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Phase diagram of poly„methyl-p-tolyl-siloxane…: A temperature- and pressure-dependent dielectric
spectroscopy investigation

K. Mpoukouvalas and G. Floudas*
Department of Physics, University of Ioannina, P.O. Box 1186, 451 10 Ioannina, Greece

and Foundation for Research and Technology–Hellas (FORTH), Biomedical Research Institute (BRI), Ioannina, Greece
~Received 5 April 2003; published 11 September 2003!

The dynamics of poly~methyl-p-tolyl-siloxane! ~PMpTS! have been studied as a function of temperature~in
the range from 143 to 413 K!, pressure~0.1–300 MPa!, frequency (1022– 106 Hz), and molecular weight.
Independent pressure-volume-temperature~PVT! measurements~for temperatures in the range from 293 to 393
K and for pressures in the range from 10 to 200 MPa! allowed calculation of the relevant thermodynamic
parameters. Two dielectrically active channels of relaxation were found, one in the glassy state reflecting a
localized motion of the substituted phenyl ring and one at higher temperatures reflecting the usual segmental
~a! relaxation. In PMpTS, there are two dominant control variables; both density and temperature have a strong
influence on the segmental dynamics. The PVT results allowed us to follow distinct thermodynamic (T,P)
paths resulting in states bearing the same density. These isodensity states are characterized by an apparent
activation energy (QV) that is not very different from the corresponding activation energy under isobaric
conditions (QV /QP;0.55) reflecting the importance of thermal effects. At temperatures above the glass
temperature (Tg), strong orientation correlations exist above some critical pressure that depends on tempera-
ture. This state extends fromTg up to 1.08Tg and separates a normal liquid at higher temperatures from an
oriented liquid at lower temperatures. Using the ‘‘phase diagram’’ we discuss separately the influence of the
temperature and density on the PMpTS dynamics.

DOI: 10.1103/PhysRevE.68.031801 PACS number~s!: 36.20.2r, 64.70.Md, 61.41.1e, 77.84.Nh
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I. INTRODUCTION

The effect of pressure on polymer dynamics has been
juvenated as a result of novel polymer synthesis but m
importantly due to the availability of more versatile expe
mental tools@1#. Earlier studies@2,3# of the application of
pressure have shown that this is the right variable if a se
ration of the segmental~a! from the more localb process is
needed. We have recently examined the effect of pressur
~i! the local and chain polymer dynamics of type-A polymers
~polymers bearing a dipole moment along the backbo!
@4–6#, ~ii ! the process of polymer crystallization@7# and the
associated kinetics by performing pressure-jump experim
@8#, ~iii ! the miscibility of block copolymers and polyme
blends@9#, ~iv! the dynamics of hairy-rod polymers with po
tential use in lithium-ion batteries@10#, and~v! the complex
dynamics in polymer liquid crystals with emphasis on t
construction of the relevant phase diagrams@11#. Several
other studies of the segmental dynamics in amorphous p
mers @12–14# including polyelectrolytes@15# and glass-
forming liquids @16–18# as a function of pressure have r
cently appeared, aiming at establishing a connection betw
the chemical structure and the characteristics of their lo
relaxation.

Recent investigations@19# in glass-forming liquids ex-
plored the possibility that the dynamic arrest at the gl
temperature (Tg), known as ‘‘glass transition,’’ is due to
single control variable. The question of whether glass form
tion is associated primarily with the decrease of the availa
volume ~and thus of the available free volume! or with
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purely thermally activated processes~i.e., with the existence
of energy barriers large compared tokT) is of central interest
in understanding glass formation. Investigations in so
glass-forming liquids and polymers suggested that glass
mation is associated with insufficient thermal energy cau
by lowering temperature as opposed to a decrease in
available volume, suggesting temperature (T) as the main
control parameter. A change in temperature, however,
two opposite effects; change in thermal energy and in d
sity. Pressure offers the possibility to disentangle the t
effects, since a change in pressure together with a chang
temperature allows controlled variations of both temperat
and density along distinct thermodynamic paths.

