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ABSTRACT Positron annihilation spectroscopy has been applied to measure the free-volume hole 
distributions in polystyrene (Tg = 95 O C ,  molar weight 105000) as a function of temperature. The hole 
volume distributions are determined from orthopositronium distributions. The hole volumes are distributed 
between 35 and 200 A3. The fractions of free volumes are distributed from 2.0% to 11% of total volume. 
The obtained free-volume distributions are compared and discussed with the experimental distributions 
obtained by photochromic and florescent probes and with the TurnbuLl-Cohen free-volume theory. The 
distributions of free-volume fractions fit well with the theoretical function according to the Simha-Somcynsky 
lattice model. 

Introduction 
The free-volume theory has long been proposed to 

explain the molecular motion and physical behavior of 
glassy and liquid states.14 The theory has been widely 
adopted in the community of polymer science because it 
is conceptionally simple and intuitively plausible for 
understanding many polymer properties at a molecular 
level. The derived macroscopic properties from the 
approach of free volume at a microscopic scale are fruitful 
with the assistance of quantum and statistical mechanical 
 calculation^.^ In past decades, a variety of free-volume 
t h e o r i e ~ ~ t ” ~ ~  have been developed. In general, a simple 
expression of “free volume” ( Vf)4J7Je can be written as the 
”total volume” (Vt) minus the “occupied volume” (V,): 

(1) 
Different free-volume theories define Vt and V, dif- 

ferently. In general, Vt has been defined more uniformly 
as the volume determined by the specific volume mea- 
surement. However, V, has been defined in a variety of 
ways according to different theories. Cited occupied 
volumes include the following: (1) a calculated van der 
Waals excluded volume,19 (2) the crystalline volume at 0 
K,20 and (3) the fluctuation volume swept by the center 
of gravity of the molecules as a result of thermalmotion.lSl6 
A diversity of definitions for the free volume for polymers 
is often seen in the literature. For example, even within 
a cited definition, the occupied volume has been used in 
various ways.1s~21 In this work, we follow the general 
concept of the free volumeell as an open space that is 
freely moving in a medium. The fraction of free volume 
cfv) is then defined as the ratio of the free volume to the 
total volume: 

Vf = vt - v, 

f v  = VfWt (2) 
Because of the different ways of defining the free volume, 
fv can vary by 1 order of magnitude among the existing 
theories. 

One of the focused issues in polymer research is in 
quantifying the relationship between the molecular motion 
and free-volume properties. In the early stage of devel- 
opment, the free volume was merely thought to be a 
theoretical concept that could not be measured directly. 
It could only be deduced from other indirect measure- 
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menta, such as specific volume e~periments,2~ or from 
theoretical model calculations, such as the van der Waala 
dimensions for rnolecule~.~~ This is due to the intrinsic 
difficulties in probing the free volume, which has a size of 
a few angstroms and exists in a short time.period ranging 
from W3 s and longer. In recent years, there have been 
a number of attempts to measure the free volume in 
polymers. Small-angle X-ray and neutron diffractions 
have been used to determine density fluctuations and then 
to deduce free-volume size distributions.26m For example, 
in polystyrene, a free volume of range 4-4000 A3 with a 
maximum of -30 A3 has been reportedeZ7 And in pol - 
(methyl methacrylate),26 a mean free volume of 106 k 
was obtained. A photochromic labeling technique by site- 
specific probe has been also developedms to monitor the 
rate of photoisomerizations of characterized probe and to 
deduce the free-volume distributions. For example, in an 
epoxy/diamine network, an average volume of - lo00 A3 
has been reportedem The technique of photoisomerization 
of florescent probes has been also used to observe the effect 
of local free-volume distribution on physical aging and 
molecular For different molar weights of 
polystyrene, the distribution of free volume ranges from 
100 to 300 A3.32 

