Downloaded from http://polymerphysics.net

JOURNAL OF CHEMICAL PHYSICS VOLUME 119, NUMBER 7 15 AUGUST 2003

Dynamic properties of polyvinylmethylether near the glass transition
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Dielectric spectroscopy, encompassing 13 decades of frequency, was used to investigate local
segmental relaxation in polyvinylmethylethe?VME). Measurements were obtained over a 110
degree range of temperatures, at pressures up to 725 MPa. At atmospheric pressure,
time-temperature superpositioning is valid; however, application of pressure changes the shape of
the dielectric spectrum. Similarly, the relaxation times and dc-conductivity have the same
temperature dependence at ambient pressure, while a breakdown of the Debye—Stokes—Einstein
relation is observed at elevated pressures. The pressure dependence of the relaxation times is weak,
corresponding to an activation volume about equal in magnitude to the molar volume of the PVME
repeat unit. The pressure coefficient of the glass transition temperatyre247.5K at ambient
pressurgis small, 177 K/GPa. From the ratio of the isochronic and isobaric expansiviti22,

thermal energy is found to have a stronger effect on the relaxation times than does the volume,
although the contribution from the latter is significant. A comparison was made of the relaxation
properties of PVME to those of the structurally similar polyvinylacetate. Distinct, qualitative
differences are noted at both ambient and elevated pressur200® American Institute of Physics.
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INTRODUCTION A decreasing volume is another characteristic of the
glass transition and, indeed, compression alone can bring

Among the myriad complex behaviors exhibited by about vitrification. Packing density plausibly influences the
polymers, their local segmental dynamics ranks among theongested motion of relaxing segments, and free volume
most intriguing and significant. Referred to variously as themodels of the glass transition are well-develop&d® Since
glass transition, structural relaxation, dielecuicelaxation, temperature variations change both thermal energy and the
etc., this process underlies all motions at longer times andolume, it is unsurprising that, when compared on a equal-
length scales. Indeed, it is not uncomnfaibeit incorrect?)  volume basis, temperature has a stronger effect on the dy-
to suppose that all viscoelastic mechanisms, from local segramics than pressure. However, at least in principle, both
mental relaxation to the terminal chain modes and viscosityariables contribute. The relative importance of thermal en-
have the same temperature dependence. Clearly, understarglgy and volume is intensely debat€d?® with contrary
ing structure-property relationships in polymers, which is esviewpoints expressed. Temperature has been described as the
sential to their utilization, requires unraveling of the com-dominant variablé!?? or at least the more important
plexities of local segmental relaxation, including the rolespnel’~2°while other experimental evidence suggests that the
played by density and temperature in controlling segmentalelative importance of volume and temperature is strongly
relaxation and the relationship to the chemical structuredependent on the nature of the material, with volume becom-
Moreover, the various glass transition phenomena are nghg as or even more important than temperature in some
unique to long chain molecules, but have been observed, anghse<*-?° Thus, quantifying the relative contribution of
often first discovered, in supercooled, small-molecule glasshermal energy and volume to the relaxation times is a cen-
formers®® tral issue in studying the glass transition.

In this work, two aspects of local segmental relaxationin  The second feature of the glass transition addressed
polymers are addressed. The first concerns the origin of thgerein is the decoupling often observed between different
dramatic increase in viscosity and relaxation time as the madynamical processes. The viscosity, relaxation times, diffu-
terial is cooled(or compressedioward the glassy state. De- sion constants, etc. all change drasticallyigss approached
creasing temperature reduces thermal energy, thus impedifgm above, yet their respective temperature dependences
activated transport of chain segments over the potential batan differ substantially. In particular, there is a strong en-
riers obstructing passage to new positions and orientationgancement of diffusion and translational motions relative to
As embodied in energy landscape models for the glasgeorientations:?®?'The origin of this phenomenon is uncer-
transition!~° the details of the potential energy hypersurfacetain, but it has been ascribed to heterogeneity, either
govern the dynamic properties, and potentially provide a linkspatially?®28 or of the dynamic£® An understanding of why

. . -13 . . .

to thermodynamic propertie§: different processes respond differently to changes in the local
structure can yield fundamental insights into structure-
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polyvinylmethylether(PVME) addressing these two aspects 7
of the glass transition. From data obtained both as a function
of temperature and of pressure, we determine the volume
dependence of the relaxation times, and thereby assess th
relative contribution of temperature and volume to the relax- © s
ation. We also compare both the temperature and pressur
dependence of the conductivity, a transport property, to the
corresponding behavior of the dielectric relaxation times.