In the present investigation, we test the importance of
two parameters~density and temperature! in the process of
glass formation by employing poly~methyl-p-tolyl-siloxane!
~PMpTS!, a polymer studied earlier by light scattering@20#
and dielectric spectroscopy@21# techniques. The light-
scattering investigation revealed the existence of long-ra
density fluctuations~i.e., clusters! characterized by an exces
angular-dependent isotropic scattered intensity and an a
tional slow decay in the photon correlation function. Here
we use temperature- and pressure-dependent dielectric s
troscopy in combination with pressure-volume-temperat
~PVT! measurements on two PMpTS samples with differ
molecular weights. We find that, in PMpTS, both density a
temperature have a strong influence on the segmental
namics. Furthermore, the PVT results allow a comparison
the different activation energies involved as well as constr
tion of the relevant ‘‘phase diagram.’’ Using this ‘‘phase di
gram’’ we discuss separately the influence of the tempera
and density on the PMpTS dynamics.
©2003 The American Physical Society01-1
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II. EXPERIMENT

The chemical structure of the polymer is shown in Fig.
Two samples have been synthesized~by Dr. T. Wagner,
MPI-P, Mainz! with weight-averaged molecular weights
1.163104 and 1.53104 g/mol, respectively, and polydispe
sities of 1.13 and 1.09, respectively~Table I!.

PVT measurements were made using a fully automa
GNOMIX high-pressure dilatometer. The PVT measu
ments were made on the PMpTS sample withMw51.16
3104 g/mol. About 1 g was used in the measurements. Fi
we performed runs by changing pressures from 10 to
MPa (1 MPa50.01 kbar) in steps of 10 MPa at consta
temperatures~i.e., under ‘‘isothermal’’ conditions! from 293
to 403 K. Subsequently, measurements were made
heating/cooling experiments with a rate of 1 K/min at diffe
ent fixed pressures~i.e., under ‘‘isobaric’’ conditions! in the
range from 10 to 200 MPa. The 0.1-MPa data were obtai
by extrapolation from the higher pressures. The result fr
the ‘‘isothermal’’ measurements is shown in Fig. 2 for t
different pressures. In the figure it is the relative change
specific volume (DV) that is plotted. For the calculation o
the thermodynamic parameters such as the thermal ex
sion coefficient and isothermal compressibility, we have u
the literature value for the specific volume of a polydime
ylsiloxane with a similar molecular weight (1.0417 cm3/g at
T5303 K andP50.1 MPa).

The setup for the pressure-dependent dielectric meas
ments consisted of the following parts~described elsewher
in detail!: temperature controlled sample cell, hydraulic clo

FIG. 1. Structure of the repeat unit in PMpTS.

TABLE I. VFT and WLF parameters of the two PMpT
samples employed in the present study.

Mw

~g/mol!
Mw /Mn t0

~s!
DT T0

~K!
Tg

~K!
C1T

g C2T
g

~K!

1.163104 1.3 7310216 3.95 203.1 249.9 17.4 45.7
1.53104 1.09 2.5310214 2.91 213.9 253.9 14 33.3
03180
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ing press with pump, and pump for hydrostatic test press
Silicon oil was used as the pressure-transducing medi
The sample cell consisted of two electrodes with 20 mm
diameter and the sample with a thickness of 50mm. The
sample capacitor was sealed and placed inside a teflon rin
separate the sample from the silicon oil. The dielectric m
surements were made at different temperatures in the ra
143–413 K, for pressures in the range from 0.1 to 300 M
and for frequencies in the range from 1022 to 106 Hz using
a Novocontrol BDS system composed from a frequency
sponse analyzer~Solartron Schlumberger FRA 1260! and a
broadband dielectric converter. All data were obtained
fixing the temperature~for ten different temperatures
276.65, 278.75, 280.25, 284.45, 288.15, 290.15, 294
296.15, 300.15, and 304.15 K! and by changing the pressur
in steps of 10 MPa, i.e., under ‘‘isothermal’’ condition
However, the same set of data can also be presented u
‘‘isobaric conditions,’’ i.e., by keeping the pressure fixed a
changing temperature. In the latter representation the ‘‘i
baric’’ data obtained at 0.1 MPa over a broader tempera
range can be used.