Positron annihilation spectroscopy (PAS) is another 
microprobe that has been developed to directly determine 
the local free-volume hole properties in polymeric mate- 
rials.% In this one employs the anti-electron, 
the positron, as a probe and monitors the lifetime of the 
positron and positronium, Ps (a bound atom which consists 
of an electron and the positron) in the polymeric materials 
under study. Because of the positive-charged nature of 
the positron, the positron and Ps are repelled by the core 
electrons of polymers and trapped in open spaces, such as 
holes, the free volume, and voids. The annihilation 
photons come mainly from these open spaces. Results of 
positron annihilation lifetime (PAL) measurements as a 
function of pres~ure,3~ time of aging,4 and 
degree of CrystalliitYql give evidence that the poeitron 
and Ps are localized in these preexisting local holes and 
the free volume in polymers. Because of the relatively 
small size of the Ps probe (1.06 A) compared to other 
probes, PAS is particularly sensitive to small  holes and a 
free volume of angstrom in size and at a time of molecular 
motion from 10-l0 s and longer. In contrast to other 
methods, PAS is capable of determining the holes and 
free volume in a polymer with no significant interference 
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Figure 1. Temperature dependence of polystyrene PAL spectra. 
Raw positron lifetime spectra of polystyrene at 25 and at 130 "C. 
The total counts for each spectrum are 15 X 10s. 

related to the bulk. For example, in an epoxy/amine 
polymer, the distributions of free volume have been 
reported between 20 and 140 A3 as a function of temper- 
ature and of p r e ~ s u r e . ~ ~ ~ ~ ~  The size of the free volume 
reported by PAS is known to be smaller than that reported 
by the photochromic technique.30 The purpose of this 
work is to compare the distribution of free volumes 
obtained by PAS in polystyrene for which theoreticall1l2l 
and other e~perimental~~ distributions are available in 
the literature. 

Experiments 
1. Polystyrene Samples. The sample of polystyrene was 

supplied from Imperial Chemical Inc. (Wilmington, DE). The 
sample has an average molar weight of 105 OOO and the M W N N  
ratio is 1.1. The TE of the sample was determined to be 95 "C 
from differential scanning calorimetry (DSC; Polymer Labe). The 
structure of polystyrene was atactic. The sample was quenched 
in an ice bath after it was heated at 150 "C. The size of two 
pieces of samples was 1 cm2 with a thickness of 2 nun. The 
positron source (10 pCi of 22NaC1) was directly deposited on the 
surface of one sample. The assembled samples and positron 
source were sealed in a quartz tube under vacuum. The 
temperature of the samples was controlled and regulated by a 
liquid circulator (Lauda Model SR6) within f O . l  "C for the PAL 
measurements. 

2. Positron Annihilation Lifetime (PAL) Spectroscopy. 
The positron annihilation lifetimes of polystyrene are determined 
by detecting the prompt y-ray (1.28 MeV) from the nuclear decay 
that accompanies the emission of a positron from the W a  
radioisotope and the annihilation yrays (0.511 MeV). A fast- 
fast coincidence circuit of the PAL spectrometer with a lifetime 
resolution of 260 ps as monitored with a W o  source was used to 
record all PAL spectra. Several spectra ((1-20) X 10s counts) 
were collected at each temperature for a complete data analysis 
of lifetime distribution. The counting rate was -200 counta/s. 
Typical PAL spectra obtained in polystyrene samples above and 
below Tg are shown in Figure 1. 

3. Principles of Determining Free-Volume Properties. 
In PAL spectroscopy, the observed lifetime (7)  is the reciprocal 
of the integral of the positron (p+) and the electron (p- )  densities 
at the site where the annihilation takes place:91 

7 = constant x (Jp+p- b 1 - 1  (3) 

According to eq 3, a larger hole, which has a lower aversge electron 
density, is expected to have a longer Pa lifetime. For example, 
a correlation between the free volumes in mol& systems and 
the observed 0-Ps lifetimes has been f o r m u i a t e d . ~ ~ ~  This 
correlation is expressed in a semiempirical equation" between 
the mean 0-Ps (triplet positronium) lifetime 7 3  and the mean 

