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Effect of volume changes on segmental relaxation in siloxane polymers
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From dielectric relaxation and equation-of-state measurements on polymethylphenylsiloxane and polymeth-
yltolylsiloxane, the relative contributions of volume and thermal energy to the temperature dependence of the
segmental relaxation times are quantified. In both polymers, volume exerts a substantial effect, being almost as
significant as thermal energy. A possible consequence of this prominent role of volume in governing the
segmental dynamics is the finding that the relaxation times, measured for a series of temperature at various
(fixed) pressures, can be expressed as a single function of the volume normalized by the volume at the glass
transition temperature. A similar result is found for ttisothermal relaxation times measured at various

pressures.
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INTRODUCTION tolylsiloxane (PMTS). We have previously reported the dif-

fering effect of pressure on the relaxation properties of these

Glassy materials pervade virtually all aspects of life, be-two polymers[13,14. At ambient pressure, the segmental
ing found in everything from common plastics and skiddingrelaxation functions and fragilities for the two materials are
automobile tires to preserved food and cosmic ice. Althouglihe same. However, while PMTS has a larger activation vol-
the vitrification process is centrally important to many tech-ume, both its glass transition temperature and fragility
nologies, a quantitative understanding of the dynamics neathange more with pressure than found for PMPS. In combi-
the glass transition remains to be realized. As observed usirggation with equation-of-state measurements, the dielectric re-
various spectroscopies, the time scale of molecular motiofexation times, measured as a function of both temperature
undergoes a spectacular slowing down upon approach to tind pressure, can be used to determineB(eEp. As de-
glassy state, with a characteristic timewhich increases tailed herein, neaf,, volume can becomasoreimportant
from nanoseconds to immeasurably long durations. This inthan thermal energy. This is a departure from the usual be-
crease inr with decreasing temperature is induced by twohavior reported for other polymers. A scaling of the volume
effects: (i) densification, which causes congestion and jam-dependence of the relaxation times is demonstrated.
ming of molecular segments arfiil) the loss of thermal en-
ergy, leading to entrapment within the potential energy bar-
riers. Theories of the glass transition usually focus on only
one aspecte.g., free volume modelsl—-3] or energy land- The PMTS (obtained from G. Meier of the Institute of
scape modelf4,5]); however, recent experimental work has Solid State Research, lith, Germany had a weight average
made clear that density and thermal energy both exert amolecular weightM,,, equal to 35 300 daltons with a poly-
influence onr nearTg [6,7]. dispersity of 1.10. The PMP8rom T. Wagner of the Max

These effects can be quantified from two ratios: The ratid?lanck Institute for Polymer Research, Mainz, Germdrad
of the activation energy at constant volumg,,(T,V) M,,=23360 and a polydispersity of 1.16. Dielectric mea-
=R(dIn 7dT" 1)y, to the activation energy at constant pres-surements were carried out over the frequency range from
sure,Ep(T,P)=R(dIn #dTYp, would vary from near zero 10 2 to 1P Hz, at ambient and elevated pressufes260
(volume-governed relaxatiomo unity (thermal energy domi- MPa). A description of the equipment can be found else-
nates [8]. For van der Waals molecular liquidg, /Ep  where[13,14. Equation-of-state data were obtained using a
~0.5, since the respective contributions from volume andsnomix instrumenf15], with all measurements taken in the
thermal energy are nearly equ#l,7]. This ratio approaches equilibrium (>T,) state, using a cooling rate of 0.5 K/min.
one for associated liquids, reflecting the changing degree dbpecific volumes were calculated from the measured volume
specific interactions with changirgandT [9,10]. For poly-  change using the density determined for ambient pressure
mers,Ey/Ep has been found to usually be larger than 0.6,and room temperature.
indicating that the influence of temperature has been found to
be more importanit11,12. It is ironic that volume should be
of lesser importance in the very class of materials for which
free volume models have been historically so popular. The pressure-volume-temperaturd®VT) results for

In this paper we describe results for two siloxane poly-PMPS and PMTS are displayed in Figs. 1 and 2, respec-
mers, polymethylphenylsiloxan€PMPS and polymethyl- tively. These were fit to the Tait equation of stalé]