EXPERIMENT

The PVME, obtained from Scientific Polymer Products 1024
and used as received, had a weight average molecular weigt E

99 000 daltons and a polydispersit?.1. To remove any ab- 3] o

. . . 10 bbb Bbidon Bt B BMAAiion Bbhdiie Bbbiiie B B AAAe Midddin Biidin oy
sorbed water, the polymer was dried overnight in vacuum at 10* 10° 102 10° 1 10 10° 10° 10° 10° 10° 107 10°
~60 °C prior to measurements, and maintained in a nitrogen f [Hz)

atmosphere during the measurements at atmospheric pres-

sure, and in the absence of air during the high pressure me&!G. 1. Double logarithmic plots of the dielectric permittivity and loss mea-

surements. sured at ambient pressure ahd —19 (<), —9 (@), 6 (O), 26 (W), and 85
Dielectric spectra were obtained with an IMASS time gn(iz.z;he data above £Hz were obtained with the HP4291 A impedance

domain dielectric analyzer (16—10*Hz), a Novocontrol '

Alpha Analyzer (10%2-10FHz), and an HP4291A imped-

ance analyzer (£6-1F Hz). The latter could only be uti- 4,ency of the maximum in the dielectric loss defirag-

lized for ambient pressure expenments, limiting the Spec"?}roximately the most probable relaxation times

at elevated pressure to frequencies belof HA Fpr all =1/(27f ); for B=0.47,7=1.38X 7 . Theser are plotted

measurements below 4Bz, the sa_lmple was contalneq be- in Arrhenius form in Fig. 3.

tween parallel plates. For the high pressure experiments, Eyident on the low-frequency side of the segmental re-

these plates were inside a Manganin pressure(B@lfwood  |axation dispersion is the dc-conductivity, contribution to
Engineering, and isolated from the pressurizing fluid by {ha gielectric loss

means of a Teflon ring and tape. Pressure was applied using

an Enerpac hydraulic pump, in combination with a pressure o= 2mfege”, 2
intensifier (Harwood Engineering and measured with a \yhere ¢, is the vacuum permittivity. The Stokes—Einstein
Sensotec tensometric transdu¢esolution=150 kPa. For  (gjation for the diffusion of spheres in a homogenous me-

the ambient pressure measurements abovH20 an  dium of viscosity is commonly used to describe ion diffu-
HP16453A test fixture was used. Temperature control for alkjon, |eading to an expected proportionality betweeand
experiments was at least0.1 K. The measured conductivity -1 gjince the dipolar relaxation time in a homogenous me-
is due to impurity ions(contaminants however, replicate  gium is also proportional to viscosit{Debye relatioh, the
testing of different samples gave identical results. Further-

more, the conductivity, as well as therelaxation spectra,

were insensitive to thermal and pressure histories. O s B I A
RESULTS = T=-18.8C
) 0.8+ o T=-14.1C ]
Ambient pressure s T=8.9C
Displayed in Fig. 1 are representative dielectric permit- 1 0 T:]S‘Z%C
tivity, €', and loss¢” curves as a function of frequency. The 0.6 « T=-19.8C T
dispersion shifts towards lower frequencies with decreasing,® > T=-22.5C

temperature, concomitant with a small but systematic in-Z>
crease in the dielectric strengthe. Adjusting for the latter,
the peak shape is found to be invariant to temperatiig
2); that is, at constantambien} pressure, segmental relax- 0.2
ation in PVME conforms to time-temperature superposition-
ing. The central portion of the peak can be described using
the transform of the Kohlrausch functih 0.0 %%

10° 107 10" 1 10 108 10* 10* 10°

sin(ot), (1) LA .

00 d
"SYumgunt

© | —d
e”(w)ZAEJ' dt[—exp— (t/m¢)P
0 dt

. . . . FIG. 2. Superposed dielectric loss spectra for ambient pressure at the indi-
with a temperature 'ndependeﬂt_:o-fl?-_TK is the time for cated temperatures. The solid line is the transform of the Kohlrausch func-
the relaxation to decay te~ ! of its initial value. The fre-  tion [Eq. (1)] with B=0.47.
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4 py- played in Fig. 3, are the inversedivided by an appropriate
{ ) factor (k= 10°*3deduced from Fig. 3 such that the two sets
24°%1 7 of data superpose over their common range of temperatures.
1°5 The usual practice is to describe the temperature depen-
0 04 dence ofr ando ! by the Vogel—FulchefVF) equatiort*
1 034 B
2904 X=X, X (4)
’)? 9 ' * T_TO ’
8 -4+ wherex is eitherror o~ 1, T, is the Vogel temperaturd is
T a constant and., is the high-temperature limiting value »f
61 Deviation from VF behavior can be assessed from plots of
N v logl[s)) the derivative functiorP(x), the so-called Stickel functidh
J & -log(ohk [S/em]) ®(x)=1{[d log;g(x)/d(1000m) T}~ ®)
‘10 T v T ¥

