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We have reexamined the free-volume concept presented by Cohen and Turnbull on the basis of two micro-
scopic quantities: the excess mean-square displacefuéntand the total free volum¥&p,, of poly- buta-
diene evaluated from the quasielastic neutron scattering and the positron annihilation lifetime spectroscopy
(PALS) data, respectively. Comparing with the viscosiywe found two relationsy= 7, expuozl(u2>f and
7= 10 €XpVpa s /Veai= 70 €XpVpa s /Vpat, Whereus, Vpao® and vpa gt are the critical values for the
mean-square displacement, the total PALS free volume, and the PALS free volume per molecule, respectively,
and furthervpa ¢* =Vpao*/N, N being the total number of molecules or segments. On the basis of these
relations, we discuss the microscopic basis of the free-volume theory. The experimentally evaluated critical
valuesu% andvp, o* are much larger than the average value$ush; andvpp ¢ calculated from the distribu-
tions. This has been explained from the low probability of escaping motions from a molecular cage. The free
volume per monomer and the free-volume fraction were calculated from the excess mean-square displacement
(u?);. The former was compared with the free-volume hole obtained by PALS, suggesting that 22 monomers
are required for one PALS free-volume hole. The free-volume fraction obtained from the excess mean-square
displacement was found to be 6.4% at 250 K, which is in reasonable agreement with that evaluated from the
rheological datg9.0%). [S1063-651X99)00308-4

PACS numbeps): 61.41+e, 61.12--q, 78.70.Bj

[. INTRODUCTION dependent characteristic times of several ten to several hun-
dred picoseconds setting in n€gy is an elementary process
Extensive studies have been performed in the last decad®mnnecting to the conformational transition or structural re-
on dynamics of glass-forming materials including polymerslaxation of polymer chains. It is worth noting that the onset
as well as organic and inorganic small molecules using manygf the fast processt Ty is not universal for all amorphous
kinds of techniques such as quasielastic neutron scatteringplymers as shown by Colmenero and Aiflag. In accor-
light scattering, dielectric relaxation, NMR, fluorescence de-dance with the onset of these processes, the mean-square
polarization, and mechanical relaxation, which shed light ordisplacement shows an excess value, suggesting that the ex-
the substantial nature of the dynamics from a microscopicess volume is required for these motions. On the other hand,
point of view[1]. Of these techniques the contribution of the PALS studies[4] have revealed that the free-volume hole
quasielastic neutron scattering is outstanding that directlyrastically begins to increase aboVg, suggesting directly
gives microscopic quantities like mean-square displacethat the excess free volume is necessary for the structural
ments, characteristic times, and so on. relaxation. These observations remind us of the phenomeno-
In the previous studief2—4], we have investigated the logical free-volume theory6] dealing with the flow process
dynamics of polybutadiene near the glass transition temperar the viscosity of supercooled liquids ned@y, which is
ture T4 using quasielastic neutron scatterii@ENS and  often applied to polymer melf/].
positron annihilation lifetime spectroscogPALS). It was In the free-volume theor}f], viscosity 7 is related to free
found in the QENS studigl?,3] that the so-calledast pro-  volume through
cesswith characteristic times of the order of a picosecond
sets in at around the Vogel-Fulcher temperaflijg, sug- B o Yo
gesting that thefast processs directly related to the glass =70 ex;{ v_f) 0 ex;{ ) @)
transition, and that theslow processwith temperature-
whereV; andV, are the total free volume and the critical
value for the free volume, respectively, and furthes,

* Author to whom correspondence should be addressed. Address V¢/N andvy=V,/N are the free volume per molecule and
correspondence to Institute for Chemical Research, Kyoto Univerits critical value, respectivelylN being the total number of
sity, Uji, Kyoto-fu611-0011, Japan. FAX: 81-774-38-3146. Elec- molecules.y is a numerical factor that was introduced by
tronic address: kanaya@scl.kyoto-u.ac.jp taking into account the overlap of free volume. In the con-
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ventional theories, the free volume per molecule is phenom- The observed incoherent elastic scattering intensity
enologically defined based on the total free voluivig, 1o(Q) [«S(Q,w=0)] is related to the Debye-Waller factor
which is determined from the macroscopic measurements off throughl(Q) =exd —2w]. Under the Gaussian approxi-
thermal expansion of specific volume. Microscopic interpre-mation[11] it is written by

tation of the free volume per molecule is still open to ques-

tion. In this paper, therefore, we reexamine the free-volume le(Q)=exd —(u?)Q?], (2
theory from a microscopic point of view. As microscopic _ . . .
quantities, we employ mean-square displacement and fredthere(u®) is the mean-square displacemg2]. Using this
volume hole(or some kind of cavity measured by QENS equation, we evaluatetli®) from the Q dependence of the
and PALS, respectively. It should here be noted that the&lastic scattering intensity,(Q).

