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ABSTRACT: By means of dielectric spectroscopy, we have studied the relaxation dynamics of poly(vinyl methyl
ether) (PVME) in miscible blends with polystyrene (PS) at several concentrations in a broad range of pressure
and temperature. Several interesting phenomena which take place in these kinds of blends have been investigated.
In particular, the validity of the temperatur@ressure superposition for a single component in a polymer blend

over the whole composition range has been tested. We have also found that isobaric fragility for PVME in the
blends increases with pressure whereas it does not change for pure PVME or even decreases for PS. Additionally,
the confinement effects on PVME induced by the other component have also been analyzed. Finally, we discuss
the ability of the density scaling to account for the IBywomponent dynamics in the blend over a broad pressure
temperature range.

1. Introduction dielectric dynamics of PVME blended with PS in a broad range

Polymer blends provide a practical an efficient way to fill ©Of frequency, temperature, and pressure and for the whole
new requirements for material properties and applications. The COmposition range. We will focus on how the pressure
physical properties of polymer blends can be continuously varied temperature behavior of PVME is affected when blended with
between those of the pure components without synthesis of new@ second polymer, in this case PS. This system (PVME/PS) is
materials. Since the processability of polymer blends (and Of particular interest because it basically has only one component
polymers in general) and the way a glassy material is formed dielectrically active (the dielectric relaxation strength of PS is
are both related to the molecular motion arodigdthe study much weaker than that of PVME). This fact allows following
of the segmental dynamics is of particular relevance. Besidesthe dynamics of the PVME in the whole composition range with
the technological significance, the dynamics of miscible polymer a reasonable accuracy, which is particularly important for high
blends displays peculiar features that make the study of thesePS contents. In this last case we can also observe and study
systems very attractive from a scientific point of view. Among how pressure affects the confinement effects on the Tgw
them are the role of self-concentration effects due to chain component due to the rigid matrix of the hidy component
connectivity}? the heterogeneous dynamics at the length scale below a certain temperature. These confinement effects for
of the segmental relaxatiéinthe broadening of the dynamics  polymer blends under hydrostatic pressure have been recently
relaxation spectrum with blending induced by concentration reported by Takeno et &%. but focusing only on the low-
fluctuations? and the recently reported confinement effects due temperature regime. Finally, it is worth noting that we have
to the rigidization of the higiTy component=® also analyzed for the first time the dielectric response of pure

The understanding of the molecular dynamics of the neat ps at high pressures.
polymers, as well as the polymer blends, is hardly possible using
temperature as the single thermodynamic variable. By varying .
temperature, both thermal energy and density change and?2- Theoretical Background
therefore their specific contribution become indistinguishable. .

Recent progress in this sense has come from the routine use of Because of the lack of an appropriate framework to fully
pressure as an experimental independent varfabfend thus, describe the pressur¢éemperature dependence of the relaxation
the segmental dynamics has been measured as a function ofimes for polymer blends under hydrostatic pressure, we will
both pressure and temperature in a wide variety of polymers. use in this work two different approaches. On the one hand,
In this way the thermal and density contributions to the we will use a phenomenological description of the relaxation
segmental dynamics can be decoupled. This approach has beetimes with the VogetFulcher-Tammann (VFT) equatioff.
successfully applied to pure homopolymers, but very few works On the other hand, we will investigate the applicability of the

have been published for polymer bleridd>-19 density scaling to a single component in polymer blends (as
The dynamics of PVME has been recently studied under well as for the pure polymers). In this section we will briefly
hydrostatic pressutt as well as in binary mixtur@%2! and summarize the basis of these approaches. For a more detailed

polymer blend¥2223at atmospheric pressure and also under explanation the reader is invited to look the references below
hydrostatic pressur€:>* In this work we will analyze the mentioned. Additionally, we will define here the equilibrium
and nonequilibrium dynamics in miscible polymer blends.
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Vogel-Fulcher-Tammann (VFT) equatidf given by heterogeneity in the blend component dynamics makes that the
nonequilibrium effects starts at a rather ill-defined temperature
DT, that can be taken as that of the onset of the DSC glass transition
7(T) = 75 ex T-T. (1) on cooling. Thus, we will define in this work the equilibrium
0 temperature Teq) as the temperature at which the high
. component starts becoming frozen and therefore the dynamics
wherezo, D, andTo are temperature-independent parameters. o the |ow T, component can be affected by nonequilibrium
Although the VFT equation gives only a phenomenological gffects. For the lowly component, the dynamics which takes

description of the relaxation times, it_is_useful to estima_te the place aboveTeqwill be called equilibrium dynamics, and that
pressure dependence of characteristic parameters like theoelowTeq, nonequilibrium dynamics.

dielectric Ty and fragility as described below.