radius of holes, R as 

where 7 3  and R are in the units of nanoseconds and angstroms, 
respectively, and R, = R + AR. AR (=1.66 A) ie the best fitting 
parameter between the observed o-Ps lifetimes and known mean 
hole radii in porous materials. Although the above equation was 
derived from a crude approximation based on the particle in a 
sphere, it has been found most convenient in practical applications 
as long as the fitting parameter AR is obtained from a good fitting 
to the known pore sizes. From the above equation, one can 
determine the mean free-volume hole size in a polymericmaterial 
by measuring the o-Ps lifetime. However, the application of eq 
4 is limited to a polymer which does not contain a Ps-chemical 
quenching (an effect that significantly shortens the Ps lifetime) 
functional group in its molecular structure, such as polystyrene 
and epoxy. The lifetime data obtained from the PAL spectros- 
copy contain information about the dimensions, distributions, 
and concentrations of holes, free volume, and voids. The current 
PAL results show that Ps is particularly sensitive to the free 
volume and holes with a size between 1 and 10 A. A larger hole 
or voids (with a eize of > I O  A) in polymers are not in the sensitive 
region of detection by current PAL technique. 

4. Data Analysis. All PAL data were analyzed by two 
methode: (1) fiiite-term lifetime analysis and (2) continuous 
lifetime analysis. The finite-term analysis is a method for the 
determination of mean size and fraction, while the continuous 
lifetime analysis is for the determination of a distribution. 

In the fiite-term approach, an experimental datum y( t )  is 
expressed as a convoluted expression (by the symbol *) of the 
instrument reaolution function R(t) and of finite number (n) of 
negative exponentials: 

where Nt is the normalized total count, and B is the background. 
xi is the inverse of the ith lifetime component (Ti) ,  and aihi is its 
intensity. To analyze the data properly, the number of decay 
terms (n) for the positron annihilation needs to be assumed. The 
exact reaolution R(t) is unknown but is often approximated by 
a linear combination of Gaussian-type functions. The experi- 
mental data y( t )  are then least-squares fitted to eq 5 to obtain 
the fitting parameters Ai and ai. A computer program, PATFIT," 
is employed for this purpose. 

When three lifetimes (n = 3 in eq 5) are resolved, each lifetime 
corresponds to the average annihilation rate of a positron in a 
different state: the shortest lifetime (71 0.12 ns) is due to 
singlet parapositronium (p-Ps), the intermediate lifetime ( 7 2  = 
0.40 ns) is due to positrons and positron-molecule species, and 
the longest lifetime ( ~ 3  2 0.5 ns) is due to o-Ps localized in free- 
volume holes. In fiiite-term analysis, one uses a single parameter 
from the lifetime spectra, i.e., the longest lifetime, 73, to determine 
the mean free-volume hole size. The relative intensity corre- 
sponding to this lifetime (Le., the 0-Ps formation probability) 
contains information related to the number of free-volume holes. 
A semiempirical equation has been developed to determine the 
fraction of free volume Cfd in polymers as" 

(6) 
where Vi is the free volume (in A3) obtained from T3 and using 
eq 4 in a spherical approximation. IS (in % ) is the o-Ps intensity, 
and A is a parameter which can be determined by calibrating 
with other physical parameters, such as with the specific volume 
expansion coefficients below and above Tg.& For example," in 
epoxy we found that A = 0.0018 by calibrating with the volume 
expansion coefficients. For polystyrene, we found that A = 0.0014 
by using a similar method of calibration. Equation 6 is applicable 
to an amorphous polymer which contains no Ps-quenching 
functional group in its molecular structure.'8 In common 
polymers, the value of A ranges from 0.001 to 0.002. 



Macromolecules, Vol. 26, No. 26, 1993 Free-Volume Distributions of Polystyrene 7151 

OAO 5 5.00 1 t 

2.50 1& I 

1 A 25 "C 

h 4 u 0.00 > 
" 5.00 

I R  4 
h 

i A 130'C 

0.00 I 
0 1 2 3 4 

T (nsec) 

Figure 2. Lifetime distributions of polystyrene at  25 and 130 
OC, respectively. The distributions were obtained by using the 
Laplace inversion program CONTIN. 