The complex dielectric permittivity«* 5«82 i«9, where
«8 is the real and«9 is the imaginary part, is a function o
frequency v, temperature T, and pressure P, «*
5«* (v,T,P). In Fig. 3, representative dielectric loss spe
tra are shown under ‘‘isobaric’’ (P50.1 MPa) conditions,
and in Fig. 4, spectra are shown under ‘‘isothermal’’ con
tions (T5278.75 K). A single intense mechanism is show
corresponding to the usual segmental~a! relaxation. How-
ever, at lower temperatures another weak relaxation me
nism exists~b process! with a distinctly differentT depen-
dence. In the analysis of all DS spectra we have used
empirical equation of Havriliak and Negami~HN! @21#,

«* ~T,P,v!2«`~T,P!

D«~T,P!
5

1

$11@ ivtHN~T,P!#a%g , ~1!

wheretHN(T,P) is the characteristic relaxation time in th

FIG. 2. Relative change in the specific volume (DV) of PMpTS
(Mw51.163104 g/mol) as a function of temperature for differen
pressures in the range from 0.1 to 200 MPa in pressure increm
of 10 MPa. The data set at 0.1 MPa is obtained by extrapolat
The lines through the PVT data are guides for the eye. The
indicates the pressure dependence ofTg .
1-2
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equation, D«(T,P)5«s(T,P)2«`(T,P) is the relaxation
strength of the process under investigation, anda,g describe,
respectively, the symmetrical and asymmetrical broaden
of the distribution of relaxation times. In the fitting proc
dure we have used the«9 values at every temperature an
pressure and in some cases the«8 data were also used as
consistency check. The linear rise of the«9 at lower frequen-
cies is caused by the conductivity@«9;(so /«o)v

21, where
so is the dc conductivity and«o is the permittivity of free
space#, which has been included in the fitting procedure.

III. RESULTS AND DISCUSSION

The ‘‘isobaric’’ ~at 0.1 MPa! and ‘‘isothermal’’~at 278.75
K! dielectric loss spectra of PMpTS (Mw51.16
3104 g/mol) shown in Figs. 3 and 4, respectively, display
single peak originating from the segmental~a-! relaxation
process. We attempted to construct master curves by shi

FIG. 3. ~Left! Dielectric loss spectra of PMpTS (Mw51.16
3104 g/mol) at atmospheric pressure for different temperatures~j,
T5250.15 K; h, T5252.15 K; d, T5254.15 K; s, T
5256.15 K, m, T5258.15 K, n, T5260.15 K, ., T5262.15 K,
,, T5265.15 K, l, T5268.15 K; L, T5271.15 K; c, T
5274.15 K; x, T5277.15 K; b, T5281.15 K; v, T5285.15 K,
3, T5289.15 K). ~Right! Same data shifted to the correspondi
reference spectrum atT5268.15 K andP50.1 MPa by applying
horizontal (aT) and vertical (bT) shifts. Notice that the time-
temperature superposition~tTs! holds.

FIG. 4. ~Left! Dielectric loss spectra of PMpTS (Mw51.16
3104 g/mol) at T5278.75 K for different pressures~j, P
50.1 MPa;h, P57 MPa; d, P514 MPa; s, P520 MPa; m, P
530 MPa; n, P540 MPa; ., P550 MPa; ,, P560 MPa).
~Right! The same data shifted to a reference spectrum aP
530 MPa by applying horizontal (aP) and vertical (bP) shifts. No-
tice that the time-pressure superposition~tPs! holds.
03180
g

ng

each curve of Fig. 3 and Fig. 4 to thea-process maximum
loss at a referenceT and P, by multiplying the frequency
axis of each curve by appropriate shift factors,aT andaP , at
eachT andP. The results of the attempted time–temperatu
superposition~tTs! and time–pressure superposition~tPs! are
shown in the same figures and reveal that tTs and tPs w
reasonably well over a broadf -T-P range, meaning that the
distribution of relaxation times does not change with te
perature or pressure. Small vertical shifts~with factors bT
andbP) were also required.

As we will see below, there are some intriguing featur
in the spectra at lowT and highP that are not apparent in th
superimposed spectra shown. Nevertheless, to a good
proximation we can discuss theT andP shift factors. TheaT
shift factors can be described by the well-known William
Landel-Ferry~WLF! equation

log10aT52
c1T

r ~T2Tr !

c2T
r 1~T2Tr !