Density Scaling. It has been recently sho##?® that for 3. Experimental Section
several glass-formers the logarithm of the maino(@mrelaxation Samples Blends of poly(vinyl methyl ether) (PVME: [£E160];
time, measured at various temperatures and pressures, yields Aldrich), M,, = 21 900 g/mol {1, = 7300 g/mol), and polystyrene
master curve when plotted agaiis’, wherey is a material- (PS: [GHg],; Polymer Laboratories)M,, = 70 950 g/mol M, =

specific constant which has been found to vary in the range 66 900 g/mol), at three different concentrations were prepared for
0.14< y < 8.5 for the glass-formers investigated to date. The this study. The pure polymers were dried in a vacuum oven at
parametep provides a measure of the relative importanc¥/of ~ €mperatures above their respectiyefor 48 h. Then, appropriate

compared taT in the glass-forming dynamics. It is immediately ~2mounts of each component were dissolved in toluene (5% wiw)
clear thaty = 0 means a pure thermally controlled dynamics; and mixed together for 24 h. Because of the brittle character of

h her hand. for the hard soh limi d th PS, the method of preparation of the samples for dielectric
on the other hand, for the hard spheres limit;~ « and the measurements depends on the PS contents. For low PS contents

dynamics becomes entirely volume dependent. According {0 (25 and 50%) the samples were prepared by putting the solution
Casalini et al?’ it is therefore expected thatcorrelates with  over a gold-plated electrode, 20 mm diameter, with a spacer of 0.1
the ratio of the activation enthalpy at constant volume mm thickness. The toluene was later evaporated, first at atmospheric

Ev = R[9 log (z)/d(T ~1)]v to that at constant pressukp = conditions for 24 h and later in a vacuum oven, until getting constant
R[d log(x)/a(T ~Y]p, EV/Ep evaluated afy, weight. Finally, the upper electrode was put over the sample, and
It is worth noticing that this density scaling la@W\¢") is not the set was slightly pressed, under vacuum and abgue ensure

good electrical contact. For higher PS contents very thin disks, 20

unique, and other density scaling functions were recently mm diameter and 040.2 mm thickness, were obtained (as

proposed# However, other authot$claim that some density . ; ;

. ) previously described) and gold-sputtered on both sides. The
scaling laws fail f_or extend(_ed ranges Of_ pressure and_ te_”_‘per'diameter of these samples was slightly largeR{ mm) than the
ature, although this conclusion was obtained using a significant giameter of the gold-sputtered area on each sid&9(mm). In
extrapolation of theP?VT data which are typically limited t& this way the conduction path through the oil between both electrodes
< 200 MPa. This controversy is out of the scope of the present is significantly larger, and therefore this particular geometry reduces
work, and therefore the reader is invited to look at refs 14 and the oil conductivity contribution to the measured losses by, at least,
29 for a detailed discussion about different density scaling laws a factor of 10. Blends with 75, 50, and 25 wt % of PVME, namely
and their limitations. PVME/PS 75/25, PVME/PS 50/50, PVME/PS 25/75, are analyzed

Equilibrium and Nonegquilibrium Dynamics in Miscible in th|s_ work. Additionally, a sample of pure PS yvas_also prepared
Polymer Blends.A very interesting phenomenon in miscible following the same procedure used for blends with high PS content.

polymer blends with large difference in theis is that the Dielectric Measurements at Atmospheric PressureDielectric