In the continuous lifetime analysis, a PAL spectrum is 
expressed in a continuous decay form:4B 

in which the annihilation decay integral function is simply a 
Laplace transformation of the decay probability density function 
(pdf) ha(X). The exact solution for a(X) and X in the above 
equation is a very difficult mathematical problem since the 
resolution function R(t)  is not known exactly. However, the 
solution can be obtained if one measures a reference spectrum 
from a sample with a known positron lifetime and uses it to 
deconvolute the unknown spectrum. For this purpose, an extra- 
high-purity and defect-free single crystal Cu (7 = 122 pa) was 
used as the reference sample. The PAL spectrum for the reference 
was obtained under the same experimental configurations and 
conditions as employed in the sample in order to preserve the 
same instrument resolution. The deconvolution by a Laplace 
inversion technique of this type was first developed by 
ProvencheP into a computer code named CONTIN for the 
numerical solution of the integral equation. The code was later 
modified by Gregory and Zhusl for use with PAL spectra. The 
uniqueness in obtaining a solution by using the CONTIN program 
and its justification, including simulated PAL results, have been 
described in detail in previous For example, the 
Laplace inverted lifetime distributions from the PAL spectra 
(Figure 1) are shown in Figure 2. Three distinct peaks corre- 
sponding to p-Pa, positron, and 0-Pa lifetime distributions are 
observed. 

5. Determinations of Free-Volume Distributions. Since 
the 0-Pa lifetime and the free-volume hole radius have a 1:l 
relationship (eq 4), the continuous lifetime results contain 
information about the free-volume hole distributions. For clarity, 
we replot the 0-Pa distributions (the right-hand peaks) from 
Figure 2 in Figure 3. An expression for the free-volume hole 
radius probability density function, Rpdf(R) has been developed 
as [-a(X) dX/dRI/K(R) to bes3 

Rpdf(R) = -3.32(~0~[2rR/(R + l.66)l - 
l)a(X)/[(R + 1.66)'K(R)I (8) 

whereK(R) is the correcting factor for Pa trapping rate in different 
hole radii and is defined as K(R) = 1.0 + &OR. The fraction of 
0-Pa annihilating in the holes with radii between R and dR is 
Rpdf(R) dR. For example, the results of Rpdf(R) calculated 
according to eq 8 and from the data in Figure 3 are shown in 
Figure 4. From the radius probability density function, we obtain 
the free-volume probability density function Vpdf(Vf) by as- 
suming spherical holes as in the following equation: 

Vpdf( Vf) = Rpdf(R)/4rR2 (9) 
The fraction of hole volume distribution as determined by 0-Pa 
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Figure 3. 0-Pa lifetime distributions of polystyrene at 26 and 
at  130 OC. The data were taken from the right-hand peak shown 
in Figure 2. 
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Figure 4. Free-volume hole radius distributions Rpdf(R) of 
polystyrene at  25 and at  130 OC. The distributions were calculatad 
according to eq 8 from the data shown in Figure 3. Errors are 
about the size of data points. Smooth curves are drawn through 
data points merely- for clarity. 

annihilation in holes with volume between Vf and Vf + dVf is 
given by Vpdf(Vt) dVt. For example, the results of VpdfWf), 
from theRpdf(R) shown in Figure 4 and by using eq 9, are plotted 
in Figure 5. 

Results and Discussion 
1. Mean Free-Volume Sizes and Fractions vs 

Temperature. The PAL spectra in polystyrene were 
measured at temperatures between 25 and 130 O C  at total 
counts between 1 X lo6 and 20 X 106. The spectra were 
stored at an interval of every hour. The stability of the 
PAL spectra was carefully monitored by observing the 
shift of time zero (TO) in the spectrum. Any part of the 
spectrum with a To shift exceeding 15 ps was discarded. 
Only the spectra collected at a stable experimental 
condition are considered good data and reported here. 
Table I lists the results of three lifetime analyses for the 
spectra recorded at different temperatures. Both RES- 
OLUTION and POSITRONFIT programs in the PATFIT 
package4' were employed for data analysis. 

Our PAL results listed in Table I are consistent with 
the existing lifetime results in polystyrene.- Partic- 
ularly, the o-Ps lifetime and its intensity at ambient 
temperature agree very well with the results reported in 
a quenched sample of polystyrene with an atactic struc- 
t ~ r e . ~ "  It is known that the 0-Ps lifetime and intensity 
increase as the molar weight (Mw) particularly 
at Mw below 50 OOO. When Mw exceeds 90 OOO, the o-Ps 
lifetime becomes constant. Our 73 = 2.04 na and 1 3  = 40% 
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Table I. Positron and Positronium Lif'stime Results Obtained by Finite-Term Analysis in a Polystyrene 

