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ABSTRACT: By means of dielectric spectroscopy, the segmental dynaraicslgxation) of four different
polymers (poly(vinyl acetate), poly(vinyl methyl ether), poly(vinyl chloride) and pmhiflorostyrene)) was mea-

sured over a broad range of frequencies{0L0" Hz), pressures (8300 MPa), and temperatures (244060

K). Two different approaches were used to analyze the tempergiuessure dependence of the relaxation time:

a pressure-extended Adai®ibbs equation#(T,P) = 7o exp[C/(TS(T,P))]) and a particular density scaling

(log(z) O f(TV)), both recently proposed. Both approaches give an excellent description of the experimental
data; however, an inconsistency between them was found. We show that other scaling laws can give an equally
good description of the experimental data, being therefore possible to improve the consistency between the density
scaling and the AG framework.

1. Introduction density scaling?*3(log(z) O f (TV"), y being a material constant)

The problem of the glass transition has been in the focus of Which superposes into a single master curve the experimental
the debate for decades, and it is an important open question indat@ measured at different pressures and temperatures. The
condensed matter physics in general and of polymer science inmaterial specific constanyJ has been empirically determined

particular. Historically, the study of the molecular dynamics OF Several glass-formers, including a few polymers, and has
approaching the glassy state was restricted to mainly analyze®'S0 been related to the ratio of the a;tévatmn enthalpy at
the effect of temperature. Thus, measurements of the relaxatiorCOnStant volume to that at constant pressdidore recently,

f4 have proposed a way to calculate the parameter

time (at atmospheric pressure) as a function of temperature wergX0land et a , \ \
performed in order to get information about molecular motions. ¥ Only from equation-of-state (EOS) data, without performing

Although much has been learned from these studies, it is not2"Y relaxation measurement. Since both approaches have given

possible to separate thermal and density effects only by varying S° far an excellent desquptlon of the experlmgntal datq, there
the temperature. However, the glass transition can also pecould be some connection between them. This is a point that
approached by applying high enough pressure to a supercooledqas not been yet explored and which _c_ould suggest new hints
liquid. Both the increase of pressure and the decrease of!©f the mechanisms of the glass transition.
temperature result in slower molecular motions. These two In this work thea-relaxation of four polymers was studied
different ways of approaching the glass transition allow decou- using broad-band dielectric spectroscopy @010’ Hz) over
pling thermal and volumetric effects. Some of the seminal works & Wide temperature range and pressures up to 300 MPa. The
in the study of the pressure effects on molecular dynamics of temperature pressure dependence of the experimental relaxation
glass-formers were done in the 1960%3and a renewed interest ~ times was found to be very well described using both the
has arisen during the past ye4r$? The improvement of the ~ extended AG equation, with thermal and expansion coefficients
experimental techniques has made possible to obtain largedetermined from calorimetric and PVT data, respectively, and
amount of accurate data over broader ranges of pressure,the previously mentioned density scaling. A connection between
temperature, and frequency and therefore contributes to theboth approaches has been explored, showing that the proposed
better understanding of the involved processes. scaling TV) and the AG frame are not completely consistent
In the past years mainly two different approaches have beenWithin the ranges of pressures and temperatures here explored.
used to analyze the presstitemperature dependence of the We show that a new density scaling provides not only an
relaxation times of glass-forming systems. One is based on theequivalent excellent description of the experimental data but
Adam—Gibbs (AG) theor§! and was developed by Casalini et also a better consistency between both approaches.
al® They have recently proposed an extended AG equation to .
describe the behavior of the structural relaxation timeas a 2. Theoretical Background
function of both pressure and temperature. This equation was \ve first briefly summarize the main points of the two
derived from the AG theory by writing the configurational  approaches we will use in this work to analyze the pressure
entropy,S, in terms of the excess of both thermal heat capacity emperature dependence of the segmental relaxation time of the
and thermal expansion. The second approach is based on oy polymers. For a more detailed explanation the reader is
invited to look the references below mentioned.
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relaxation timey, to the reduction of configurational entropy,

Sc, byll
r=1, exp(%) 1)

wherery is the value ofr at very high temperature ar@is a
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plotted as a function of V.# However, strong deviations from

the proposedl'V* scaling were recently found in other sys-
tems!212 They showed that for several glass-formers the
logarithm of the main (oro-) relaxation time, measured at
various temperatures and pressures, yields a master curve when
plotted againsiTV 7, wherey is a material-specific constant

material constant. This quantity is here assumed independenthich was found to vary in the range 0.3y < 8.5 for the
of temperature and pressure, although this assumption has beefllass-formers investigated to date.