: measurements were performed using a broadband dielectric spec-
dynamics of the lowlq component can be strongly affected by 1ometer hased on two high-precision dielectric analyzers, one for

the slowing down of the dynamics of the hi@ one. Atlow  the frequency range 18-107 Hz (Alpha analyzer Novocontrol
enough temperatures, or high pressures, the temperature desmbH) and other for the range61.8 x 1(° Hz (Agilent 4192B),
pendence of the relaxation time of the I component, in and a Novocontrol Quatro cryosystem for temperature control with
blends with small lowTy component contents, displays an a precision better than 0.1 K. Measurements were performed
Arrhenius-type behavior. This kind of behavior was first noticed isothermally over a broad frequency and temperature range, starting
by Sy and Mijovié® and attributed to the ability of the rigid  from high temperatures and with temperature steps of typically 5
high Ty polymer of the blend to confine the loly one. Some
1,32 i i i i
e 20 ok ments were cario ot 1 pessur, b 0 73 supled
. ) S N by Novocontrol GmbH. The cell, basically a stainless steel cylinder

also observed in other mixtures. This interpretation is not i 4 hermetic seal, is filled with a silicone fluid which transmits
incompatible with the previous one if it is considered that the the pressure from the piston to the sample. The dielectric loss was
molecular motions involved in a JG process are of the same measured in the frequency range 2610 Hz, with a broadband
nature than those of the segmental dynamics. Nevertheless, alon@lpha dielectric analyzer (Novocontrol GmbH). The measurements
this work we will refer to this behavior as nonequilibrium (or were performed by frequency sweeps at constant temperature, after
confined) dynamics. stabilizing the temperature of the cell for about 2 h, with stability

These nonequilibrium effects are particularly important in better thant-0.1 K, and constant pressure, with stability better than
blends rich in the hig, component; however, they were also +2 MPa. After each frequency sweep the pressure was changed,

observed, though less pronounced, for other composifidhs at constant temperature, to the next value, and once the highest

In fact. the effect of the hiaff t on the d . f pressure data were measured, the pressure was reduced to the
n fact, the efrect of the highy component on the dynamics o atmospheric value and the temperature was changed. The measure-

the low Ty one manifests even at higher temperature where the nents have shown a very good reproducibility after repeating them
Arrhenius behavior has not appeared yet. In other words, uponseveral times.

temperature reduction the high component dynamics becomes

too slow, and the blend as a whole falls out of equilibrium 4 Results

(becoming glassy) whereas the |dycomponent dynamics is Pure PS.The dielectric response of pure PS under hydrostatic
still experimentally accessible. The pronounced dynamical pressure has not been reported until now to the best of our

Dielectric Measurements under PressureDielectric measure-
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Figure 1. Segmental relaxation time of PS as a function of the
temperature at different pressures (from bottom to teg:; = 0.1, 50,
100, 150, and 200 MPa). The lines represent the best fit of the
experimental data by means of eq 3 (see text).
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knowledge. Besides the very low dielectric signal of the 0.025

o-relaxation, which is actually not a problem with the available
analyzers, the brittle character of PS causes difficulties when a 0.020
pressurized-liquid based system is used to measure the dielectri¢
response under hydrostatic pressure because the conductivity”

of the pressurized liquid can screen the weak dielectric signal  0.015 |-
of PS. In order to minimize the effect of the liquid’s conductiv-

ity, the sample was gold-sputtered on both sides and a particular
geometry was used as previously described. The spectra were 0-010
described using the HavriliakNegami (HN) function
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. . . . . Figure 2. (a) Dielectric loss (") as a function of the frequency for
whereAe is the relaxation strengthryy is a relaxation time,  pyyme/ps (50/50) at constant temperature and different pressures (from

anda andf are shape parameters. An additional term for the |eft to right: 300, 250, 200, 150, 100, 50, and 0.1 MPa). (b) Dielectric
conductivity contribution €ioo/eqw®) has been added for the loss €’) vs frequency for PVME/PS (25/75) at constant pressure and

fitting procedure, is the dielectric permittivity of vacuuns different temperatures (from left to right: 296.4, 315, 329.3, 343.6,
is a constant factor (& s < 1), andog is the dc conductivity 857.9, and 372.2 K).
when s = 1. For purposes of this work, the characteristic

relaxation time will be that of maximal lohax = wmax * = the mean-square deviation between the experimental data and

1/(2.7[fma>‘)' ) the relaxation times given by eq 3, obtainimg = (9.5+ 0.1)
Figure 1 shows the temperature dependence of the maximum, 1 5-3 \pat andmy = 0.194+ 0.01 K MPa.. Solid lines in

relaxation timezmay, of thea-relaxation for pure PS at several g, re 1 represent the relaxation times predicted by eq 3 with

pressures. As shown in this figure, just a few points could be 5 5 calculated parameters. We will discuss in the next section
measured at high pressures due to the experimental difficulties;, plausibility of this approach.