EXPERIMENT

RESULTS
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FIG. 3. Segmental relaxation times vs specific volume. The
solid symbols are isobars measuredat0.1 MPa, and the hollow
0.84 |3 . symbols represent isotherms for PMPS at 258K, 263 K (O),
1 1 2 ] " 1 L 1 " 1 " 1 "

273 K(A), 293 K(V), and 313 K(¢), and for PMTS at 276.6 K
20 40 60 8 100 120 140 (), 283 K (O), 293 K (A), 303 K (V), and 313 K(O).
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FIG. 1. (a) Equation-of-state data for polymethylphenylsiloxane.
The pressure ranges from 10 to 200 Mram top to bottom with P

10-MPa increments. X{1_0-0894|+1+ WH- @

For PMPS, the linear least-squares best fits age
=0.8835mLg?!, a;=5.1x10“*mLg *C™!, a,=1.06
, : . : . : ' : X107 "mLg 1C™?, Dby,=220.1MPa, and b;=4.01
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FIG. 2. Equation-of-state data for polymethyltolylsiloxane. The  FIG. 4. Isochoric relaxation time&ollow symbol$ at the indi-
pressurefrom top to bottom is 10, 35, 60, 80, 100, 120, 140, 160, cated specific volumes, along with the relaxation times for ambient

and 200 MPa. pressurdsolid symbol$ for PMPS. The dashed lines are VFTH fits.
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) ] ) o FIG. 6. Ratio of the apparent activation energies for isochoric
FIG. 5. Isochoric relaxation time$iollow symbol§ at the indi- 54 jsobaric conditions, obtained from the intersection of the re-
cated specific volumes, along with the relaxation times for amb'e“Epective curves in Figs. 3 and 4. The arrows at the top denote the
pressurgsolid symbols for PMTS. The dashed lines are VFTHfits. o mneratures at which the respective relaxation times equal 1 s.

X107 C™*, while for the PMTS,a,=0.7928 mLg ", a;  higher temperature reflecting its highgy. There is a small
=5.0x10 *mLg™'C™!, @a,=6.49<10 ' mLg 'C™%  increase inE,/Ep with temperature~1% per K. AtT, (7
by=179.7 MPa, andb,;=4.73x10"3 C™1. Using this pa- =1s), this ratio is 0.52 0.06 for PMPS. This indicates that
rametrization of the PVT data, we convert the measured tenthe temperature dependencerdbr PMPS is due almost as
perature and pressure dependences of the relaxation timesrtuch to the volume change accompanying a change in tem-
the volume dependences displayed in Fig. 3. perature as to the change in thermal energy. This ratio is the

Each isotherm in Fig. 3, as well as the isobar fr smallest observed to date for any polymer. For the PMTS,
=0.1 MPa, yields a different curve. The fact that the relax-E,,/Ep=0.55+0.05, indicating that volume and thermal en-
ation times are not a single function of the volume is not atergy both exert a substantial influence on the temperature
odds with a free volume interpretation of the glass transitiondependence of the relaxation times. The ratio for PMTS ap-
since the free volume varies less with pressure than does tipears to increase with increasing temperature, although the
total volume[1]. In principle, one can deduce the free vol- scatter in the data precludes definitive assessment of the ef-
ume, for example, using lattice mod¢l6]. We eschew this  fect of temperature o, /Ep. The large influence of vol-
approach herein, and instead extract isochat{d@,)|,, and  ume on the dynamics for PMTS and PMPS, in comparison to
isobaric,7(T)|p, from the results in Fig. 3. These are plotted other polymers, may be related to the large degree of flex-
for the two siloxanes in Figs. 4 and 5, along with the fits toibility of the siloxane backbone. However, there is no simple
the Vogel-Fulcher-Tamann-Hes§¢FTH) equation[1]. The  relationship betweek, /E, and chemical structurgl7].
slopes at the intersection of the isochoric and isobaric curves A second measure of the relative contribution of thermal
yield the respective activation energies. These are appareshergy and volume to the temperature dependence isf
values only, given the non-Arrhenius behavior, particularly atfrom the ratio of the thermal expansion coefficients mea-
constant pressure. sured isochronally,a,=—p~1(dp/dT),, and at constant