, ~2!

wherec1T
r andc2T

r are the WLF parameters at the referen
temperatureTr . The values of the above parameters atTg for
the two PMpTS samples are given in Table I. Similarly, t
aP shift factors can be described by the corresponding W
equation for the pressure dependence,

log10aP5
c1P

r ~P2Pr !

c2P
r 2~P2Pr !

, ~3!

wherec1P
r andc2P

r are the WLF parameters at the referen
pressurePr . The values of these parameters at a refere
pressure of 30 MPa are 13 and 180 MPa, respectively, for
PMpTS sample withMw51.163104 g/mol.

FIG. 5. Arrhenius representation of the relaxation times at ma
mum loss for the segmental~a! process for two PMpTS:h, Mw

51.53104 ands, Mw51.163104 g/mol. The low-temperature re
laxation for theMw51.163104 g/mol sample is also shown. In th
inset we plot the molecular weight dependence of the glass t
perature (Tg) ~defined as the temperature where the segmenta
laxation time is 100 s! and of the ‘‘ideal’’ glass temperature (T0) for
the two samples measured in the present study as well as the
measured in Ref.@14#.
1-3
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FIG. 6. Pressure~left! and temperature~right! dependence of the relaxation times corresponding to thea-process loss maximum o
PMpTS withMw51.163104 g/mol. The different symbols are as follows: for the ‘‘isothermal’’ data:j, T5276.65 K;h, T5278.75 K;d,
T5280.25 K; s, T5284.45 K; m, T5288.15 K; n, T5290.15 K; ., T5294.15 K; ,, T5296.15 K; l, T5300.15 K; L, T
5304.15 K; and for the ‘‘isobaric’’ data:d, P50.1 MPa; s, P520 MPa; j, P530 MPa; h, P540 MPa; m, P550 MPa; n, P
560 MPa, ., P570 MPa; ,, P580 MPa; l, P590 MPa; L, P5100 MPa;b, P5110 MPa;v, P5120 MPa;c, P5130 MPa;x,
P5140 MPa. The lines represent the result of the fit of the ‘‘isothermal’’ and ‘‘isobaric’’ data to Eqs.~5! and ~6!, respectively.
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The results from the HN fit to the relaxation times
maximum loss for thea as well as for the low-temperatur
process~b! are depicted in Fig. 5 for the two molecula
weights studied here. At low temperatures, theb process
displays an ArrheniusT dependence and can be described

log10tmax5 log10t01
E

2.303RT
, ~4!

where t0 is the relaxation time at practically infinite tem
perature andE (533 kJ/mol) is the activation energy. Th
figure conceals the fact that the intensity (TD«;0.6) is very
low for this mechanism, suggesting a very localized mot
of the side chain bearing the substituted phenyl ring@22#. In
contrast, thea process displays a strongerT dependence and
can be parametrized according to the Vogel-Fulch
Tammann~VFT! equation

tmax5t0 expS DTT0

T2T0
D , ~5!

whereDT is a dimensionless parameter andT0 is the ‘‘ideal’’
glass temperature located below theTg (T05Tg2c2T

g ). The
VFT parameters for the two different molecular weights
vestigated here as well as of the one from the literature
summarized in Table I. The molecular weight dependenc
Tg and T0 is plotted in the inset to Fig. 5. Notice that th
glass temperature depends on chain length as expected
the higher mobility of the chain ends.

The temperature and pressure dependence of all the r
ation times corresponding to the PMpTS sample withMw
51.163104 g/mol are summarized in Fig. 6. For th
T-dependent relaxation times we have used the VFT eq
tion, whereas for theP-dependent times the pressure equiv
lent of VFT was employed@23#,
03180
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tmax5ta expS DPP

P02PD , ~6!

where ta is the segmental relaxation time at atmosphe
pressure at a given temperature,DP is a dimensionless pa
rameter, andP0 is the pressure corresponding to the ide
glass transition. We test the universality of the above eq
tion by plotting the reduced relaxation times as a function
reduced pressure in Fig. 7. The normalized relaxation tim
fall on a single line with zero intercept and slopeDP542.