previously mentioned. The lack of enough experimental points Polymer Blends.Parts a and b of Figure 2 show representa-

makes difficult, or even impossible, to use the VFT equation at e giglectric lossd") as a function of the frequency for PVME/
each individual pressure. Instead, we first fitted the data at PS blends with a composition of 50/50 and 25/75, respectively.
atmospheric pressure with all the variables as free parametersFigure 2a shows spectra at constant temperature and different
obtaining an excellent fit of the experimental data, as shown in preqqres, whereas Figure 2b shows isobaric spectra at several
Figure 1, with logfo) = —12.87£0.03,D =527+ 0.05,and  {emperatyres. Spectra at different pressures (and cofitank
To=313.2+£ 0.3 K._Asxgnong the several “natural” extensions jiye those measured at different temperatures (and conBjant

of the VFT equatioff *to describe the pressuréemperature ¢ e same relaxation time, after normalizing the dielectric
dependence of the relaxation times, we used a simple and naturaje|axation strength. This temperattHressure superposition is
extension which assumes a linear pressure dependence for thep,oin in Figure 3ac, where spectra measured at very different

parameter® andTo. Thus, for the higher pressures we can fit -, oqqres and temperatures show a perfect overlapping within
the whole set of experimental data with the following equation ¢ experimental uncertainties, for each of the three here studied

recovered. We calculated the paiy andmr which minimizes

compositions. We chose three different representative conditions
=1 (D + myP)(To + miP) (3) to illustrate theP—T superposition. Figure 3a shows equilibrium
0 T—(Ty+mP) data, i.e., well above blends, for three different spectra of

PVME/PS 75/25 blend. Figure 3b shows #eT superposition
which has only two adjustable parametens, (and my) after for data corresponding to the 50/50 blend, for pressures and
fixing 7o, D, and Ty to the values calculated at atmospheric temperatures where the onset of the nonequilibrium effects could
pressure. Note that foP = 0 the standard VFT equation is be expected. Finally, in Figure 3c we can observe the excellent
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Figure 3. (A—C) Overlapping of different spectra at the indicated conditions for 75/25, 50/50, and 25/75 composition blends. (D) Full width at
half-maximum (fwhm) vs logarithm of the maximum relaxation time (iggg), at several pressures and temperatures, for PVME both pure and
blended with PS at different concentrations. Open squares represent the experimental data for pufé IRAMWEand upper half filled circles
represent the corresponding data for 75/25 and 50/50 compositions, respectively. Open triangles represent out-of-equilibrium data for the 50/50
blend. Filled and open circles represent equilibrium and confined data for 25/75 composition (see text). Vertical error bars represent typical erro
in the determination of fwhm. The lines are guides to the eye.

overlapping of three different spectra for out of equilibrium data ~ The most interesting fact depicted in Figure 3 is that the
from the PVME/PS 25/75 blend. In the three cases we selectedtemperature-pressure superposition applies not only for pure
spectra with similar relaxation times and the maximum differ- PVME (which is in agreement with what is often observed in
ence in pressure. In these figures both axis were normalized toother polymer¥’) but, more interestingly, also for the dynamics
remove small differences in the relaxation times and/or relax- of PVME blended with PS over the whole concentration range,
ation strength. This temperaturpressure superposition has including the poor PVME side where the confinement effects
been shown in previous works®®:37for homopolymers; how- are very pronounced (see discussion below). The fact that for
ever, little attention has been paid to this superposition for a each composition all the points, obtained at different temper-
single component in polymer blen#ste atures and pressures, collapse around a single line (within the
A different way to show thi®—T superposition is to represent  experimental uncertainties) implies that accounting for the
the full width at half-maximum (fwhm) of each spectrum against temperature-pressure effects on the relaxation time allows
the logarithm of its maximum relaxation time. This is particu- predicting the shape of the loss peak once it is measured at
larly useful when the number of pressures, temperatures, andatmospheric pressure. Thus, we will turn now to the analysis
compositions is rather large, like in the present work. Addition- of the relaxation times, where we will first use a phenomeno-
ally, this particular representation also shows the correlation logical approach by means of the VFT equation (eq 1).
between these two variables (fwhm and iagg). Thus, Figure PVME/PS (75/25 Figure 4 shows the maximum relaxation
3d shows the fwhm of thei-relaxation of the PVME as a  times for PVME in PS (75/25) as a function of the temperature
function of the corresponding maximum relaxation time for all ¢ different pressures. Solid lines in Figure 4 represent the best
the here studied blend compositions at different temperaturesgits to the experimental data through eq 1. The experimental
and pressures. For those spectra which are mainly within the gata at atmospheric pressure were first fitted by leaving log-
experimental frequency window, the value of the fwhm was () D, andT, as free parameters. We obtained dg]) =
determined from the shape parameters of the HN equation ( —12 34+ 0.1,D = 6.2+ 0.1, andT, = 212.1+ 0.2 K. Then,
andf}) by means of the following empirical equation (see the |og(z;) was fixed (at the value found at atmospheric pressure)