relation between the free volume observed in PALS and that The Gaussian approximation in E(@) is often broken
defined in the theory is not obvious at present. Hence, in thi§own in highQ ranges due to the effect of the higher-order
paper, we call the free volume observed by PALS as PALZerms ofQ. By analyzing such non-Gaussian behavior, one
free volumeor PALS free-volume holén order to distinguish ~ can evaluate the distribution 667), termedgp,s{(u?)) and

it from the free volume defined in the theory. the average valuéu?) [13-15.

Here we discuss the free volume in three parts. In the first QENS measurements were carried out with an inverted
part, we discuss the microscopic basis of the free-volumgeometry time-of-flight spectromet¢t AM-80) at the Na-
theory and the critical value of the mean-square displacetional Laboratory for High-Energy Physi¢KEK), Tsukuba,
ment for structural relaxation on the basis of the relationand a conventional triple-axis spectrome@P-TAS at the
between the mean-square displacement obtained by thRERR-3M reactor, Tokai. The energy resolutiods of
QENS measurements and the viscosity. In the second pattAM-80 and GP-TAS are about 0.02 and 1.1 meV and
we discuss the microscopic basis of the free-volume theoritence the evaluatg@i?)’'s may be related to motions in time
from the relation between the PALfee volumeand the ranges faster than>210 1% and 3.8<10 *? s, respectively.
viscosity. In the final part, we calculate the free volume perThe magnitude of scattering vectQr (Q=4msin®/\: 20
monomer and the free-volume fraction from the excessand N being scattering angle and wavelength of neutrons,
mean-square displacement, and then discuses them in rel@spectively ranges from 0.2 to 1.64 and 0.4 to 6.4 Afor
tion to the PALSfree-volume holand the free-volume frac- LAM-80 and GP-TAS, respectively. The details of the mea-
tion evaluated from the rheological data, respectively. surements were described in Rdf3, 14, 15.

C. Positron annihilation lifetime spectroscopy(PALS)
Il. EXPERIMENT

In PALS measurements, lifetimey of orthopositronium

In this paper we mainly reanalyzed the data previouslyo-Ps) and its intensity; are evaluated. The lifetime; is
reported; the details are found in the reported paf2rgll.  related to the radiuR of a spherical PALSree-volume hole
Here, only brief explanations are made for the samples, thgjith an electron layer of thicknesaR on the basis of a

measurements, and the data analyses. simple quantum-mechanical modéa],
1 L R . 1 2#xR\ ! 3
A. Samples T3=5 —R—O Esm Ry , 3)

The samples used in the experiments weis-1,4-

polybutadiene(cis-PB) [2—4] and cis-transpolybutadiene whereR,=R+ AR. The parameteAR=1.66 has been de-
(cis-transPB) [8] with microstructure of cistransvinyl termined from the fitting of the experimental values xf
=05.7.2:2.3 and 41:52:7, respectively. The weight-averagewith the known hole size of one of the standards such as
molecular weightM,, and the polydispersity,, /M, are  molecular crystals and zeorites. The intendifyis consid-
8.1x 10° and 2.8 forcis-PB and 2. 10° and 1.07 forcis-  ered to be a measure of the PAE8e-volume holalensity.
transPB, respectively. The glass transition temperattigs The distribution of inverse lifetimén(1/73) can be ob-

of cis-PB andcis-transPB are 170 and 178 K, respectively. tained by analyzing the PALS spectra and is related to the

distribution of the radius of the PALBee-volume hole(R)