T T T L i i i i i
28 30 32 34 36 38 40 42 Whlc_h y|el_ds a straight line fo_r a VF dependence. In the inset

of Fig. 3 is shown the functio(x) calculated forr and
1000/T[K] oL Itis evident that for all temperatures, the data can be
FIG. 3. Relaxation time¢filled symbolg and inverse dc-conductivithol- described b}i a single VF relation. ,From the simultaneous fit
low symbol3 (the latter divided by a constant facterl(?®3 as a function ~ Of 7 and o™~ to Eq. (4), we obtain logy(7..[s])=—13.1
of inverse temperature at ambient pressure. The lines through the data reg=0.1, B=1590+ 70, To=198.3+ 1 K and logo..[ S/cm])
resent fits to the Vogel—Fulcher equation. The inset shows the Stickel func—= —7 2+(.1 (note that this fitting was done using onIy three
tion & for both the conductivity and the relaxation times. variables, since-, and o, are related by a constant fac)or

A dynamic glass transition can be defined as the tem-

ionic conductivity and the dielectric relaxation times are re-perature at whichr assumes an arbitrary value, e.g., 10 s.

lated by the Debye—Stokes—Einst¢DSE) equatiori* Interpolating the data in Fig. 3, we obtailiy=247.5
- +0.2K at atmospheric pressure. The fragilityn
oT _ - . .

. = const, 3) =d Ioglo(r)/d(Tg/T)|T:Tg at ambient pressure is obtained

from the slope al ¢, yieldingm=80. To compare this result
in which ¢ is the concentration of charges. Although the ra-With the literature, we recalculate for 7=100 s, yielding
tionale for Eq.(3) relies on several approximations, it has M=85, which is larger than the value of 75 previously
intuitive appeal; other derivatioffscan also be used to ob- reported® However, the latter was based on an extrapolation
tain it. Sincec is constant, a double logarithmic plot off ~ Of measurements which were limited te=1 Hz on a lower
versus relaxation time should have a slope of negative unitynolecular weight PYME?

We show such a plot in Fig. 4 for those temperatures at
which both quantities could be obtained from the dielectric
measurements without extrapolation. The least squares fit (JS:f
the slope yields—0.98+0.01; thus, at atmospheric pressure  Dielectric measurements were carried out isothermally,
the data essentially conform to the DSE equation. Also disat three different temperatures, as a function of pressure. In
Fig. 5, four dielectric loss spectra are shown, for tempera-
tures and pressures such that the maxima in the loss peaks
coincide. Unlike the good superpositioning obtained with the

; ambient pressure spectfBig. 2), there is a systematic nar-
P=0.1 MPa 1 rowing on the high-frequency side of the peaks with increas-

1 ing pressuréand increasing temperatyr& constant. Since
time-temperature superpositioning is observed at atmo-

levated hydrostatic pressure

12
T 1079 ] spheric pressure, Fig. 5 implies a failure of time-pressure
L superposition, contrary to the results reported from measure-
é ments over a more limited pressure ratigéAn assessment
= of time-temperature superpositioning at elevated pressures
cannot be made with the available data.
107+ . The relaxation times from all measurements at elevated

pressure, along with the conductivity data, are displayed in
Fig. 6. It is common to parameterize pressure dependences in
e terms of an activation volum®, AV?=RT(dIn 7/6P)|, or

10° 10° 10° for the conductivity AV%:=—RT(dIna/dP)|;. At higher
T [s] pressures, the data deviate from this simple relationship, with
FIG. 4. Relationship between the dc-conductivity and the relaxation time foran mqegse of the activation Vqlume as.seen ”; Fig. 6. Such
isobaric P=0.1MPa) data. The bestfit to the data, indicated by the @ d€viation was not observed in a previous sflidecause

straight line, has a slope equal +60.98+0.01. of the more limited pressure range {280 MPa); however,
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FIG. 7. Pressure dependence of the glass transition temperatures from Fig. 6