Appendix): for higher pressures, leaving orllyand T, as free parameters.
1.058 0.039 0563 The corresponding parameters so obtained are listed in Table
fwhm(a,8) = —0.516+ ——+ ——+ — 1. We can observe in Figure 4 that the VFT equation fits the
a B of experimental points in the whole range of temperatures and

Open squares in Figure 3d represent the experimental data foPressures. Note thdd parameter results essentially pressure
pure PVME taken from ref 14. For pure PVME the fwhm is independent, wheredg monotonically increases with pressure.
just slightly dependent on the logarithm of the relaxation time.  PVME/PS (50/50 Figure 5 shows the maximum relaxation
On the contrary, for the PVME in the blends a much stronger times for PVME in this blend as a function of the temperature
dependence is observed, as shown in Figure 3d. The higherat different pressures. Although the nonequilibrium effects in
scattering of the data for PVME in the blends is due to the fact the dynamics are not evident from the relaxation map, we know
that both the dipole dilution and the broadening of the peaks from previous resulfs that the equilibrium temperaturd@d)
make more difficult the accurate determination of fwhm. for PVME in this blend is about 300 K, and therefore the
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2 concentration. As before, we have only two fitting parameters
1k PVME/PS (75/25) (mp andmy) after fixing 7o, D, andTy to the values calculated
[ at atmospheric pressure. Solid curved lines in Figure 6 represent
the best fit of the equilibrium experimental data through eq 3
with mp = (—6.0£ 0.5) x 103 MPa ! andmr = 0.21+ 0.01
K MPa. The so-obtained VFT parameters are listed in Table
1. As in the previous case, an increase of the fragility (decrement
of D parameter) with pressure is also found at this concentration.
The behavior at each pressure for temperatures below the
crossover range was fitted with an Arrhenius law( 7o exp-
(E/RT)), as shown in Figure 6. The resulting parameters are
listed in Table 2. The activation energy slightly decreases with
R N S T S S S e S B pressure whereas lagf does vary with pressure, indicating a
50 260 270 280 290 300 310 320 330 340 350 360 retardation of the relaxation times with increasing pressure.
Temperature [K] These results are in a good agreement with those recently found
Figure 4. Logarithm of the relaxation time vs temperature at different DY Takeno et af? for a similar composition (PVME/PS (20/
pressures (from bottom to tofam= 0.1, 50, 100, 150, 200, 250, and  80)). A more detailed discussion will be given in the next
300 MPa) for PVME in PS (75/25). Solid lines represent the best fit of section.
the experimental data through eq 1. The horizontal dotted line represents

the time at whichTy and fragility (m) are defined in this work (see . .
text). 5. Discussion

log(t,,.. [sD)