In Fig. 6, we display the ratio of these activation energiespressureqap=—p~1(dp/dT)p [9]. The ratio|a,|/ap, which
Ey/Ep, as a function of temperature. The two data sets arguantifies how much the volume would have to be adjusted
almost continuous, with the values for PMTS falling atto maintain a constant relaxation time, in response to a

TABLE |. Results for siloxane polymers at=1s. Numbers in square brackets denote powers of 10.

Tq (K)
(P=0.1 MPa) Ev/Ep a, (Ch ap (Ch —a,lap
PMPS 245.7 0.520.06 —6.933[4] 5.803[4] 1.19+0.01
PMTS 260.8 0.5%0.05 —7.572[4] 6.251[4] 1.21+0.02
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14 .' ' J T " volume can be utilized in some fashion to normalize the data.
. For PMTS, we calculate the volume at the glass transition,
o ors |V, Imbigt 'y Vg that is, the volume for various combinationsToandP at
[ 49 which 7=1s. These are shown as an inset to Fig. 7. As is
u Sa: ] well known, Vy is not a constant, but decreases with increas-
1077 | . §§. ing pressurgl].
o & In analogy to fragility plotd18], in Fig. 7 the relaxation
-2 076 L u @@ N times of PMTS are displayed as a function of the reciprocal
— Tl | , m| ¥ e volume normalized by/,. The isobars all superimpose, as
L 4] 260 280 300 f do the isotherms; however, the constant pressure and con-
2 T, K ﬁ ‘I stant temperature pathways yield different curves. This is a
2 v@@ remarkable result—the relaxation times, all obtained in equi-
- f’ ; librium, show aV,/V dependence that is path-dependent.
R 2 The greater steepness of the isobaric curves is evidently due
-5+ ©® P to the convoluted contributions of the volume and thermal
l o | energy. If volume were dominant, the two sets of curves
64 v:&v ,"' PMTS would superimpose, while larger separation indicates a stron-
| * .'l ger effect of temperature.
T SUMMARY
095 096 097 098 099 1.00 . ) .
VN Dlel_ectrlc measurements of .the segmental. relaxation
g mode in PMPS and PMTS, obtained as a function of tem-

FIG. 7. Relaxation times for PMTS measured as a function oiperature and pressure, were analyzed,
pressure at constafit=276.6 K(J), 283 K(O), 293 K(A), 303 K
(V) and 313 K(<), and as a function of temperature at constant
P=0.1 MPa(H), 50 MPa(®), 100 MPa(A), 200 MPa(¥), and
250 MPa(#). The inset shows the variation &, with tempera-

ture, for 0.:kP (MPa)<171.

change in temperature, is simply related to the ratio of acti-

vation energie$17].

in combination with
equation-of-state data. The main findings are as follows.

(i) For both polysiloxanes, the respective contributions
from volume and thermal energy are comparable.

(i) The values oy /Ep (as well aga,|/ap) for PMPS
and PMTS are lower than has been reported for other poly-
mers. This is ascribed to the enhanced flexibility of the si-
loxane backbone.
(iiil) Segmental relaxation times obtained isobarically or
isothermally can be superposed to yield a single function of

We evaluate the expansivities from the dielectric and PVTvqume, when the latter is normalized by the volume at the
data, obtaining forr=1s the results listed in Table I. The (yressure-dependerglass transition temperature.
ratio |a,|/ap=1.2 is equivalent for the two siloxanes within
the experimental error. A value near unity implies that vol-
ume and thermal energy have a comparable influence on
7(T), corroborating the analysis of the activation energies. ~ We thank the State Committee for Scientific Research

Since volume plays an important role in the supercooledKBN, Poland under Project No. 2PO3B0222(hd the Of-
dynamics of these materials, it is of interest to determine ifice of Naval Research for financial support.
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