recently questionet. SinceS; is not experimentally accessible,

it is usually identified with the excess entrof (0 Sox = Smelt

— Suysta)- Although some findings seem to suggest a general
validity of the proportionality betwee&.x andS;, the physical

The parametep provides a measure of the relative impor-
tance ofV compared tdr in the glass-forming dynamics. It is
immediately clear thgt = 0 means a pure thermally controlled
dynamics; on the other hand, for the hard-spheres limit;

meaning of this assumption is still under debate, and no general@and the dynamics becomes entirely volume dependent. Accord-

agreement has been achievé&d® Under this assumption the
proportionality constant betweé&h, andS; (gr) will only affect
the value ofC in eq 1. ThusS, at atmospheric pressure, can
be estimated as

ACL(T
SM=08M =0/~

where ACp = C®" — CZ¥*?is the excess heat capacity at
atmospheric pressure arkk is the Kauzmann temperature,
which used to be of the order @f — 50 K, where the excess

dT @)

entropy would vanish. If an inverse temperature dependence is

assumed foAC, (AC, = K/T), the empirical VogetFulcher-
Tammann (VFT) equatidfl (z(T) = 1o expOT/(T — Typ))) is
recovered (withTo = Tx). However, this temperature depen-
dence forACp is not always valid, and a linear dependence of
ACp with temperature is often a better approximatin.
Recently, Casalini et &lhave proposed an extension of eq 2
for the configurational entropys) by adding a term related to

ing to Casalini et al*? it is therefore expected that corre-
lates with the ratio of the activation enthalpy at constant vol-
umeEy = R[d log(r)/d(T Y]y to that at constant pressuiee =

R[d log(r)/d(T~ Y], EV/Ep evaluated afy. Figure 3 in ref 12
shows the correlation betweenand E\/Ep for several glass-
formers. Recently, Roland et #ihave shown that the parameter

y “can be calculated from EOS data alone, without recourse to
actual relaxation measurements”; they also extensively discuss
the physical meaning of the parameter

3. Experimental Section

Samples.Four different polymers, having a wide rangeTgs,
were used for this study: poly(vinyl acetate) (PVAc: 4#6O2]n,
My = 93 080 g/molM,, = 33 200 g/mol); poly(vinyl methyl ether)
(PVME: [C3HeOJn, My = 21900 g/mol,M, = 7300 g/mol);
deuterated poly(vinyl chloride) (PVCd: [DsCl],, My, = 70 000
g/mol, M, = 35000 g/mol); and polytchlorostyrene) (PoCIS:
[CeH/Cl]n, My, = 225 000 g/molM, = 132 000 g/mol). Deuterated
PVC was chosen because it is more stable at high temperatures,

the pressure change. Thus, the temperature and pressurénd it is therefore possible to measure it within the full temperature

dependence of th&: is given by

AC(T
ST =g [ S
melt

whereA(@V/aT)p = A(BV/OT)R" — A(8V/aT)2Y*?is the differ-
ence of the thermal expansivity of the melt and the crystal; if
gr does not depend on temperature, then the thermal and volu
metric contributions to the configurational entropy are fully
decoupled.

It is worth noting here tha®x andA(dV/aT)p are defined as
the difference between the corresponding quantity of the melt
with respect to that of the crystal. However, it is sometimes
impossible in polymers to get the thermodynamic properties of

4T~ g(M) f A7), P @)

range without a significant effect of sample degradation.
Differential Scanning Calorimetry (DSC). As mentioned in
the previous section, we need to knd\Cp = CI®" — C¥**as a
function of the temperature for each polymer in order to estimate
the excess entropy. As shown in Figure 1, the heat capacity can be
well described by a linear function both above and belgvithis
is valid for the four polymers investigated). Thus, the excess heat
capacity ACp) can be expressed according to the empirical linear
‘equation ACp = b — myT. Calorimetric measurements were
performed on PVME and PoCIS by using a Q1000 TA Instruments
DSC in the modulated mode, using different periods, with amplitude
of 0.5 K and underlying cooling rate of 0.1 K/min. We have
observed an excellent reproducibility (within 3%) by repeating the
measurements several times on the same sample and on different
samples of the same polymer. By varying the period of modulation,

the crystalline state. In these cases, it is usually assumed thafn extrapolation to zero frequency can be made, and thus the quasi-

the heat capacity and thermal expansion for the crystal are

similar to those of the glagd. Thus, we have used for
calculations ACp = CI°" c¥2s and A(3VIOT)p
AVIT)PE" — A(BVIOT)Z2S

