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The a-relaxation process in polymethylphenylsiloxane was studied over a broad temperature and
pressure range by dielectric spectroscopy. In the vicinity of the glass temperature, the shape of the
dielectric loss peak is independent of both temperature and pressure. The steepnd$auitigy,
describing the temperature dependence of the relaxation times, is also independent of faadsure

of molecular weight as well Thus, the correlation between fragility and nonexponentiality of the
relaxation function is maintained under conditions of high compression. The combined temperature
and pressure dependences of the relaxation time conformed to the Avramov equation. This model
offers a means to relate the relaxation behavior to thermodynamic properties of the material.
© 2002 American Institute of Physic§DOI: 10.1063/1.1478767

INTRODUCTION a molecular weight of 23 360 daltons, with a polydispersity
of 1.16.

For ambient pressure measurements, we used a Novo-

ntrol GmbH dielectric spectrometer, equipped with a So-

The local dynamics underlying relaxation of a system
are identical to its equilibrium molecular motions, and thus o
connection exists between relaxation properties and therm(?-,[ron SI1260 frequency response analyzer and broadband
dynamic properties. Establishing this connection is essentiaéi

C ielectric converter. We measured the dielectric permittivity,
to understanding, in a fundamental way, the molecular basis, . -y .
for the physical properties of materials. Experimental efforts. (0)=¢'(0)—i€"(w), in the frequency range
physical prop - EXp 10 2—1C° Hz. The sample was contained in a parallel plate
along these lines usually focus on the effect of temperatur

e .
. . - L cell (diameter 10 mm, gap 0.1 mmTemperature was con-
attempting to determine their link to thermodynamic data. , . . .
. . roll ing a nitrogen- r with temperatur il-
Correlations of temperature dependences with the shape tP ed using a nitrogen-gas cryostat, with temperature stab

Y better than 0.1 K

: a7 ) . 9 y better than 0.1 K.

the relaxation funcUo‘h and W'.th chem|ca! structuré . For the high-pressure studies we used the high-pressure
are of related import. An experimental variable potentially

having equal utility is pressure, and the effect of pressure Oﬁequment described in Ref. 18. The capacitor, filled with

. ) . c?t material, was placed in the high-pressure chamber. Pres-
relaxation properties near the glass temperature has received .\ as exerted on the chamber via silicone fluid using a
increasing attentiot?~'’ The interrelationship between ’

chamber with a piston in contact with a hydraulic press. The
pressure- and temperature-dependences, and how these P y P

overned by chemical structure, are outstanding issues in t ple capacitor was sealed and mounted inside a Teflon
f%eld Y ' 9 rHeng to separate the sample from the silicon oil. Pressure was

. . . measured by a Nova Swiss tensometric pressure meter
In this paper we report dielectric data for polymeth- y P

) . (resolution=0.1 MP4d. The temperature was controlled
ylphenyls!loxane(PMPS. Measurements of the-relaxation within 0.1 K by means of a liquid flow provided by thermo-
were carried out over a range of temperatures and Pressures, - path
The temperature dependence of the relaxation tfmagility) '
was compared to that of PMPS having different molecular
weights. We also examine the effect of pressure on fragility.

To do this, we use a recently proposed model for the comRESULTS AND DISCUSSION
bined pressure- and temperature-dependences. Isobar measurements

Displayed in Fig. 1 are representative measurements of
EXPERIMENT the dispersion in the dielectric loss due to teelaxation.
) The shape of the peak is essentially independent of tempera-
The PMPS, obtained from Dr. T. Wagner of the Max y,re aside from the broadening on the low-frequency side at
Planck Institute for Polymer Research, Mainz, Germany, hagigher temperatures due to encroachment of the DC conduc-
tivity. Included in the figure is the fit of the data to the trans-
¥Electronic mail: paluch@ccsalpha3.nrl.navy.mil form of the Kohlrausch—William—WatteKWW) function'®
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FIG. 1. Representative dielectric loss curves for PMPS measured at the 10" T T T T T T T T T T T
indicated temperatures. The solid lines are the fits to(Bq.with 3=0.51 3.2 34 36 3.8 4.0 4.2
+0.01. The deviations toward low and high frequencies reflect conductivity 1000/ T (K)

and an excess wing respectively.