FIG. 5. Superposed dielectric loss spectra as a function of pressure, fczb) and of the fragility(C]). The dashed line is the fit to E¢), while the
various temperatures such that the relaxation times are almost @rpsal dot{ed line is an average of tma(P) '

quencies were shifted by less than 30%

theAV’f are in agreement where the respective data coincidet 2 K/GPa. This value is lower than reported previotsly
More interestingly, the pressure .SGHSitiVity is greater.7f0r probab|y because over a more limited range of presngre'
than for 0. For example, at the highest temperature, in theappears to be linear with pressdfézrom the pressure coef-

limit of zero pressureAVi=64mi/mol for 7 versusAVi. ficient of the glass transition, we calculate the fragility from
=54 ml/mol. This difference increases inversely with tem-the activation volume usift§

perature. The magnitude of the activation volume is on the AV
order of the molar volume=54.7 ml/mol atT,=247.5°K m= v )
andP=0.1 MPa* RIn(10)dTy/dP’

The variation ofT, with pressure is obtained from the yhere pothAV# and dT,/dP are functions of pressure.
temperature at which=10 s at each pressure. These data arerpege results are included in Fig. 7. Within the experimental
plotted in Fig. 7, along with the fit to the empirical Anders- yncertainty, the temperature sensitivity of the relaxation

son equatioff times is independent of pressure.
b Unlike the results for ambient pressufég. 4), the con-
Ty=a| 1+ c P) , (6) ductivity and relaxation times measured at elevated pressure

. are at odds with the DSE relatidiq. (5)]. This is usually
with a=248+0.2K, b=4.32-0.08, and c=140 the case for supercooled liquids and polymer melts not far
+0.02GPa. In the limit of zero pressureT{ddP=177  from T,, even at ambient pressure. Commonly, such behav-

ior is accounted for by an empirical modification of the
DSE®

om8=const, 8

where the adjustable parametex 1. This relation has been

applied to data on various glass formé&$é3~%In Fig. 8, we

plot double-logarithmically the conductivity as a function of

the relaxation times. The elevated pressure data yield differ-

ent curves for each temperature, with the deviation from the

DSE increasing with decreasing temperature. Thus, the DSE
fails for the isothermal dat&conformance of isobaric results

v 96°C . .

o 230°C §10 at elevated pressure cannot be judged from the available

s 493°C ] data.

10"

o [S/cm]

0 100 200 300 400 500 600 700 DISCUSSION
P [MPa] )
Although pressure exerts a substantial effect on the seg-

FIG. 6. Relaxation timeffilled symbolg and dc-conductivityfhollow sym- mental relaxation times of PVME, it is less sensitive to pres-

bols) as a function of pressure at the indicated temperatures. The Imegnure than most other polymers. The activation volume is
through the data represent linear fits to the low pressure measurements, wi

slopes proportional to respective activation volumes. The horizontal dashefPUghly comparable to the molar volume, and the pressure
line denotes the value af=10 9 at T,. coefficient of the glass transition temperature is the lowest
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FIG. 8. Relationship between the dc-conductivity and the relaxation time folFIG, 9. Isothermalsolid symbol$ and isobaridhollow symbol3 relaxation
isothermal data at the indicated temperatures. The lines are fits t8EJ. times as a function of specific volume.
with the fractional Debye—Stokes—Einstein exponents as indicated.