The AG theory and their assumptions are still under debate,

static value ofCp be determined for each polymer. Figure 1 shows
the heat capacity for PoCIS at three different periods. For each
curve a set of values fdy andmyr were obtained. The inset shows
the extrapolation ab andmy to zero frequency. The extrapolations
were done using empirical functions due to the lack of an
appropriate theoretical frame. Table 1 shows the corresponding

and no general agreement about them has been yet achievedzalues ofb andmy for all polymers. Heat capacity data for PVAc
However, the general agreement between the experimentaland PVCd were taken from refs 26 and 27, respectively, and
results and the theory is good enough to assume that the modeforrespond to quasi-static values (equivalent to zero extrapolated

is, at least, plausiblé?23
Density Scaling.In the past years Tie et al2* have shown,

based on the analysis of inelastic neutron scattering data under

high pressure, thakrterphenyl (OTP) behaves like a soft-spheres
system with a repulsive potentiat!2 This assumption leads
to a description of the relaxation time for the OTP in terms of
a single variabldV,* whereV is the specific volume (expressed
in cm®/g). Later, Dreyfus et &° found that light-scattering data

values) of the heat capacity; the corresponding valudsasfd my

are also shown in Table 1.

Pressure-Volume—Temperature (PVT) Measurements.To
calculate the volumetric contribution to the configurational entropy,
we need to estimatA(dV/dT)p. The temperature dependence of
the volume was measured wifAVT 100 SWO/Thermo Haake
equipment, for PVCd and PoCIS, at different pressures-25D
MPa) and temperatures between 30 and 1@0(and 200°C),
respectively. The corresponding parameter$>\éil data are shown

for OTP can also be rescaled into a single master curve whenin Table 2. Some curves for PVCd are shown in the inset of Figure
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Figure 1. Reversible heat capacity against temperature, for PoCIS, as
obtained from modulated DSC at different periods. The curves were

shifted vertically for clarity. Heat capacity above and bel®ywas
approximated by a linear function, and th&€p (ACe = b — myT)
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Figure 2. Pressure dependence A&fdV/dT) for all the here-studied
polymers. An empirical exponential function was used to fit the
experimental data (solid lines), and the corresponding parameters are
listed in Table 3. The inset shows the raw specific volume vs

temperature data for PVCd. For clarity, only some pressures are shown;

was estimated at each frequency. The inset shows the extrapolation of 0M top to bottom 0, 40, 80, and 160 MPa.

b andmyr to zero frequency to estimate the quasi-static valuAG#
as a function of the temperature. The lines in the inset are a guide for
the eye.

Table 1. Parameters of the Linear Function Used To Approximate
ACp According to ACp = b — my T2

polymer b[J K-1mol mr[J K=2mol™] Ty[K]

PVAc® 104+ 1 0.21+0.01 308+ 1
PVMEP 68.3+ 0.5 0.16+ 0.01 247+ 1
PVC& —48.3+ 0.4 —0.20+ 0.01 355+ 1
PoCI® 103+ 1 0.17+0.01 402+ 1

a CalorimetricTg (at the inflection point) for all the here-studied polymers
are also listed. Errors come from the linear fitting procedbfiéalues
extrapolated to zero frequency from modulated DSC measuremMé&ussi-
static values calculated from the heat capacity data from refs 26 and 27.

Table 2. Parameters of the Empirical FunctionV(P,T) = Ky/(P + Ka)
+ KoT/(P + K3) Used To DescribePVT Data for Both Glassy and
Melt States*

K [cm3 Ky [cm3
polymer state MPa/g] MPa/g°C] Kz [MPa] K4[MPa]
PVCd glass 138& 15 0.275+0.005 301+5 1943+ 15
melt 1183+ 12 2.735+£0.015 871+9 1701+15
PoCIS glass 165%16 0.391+0.005 556+5 1988+ 15
melt 1575+ 14 1.478+0.015 365-4 1986+ 15

aErrors come from the nonlinear fitting procedure.