temp ("C) 71 (PS) 7 2  (PSI 73 (PSI Ti (%I  I2 (%) Is (%) Rb (A) fs' (%I  
25 120fO 398f5 2040f9 22.00f0.37 37.86f0.31 40.13f0.24 2.88f0.09 5.7h0.1 
50 120 f 0 395 i 5 2045 * 9 18.77 f 0.42 40.46 f 0.35 40.78 f 0.22 2.89 * 0.08 5.8 * 0.1 
75 120 f 0 388 f 5 2053 f 9 20.52 f 0.43 38.86 f 0.36 40.63 f 0.22 2.89 0.08 5.8 f 0.1 
90 120 f 0 384 f 4 2052 f 8 19.48 f 0.44 39.51 f 0.36 41.00 f 0.21 2.89 * 0.08 5.8 i 0.1 
100 120 f 0 378 f 5 2055 f 8 20.25 f 0.45 38.83 f 0.38 40.91 f 0.21 2.90 * 0.08 5.9 * 0.1 
110 120 f 0 398 f 6 2080 f 9 24.31 f 0.44 34.79 f 0.36 40.90 f 0.24 2.92 * 0.09 6.0 * 0.1 
130 120 f 0 396 f 6 2106 f 9 24.36 f 0.43 34.94 f 0.36 40.70 * 0.23 2.94 f 0.08 6.1 * 0.1 

0 71 were fixed to 120 ps, which corresponds to the p-Ps lifetime in the data analysie by using the PATFIT program. R are the mean 
free-volume hole radii obtained by using 73 according to eq 4. fv are the average free-volume fractions calculated according to eq 6. 

i 
25°C 1 
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VXA') 
Figure 5. Free-volume distributions Vpdf(Vf) of polystyrene. 
Smooth curves are drawn through data points merely for clarity. 
The distributions were calculated according to eq 9 from the 
data shown in Figure 4. Errors are about the size of data points. 
Smooth curves are drawn through data pointa merely for clarity. 

(Mw = 105 OOO) agree well with the existing values for Mw 
> 90 OO0.64157 The constant 0-Ps lifetime implies that the 
size of the free volume does not increase when Mw exceeds 
90 OOO. This result from PAL is also consistent with the 
constant free-volume results reported by photochromic 
probes in polystyrene as a function of M W . ~ ~  

The mean radii and fractions of free-volume holes are 
calculated according to eqs 4 and 6, respectively. The 
results are listed in Table I. Our results of mean radii (ca. 
3 A) from PAL are smaller than those reported by 
photochromic probe (ca. 4.2 On the other hand, our 
results of average fractions of free volume (5.7-6.1 % ) agree 
surprising well with the theoretical fractions (5.2-7.5%) 
calculated by Robertson21~22 according to the Simha- 
Somcynsky free-volume cell model.13 

The temperature variations of 0-Ps lifetime and intensity 
are plotted in Figure 6. As expected, at temperatures below 
Tg, there is very little lifetime-temperature variation and 
the steepest change of 7 3  coincides with Tg (95 "C) as that 
found in most polymeric systems.3s The coefficient of 7 3  

with respect to temperature shown in Figure 6 is calculated 
to be 7 X 10-4 K-l. This temperature coefficient above Tg 
is nearly the same aa the volume expansion coefficient (6 
X 10-4 K-1).23 This finding is very different from that in 
thermosetting polymers. For example, in epoxy systems,3s 
we found that the temperature coefficient of 7 3  (6 X 1W 
K-l) above Tg is 1 order of magnitude larger than the total 
volume expansion coefficients (5 X 10-4 K-9. It appears 
to be a general experimental fact that the 73  temperature 
coefficient is much less in thermoplastics than in ther- 
mosetting polymers. One possible reason ia that in 
thermoplastic materials there are additional free volumes 
and holes in the interfacial regions that also trap Pa. This 
is indicated by the fact that the observed 0-Ps lifetime in 
thermoplastics is distributed wider and at alonger lifetime 
than that in thermosetting materials. More systematic 
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Figure 6. Mean 0-Ps lifetimes and intensities as a function of 
temperature. These data were listed in Table I. 

studies on the temperature variations of 0-Ps lifetime in 
different types of polymeric materials are needed to 
understand this difference. 

