theTg values of PCTFE
decreases with the increase in VF2 composition. This
means that the VF2 addition results in an increase in the
amorphous content of the polymer. Owing to this change
in amorphous content, theTg, which is the effective
temperature at which the polymer becomes rubbery
decreases as evidenced by the variation ofTg with VF2

composition in Fig. 5.

4. Conclusions

The effect of VF2 on the free volume of PCTFE has been
probed using the PAL technique. The present study reveals
that VF2 acts as an anti-inhibitor ofp-Ps formation and
localizes mainly in the free volume sites of PCTFE. The
addition of VF2 results in an increase in the amorphous
content of PCTFE.
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