2; from this plot we estimated(aV/aT)p by subtracting the slopes
of the V(T) curves above and beloW,. Figure 2 shows the pressure
dependence ofA(dV/dT)p so obtained and the best fits to an

empirical equation as described below. For PVAc the temperature
dependence of the volume was estimated by plotting the specific

Table 3. Parameters of the Empirical Exponential Function Used To
Describe the Pressure Dependence &(oV/aT)p?

A(BV/8T)p=o x 107 Ax 10
polymer [cmEK~1mol™]] [cm3K~1mol™]] Po [MPa]
PVAc 3.35+£ 0.02 2.15+0.04 129+ 5
PVME 3.13+ 0.02 1.31+ 0.02 114+ 5
PVCd 2.09+ 0.02 126+ 1.4 2996+ 54
PoCIS 4.46+ 0.02 246+ 0.9 2797+ 67

aErrors come from the nonlinear fitting procedure.

from the piston to the sample. The sample consists of a very thin
disk, 20 mm diameter and 0.1 mm thickness, placed between two
gold-plated electrodes. The dielectric loss was measured in the
whole frequency range (18—-1C° Hz) with a broad-band Alpha
dielectric analyzer (Novocontrol GmbH). The measurements were
performed by frequency sweeps at constant temperature, after
stabilizing the temperature of the cell for about 2 h, with stability
better thant0.1 K, and constant pressure, with stability better than
+2 MPa. After each frequency sweep the pressure was changed,
at constant temperature, to the next value, and once the highest
value was reached, the pressure was reduced to the atmospheric
value and temperature was changed. The measurements have shown
a very good reproducibility after repeating them several times.

4. Results

Dielectric Relaxation Spectra.Figure 3a shows the dielectric
loss €'") for PVAc, as a function of frequency, under atmo-
spheric pressure, at different temperatures as determined using
the pressure cell. Isothermal spectra, at various pressures, are
shown in Figure 3b. Similar spectra were obtained for the other

volume, as given in ref 28, vs temperature and taking the slopesPolymers. The central part of the main peak (i.e., dheelax-

below and abovdy; for the different pressures the Tait equatfon

was used with the parameters reported in ref 29 for the glassy state.

Finally, values ofA(dV/aT)p as a function of pressure for PVME
were taken from Figure 3.12 in ref 30. The data for these last two
polymers are also shown in Figure 2.

For all the here studied polymers the pressure dependence o

A(3V/3T)p was described empirically according to

A(dVIOT)p = A(VI3T)p—g — A[1 — exp(—P/Py)] 4
Table 3 shows the corresponding parameters.

Dielectric Measurements under PressureDielectric measure-
ments were carried out in a pressure cet-800 MPa) supplied
by Novocontrol GmbH. The cell, basically a steel cylinder with a
hermetic seal, is filled with a fluid which transmits the pressure

ation) was described using the Havriliaklegami (HN) function

Ae

T+ (0z)T ©

(o) — &,

fWhereAe is the relaxation strengthyy is a relaxation time,

ando andp are shape parameters. For the purposes of this work,
the characteristic relaxation time will be that of maximal loss
= Tmax (Tmax = Tun(SiNEuT/(2 + 28)))Y(sin(pal(2 +
2p))1#) 3t

Figure 4 shows the full width at half-maximum (fwhm) of
the a-relaxation, determined from the corresponding fitting
curves, as a function of the corresponding relaxation time for

all the studied polymers at different temperatures and pressures.
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a 20

tions®32 Apart from PoCIS, which will be commented on below,
the fwhm increases almost linearly with increasing relaxation
times. Although for PVCd the general tendency is also linear,
a relatively big dispersion of the experimental data is observed.
This is due to the anomalously broad spectra of PVCd which
makes more difficult the accurate determination of the maximum
and the fwhm. To show that no systematic pressure dependence
is involved, the experimental data were plotted into two groups
in Figure 4 (half-filled and empty squares for low and high
pressures, respectively). It is clear that low- and high-pressure

0.5+
data are homogeneously distributed around the mean value (solid
.. . . line).
0,0 L5 essersapsesssossoressspeonmsasnsstisiisssspssmagetsst Relaxation Times at Atmospheric PressureFigure 5 shows
-1 0 1 2 3 4 5 6 7 the temperature dependence of the maximum relaxation time,
Log(Freq[Hz]) Tmax Of the a-relaxation for all the polymers at different

pressures. Filled and dashed lines represent the corresponding
fits as explained below. The experimental data are in very good