2 52 is because temperature changes both the thermal energy and
reported to date for any ponrﬁér“ “>*(Table ). The value  yho \olume, whereas pressure affects only the latter.
of dTy/dPis pot gorrelated with eithef or the sensitivity To quantify the degree to which these variables govern
of the relaxation times to temperature. the relaxation times, we compare the expansivity at constant
To interpret the temperature and pressure dependences ﬂressureap[z —V~L(aV/aT)p], to its magnitude at fixed
the relaxation times for PVME, the results in Figs. 3 and 6va|ue of the relaxation timey [ = —V~1(4V/dT).]. The ra-
are expressed as a function of volume. To do this, we takrﬁo of the isochronic and isobaric expansivitis, |/ ap , il
advantage of PVIpressgre—volume—temperathxﬁtg for be significantly larger than one if temperature, rather than
PVME (of the same We|3%ht average molecular We)g‘ret-. _volume, is the dominant variable controlling the relaxation
ported by Ougizawat al™" The dependence of the specific ;<22 From Eq.(9), we obtainap="5.584x 10~ *C~1. The
volume(in mi/g) on temperaturéin Celsiug and pressuréin g6 cific yolume at whichr=10 s is calculated for each con-
MPa) can be described above using the Tait equafion dition, using the data in Figs. 3 and 6, along with E@).
V(T,P)=(vo+ v, T+ ,T?) The result, shown in Fig. 10, i8,= —1.21x10 *C"*. The
ratio |a,|/ap=2.2, is not too far from unity, indicating that
X[1-0.0894 1M1+ P/boexp(—b,yT))]. (9) although thermal energy changes are more important than
Fitting the data in Ref. 39, we obtain,=0.9564 ml/g, v1 volume changes, the contribution of the latter to the relax-
=5.587x10 “mlig-C, v,=4.256<10 'mllg-C2, b, ation times is still significant. The value di |/ap for
=236.0 MPa, and,;=4.745<10 3C~!. We then calculate PVME is larger than found for other polymers and molecular
the specific volume for each temperature and pressure of our
measurements, obtaining the results shown in Fig. 9. For a

. . . 0.99
given volume change, there is a substantially larger change
in 7 along the isobaric pathway than for the isotherms. This ]
0.96 4 4
TABLE |. Pressure coefficient of ; measured dielectrically for various
polymers.
0.93 4 e
dT,/dP? 2
[K/GP4] Ref. £ 1 .
0.90 9., -
. > - o
polymethyltolylsiloxane 340 47 ] Lo
polymethylphenylsiloxane 290 48 | - o -,
polyvinylacetate 250 49 0.87 4 A ]
oligomeric epoxy 244 25 ) PR
1,2-polybutadiene 240 52 Os . D.
polyisobutylené 240 50 o.
oligomeric epox¥ 180 51 0'844 T a0 v . ~ T
polyvinylmethylether 177 this work 0 - 0 0 0 60
T [C]
¥ s<17(T,)<100s andP=0.1 MPa.
Pdiglycidylether of bisphenol-A. FIG. 10. Temperature dependence of the specific volume=a0.1 MPa
“rom PVT measurements. (solid line) and at varying pressures corresponding to a constafits (O)
d4,4'-methylene-big\,N-diglycidylaniline). and 10 s(0J), respectively.
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glass formers, at least in the absence of hydrogen bording. L
Also shown in Fig. 10 are result.s far=1 s, _which yields_ 1BMPC o polymers
|a,|/ap=2.1. Thus, our conclusion regarding the relative 8 2gumpc o small molecules

significance of temperature and volume is not overly sensi- 3 Salol
tive to the particular condition of andP at which the as- r 4PDE
sessment is made. 28(T;PEBA
Another quantity which can be used to quantify the . 4 7PPGE .
relative effect of thermal energy and volume is the ratio of 3 8PS
the constant volume activation energl,, (= R[dlog(7)/ s~ | 9PCCGE
a(T‘l)]V), to the activation energy at constant pressure, 1? :xa%
Ep(=R[dlog(n/AT H]p). This latter quantity (which is 2 42 Sorbito! .

more correctly referred to as the activation enthalgan be :
directly estimated from dielectric relaxation data, if the mea- -, A
surements extend over a sufficient frequency range, or alter :

natively by using the relatidn 0 S S W
04 0.5 0.6 0.7 0.8 0.9
Ev aT E,/E;
B 7( ﬁ) ’ 10
P T FIG. 11. Ratio of thermal expansivities vs ratio of apparent activation ener-

) o gies for several glass formers: 1,1'-fpsmethoxyphenytyclohexane
where y[ =(dP/dT)y] is the thermal pressure coefficient (BMPC) (Ref. 24, 1,1-di(4-methoxy-5-methylphenydyclohexane

calculated from the PVT data. F=0.9424 mL/g(corre- (BMMPC) (Ref. 29, salol (Ref. 68, phenylphthalein-dimethylethéPDE)

; ; T (Ref. 23, o-terphenyOTP) (Refs. 69 and 70 diglycidylether of bisphenol
sponding 0Ty at ambient pressurewe obtain y=1.70 " ce F er 28 noiy(phenyl glycidy etherco-formaldehydéPPGE