FIG. 2. Thea-relaxation times measured at 1 bar for the PMPS heillin
and for a higher(M,,=28.5kg/mol, A) (Ref. 25 and a lower M,,
=2.5kg/mol), V) (Ref. 26 molecular weight PMPS. The crosses) in-
B (t) ~exp—(t/ reww)”, (1)  dicate the values of used in fitting Eq(4) to the isothermal datéFig. 3.

h . | . . d th h f The Tg-normalized data are shown in the insert, yieldimg=286 for T,
where 7xww 1S a relaxation time and the shape aCtOI’taken to be the temperature at whigh1 (which avoids extrapolation of the

B=0.51+0.01. Note the deviation from Ed1) at higher data.
frequencies; this is the well-known “excess wing” seen in
the spectra of type A glass-formefs22
In Fig. 2 we show the isobaricP(=1 bar) relaxation scaled Arrhenius plot evaluated &t,.>"*® A fragility
times, 7, defined as the inverse of the frequency of the(or steepness indgx can be defined as my
maxima in the dielectric losgnote that for 8=0.51, 7 EdIog(a-)/d(Tg/'I')|T:Tg. In terms of the Vogel—Fulcher pa-
=1.35X 7xww). Over the range of most experimental mea-rametersm;=D+T,(In 10Tg)*1(1—T0/Tg)*2.
surements, the temperature dependence ofathelaxation Fragility curves for the three PMPS are shown in the
times in molecular glass-formers and polymers can be denset to Fig. 1. The data coincide exactly when plotted in the
scribed using the Vogel—Fulcher equafion Tg-normalized Arrhenius form, witlT, taken to be the tem-
DT, perature at which=1 s.(This definition of a dynamic glass
(T)=1g ex;{ T-T ) , (2)  temperature, while arbitrary, avoids extrapolation beyond our
0 measurement rangeAn invariance of fragility to molecular
in which 7, is of the order of a lattice vibration, and the weight appears to be the rule for oty polymers®2°but not
strength parameteR);, and the Vogel temperaturé,, are  necessarily the case for all polyméPsThe value obtained,
constant with temperature. The latter can sometimes be idem= 86, conforms closely to the reported correlation with the
tified with the Kauzman temperatut&The fit of the data to  stretch exponent in Eql); viz., my=250(* 30)—3208.%
Eq. (2) vyields 7,=8.12x10 '’s, D;=8.48, and T, The steepness index, of course, is temperature dependent,

=200.0K. since the data in Fig. 2 are non-Arrhenius. UsingT )
Also included in Fig. 2 are dielectric measurements on=100s would yield a larger value fon; .3
PMPS of slightly higher molecular weight M|, Based on an energy landscape interpretation of fragility,

=28500g/mol)?® and photon correlation data for a low attempts have been made to correlate with thermody-
M,,(=5000 g/mol) PMP$® As can be seen, the molecular namic quantities, such as the heat capacity or configurational
weight dependences ofand T alter the curvature. entropy! The idea is that thermal excitation induces a break-
Comparisons of the effect of temperature on relaxatiordown of configurational structure, the rapidity of which de-
for different glass-formers usually rely on normalizing tem-fines the temperature sensitivity ef At least for polymers,
perature by the glass temperature. The temperature depeexperimental data are at odds with the predictions of such
dence is then assessed from the steepness of the consequmnilels® Since the heat capacity of a polymeric liquid varies
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i FIG. 4. Thea-relaxation times of PMPS at the indicated temperatures. The
shifted frequency (Hz) solid lines are the fits to Ed4), constrained such th@p(=34.5) is con-
. . . stant with temperature. The are taken from the fit of the ambient pressure
FIG. 3. Representative dielectric loss curves for PMPS measured at thgaia 1o Eq(1) (see Fig. 2
indicated pressures. The data have been shifted to superimpose on the curve

for P=42.4 MPa.

then those obtained from isobaric measurements; moreover,
, , . _ 7o can assume unphysically small vald&s3An alternative
inversely with molecular weightfor molecular weights be-  o|5tion i$3:34
low the high polymer limi}, the expectation from an energy
landscape model is that fragility should vary inversely with _ DpP
molecular weight® This prediction is at odds with the re- (P)=1p exr< Po—P
sults in Fig. 2. in which 7p can be obtained from isobaric data at ambient
pressure, an®p is assumed to be independent of both pres-
sure and temperature. Isothermal and isobaric data are re-
Isotherm measurements lated by the Vogel parameteR, and T, at which the re-
Shown in Fig. 3 are representative measurements of thIfgaxation time diverges. In fitting our isotherm resu_lts, we use
a-dispersion measured at various pressures. The curves ha L P the va!ue of7(T) calculateq frqm the.amtl)lent pres-
been shifted to superimpose, whereby it is seen that th ure data using Eo[;) (these are |nd|9ated in Fig).2The
rength parameter is assumed to be independent of tempera-

- . st
shape of the peak is independent of pressure. This 'mp“et%ure; that is, we use a common value Dh—34.5 for all

that pressure will not affect the fragility of PMPS, given the i
correlation between the breadth of thqelaxagog function tsin;\?vir?r:ulz?;. 4The fits of Eq4) 1o the pressure data are
and theT,-normalized temperature dependefce. : s . .