2. Free-Volume Distributions vs Temperature. 
The PAL spectra obtained at temperatures between 26 
and 130 *C with higher statistics (15 X 108) were converted 
into continuous lifetime distributions by using the CON- 
TIN program. The obtained 0-Ps distributions are 
converted to radius and free-volume distributions accord- 
ing to eqs 8 and 9, respectively. The deconvoluted free- 
volume probability density distributions as a function of 
temperatures are shown in Figure 7. 
As seen in Figure 7, the distribution of free volume shifts 

from a small  to a larger size as the temperature increases. 
The distribution also becomes broader as the temperature 
increases above TB. There exists a critical volume V, Below 
Vc there is no detectable free volume by current PAL 
technique. For examples, Vc = 35 A3 and Vc = 43 A3 are 
found at 25 and 130 "C, respectively. The mean free 
volumes, by integrating the distributions from data in 
Figure 7, are found to be 90 and 115 A3 25 and 130 OC, 
respectively. These free volumes are consistent with the 
results obtained by the fiiite-term analysis aa listed in 
Table I. Detailed comparisons in the mean lifetime results 
obtained by using the finits-term and the continuous 
analysis methods for PAL spectra have been carefully 
examined in our previous p a p e r ~ . * ~ ~ ~ ~  New information 
from the continuous lifetime analysis ia the distribution 
of free-volume holes. Comparing the free-volume distri- 
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Figure 7. Free-volume distributions VpdfWr) of polystyrene 
(T, = 95 O C )  at different temperatures. Errorsare about the size 
of data points shown. Smooth lines are drawn through data pointa 
for clarity. 
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Figure 8. Comparisons of free-volume distributions obtained 
by PAL and from photochromic probes. PAL results are from 
the current work and the photochromic results were taken from 
ref 32. Errors for PAL results are about the size of data points. 

butions of polystyrene with those in epoxy,4l we found the 
distributions in polystyrene are wider. This wider dis- 
tribution in polystyrene may be due to additional distri- 
bution of free volume in between the interfacial regions 
in thermoplastic materials. 

3. Comparisons with Photochromic Experiments 
and with the Turnbull-Cohen Theory. The size 
distribution of local free volume in polystyrene has been 
reported by using photochromic and florescent probe 
s t ~ d i e s . ~ ~ ~ ~ ~  In Figure 8, we compare the distributions of 
free volume in polystyrene obtained by PAL and by 
photochromic probes. The distribution from the photo- 
chromic probe below 100 A3 shown in Figure 8 is probably 
not real because it was extrapolated from data above 120 
A3.32 Neglecting this part of the distribution and com- 
paring it with the current PAL results, we have the 
following observations: (1) The distribution from PAL is 
at a smaller volume than that from photochromic probes. 
(2) The distribution is narrower from PAL than from 
photochromic probes, particularly at the smaller volume. 
(3) The shapes of distribution at the larger volume between 
PAL and photochromic probes are similar. 

From these observations, we found that the sensitive 
regions of detecting volume distributions between PAL 
and photochromic probee are different, PAL appears to 
be more sensitive to a d e r  volume while the photo- 
chromic probes are more sensitive to a larger free volume. 

Figure 9. Comparisons of the cumulative distributions of free 
volume in polystyrene. The PAL results are from the current 
work, the photochromic results are taken from ref 32, and the 
theoretical distribution is according to the Turnbull-Cohen 
theory."" Errors are about the sizes of data points. 

Pa in PAL has a size of 1.06 A, which is much smaller than 
those characterizing molecules (with a size ca. 3-10 A) 
used in the photochromic method. On the other hand, as 
shown in Figure 8, it is surprising that almost no 
distribution of free volume between 200 and 400 A3 is 
detected by the current PAL. In principle, these volumes 
are still in the highly sensitive detecting regions in PAL 
technique. Two possible explanations to this discrepancy 
regarding the distributions of free volume in polystyrene 
by two methods are as follows: (1) The actual distribution 
obtained by photochromic probes is shifted -200 A3, or 
(2) the actual distribution of free volume is a combination 
of PAL and photochromic probes. More results from the 
same systems with these two probes are certainly needed 
to understand this discrepancy. 

