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Abstract Positron annihilation spectroscopy (PAS) can measure the free-volume properties in polymeric materials. In this paper PAS has been used to follow the free-volume evolution in several samples of polycarbonate (PC) with di€erent contents of polycaprolaptone (PCL) and di€erent annealing times at 418 K. Results show that an increase in the content of the PCL added to the sample decreases the free-volume radius present in the PC. From the data obtained it can be observed that the free-volume radius is linearly dependent on the content of PCL in the range 0±10% of PCL. An increase in the annealing time at 418 K also produces a decrease in the free-volume radius of the samples. However, the relative variation in the free volume of the samples is much less than the change produced by the PCL. Ó 2001 Elsevier Science B.V. All rights reserved.



1. Introduction One of the most important aspects in the polymer sciences is to know the properties of free volume. This concept has been widely adopted in the community of polymer sciences because it is conceptionally simple and intuitively plausible in understanding many polymer properties at a molecular level [1,2]. There have been a number of attempts to measure the free volume in polymers, such as small angle X-ray, neutron di€raction, scanning tunnelling microscopy and atomic force microscopy. * Corresponding author. Tel.: +34-91 394 4493; fax: +34-91 394 4547. E-mail address: [email protected] (J. del Rõo).



In recent years positron annihilation spectroscopy (PAS) has shown to be a unique and very good tool to study the free-volume properties of polymers. In general, positrons are sensitive to open volume-type defects present in materials, and the positron lifetime is proportional to the size of the open volume [3]. In the case of polymers positrons also form positronium, Ps (a bound atom which consists of an electron and the positron).  Because of the relatively small size of Ps (1.59 A) compared to other probes, PAS is particularly sensitive to small holes and free volume in sizes 6 1 nm, capable of determining the holes and free volume in a polymer without being perturbed by the solid fraction. In molecular systems, a large fraction of Ps formation is observed in the freevolume regions. The long lifetime of o-Ps (ortho-
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Ps, the triplet state), that is localised in the freevolume holes, makes it possible to correlate the hole dimension with the measured lifetime. According to the model proposed by Eldrup [4], the o-Ps lifetime, s, as a function of the free-volume radius, R, is given by  s ˆ 0:5 1



R sin 2p…R=R0 † ‡ R0 2p







1



;



…1†



where R0 ˆ R ‡ R0 and s is given in nanoseconds. The radius R0 is an empirical parameter whose best  [5]. value obtained ®tting all known data is 1.656 A The experimental data of a positron lifetime experiment in polymers are the convolution of three exponential decays (i.e. three di€erent lifetimes) with the resolution function of the spectrometer. Each lifetime corresponds to the average annihilation rate of a positron in a di€erent state: the shortest lifetime (s1  0:12 ns) is due to singlet para-positronium (p-Ps), the intermediate lifetime (s2  0:40 ns) is due to positrons annihilated in molecule species, and the longest lifetime (s3 P 0:5 ns) is due to o-Ps localised in free volume holes. In this analysis, one uses the s3 component to determine the mean free-volume hole size. The relative intensity corresponding to this lifetime contains information related to the number of free-volume holes. A semi-empirical equation has been developed to determine the fraction of free volume (fv ) in polymers as [6] fv ˆ AVf I3 ;



…2†



3 ) obtained from where Vf is the free volume (in A s3 (Eq. (1)), I3 (in %) is the o-Ps intensity, and A is a parameter which can be determined by calibrating with other physical parameters [7,8]. In common polymers the A value ranges from 0.001 to 0.002.