In Figg. 4 we display the isothermal relaxation times as a Since Eq.(2) can .be35der|ved from the Adam—G.|bbs
function of pressure. The segmental relaxation times fo odellfor thea-relaxation;” the §trength parametedy, IS
PMPS are extraordinarily sensitive to pressure, in comparig'Omeumes taken fo be a ref!ect|on of the temp.erature depen-
son to small molecule glass forméfdVhen pressure is used dence ofr. AlthoughDp hgrem does not vary W'th tempera-
as an experimental variable, an obvious approach to descrik%re’ nevertheless, the |sothermal fraglllty,. definednas
the relationship is adoption of an analogous form of the:qlog(T“)/d(P/P9)|T=Tg c_hanges inversely with temperatur_e
Vogel—Fulcher equatioff i.e., _(Flg. 5. For analysis of |sotherm data, the concept of fragil-

ity may need to be reexamined.

, 4

- BPEO The best-fit values of ; are shown in Fig. 6, along with
T(P)=Toex P _p| ) the datum obtained from the isobaric measurements. The lat-
0 ter departs from the linear relationship betwegnand P,

However, for small molecule glass-formers, E8). has been observed at higher pressures. In Fig. 6 we also plot the val-
shown to yield different values for the exponential prefactorues of temperature and pressure for whietll s (our opera-
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FIG. 5. Pg-normalized pressure dependence of the relaxation time. The PO’ Pg (bar)

isothermal steepness inderp, is a decreasing function of temperature.
FIG. 6. Vogel pressuréA) determined from fitting Eq.3) to the isothermal

data, along with the corresponding Vogel temperat®g determined from
fitting the isobaric data to Ed1). Also displayed is the glass temperature

tional definition of Ty). T, is approximately proportional to (O), which has a stronger pressure dependence thanTiges

P, yielding 0.28 K/MPa for the pressure coefficientTof at
low P. For small molecule glass-formers, this quantity may

be correlated with the fragility’ PMPS is moderately fragile Various approaches have been proposed to treat the mu-

(m=86), in comparison to other polymetshowever, at
. . tual dependences on temperature and pressure. Fytas and co-
presentdT,/dP data obtained from dynamic measurements : ) ;
: 4 workers generalized the Vogel—Fulcher equation to include

are too scarce to assess this correlation for polymers.

. ) .o . the effects of both temperature and ressure
Since the Vogel temperature can be identified with the_. 7 emp . ', pre

y sumultaneouslﬁ. However, their expression predicts a linear
Kauzman temperatur@n “ideal” glass temperatufé), the

. . - dependence of ; on pressure, which is at odds with experi-
expectation is thal; and T, will have similar pressure de- P g ON P P

8 ; ; i 39,40
pendences. n fck e behaors are qus areréy. 1% 37 OLng P 0 Cosae A S wseq 06
6). While for all isotherm resultsR,>180 MPa), the Vogel P 9

. : of the Vogel—-Fulcher equation, but wiff, now dependent
temperature is also proportional to pressure, the slope 'S both temperature and pressure. Since the temperature- and
much lessdT,/dP~0.12, than thel; dependence on pres- P P ' P

. o ; - f le, thi h for-
sure. We also note that the single datum in Fig. 6 Obtamegressure dependences are not factorable, this approach for

under isobaric conditions has a valueTgf much lower than mally predicts that fragility must be pressure dependent. The

: ; defect diffusion model of Bendler and Shlesirfjenas re-
the extrapolation of pressure data. This may reflect a depar- .

. . : cently been extended to include the effect of pres$tre.
ture from the linearTy— P, relationship at low pressures.

S Herein we make use of an entropy-based model for the
Very limited data for small molecule glass-formers suggest . . .
. combined effects o and P on relaxation, which has been
that T-P, and To—P results fall on a single curv&.