B. Quasielastic neutron scattering(QENS) through
In quasielastic neutron scattering measurements we ob- 2R h(1/ra)
serve the dynamic scattering la8(Q,w), which is domi- f(R)zzAR< cos 3 N (4)
nated by incoherent scattering from hydrogens because the R+AR (R+AR)

incoherent atomic scattering cross section of hydrogen is o

much larger than the coherent and incoherent atomic scattef'€n, the distribution of the volume of the PALfgee-

ing cross sections of carbon as well as the coherent crog§lume holeve, is given by

section of hydrogeii9]. The incoherent dynamic scattering

law S(Q,w) is given by the Fourier transform of the self _f(R) (5)

part of the van Hove time-space correlation funct@y(r,t) Gpan(Vean) =z g2

[10], which gives the probability of finding the same patrticle

at a positionr at timet if there is a particle at the position The details of the measurements and the analysis were de-
r=0 at timet=0 in equilibrium. scribed in Ref[4].
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D. Evaluation of temperature dependence of viscosity 03 T T T T T T ]
In this paper, we have evaluated the temperature depen- cis-1,4-polybutadiene .
dence of the viscosity from the rheological data as follows. s ]
In rheological measurements, it is well known that storage ~0zF o E
G’ and lossG"” moduli are rescaled to a single master curve < ¢
using horizontal and vertical shift factows; andby, respec- N;\ Te -
tively, Volp ¢ E
r L]
G,(a),T):bTG,(aT(u,To), (6) g M
0 £ 9/6’5"13 I L 1 I .
G"(w,T)=brG"(atw,To), (7 0 50 100 150 200 250 300 350

T (X)
whereT, is a reference temperature. In the so-called rubbery
region, vertical shift factobt is given byTp/Tgpg, p @andpg FIG. 1. Temperature dependence of the mean-square displace-
being the densities of the systemTaand T, respectively. ment(u?) of cis-1,4-polybutadiene measured with the energy reso-
Usually, the temperature dependencebgfis much smaller lution de of 0.02 meV(®) and 7 meV(O).
than that ofa;. Then, assuming thdi; is independent of,
it follows that the shift factor is proportional to the viscosity the mean-square displacement. The critical value of the
7. arx 7. The temperature dependence spfr the shift mean-square displacement for structural relaxation is also
factor at is usually described by the Williams-Landel-Ferry discussed on the basis of the distribution of the mean-square

(WLF) equation, displacement msd (U?)).
Temperature dependence @f). In Fig. 1, temperature
—c)(T—To) dependence of the mean-square displacefigitevaluated
10g10 aT:m’ ®  from the measurements omisPB by LAM-80 (de

=0.02meV) is shown by solid circles. The data points were

wherec? andc? are parameters depending Bg. The WLF ~ Mainly taken from the previously reported papgs3]

e 2 i 1o rthough they contain some unpublished d&@]. In the tem-
equation is often used to describe the polymer melts while if?°U9 y P :
some cases it is preferable to use the Vogel-Ful¢héy) ~ Perature range below about the Vogel-Fulcher temperature

equation for the viscosity, although both the equations ard vr» Which is ”5“32"3/750 K below the glass-transition tem-
equivalent. peratureT, [7], (u%) increases linearly withT, suggesting

that the motion observed here is approximately a harmonic
) vibration. Above~T,r, however, some amount of excess

B
ﬂ:AeXD(T_T (9 (u?) deviating from the linear relationship is obsenféd In
VF what follows we will discuss this point. As shown in the
whereT ¢ is the Vogel-Fulcher temperature. At higher tem- Previous investigationf2,3], there exist two kinds of modes
peratures where viscosity is dominated by entanglements iff motions near T,: one is the fast process with
high molecular weight systems, the relation is not held anyT—independent characteristic time in the energy range below
longer. Usually, the relation is valid for temperature ranges~2 MeV, and the other is thslow processn the energy

below aboutT,+ 100K [7]. The comparison between the 'ange below~0.2 meV, which is related to an elementary
WLF and VF equations gives process of conformational transition or structural relaxation.

The excesgu?) appearing abovd g is caused by these
Tue=To—cd, B=2.303%%c). (100 ~ motions.

In Fig. 1, (u?) values evaluated for the low-energy reso-
The VF parameteA cannot be determined from the WLF lution de=7 meV are also displayed by open circles, which
parameters because it requires information about the absoluteere obtained from th€ dependence of the integrated in-
value of the viscosity. In this paper we estimatédy as-  tensity in an energy region between 0 and 7 meV. (Ui
suming that the viscosity &, is 10°Pas, which is com- for de=7 meV increases linearly witd even aboveT.
monly accepted for many kinds of glass-forming materialsJudging from the fact that the temperature dependence of
[17] though the absolute value is not essential for our discustu?) does not change below and abovg, the (u?) for e
sion in this report. For the calculation of the viscosity, the=7 meV may be regarded as the mean-square displacement
WLF parameter was taken from Ref&8, 19 for cisPB and  owing to vibrational motions similar to those in crystals. It is