Next, we compare the cumulative distribution of free 
volume between these two probes with the theoretical 
distribution according to the Turnbull-Cohen theoryma 
We calculate the cumulative distribution C( Vf) according 
to the equation 

C(Vf) = sbJ'Vpdf(Vf) dVf (10) 
where Vpdf(Vf) is the free-volume distribution function 
obtained from PAL experiments. The results of C(Vf) 
from the PAL data are plotted in Figure 9. The exper- 
imental data from photochromic probes32 are also plotted 
in Figure 9. Comparing these experimental cumulative 
distributions, we found a similar discrepancy exists 
between them as those observed in the distributions 
(Figure 8). According to the Turnbull-Cohen free-volume 
theory, Crest and Coheng-ll associated the free volume 
with each flexible segment of a polymer molecule in a 
liquid-like cell model and derived the distribution prob- 
ability of the local free volume to be an exponential 
function. The derived cumulative distribution for the free 
volume larger than Vf according to this theory is expresaed 
aslo,ll 

(11) 
where V, is the critical volume for a glass occurring in a 
liquid-like motion and V, is the mean free volume. To 
compare the cumulative distributions with the PAL results, 
we take V, and V, from the experimental resulta of Vf 
distributions as the minimal and average Vf, respectively. 

CWf) = 1 - exp[-(Vf- VJlV,I 
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From the PAL data shown in Figure 7, V, = 35 A3 and Vm 
= 90 A3 at 25 "C. The theoretical distribution of eq 11 is 
then plotted in Figure 9 to compare with the experimental 
cumulative distributions. As shown in Figure 9, in the 
small volume, experimental C( Vf) follows the exponential 
distribution derived by the theory. But it deviates from 
the theoretical curve when the volume is large, particularly 
when the volume exceeds 100 A3. This is another 
indication that the free-volume results from PAL are more 
accurate for the small  volumes where molecular relaxation 
takes a longer time. The discrepancy at the larger volumes 
between the Tumbull-Cohen theory and PAL experiments 
can be partly due to the limit of detecting any volume 
formed at a time shorter than the annihilation lifetime of 
the positron in polymers (i.e., 8). On the other hand, 
as seen in Figure 9, the results of C( Vf) from photochromic 
probes have deviated far from the function according to 
the Turnbull-Cohen theory. This is indicates that the 
actual free volumes determined by photochromic probes 
would have shifted too large by -200 A3 in polystyrene. 

4. Comparison with the Simha-Somcynsky The- 
ory. The free volume for the equilibrium state theory 
derived by Simha and Som~ynsky'~ has been developed 
very successfully in recent years for describing the 
pressure-temperature-volume relationships of pol- 
ymers.1p16,21-22*26 This theory is based on a cell (lattice) 
model. The free volume is set equal to the fraction of 
unoccupied cells obtained by minimizing the Helmholtz 
free energy. The fraction of free volume and its distri- 
bution can be calculated according to a stochastic model 
by assuming that the free volume is distributed with some 
parameters related to the equation of state.1sJeJ1*22 An 
expression of the distribution of fractional free volume 
with two parameters of the mean and mean-square 
fluctuations is given according to a I'-distribution func- 
tion:2122 

+ 130'C - 

- 

fvpdf = x(xfJB-' exp-x'vlI'(j3) (12) 

where I'(8) is the gamma function and j3 and x are 
parameters whose values are determined by the following 
equations for the mean and mean-square fluctuations in 
free volume:21 

PIX = fm; PIX2 = (Af:)m (13) 

The normalized distributions of fractional free volume 
fvpdf for a given polymer can be computed by assuming 
some kinetic parameters of the system. For example, in 
polystyrene, critical parameters of pressure @* = 7453 
bar), temperature (P = 12680 K), and volume (V* = 
0.9598 cm3/g) have been obtained by fitting the volume 
recoverydata.2122 To compute fvpdf for polystyrene, three 
computer programs from ref 21 are used. For the current 
system, we have used Tg = 95 OC, and the number of 
segments in forming a free-volume hole, N. = 40. The 
computed fvpdf according to eqs 12 and 13 in polystyrene 
at 25 and 130 OC are plotted in Figure 10. The values 
computed are fm 0.0524 and 0.0753 and ( Afv2)m = 2.38 
X lo-" and 3.31 X lo-" for the temperatures at 25 and 130 
OC, respectively. 