2.0 T u T T T T T T T M T
b \ l t \ T=13919K agreement with those previously published (see open symbols
' et in Figure 5) by O'Reilly and Heinrich and Stolf for PVAc
sk \ | and PVC and by Casalini and Rol&@dor PVME. Data on
\ | . PoCIS are here published, to the best of our knowledge, for the
| NN NN first time.
e _\ \ ./}\ LAY \ )f \_ As mentioned in the previous section, we approximated the
W \ 7\ ] \ )( / \/ AN * excess heat capacithCp) to the empirical linear equatiohCp
\\ \ 1/ K. 3 \ = b — myT. According with this, the thermal contribution to
Y .’}/ Yo/ N ‘ N the configurational entropy is
051 e \.‘:\{“ N *::‘ \ \? e .
Rl A T ACK(T)
e S(TP=0)=g [, ——dT'=
% 1 2 3 4 5 6 7 (b In(T/T¢) — m(T — Ty)) (6)

Log(Frealtiz) Thus, by introducing this result in eq 1, the temperature
Figure 3. (a) Dielectric lossd'") for PVAc as a function of frequency, d ,dy f th gl tion ti t qt ' heri P .
at atmospheric pressure, and different temperatures (from left to right: gpen ence or the relaxation ime at aimgspheric pressure 1S
300.5, 313.5, 326.4, 339.4, 352.3, 365.3, 378.3, and 391.2 K). (b) given by
Dielectric loss €'") of PVAc, at 391.2 K, and different pressures (from

left to right: 300, 250, 200, 150, 100, 50, and 0.1 MPa). C/gT

7(T,P=0) = 7, ex 7
45F o PVAC ° ( ) 0 ’{T(b In(T/TK) — m]—(T — TK)) ( )
= PVME *
40 o PVCd(LP) a By using eq 7 to fit the experimental data at atmospheric
o PVCd (HP) pressure, we got the three unknown parametersdf=g), C/gr,
351 and T for all the here-studied polymers. Lowest solid lines in
E 30 Figure 5 represent the best fit of eq 7 to the experimental data;
= [ the corresponding parameters are listed in Table 4.
sl Relaxation Times at Different Pressuresin the previous
° section we have estimateaV/dT)p as a function of pressure,
20+ for the four polymers, and have described its pressure depen-
: dence by means of an empirical exponential function (eq 4).
151 Now, we can estimate the pressure contribution to the configu-
N rational entropy as
0 9 8 7 -6 -5 4 3 2 -1 0 1 o
Log(z_ [s)) 9p [ A@VIT)p dP' =
Figure 4. Full width at half-maximum of ther-relaxation peaks as a e[ A(OVIOT)p_oP — AP — Po(1 — exp—P/P))]] (8)

function of the corresponding characteristic relaxation timaga

obtained at different temperatures and pressures. For PVCd half-filled gy, ysing eq 8 and eq 6 in eq 3 and then by replacing in eq 1,

and empty squares represent the data at low and high pressures, : ) -
respectively. Lines are a guide for the eye. we obtain the following expression for the temperattpeessure

dependence of the relaxation time
The fact that for each polymer all the points, obtained at different
pressures and temperatures, collapse into a single line means(T,P) T "

that the shapes of the relaxation spectra and the relaxation time Clg;

both depend on a single variable. In other words, the results 7o €XP T ©)
depicted in Figure 4 evidence that the loss curves measured at T{ [b In(T—) —my(T— TK)] -

different pressures and temperatures are hardly distinguishable K

when the comparison is made at the same value of the relaxation % A(a_ pP— A[p — po(l — exr(— E))”}
time. This behavior is in agreement with previous observa- IgT daT/p=0 Py |
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Figure 5. Temperature dependence of the relaxation time, for all the here-studied polymers, at different pressures (from bottdPa.tetdp1,

50, 100, 150, 200, 250, and 300 MPa). For PoCIS experimental data are available up to 200 MPa. Filled lines are the best fit of the experimental
data by means of eq 9, with a constaafgr for PVCd and PVAc and a temperature-dependgfdr for PoCIS and PVME, respectively. Dotted

lines (only for PVME and PoCIS at their highest pressure) are the best fit of eq 9 by keeping cgsistaftee text). Open circles represent some
previously published experimental data points (PVAc, ref 1; PVME, ref 32; and PVC, ref 33).