cis-transPB, respectively. also supported by the fact that, even beBy¢, the(u?) for
6e=T7 meV is slightly smaller than that fofe =0.02 meV.
Ill. RESULTS AND DISCUSSION Although we did not observe th@i?) of the true crystalline

state as it could be done for selenifi#i], which is impos-
sible for amorphousis-PB, we define the difference ifu?)
betweense=0.02 and 7 meV as excess mean-square dis-
In this subsection, we examine the relation between th@lacemen{u?); for the structural relaxation abovir .
mean-square displacemefu?) and the viscosity, and dis- Relation betweexu?); and #. If logarithm of the viscos-
cuss the microscopic basis of the free-volume theory. Foity is plotted against the inverse of the excess mean-square
this purpose, we first describe the temperature dependence ditplacementu?); in the temperature range from 200 to 290

A. Relation between mean-square displacemeru?)
and viscosity n
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FIG. 2. Relation between logarithm of the viscosity lgcand  trans-polybutadiene measured with the energy resoluiioof 1.1
the excess mean-square displacenief}; . meV for 50, 100, 170, 210, and 260 K.

critical valueu3 of 0.60 A2 This value is larger than that
evaluated by the LAM-80 data because the energy resolution
of GP-TAS is lower than that of LAM-80 as mentioned in
U(Z) Sec. 11[24].
7= "o exp( —2> (17 By analyzing the non-Gaussian behavior of the GP-TAS
(U9 data[14] we evaluated the distribution functions @f) (not
(u?);) at various temperatures, which are shown in Fig. 3.
From the distribution function, the average valud uf) was
ng:alculated to be 0.11%at 260 K which is much smaller than

is assumed. A similar relation betwe(anlz)f and ; has been the critical value of 0.60 A Here, it should be noted that

. ven the tail of the distribution at 260 K does not reach the
E(Ze%orted for amorphous selenium Se by Buchenau and Zorgritical value of 0.60 A& although the distribution ofu?) is

rather wide. This result is not surprising because the free-
volume theory{6] predicts that the critical value is in order
of 10 times as large as the average one. A microscopic in-
r’terpretation of this large critical value may be provided by
taking into account the characteristic times of tagtand the
slow processeass is explained below.

An atom or an atomic group performs tlia@st motion
having a characteristic time of an order of a picosecond in a
cage within an average time, but it makes a juftife slow
proces$ to escape from the cage if the mean-square dis-
placement exceeds a critical value by chance, which is much
larger than the average value @) as observed here. This
critical value may be considered to correspond to the so-far-

K, a linear relation is obtained as shown in Fig. 2. This
relation can be described by

where 7, and u(z) are constants. This relation is close to the
equation derived from the free-volume concf@ltin which
the random distribution of an average free volume per ato

Theoretically the relation of Eq11) can be derived from
the following picture[21]: a given atom or atomic group
performs back-and-forth motions, i.e., rather oscillatory tha
jumping, in a cagdthe fast procesp It seems reasonable to
consider that its probability distribution in the cage motion
(the fast procespis a Gaussian with the mean-square dis-
placement(u?);. If the amplitude of thefast processex-
ceeds, by chance, a critical displacemegt local structural
relaxation or conformational transitiotthe slow procesg
takes place. Assuming that the characteristic time offdlse
processis independent of temperature, which was experi-
mentally confirmed for many amorphous polymg2g], the

waiting time for the occurrence of ttedow processor struc- . .,
g P % b- discussed critical valueé. For moleculegor segmentsto

tural relaxation at a given atom is proportional to the pro K hal . h velv. ai
ability of finding an atom or an atomic group outside the Make such a large jump, they must move cooperatively, giv-

h ith radius.. Th he relati f BEAL ing a very small jump probgbility. This probat.)iIiFy i§ ap-
tsrg)eoergi\(/:vgllygg]lwo en, one gets the relation of HQ1) proximately given by the ratio of the characteristic time of

The present results may suggest that the excess meatrl?-e fast procesgo that of theslow procesgconformational

square displacemerﬁtF)f behaves as a free volume and is transition or structural relaxatipnwhich is between 0.001

closely connected to an elementary step of the structural re@.nd 0.01 in a temperature rangeof+ 40 to T+ 80K for

laxation or the conformational transition of PB. Cis-PB [2]. The small probability of the jump may explain
Critical value of mean-square displacemeTihe slope of  the large difference between the average v4lfé and the

the linear relation in Fig. 2 provides? in Eq. (11), which critical value ofu§, and vice versa.