In order to compare the PAL free-volume distributions 
with the theoretical fractional distributions, we convert 
the Vf and Vfpdf to fv and fvpdf by using eq 6 and the 
following equation: 

fvPdf = VfPdfVnom (14) 
where Vnom is the normalized factor between the integral 
of total free volume and the fraction of free volume from 

30 I 
I 25 O C  I 

20 
2 a 

c 
). 
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Figure 10. Distributions of free-volume fractions fpdf in 
polystyrene (T, = 96 O C )  at different temperatures. Errore are 
about the sizee of data points shown. Smooth lines are drawn 
through data points for clarity. 
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5. 
Figure 11. Comparisons of the distributions of free-volume 
fractions fpdfo in polystyrene between theory and experiment. 
Solid lines are drawn through the experimental data from the 
current PAL studies and dashed lines are the theoretical 
distributions according to the Simha-Somcynsky cell mod- 
el.1.%16.21-22 

PAL experiments. Vnom are found to be 1840 and 1875 
A3 at 26 and 130 O C ,  respectively. The obtained results 
of fvpdf VB fv from PAL experiments are plotted in Figure 
11. 

Comparing the experimental and theoretical distribu- 
tions, we found the agreements are amazing good in spite 
of various approximations embedded in both theory and 
the experimental methods. The r-distribution function 
appears to be a better function than the exponential 
function for the fractional free-volume distribution. Since 
the Simha-Somcynsky theory was derived from the liquid 
state, 88 shown in Figure 11, the experiments agree with 
the theory even better for the liquid state than the glassy 
state, particularly at a small  fraction of free volume. There 
exista a larger deviation for the larger fraction in the liquid 
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state but less in the glassy state. For the larger fraction, 
the time of molecular motion could be very short because 
the creation of a hole involves a smaller number of segments 
in a polymer. Although the deviation between theory and 
experiments is small, the relatively larger deviation 
between them is seen in Figure 11 for the larger fractions. 
We have further tested the theory by varying the number 
of monomers involved in forming a free-volume hole (Ns) 
from 20 to 50. The results show very small difference in 
the distributions as Ns varies in these numbers. Therefore, 
in the Simha-Somcynsky free-volume theory, Ns > 20 
appears to be adequate to describe the free-volume 
distribution in polystyrene. This result is consistent with 
other results based on computer-simulated PAL spectra 
in the polycarbonate system.59@ 
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(18) Haward, R. N. J. Macromol. Sei., Rev. Macromol. Chem. 1970, 
c4 ,  191. 

(19) Bondi,A. A.PhysicalPropertiesofMolecular Crystals, Liquids, 
and Crystals; Wdey & Sons: New York, 1960. 

(20) Lee, W. M. Polym. Eng. Sci. 1980, 20, 65. 
(21) Robertson, R. E. In Computationul Modeling of Polymers; 

Bicerano, J., Ed.; Marcel Dekker: Midland, MI, 1992; p 297. 
(22) Robertson, R. E. J. Polym. Sei. Polym. Symp. 1978, 63, 173. 
(23) Plazek, D. J. J. Chem. Phys. 1965,69,3480. 
(24) Roe, R. J.; Curro, J. G. Macromolecules 1983,16, 428. 
(25) Curro, J. G.; Roe, R. J. Polymers 1984,25, 1424. 
(26) Roe, R. J.; Song, H. H. Macromolecules 1985,18, 1603. 
(27) Song. H. H.: Roe. R. J. Macromolecules 1987.20, 2723. 

Conclusion 

We have reported the distributions of free volume and 
fractions in a polystyrene polymer as a function of 
temperature by using the PAL technique. Quantitative 
comparisons on the distributions of free volume have been 
made for the first time on the results obtained by the PAL 
and photochromic methods. The free-volume results from 
PAL experiments are found to be consistently smaller than 
that from the photochromic and florescent probes. The 
obtained free-volume distributions at the small volumes 
are found to be describable by the exponential function 
according to the Turnbull-Cohen theory but to deviate 
significantly at the larger volumes. The fractional dis- 
tributions of free volume are found to follow the I'-dis- 
tribution function and fit well with the Simha-Somcynsky 
cell model in both glass and liquid states. 
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