Table 4. Parameters of the AG Model after Fitting the Experimental Table 5. Calculated Values ofge/gr by Minimizing the Mean-Square
Data with Eq 72 Deviation between Experimental and Predicted Relaxation Times

a

polymer loggo [s]) Clgr [J mol] Tk [K] (Ea 9)

dTy/dP

PVAC —14.1+0.1 99094+ 537 255.5+ 0.2 1 i
PUME  —132+0.1 54808+ 2072 200.0k 1.0 polymer ge/gr  (G/gnr,  my[K™1 v [KGPa]
PVCd —11.2+0.2 24338+ 1186 301.5+2.4 PVAc 1.05 2.2+ 0.05 224 (250)
PoCIS —14.3+0.1 111540+t 3336 325.2+1.3 PVME (0.71) 0.81 —-16x103% 25+0.05 170 (177)
PVCd 0.83 0.85- 0.05 242 (189)

aErrors come from the nonlinear fitting procedure. PoCIS  (0.76) 092 -18x102 154+ 005 362 (360)

Note that the only unknown parameter in this equation is the  2The second column shows the valuegigfiyr by assuming a constant
ratio gr/gr. We have estimated it by minimizing the mean-square Vvalue. Columns three and four show the parameters of a linear temperature
deviation between the experimental data and the relaxation timesi€pendence foge/gr according toge/gr = (gefgnr, + my(T — Ty). The

. . .. fifth column lists the material-specific constaptused for the thermody-
given by eq 9. Itis worth mentioning that most of the parameters pamicaj scaling. The last column shows the calculated pressure coefficient
of eq 9 can be obtained from DSC aR¥T characterization of Ty in the limit of low pressure (the values in parentheses were taken
and from the temperature dependence of the relaxation timesfrom ref 14).> Upper limit for PS4
at atmospheric pressure through eq 7. The only free parameter
which has to be obtained from measurements of the relaxationdependence foge/gr with temperature, we can writgs/gr(T)
time at higher pressures g/gr. We have found in a recent = (gp/gn)t, + My(T — Tg) and estimatedp/gr)T, and my by
work? that a constant value gf/gr in eq 9 gives an excellent  minimizing the mean-square deviation as previously. The so-
description of the experimental data for PVAc (see upper-left obtained parameters are listed in Table 5, together with those
plot in Figure 5). Thus, our first attempt was to calculgsfgr calculated by considering a constant value dgfgr. Figure 5
for the different polymers by assuming a constant value. Besidesshows the predicted values of the relaxation times (solid lines)
the mentioned success for the PVAc, the presstemperature for PoCIS and PVME by using eq 9, and the proposed
dependence of the relaxation time of PVCd can also be describedemperature linear dependence fpfgr.
with a constant value ofp/gr. Figure 5 shows the excellent Density Scaling.Figure 6 shows the relaxation times for the
agreement among experimental data and the predicted valuegour polymers, measured at different pressures and temperatures,
(solid lines) for the relaxation times using eq 9. On the contrary, as a function ofTV’, whereV represents the specific volume
for PVME and PoCIS a systematic deviation between the expressed in cffg. The parametey was adjusted for each
experimental and predicted points is observed. Dotted lines in polymer to yield a master curve with a minimum mean-square
Figure 5 are examples of such a deviation. deviation. Table 5 shows the so-obtained values, é6r PVME

As pointed out in the Introductionge could depend on  the found valuey = 2.5) is in very good agreement with those
temperature and therefoge/gr could, too. By assuming a linear  previously estimate¢g = 2.552 andy = 2.71% As shown in
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2r Table 6. Parameters of the Generalized VFT Equation#(X) = z{;G
1f expDX/(X — Xp))) after Fitting the Master Curves, with Different
ok Scaling Laws, for the Here-Studied Polymers
-lr X=Tw X=T@v-1) X=T(alog(V) + 1)
21
—~ sl polymer vy D XI[K] a D XI[K] a D XIK]
Z', 4L PVAc 22 19.2 1385 22 19.0 1728 3.7 19.2 146.6
§ sk PVME 25 144 136.7 18 144 110.3 4.8 144 1389
\:'o PVCd 0.85 2.8 2429 10 2.63 2650 1.5 26 2543
S 'g L PoCIS 15 16.1 2166 3.7 158 596 27 157 225
8L aThe values oft’gG are those obtained by using AG eq 7 and are listed
ol in Table 4. The specific volum¥ is expressed in cffg.
:‘1’ F . . . . . . . previous work&%where constant values gf/gr (0.7 < gp/gr