2. Experimental The polycarbonate (PC) (Makrolon 2405) and the polycaprolaptone (PCL) (Tone P-767-EC) were mixed in a twin screw extruder (Collin ZK25) at 250° and 30 rpm, followed by compression
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moulding (250°, 200 KN, Polystat 100 T) of the pelletised extrudate. The moulded sheets were quenched in water with ice. The annealing was carried out in air at 145° during 1 and 24 h. The density was measured in an electronic densimeter (Mirage SD-120L). Positron lifetime spectra were recorded in all samples using a conventional fast±fast nuclear spectrometer with a resolution (full width at half maximum) of 230 ps. As positron source 10 lCi of 22 NaCl evaporated onto a Kapton foil was used. All lifetime spectra were analysed in three components after subtracting the source contribution to the data. 3. Results Since we are interested in the evolution of free volume, only we have taken into account the long component parameters, s3 and I3 , in the analysis of the spectra. In all cases studied the lifetime of the long component obtained from spectra ranges from 1.96 to 2.10 ns and is attributed to annihilation in space free volume present in the samples. From analysis, the intensity of this component was always constant at 30%. The magnitudes of the others two components are in agreement with p-Ps and bulk annihilation events. Because we have used a ®nite term analysis, the parameters of the long component, lifetime and intensity, represent an average of free-volume distribution present in the sample. In Figs. 1 and 2 the free-volume size evolution with both thermal treatment and PCL content is shown. The average free-volume size has been calculated in a spherical approximation with the radius obtained from Eq. (1). In Fig. 1 the evolution of free volume with annealing time at 418 K for three samples with di€erent PCL contents is shown. In the case of samples with 0% and 5% PCL blend, an increase can be observed for 1 h of thermal treatment which is followed by a decrease in the volume size. However, for the sample with a 10% content of PCL a monotonic increase in the free volume is observed. The error bars are the results of a mathematical analysis. However, every point was
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4. Discussion



Fig. 1. Free-volume size evolution (in a spherical approximation) with the annealing time at 418 K for pure PC, 5% and 10% PCL added samples (lines are drawn as a guide to the eye).



measured three times and the di€erences between the three measurements were less than 1%. For these reasons, we assert that a dependence between the annealing time at 418 K and free volume exists. Fig. 2 shows the evolution of free-volume size with PCL content for the di€erent thermally treated samples. As can be seen, the di€erences in volume size among the samples with the same PCL content but di€erent annealing times decrease with increasing PCL content. However, an approximate linear dependence between o-Ps lifetime and PCL content is apparent.



As above mentioned the intensity of the long component remains constant for all samples independently of the PCL content or the annealing time. Because the intensity is related to the freevolume fraction present in the samples (Eq. (2)), we conclude that the number of holes does not change in the studied ranges, neither with the annealing time at 418 K nor with the PCL content. However, the di€erent o-Ps lifetimes indicate that the free-volume size in the samples changes with the thermal treatment and the PCL content. From Fig. 1, it can be seen that the annealing at 418 K decrease the original free-volume size in the sample with 0% and 5% of PCL. However, for the sample with a 10% of PCL, after a thermal treatment of 24 h, an increase less than 2% in the freevolume size can be detected. As can be seen in Fig. 2 an increase in the PCL content leads to a free-volume size decrease, and to an approximate linear dependence between free-volume size and the PCL content. Connecting the results shown in Figs. 1 and 2, we conclude that the PCL addition and the thermal treatment are competitive e€ects, because the relative decrease in the free-volume size obtained by a thermal treatment in the PC±PCL samples is much less than that obtained in pure PC samples. In the case of 10% PCL sample, even an increase in the free-volume size is observed. The constancy in the intensity of o-Ps component is compatible with a model in which the free-volume holes present in the PC are partially ®lled by the PCL added so reducing the open volume. 5. Conclusions



Fig. 2. Free-volume size evolution (in a spherical approximation) with the PCL content for di€erent annealing time samples at 418 K (line is drawn as a guide to the eye).



PCL reduces the free volume present in PC and, in the PCL content range studied, there is an approximate linear relation between the PCL content and the free-volume size. A thermal treatment at 418 K decreased the free-volume size in pure PC and PC±5%PCL. However, in samples with a
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10% of PCL the smaller size of the free-volume holes decreases the possible e€ect of the thermal treatment. Under either treatment, annealing or PCL addition, the holes density remains constant, but their size varies as indicated.
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