MPa/K. Using the pressure dependencel gf we then cal-  (ref. 23, polystyrene(PS (Ref. 72, polyl(o-cresyl glycidyl etherco-
culateE,, /Ep=0.7. This value is larger thaR, /Ep,=0.67  formaldehydg(PCGB (Ref. 72, polyvinylacetatdPVAc) (Ref. 49, PVME

found for PVAcC*® but smaller than the values of 0.73 re- and d-sorbitol(Ref. 73. Intersection of the dotted lines denotes an equal
ported for polyp;ropylene oxide (PPQ and 0.71-0.78 for contribution from volume and temperature. The solid line is @d).
polymethyl acrylat® (PMA).>* The ratio E,/Ep would

equal 1 or O if the temperature or volume dominates, respec- ) )
tively. tial heterogeneity cannot account in general for the enhance-

The ratioEy /Ep is related to the ratio of the thermal ment 'of diglectric relaxation times' compare'd with rotational
diffusion, since both are local motions probing the same en-
vironment.
Ey 1 The failure of time—temperature—pressure superposition-
(12) ing may reflect an intermolecular cooperativity that varies
with pressuré/ as indicated by the changing shape of the
This relation is derived in the Appendix. In Fig. 11, Ef1) relaxation peakFig. 5. However, the latter could be influ-
is plotted, along with values for PVME and other glass form-enced by a different response to pressure of the primary seg-
ers (taken from the literatupe By either measure, thermal mental relaxation and an unresolved higher frequency sec-
energy is seen to be more important than volume in governendary proces® % Unambiguous interpretation of this
ing the temperature dependence of the relaxation times gfhenomenon would require measurements over a broader
PVME. The differing influences of temperature and volumerange of frequencies at even higher pressures.
are manifested in other properties. The relaxation times are Finally, it is of interest to compare the dynamic proper-
more sensitive to pressure than is the conductivity, and thées of PVME to those of the structurally similar polyviny-
relationship between these two quantities under isobaric corlacetate(PVAc).*%%1%2The latter differs only by the replace-
ditions (Fig. 4) is distinct from their isothermal behavior ment of the pendant methyl group with a methyl-substituted
(Fig. 8. In fact, the fractional DSE exponent at elevatedcarbonyl. At atmospheric pressure, the properties of the two
pressure is different for each temperature. This behavior difpolymers differ significantlyTable Il). The glass transition
fers markedly from results reported for other glass formerstemperature(defined asr=10 g for PVAc is 56 degrees
for example, the epoxy resin, pdphenyl glycidyl higher than PVME, although the latter is substantially more
ethe)-co-formaldehyd&® For PVME, the isobaric data con- fragile. Despite the difference im, the respective peak
form to the DSE, while the isothermal results show the morebreadths af; are essentially equal. This absence of a corre-
usual deviation(translation and diffusion enhanced relative lation between fragility and peak breadth is unusaind
to reorientatiof®?9. may be related to the fact that the dipole moment in PVAc is
Decoupling of these motions has been ascribed to spdurther removed from the backbone than for PVME. It is also
tially heterogeneous dynamics, considering that rotationahoteworthy that at atmospheric pressure, while the breadth of
and translational mobilities average in different ways overthe segmental relaxation peak for PVME is invariant to tem-
the samplé®~2°The progressive decoupling shown in Fig. 8 perature(Fig. 2), that of PVAc broadens significantly with
would, therefore, indicate an increase of the heterogeneitgooling towardTg.61'62A comparison of the properties of
with pressure in proximity off ;. However, as pointed out these two polymers by other spectroscopies, such as me-
previously by other authorS;*®an explanation based on spa- chanical measurements, would be illuminating.

expansivities as

E_p: l-apla,’
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TABLE Il. Comparison of local segmental relaxation properties. Dividing both sides by the temperature derivative of the vol-
PVME PVAC (Refs. 49, 61, and 62 ume at constant pressure gives
T 247.6 303.6 i I I A I B i O
lia 0.47 0.48 aT aT|, ap P/ dT|,] dT
dpldT® 0 ~0.003 K ! T T
m? 81 76 From the rule of the implicit partial derivative, the value in
dngF: 0 0 brackets is just the negative pressure derivative of tempera-
ViV ~L1 ~2 ture at constant volume; thus,
||l ap? 2.2 1.8
a7(T,)=10s andP=0.1 MP % o) P (A3)
T = S anarP=0. a. —_— =1 — .
bT>9I'g . ap JP Vi aT 7
°P~0.1 MPa.

Comparing Eq(A3) with Eq. (10) yields Eq.(11), directly
relating the two measures of volume and temperature effects.
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