180 210 240 270 300 330 360 390 420 450 < 1.1) were also found for several polymers. However, the
3 relaxation times of PVME and PoCIS could not be sufficientl
T(V/fem'/g)" K] well described by means of eq 9 with a constant valuge(ifr g
Ej?;sfeaga N:Zé's'ﬂfe"; fglsa;a]}liﬁréttim%fmﬁzu\rlglduZtoflﬂi?ﬁée";r;ermftgfra‘ (see dashed lines in Figure 5). Instead, a linear temperature
y which giees the better master curve for each polymerpis shown in d_ep_endence foge/gr was U.S(.ad giving an excellent fitting (.Wlth
Table 5. similar temperature coefficients for both polymers). This fact
would mean that for these two polymegy depends on
Figure 6, the superposition is excellent for all the here studied temperature, and therefore the thermal and volumetric contribu-
polymers over a broad frequency range of more than 10 decadegions to the configurational entropy are not completely separated.
and for very different conditions of and P. These findings From the predicted values in Figure 5 (solid lines) we
are in agreement with all reported results in nonpolymer glass- can estimate the dielectric glass transition temperaf[@@',

forming systems, which evidence the general applicability of (T(Tgie') = 100 s), for each polymer at different pressures.

this scaling procedure. Thus, the pressure sensitivity, which quantifies the effect that
) . pressure has on the dynamics, can be calculated@iRl The
S. Discussion last column in Table 5 shows the so-calculated pressure coeffi-

The temperaturepressure equivalence showed in Figure 4 cients ofTg in the limit of low pressures. The values for PVAc
for the here-studied polymers is in agreement with what is often and PVME are in excellent agreement with those previously
observed for other glass-formers. Figure 4 indicates that the published* (see values in parentheses in last column of Table
effects of pressure and temperature are hardly distinguishable5). The obtained value for deuterated PVC is higher than the
when the comparison is made at the same value of the relaxationcorresponding value for protonated P\(probably due to
time. For PVAc and PVME most of the experimental points differences in the microstructure (i.e., tacticity). For PoCIS there
collapse into a single line, giving a rather linear correlation is no published data to compare with; however, the calculated
between fwhm and log]. For PVCd we have already shown pressure sensitivity is close to the upper limit for the polystyrene
that despite the relatively big dispersion of the experimental value (303-360K GPal).14 For the polymers analyzed in this
data, a linear tendency is also observed. However, this is notwork, we observed an increase of the average pressure sensitivity
the case for PoCIS; in this case a good superposition into awith the weight of the monomeric unit. Whether this evidences
single line is observed, but the lay(dependence of the fwhm  a general trend needs further work.
is much stronger than in the previous cases. This fact together Concerning to the power density scaling of the relaxation
with other strange features of PoCIS like the anomalous pressureime through a single variable of the fond~ TV, it has shown
dependence of its relaxation strength is worth to be further to be a simple and effective way to organize and display the
deeply analyzed in a later work. large amount of isobaric and isothermal relaxation time data of

Although there is still no satisfactory explanation for the glass-formers. The resulting master curves, for the here-studied
correlation between fwhm and lag( an interpretation in terms ~ polymers (Figure 6), can be well fitted with an empirical VFT-

of the coupling model has been recently propo¥esinyway, like equation given by

it is clear from the experimental evidence that a single factor

controls simultaneously the position and shape of the spectra. 7(X) = e exr{ DX, ) (10)
Thus, by predicting the relaxation time (at any p&irP) we 0 X=X

also know (through Figure 4) the shape of the corresponding
relaxation spectrum. Therefore, we will in the following focus whereX = TV, Xo = TV, andz’gG is the relaxation time at
only on the description of the dependence of the relaxation timeshigh temperatures obtained by using AG eq 7 (and listed in
with pressure and temperature. Table 4). The parametd is related to a generalized fragility
We have shown that the pressure-extended Ad@&ibbs my, defined following refs 12, 13 as the steepness of therjog(
model, by means of eq 9, gives an excellent description of the vs X¢/X at Xg, throughm, = d log(r)/d(Xg/X)|x=x,. It is clear
experimental data at any pressure or temperature (see Figurehat fory = 0, i.e., a fully temperature-controlled process, the
5), with just one free parametegp/gr (beyond those three  standard VFT equation is recovered. Solid lines in Figure 6
necessary to describe the data at atmospheric pressure) for PVAcepresent the best fit of the experimental data with eq 10,
and PVCd. This agreement between the experimental data andvhereas the obtained parameters are listed in Table 6. A small
the proposed pressure-extended AG model strongly supportsdeviation is observed in Figure 6 for some polymers when the
the validity of the AG framework and its assumptions. From relaxation time is faster than 10s. This could be because we
the fitting procedure we found that for PVAc and PVCd a fixed 7o to that obtained by AG (eq 7), and it is well-known
constant value ofge/gr is enough to give an outstanding that the AG theory does not describe well the temperature
description of the experimental data. This is in agreement with behavior at short times, at least for small molecdfes.
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Figure 7. Excess entropy of PVAc, at constant temperature, as a
function of the specific volume as obtained from calorimetric BNT