Although thea process seems to obey the tTs and tPs t
good approximation within the limitedT andP range shown,
the dielectric strength displays some distinct unanticipa
features. First, the dielectric strength (TD«) at atmospheric

FIG. 7. Pressure dependence of the normalized relaxation ti
or thea process of PMpTS (Mw51.163104 g/mol) as a function
of reduced pressure for the 10 temperatures shown in Fig. 6.
line is a fit to Eq.~6! with a slopeDP542.
1-4
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pressure displays an unusual increase below about 27
~i.e., about 20 K above the glass temperature!. This behavior
is shown as an inset to Fig. 8~a!. The pressure dependence
the relaxation strength shown in Fig. 8~a! for nine tempera-
tures in the range 276.65–301.15 K displays a similar f
ture; the dielectric strength of thea process first increase
with P, reflecting the normal densification, whereas abo
some critical pressure it strengthens beyond the effec
density. The relaxed (« 8̀ ) and unrelaxed («S8) components of
the dielectric constant are shown in Fig. 8~b! as a function of
T andP, revealing that the origin of this effect is the high
pressure dependence of the latter component implying
existence of slower relaxations in the spectra as compare
tmax. It is noteworthy that at the pressures where this sud
increase takes place there is no measurable effect on
dynamics~Fig. 6!. The dielectric strengthD« @5«S82« 8̀ ,

FIG. 8. ~a! Pressure dependence of the dielectric strength (TD«)
for the a process in PMpTS (Mw51.163104 g/mol) plotted for
different temperatures:j, T5276.65 K; h, T5278.75 K; d, T
5280.25 K; s, T5284.45 K; m, T5288.15 K; n, T5290.15 K;
., T5294.15 K; ,, T5296.15 K; l, T5300.15 K; L, T
5304.15 K. Notice the strong nonlinear increase of the dielec
strength above a certain critical pressure~shown by the arrow!. In
the inset the dielectric strength of the same process is plotted
function of temperature at 0.1 MPa. The vertical arrow indica
that the dielectric strength increases beyond a certain tempera
~b! Relaxed and unrelaxed components of the dielectric cons
plotted as a function of temperature~at P50.1 MPa) and as a func
tion of pressure~at T5296.15 K).
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where «S85 limv→0«8(v) and « 8̀ 5 limv→`«8(v)] of the
segmental mode can be described as

D«;
m2

3kBT
Fg

N

V
, ~7!

where m is the dipole moment for noninteracting dipole
F „5@«S(«`12)2/3(2«o1«`)#… is the local field correction,
g is the Kirkwood-Fro¨hlich correlation factor giving the an
gular correlations between the dipoles along the chain,N is
the number of dipoles, andV is the volume. The results
shown in Fig. 8 suggest a large effect of orientation corre
tions in PMpTS by decreasing temperature at atmosph
pressure or by increasing pressure at a given tempera
Surprisingly these effects occur in the liquid side of t
phase diagram. We recall here that a crossover behavior
been reported for some glass-forming liquids, albeit a
higher frequency range~from 107 to 108 Hz) @24#. We will
return to this point in the discussion of the phase diagr
~Fig. 11!.

The existence of the PVT data allows casting theT andP
dependences of thea-relaxation times in a single represe
tation by using the density as the only variable~Fig. 9!. In
the figure both ‘‘the isobaric’’~at P50.1 MPa) and the ‘‘iso-
thermal’’ sets of data~at the ten different temperatures! are
shown. The ‘‘isothermal’’ relaxation times can now be d
scribed by a modified VFT equation for the density repres
tation as

c

s a
s
re.
nt

FIG. 9. Arrhenius representation of the relaxation times at ma
mum loss for thea process of PMpTS (Mw51.163104 g/mol) as a
function of density. The plot combines the ‘‘isothermal’’ times:j,
T5276.65 K; h, T5278.75 K; d, T5280.25 K; s, T
5284.45 K; m, T5288.15 K; n, T5290.15 K; ., T5294.15 K;
,, T5296.15 K; l, T5300.15 K; L, T5304.15 K obtained by
changing pressure at the above isotherms with the ‘‘isobaric’’ tim
obtained at atmospheric pressure (1) by changing temperature
The arrows indicate the directions of increasing temperature~‘‘iso-
baric’’ data! and of increasing pressure~‘‘isothermal’’ data!. The
lines are fits to Eq.~8!.
1-5
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tmax5tr expS Drr

r02r D , ~8!