may be considered to be a critical value of the excess mean-

square displacement required for the structural relaxation as B- Relation between PALSfree volume Vf and viscosity 7

will shown later:u§=0.32 A% In order to see if the value is |n this subsection, we examine the relation between the
reasonable we have evaluated the distribuggg((u®)) of  PALS free volumeor some kind of cavityand the viscosity
(u?). For this purpose, we employed the data obtained by theo have an insight into the free-volume theory from micro-
GP-TAS spectrometer because it can access the hi@her scopic point of view. For this purpose, we first describe the
range up to 6.4 AL. The excess mean-square displacementemperature dependence of the PAft& volumeSimilarly,
(u?); evaluated from the GP-TAS data also fulfilled the re-to Sec Il A, we also discuss the critical value of the PALS
lation of Eq.(11) and the slope of log vs 1u?); gives a  free volume
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FIG. 6. Distribution of the PALSfree volume hole/p,, for
FIG. 4. Temperature dependence of the total PAle® volume  Cis-1,4-polybutadiene for 15, 90, 120, 175, 200, 250, and 260 K.
Vpa t defined ad;x 47R%3, whereR and| ; are the radius of the

PALS free-volume holand its intensity. For details, see text. Vo ¥
PA,0
7= 7o EXF{

, (13

Temperature dependence BALS free volume.ln the VPAL

previous papel4] we have evaluated the temperature depen-

dence of the radiuR of the PALSfree-volume holeand the

intensity 15, which is proportional to the number of the Wherevpa;=Vpa/N and vpa ¢ =Vpag*/N, N being the

PALS free-volume holesfor cis-PB. On the basis of these total number of moleculetor the segmenjs Equation(13)

data, the total amount of the PALf&e volume ¥,,, which  is formally the same as the relation predicted in the free-

is defined ag;x 47R%/3, can be calculated, and it is plotted volume theory6] if we neglect the numerical factarin Eq.

as a function of temperature in Fig. 4. As seen from the(1), which was introduced by taking into account the overlap

figure, the total PALSree volume ¥, is observed even at of free volume. Hereafter, we calb, o* as effective critical

low temperatures far beloWy . This may be originated from value of the PALS free volume.

some vacancies frozen in the glassy state. At temperatures |n the free volume theory it is assumed that the free vol-

above~290 K it is seen thaVp,, is almost independent of ume is linearly proportional to temperature and vanishes at

temperature. This phenomenon is explained by formation ofhe VVF temperatur@,-. However, in the measurements, the

the so-called bubble staf25-27, and is not connected with pa| S free volume is still observed even belde. If we

the concept of free volume, and hence we excluded the twpiract the frozen PALS free volunvg, 4 observed below

data points above-290 K from the analysis. Tye (solid line in Fig. 4, we can no longer obtain the linear
Relation betweeRALS free volume and viscositin Fig. relation between log and 1/(/pa 1 Vpag), but a convex

5, the logarithm of the viscosity is plotted against the inverse :
of Vpn, for Cis-PB in a temperature range of 180 to 280 K curve. This may suggest that the PALS free volume can only

giving a linear relation " be considered as the free volume in the theory atiqueAt
' present, the relation between the PALS free volume and the
Vpaot theoretical free volume is not established belbyy.
7= 170 eXD( ’ )

(12 Critical value of PALS free volumeThe critical free vol-
ume Vpao* cannot be obtained from the slope of the solid

) line in Fig. 5 since the relation between the number of holes

where 779 and Vpao* are constants. Equatiofl2) can be ), is unknown. If we assume that the PAli®e-volume

rewritten as hole corresponds to the free volume per mononigk(1) at

Ty [28], we get an effective critical valuevpag*

VPA,t

10 gy ey =Vpao/N=797 A3, The distributiongpa n(Veapn) of the
10° , . o 1 PALS free-volume hoI@pA,h(=47rR3/3) is displayed in Fig
JECsPB 6 for various temperatures below and abdye The average
. 10 £ 3 value of the PALSree-volume holep, j, is calculated from
E:" 107 3 r the distribution, e.g.ypa =137 A% at 250 K. The effective
Z 10° C ] critical valuevp, ¢ of 797 A% is 5.8 times as large as the
10° : E average one, which is within the ordinary rangeg (
3 3 ~10v¢) of the free-volume theory6]. As in the discussion
10" | 1 on (u?) and uj, this large difference betweewmp,; and
000 e v 0w Vpao' also implies that cooperative motions of surrounding
0 0.02 0.04 0.06 0.03 molecules are required for the structural relaxation. It seems