data. Dashed and solid lines represent the best fit of the excess entropy

data according t&x(V) = A(V? — 0.36) andS.(V) = alog(V) + B,
respectively (see text). Note the curvature of the experimental points
and that of the power density scaling (dashed line) and logarithm density
scaling (solid line).

Equation 10 can be rewritten in a different way according to

DT,
TO

Voy T

o(T,P) = 7,° ex (11)

A direct comparison of this equation with the AG ones (eq 1)
allows us to identify the configurational entropy with the bracket
in the denominator of the exponential (in eq 11); thus, it follows

or S(TV)OV —XTO (12)

To

T

\'4
Sex(TvV) O W -

This equation is particularly important since it relates the
material-specific empirical parameter with fundamental
quantities like the volumetemperature dependence of the
configurational entropy. Thus, trying to test eq 12, we have
plotted the excess entropy, obtained from thermodynamic and
PVT data, at constant temperature, as a function of volume;
Figure 7 shows the so-obtained excess entropy for PVAC at
= 380 K. The best fit of the experimental data with the equation
Si(TeonsiV) = A(VY — B), leavingA, B, andy as free parameters,
givesA = 83+ 15 J/(mol K),B = 0.7+ 0.1, andy = 0.8+
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Figure 8. Master curves obtained for the four polymers by means of
two different scaling: (A)X = T(aV — 1) and (B)X = T(a log(V) +
1). In plot A filled and open symbols correspond to the lower and
upperx axis, respectively. Filled lines represent, in both plots, the
best fit of the experimental data by means of the equatiof) =

7% expDXd(X — Xo)).

Alba-Simionesco et d° have shown that a linear density scaling

(X = T(aV — 1)) works as well as th&V” one, at least for a
limited range ofP and T; over larger ranges of and P the
linear scaling could fail as shown in ref 14. Figure 8a shows
the relaxation time as a function ®f= T(aV — 1) for the four
polymers. Solid lines represent the best fit to the experimental
data with eq 10, whereas the so-obtained parameters are listed

0.1. These values are clearly inconsistent with those obtainedin Table 6. It is worth noting in this table that the fragility

from the dynamics through the power density scaling=(2.2
andB = 0.36). The value of the exponept(0 < y < 1) was

not unexpected due to the curvature of the excess entropy.

Similar results were obtained for the other three polymers.
However, by fixing the value oB (Xo/T) to 0.36, obtained by
fitting the PVAc data on Figure 6 with eq 10 (see Table 6), a
value ofy = 2.184+ 0.01 is obtained (see dashed line in Figure
7). Although the fit (obtained from the dynamics through the
TV’ scaling) is a good approximation of the thermodynamics
data, the functional forms of both descriptions are not equivalent

parameter D), given in eq 10, is specific to the material
dynamics and independent of the chosen density scaling and of
the P—T path.

On the basis of the curvature of the thermodynamic points
in Figure 7, we tested a logarithm density scaling defined as
= T(alog(V) + 1), which gives both an excellent overlapping
of the dynamic data into a single master curve (see Figure 8b)
and, as will be shown in the following, a better consistency
with the AG frame. The generalized VFT parameters for this
scaling are also listed in Table 6. In this case, eq 10 can be

because for all the polymers the excess entropy data show ayritten as
systematic negative curvature (see Figure 7). This suggests that

the Adam-Gibbs framework and the power density scaling
(TV) are not fully consistent, at least within the experimental
window of pressures and temperatures here analyzed.

One important point to highlight here is that this density
scaling V) is not the only one which collapses the isobaric
data at different pressures into a single master curve. Recently

DX

Tlalog(V) +1—

o(T,P) = 7, ex (13)

T

whereas eq 1 can be written as
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Clo; generalized dynamic fragility given in eq 10 does not depend

7(T,P) = 16° exl{m (14) on the actual density scaling function.
x\ !y
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