44 ; o ;

Clearly, isothermal data for PMPS at lower temperature§d0e;’rila?:::z?j bnyam?(r:amoﬁ‘ﬁt.t. Off(tarr]mg ag TXp“C't contnhec;tlt?]n
would be useful. modyna quantities, the model assumes that the co-

operative motions underlying the-relaxation are thermally
) activated. From a consideration of the manner in which
Avramov analysis structural disorder gives rise to a distribution of these local

Since the shape of the relaxation function does noenergy barriers, the following expression is obtained:

change with pressure, we anticipate that pressure will not Te)2 p\b
affect the fragility. However, a determination of; at vari- T= Ty ex;{ e<?) <1+ ﬁ) , (5)
ous pressures requires extrapolation of the data in Fig. 4
beyond the measured range of frequencies. This extrapolarhere e (=30) is a dimensionless quantifgqual to a local
tion, in turn, requires fitting the combined pressure and temactivation energy prevailing at the glass temperatuaed
perature dependencies af T», Tr, & II, and b are temperature- and pressure-

Downloaded 07 Jun 2002 to 132.250.151.61. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



10936  J. Chem. Phys., Vol. 116, No. 24, 22 June 2002 Paluch, Roland, and Pawlus

- T r T 1 T T 1 motion of a moleculglor polymer segmeint reflecting the
short-range order of the liquid statg.cannot be indepen-
dently determined by experiment; however, it should be
roughly proportional to the coordination number of the liquid
lattice** Avramov has suggestei= 10 for most small mol-
ecule glass-former®.

The heat capacity of PMPS shows a weak temperature
dependenc® Nevertheless, the reported specific heat of 1.5
Jig-K*" gives AC,=200J/mol-K. From this and the ob-
taineda=7.52, Eq.(6) yields Z=6.4+1.3. From the iso-
therm results, we obtaindol=4.32. The thermal expansion
coefficient of PMPS in the limit of zero pressure is 4.7
x10 4K~ 1'% and the molar volume calculated from the
v . mass density is 0.116 1/mol. Using these values in(2g.
we obtainZ=7.3+ 1.

7 Although the isobar and isotherm results are not identi-
cal, the results are close, given the uncertainties in the quan-
Y tities in Eqgs.(6) and (7). For example, while we have iden-

4 tified V,,, with a polymerization unittmonomey, it is not
clear that this is the appropriate length scale for the relaxing
unit. The assumption of a constahC, is another approxi-

y — T T mation. Notwithstanding these considerations, both the iso-
1 2 3 4 5 6 bar and isotherm data indicate fewer pathways for segment
(1+Pmy’ “hopping” in PMPS than has been found for small mol-

ecules, for which typicallZz~102° This is a natural conse-
FIQ. 7'. Thea-relaxation times of PMPS at the indicated temperatures. Thequence of the constraints imposed by the connectivity of the
solid lines are calculated from E¢5), using log 7.,= —11.086,a=7.52, . L .
To=240.6 K, b—4.32, andlI=498.9 MPa. chalQ units in a polym_er. Whethet (or perhaps_ _the ratio
Cpiz %) can be related in a general way to fragility and the
chemical structure of polymers remains to be investigated.
independent material constants. Since temperature- and
pressure-effects are factorable, conformance of data to Eq.
(5) implies that fragility is not a function of pressure. In SUMMARY
terms of the Avramov parameters, the steepness index is
given bym= a(logr(T,)—log 7..).

logt (s)

Dielectric spectroscopy was employed to study segmen-
The isobaric and isothermal data were fit to B}, with tal relaxation of polymethylphenylsiloxane over a wide pres-

the obtained parameters given in the caption to Fig. 7. Sinc%ure and temperature range. It was found that the shape of

these calculated curves are not easily distinguished from th € a-relaxation function is invariant to both variables, for

Vogel—Fulcher fits in Figs. 2 and 4, we plot the logarithm of';emperaturtes apptroachlng the glass .‘tfa”.s'“‘”?? th?é’
the isothermal relaxation times as a function pt requency-temperature-pressure - superpositioning 1S vaild.

+(P/TI)]P. This yields a straight line, which according to _Since pressure had no effect on_tlhe steepness ifotel-
Eq. (5) should have a slope, equal &2.303(Tx/T)?, deter- ity), the correlation between fragility and the breadth of the

mined by the temperature dependence, and an intercept eq g,axation function(nonexponentiality is preserved under

to log 7... The lines through the data points were calculate igh compression. . :
accordingly. The agreement is satisfactory. The measured isotherms were well described by a pres-

The value of the Avramov model, aside from any ability sure counterpart of the temperature Vogel—Fulcher law, using

to describe experimental data, is that the exponents it3q. a fstr?ngtr;_tpar?r;:]eter th%t_ 'S (ljncélependetnt of tegmperature. iat-
can be directly related to known physical quantities. Accorg-Stactory Tits of the combined temperature and pressure de-
ing to the modéf pendences of the-relaxation times were achieved using the

Avramov model. The two exponents of the Avramov equa-

~2AC, 5 tion can be related, and using known thermodynamical quan-
a= RZ (6) tities for PMPS, yield~7 for Z, a parameter describing the
short-range dynamical order.
and
2KOVm
= 7ZRr - (7) " ACKNOWLEDGMENTS
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