W, worthy to point out that the effective critical valug, ¢*
(=797 A% is comparable to the size of the cooperatively
FIG. 5. Relation between logarithm of the viscosity lgcand ~ rearranging regioi29] for the primary« process in glass-
the total PALSfree volume ¥, ¢ defined ad 3x 47R%/3. forming materials.
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C. Free volume per monomer and free-volume fraction whereB’ is a constant. Equatiofi5) is identical to the WLF

In this subsection we calculate the free volume per mono€duation[Eq. (8)] when c? and c3 are B'/2.30%, and
mer and the free-volume fraction from the excess meanfo/a:. respectively. Taking the glass-transition temperature
square displacemerti?);, and compare it with the PALS as the reference temperature, the parametg/8’ and
free-volume holeand free-volume fraction evaluated from «¢/B’ can be evaluated from the WLF parame{ei8]. Put-
the macroscopic rheological data, respectively. ting unity into B’, we have evaluated the free-volume frac-

Calculation of free volume per monomer from mean-tion f; through Eq.(14) to bef;=9.0% at 250 K. The 6.4%
square displacementhe excess mean-square displacemenfrom the neutron data is in reasonable agreement with this
(u?); evaluated here is related to that of hydrogen atoms a%alue.
mentioned in Sec. Il. Hence the excess volume per monomer
is approximately calculated from t{@?); values in the fol- IV. CONCLUSIONS
lowing way. The contribution from hydrogen atoms is given ) _
as 6><(477/3)<u2)f3’2 per monomer because one monomer has In this paper we ha_ve re—ex_ammed _the free-volume con-
six hydrogen atoms and that from carbon atoms is given b€Pt on the basis of microscopic quantities: the mean-square
4 (Am/3)[(u)(My /M) Y2 where My, and M are displacement and the PALf&ee-volume hol®btained in the

atomic masses of hydrogen and carbon atoms, respectivelENS and PALS measurements. Comparing the temperature
because the mean-square amplitude of motions is appro lependence Qf both the_quantmes with that of the2 viscosity
mately proportional to inverse mass. Then the total excesd W€ found linear relations between Iggand 1(L2‘ )t as
volume per monomer is the sum of both the contributions'Vell @S between logand 1N, aboveT, . Here(u®); and

e.g., 6.22 R at 250 K for cis-PB if the three-dimensional \/pA,t are the excess mean-square displacement and the total

isotropic motions are assumed. This value is much smallefALS free volume evaluated from the QENS and PALS
than the PALSfree-volume holgVp, =137 A at 250 K data, respectively. These results support the concept of the

implying that 22(=137/6.22 monomers are required for one fré€ volume theory by Cohen and Turnbull abokg. It is
PALS free-volume holat 250 K. worth noting that the PALSree volumeis still observed

Fraction of free volumeln order to calculate the fraction P€loW Tyg and, hence the linear relation between ipgnd
of the free volume we have to evaluate the total volume of a/Vea, iS limited to temperatures abolg . The critical val-
monomer including both the occupied and free volumesUes for the excess mean-square displacemgmind for the
which is easily calculated from the molar density and molarPALS free volume hole/p, ¢ are 5.5 and 5.8 times as large
mass. Referring to the thermal expansion coefficient and thas the corresponding average values at 250 K, respectively.
density from the literatur30], we calculated the total vol- This has been explained by a small jump probability for
ume of a monomer as 97.83%or cis-PB at 250 KET, conformational transition or structural relaxatiéiime slow
+80K), leading to a free-volume fractiaiy of 6.4%. proces$ occurring during the cage motidthe fast procegs

We have also estimated free-volume fractfrior cis:PB ~ iImplying that cooperative motions are necessary for struc-
from the rheological datf81]. Assuming that the fraction of tural relaxation. The free volume per monomer and the free-

free volumef; increases linearly with temperature as volume fraction were calculated from the excess mean-
square displacement, and an obtained fraction of 6.4% at 250
fi=fot+ay(T—Ty), (14 K for cis-PB is fairly reasonable and in good agreement with

_ that evaluated from the rheological d48a0%).
where a; and fy are the thermal expansion of free volume

relative to the total volume and the fractional free volume at

a reference temperatufg, respectively; the following equa- ACKNOWLEDGMENTS
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