whereDr is a dimensionless parameter andr0 is the density
at the ideal glass temperature (T0). The density representa
tion allows for some conclusions with respect to~i! the va-
lidity of free volume theories and~ii ! the central parameter
controlling glass formation. With respect to~i!, the density
representation allows access to states with the same de
through distinctly different thermodynamic paths obtained
certainT and P variations. Under such conditions, a com
parison of the isodensity states reveals distinctly differ
relaxation times. Under the premise that the fractional f
volume and the macroscopic volume have a one-to-one
respondence, this last observation contrasts the predictio
even the simplest free volume theory. With respect to~ii !, it
is evident from Fig. 9 that in PMpTS, both temperature a
density are the important controlling parameters of the s
mental dynamics. At a given density, the segmental times
sensitive to the changes in temperature, but at the same
at a given temperature there are strong variations in the
laxation times by changing density~through the pressure
variations!. Based on this, we conclude than in contrast
some glass-forming liquids and polymers, where tempera
appears to be the single control variable of the dynam
PMpTS segmental dynamics are governed by two par
eters, namely density and temperature.

Change in temperature can have two different resu
first, purely thermal effects (kT) and second, change in den
sity. In order to decouple the two effects, we need to cons
the apparent activation volume at constant density or volu
QV(T,V)52RT2(] ln t/]T)V and compare it with the
corresponding energy at constant pressureQP

@52RT2(] ln t/]T)P#. The two energies are related as@25#

S ] ln t

]T D
V

5S ] ln t

]T D
P

1S ] ln t

]P D
T
S ]P

]T D
V

, ~9!

where (]P/]T)V is given by the ratio of the thermal expan
sion coefficientb and the isothermal compressibilitykT .
Then Eq.~9! reduces to

FIG. 10. Temperature dependence of the experimental r
QV /QP compared under a density of 0.975 g/cm3. In the QV and
QP evaluation the experimental relaxation times of Fig. 6 were u
together with the PVT data. The dashed line is the result of
calculation of the same ratio through Eq.~10!.
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QV~T,V!5QP~T,P!2
b

kT
TDV~T,P!, ~10!

whereDV @5RT(] ln t/]P)T#. This quantity is usually called
an apparent activation volume. Based on transition s
theory,DV is interpreted as the difference in the molar vo
ume of activated and nonactivated molecules. Experime
on polyisoprenes@5#, however, suggested that at high tem
peratures~typically T;Tg180 K) this volume is compa-
rable to the monomer volume. Consequently, a recent th
retical approach@26# based on the Adam-Gibbs theory o
cooperatively rearranging domains suggested a plausible
lecular interpretation;DV was discussed as the product
the basic molecular unit with the size of the cooperative u
to the second power.

The experimentally obtained ratioQV /QP is plotted in
Fig. 10 as a function of temperature~calculated at a density
of 0.975 g/cm3). This procedure involves plotting the mea
sured relaxation times as a function ofT ~i! at constant vol-
ume and~ii ! at constant pressure~for the corresponding pres
sures obtained from PVT! and the definitions ofQV andQP
~some extrapolations were used in the PVT data that resu
the error bars shown in the figure!. In the same figure the
theoretical value of the same ratio is shown calculated fr
Eq. ~10!. The results reveal thatQV /QP is in the range from
0.5 to 0.6, suggesting that the rate of thea relaxation reflects
largely thermal effects. The same ratio calculated atTg and
at atmospheric pressure amounts to 0.59.

io

d
e

FIG. 11. ‘‘Phase diagram’’ of PMpTS displaying different cha
acteristic regimes: the ‘‘ideal’’ glass, the normal glass, the hig
temperature liquid phase, and an intermediate phase posse
higher orientation correlations. Thej data points reflect theT0 and
P0 values, the filled circles reflect theTg(P) ~obtained from DS at
the temperature where the relaxation times are 100 s!, the open
circles give theTg(P) from PVT ~at the higher pressures! and the
half-filled circles give the critical temperature~at P50.1 MPa) and
the critical pressures separating two liquids, with and without o
entation pair correlations. The dashed line with a slope (dT/dP)
50.641 K/MPa was calculated at a fixed density~of 0.98 g/cm3).
Notice the stronger dependence of (dP/dT)V as compared to the
(dP/dT)P→0 .
1-6
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These results can be used to construct a ‘‘phase diagr
for PMpTS in Fig. 11. One might question the usefulness
this representation for a liquid, however in view of the r
sults shown here it contains useful information. The co
struction is based on the pressure dependence of the ‘‘id
glass temperatureT0(P) and ‘‘ideal’’ glass pressureP0(T),
obtained, respectively, from the ‘‘isobaric’’ and ‘‘isotherma
measurements, and of the glass temperatureTg(P) ~obtained
from the ‘‘isobaric’’ measurements as the temperature wh
the a-relaxation times are 100 s!. The PVT results for the
Tg(P) are also included and are in excellent agreement w
the dynamically definedTg(P), revealing that the segmenta
dynamics follow the thermodynamic state of the syste
These dependences can be fitted according to the follow
empirical equation@12#:

T0~P!5cS 11
b

a
PD 1/b

~11!

with parametersc5T0(0)5203.13 K, b53.53, and a
55.3 MPa for theT0(P) and P0(T) dependence andc
5250 K, b54.58, anda55.6 MPa for theTg(P) depen-
dence. In the figure, we include the data obtained from
pressure dependence of the dielectric strength related to
segmental process, at the critical pressure, i.e., the pres
associated with the onset of strong orientation correlatio
The latter dependence can also be described by Eq.~11! us-
ing c5265.7 K, b54.5, and a56.8 MPa, albeit with a
larger uncertainty.

The three solid lines in Fig. 11 separate four regimes.
low temperatures the solid line separates the ‘‘ideal’’ gla
from the normal glass phase. At much higher temperatur
pure liquid phase exists, but between the glass and no
liquid another ‘‘liquidlike’’ phase exists with enhanced or
entation correlations. The crossover is at approxima
1.08Tg in PMpTS. We recall here that different theoretic
approaches predict a transition above the calorimetricTg .
For example, mode coupling theory~MCT! @27# predicts a
dynamic transition at a temperatureTc located at approxi-
mately 1.2Tg and a two-step segmental relaxation: a ‘‘fas
one associated with the segment relaxation within the c
formed by the surrounding molecules and a ‘‘slow’’ one a
sociated with the relaxation of the cage itself. The the
describes polymer and glass-forming liquid dynamics r
sonably well atT@Tc . However, atTg,T,Tc , the ideal-
ized MCT fails to account for the dynamics. There are a
some reports@28# suggesting a true thermodynamic tran
,

ne

03180
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e
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e
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o

tion in polymeric liquids, at a temperatureTll ;1.2Tg . The
present case reflects a dynamic transition within the liq
phase.

The dashed line in Fig. 11 gives the calculatedT(P) de-
pendence under isodensity conditions, with a slope
(dT/dP)V;0.64 K/MPa, which is stronger than th
(dTg /dP)P→0 (50.38 K/MPa) initial slope obtained unde
conditions of varying density as well. This suggests a sim
relation, (dP/dTg)P→051.67(dP/dT)V for PMpTS segmen-
tal dynamics. Notice that the second part of this equation
be obtained directly from knowledge of the thermodynam
parameters~b andkT).

IV. CONCLUSIONS

The investigation of the dynamics in the flexible polym
PMpTS as a function of molecular weight revealed the pr
ence of two channels of relaxation: one below the glass t
perature reflecting a localized motion of the substituted p
nyl ring with an activation energy of 33 kJ/mol and on
aboveTg reflecting the segmental dynamics. The main
sults with respect to the segmental dynamics can be sum
rized as follows.

~i! In PMpTS there are two control variables of the se
mental dynamics: temperature and density. Both hav
strong effect on slowing down thea process.

~ii ! Distinct thermodynamics (T,P) paths can be chose
resulting in the same density. Under such conditions the s
mental relaxation times were found to differ in contrast
any free volume theory. These isodensity states are cha
terized by an apparent activation energy (QV) that is compa-
rable to the corresponding energy under isobaric conditi
(QP), reflecting the importance of thermal effects.

~iii ! There exists a critical pressure signifying the onset
orientation correlations within the liquid side of the pha
diagram. This transition is found at temperatures bel
1.08Tg and separates a normal liquid at higher temperatu
from a correlated liquid at lower temperatures. The analy
of the phase diagram allowed the separation of the influe
of the temperature and density on the PMpTS segmental
namics.
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