Lo a4
[ T AN VO

Fwhm. The pressuretemperature superposition, previously
equilibrium dynamics takes place above this temperature (atreported for pure polymers, has been found to be also valid for
atmospheric pressure). Consequently, we used for the fitting the single component dynamics in a polymer blend over the
procedure only those experimental data within the equilibrium whole composition range, as shown in Figure—8a This
dynamics range. The fitting procedure was performed as in the behavior is in agreement with previous observafiéison the
previous case, by leaving logj, D, andTy as free parameters ~ PVME-rich side. However, it is remarkable the fact that the
at atmospheric pressure. We obtained ted¢]) = —12.3 + pressure-temperature superposition is still valid for out of
0.2,D =594 0.1, andTp, = 220 £ 1 K. Then loggo) was equilibrium data. Figure 3c shows the perfect overlapping of
fixed to the value so obtained (at atmospheric pressure), andthree different spectra for the 25/75 blend, where at low
only D and Tp were left as free parameters for the higher temperatures and/or high pressures the dielectric relaxation is
pressures. The corresponding parameters are listed in Table 1due to the dynamics of confined PVME in the PS matrix (see
Solid lines in Figure 5 represent the best fits to the experimental open circles in Figure 3d). Moreover, as shown in Figure 3b,
data through eq 1. The fitting is again excellent as shown in the P—T superposition is still valid when applied over the
Figure 5. As shown in Table 1, a slight but monotonic increment temperature range where the onset of nonequilibrium effects is
of the fragility for PVME (decrement oD parameter) with expected.
pressure is found at this concentration. Although the pressuretemperature superposition works

PVME/PS (25/7p Figure 6 shows the maximum relaxation rather well for the 25/75 blend, a significant difference appears
times for PVME in PS (25/75) as a function of the inverse between the results for this blend and those for the blends 50/
temperature at different pressures. The confinement effects aréb0 and 75/25, as shown in Figure 3d. For the PVME richer
clearly evident for this composition. The experimental points blends the fwhm values tend toward the behavior of the pure
at each pressure clearly depart from the high-temperature VFTpolymer at relaxation times of about 10s (see Figure 3d),
behavior and gradually go toward an Arrhenius one upon whereas for the blend 25/75 the pure PVYME fwhm values would
temperature reduction. The dotted diagonal line in Figure 6 meet for much shorter relaxation times, of about®s8. This
indicates, approximately, the temperature range at which PYME means that in order to recover the pure PVME tag)
dynamics seems to depart from the VFT-like behavior. As dependence of fwhm for this latter blend, one needs to access
mentioned in the Introduction, this behavior has been related very short times, where the intrachain motions would dominate
to the fact that below the blend®, the system goes out of the observed dynamics. This is not the case for the PVME-rich
equilibrium, and the lowTg component becomes confined by blends for which the pure PVME fwhm values would be
the rigid matrix formed by the higfiy component8 recovered once the relevant volume around a PVME unit

Since there are few experimental points (at each pressure)P€comes small enough to include only other PVME segments.
within the equilibrium window, the use of the VFT equation at  All these new results are worth to be deeply studied in future
each individual pressure makes the fitting procedure unstable.works by means of high-frequency techniques (microwave
Instead, we used to fit these data the same procedure followeddielectric relaxation or neutron scattering). Work in this direc-
above for pure PS. This procedure is additionally supported by tion is in progress.
the fact that for the other blendP) andTy(P) approximately Pure Polymers DynamicsWe will discuss now the behavior
follow linear laws. For the atmospheric pressure data we knew of the pure polymers. As mentioned before, the dielectric
from a previous worké that PVME deviates from equilibrium  response of PS at high pressures is here presented for the first
dynamics at around 325 K; accordingly, we first fitted, with time, and therefore we cannot compare our results with other
the VFT equation, the atmospheric data above this temperature previously published. However, it is possible from our results
We obtained logf [s]) = —12.1+ 0.3,D = 5.5+ 0.2, andTy to get the pressure dependence of the dieledyig.e., T(r =
= 225+ 2 K. Then, for the data at higher pressures (and within 1(? s)) and the isobaric fragilityn) which have been previously
the equilibrium window), we kept constant the valuergfind measured by other methods. The isobaric fragihtyié usually
assumed a linear pressure dependence for paranieterdTo; defined as the slope of the curve logfy) vs T¢/T at T = T,

i.e., we use eq 3 to fit the whole set of experimental data at this i.e., m = d log(r)/d(Ty/T)|r=7,. From Figure 1 and eq 3 we can
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Table 1. VFT Parameters for PVME in PS at the Indicated Concentrationg

Miscible PVME/PS Blends 3251

PVME/PS 75/25 PVME/PS 50/50 PVME/PS 25/75
P [MPa] D To [K] D To [K] D To [K]

0.1 6.2+ 0.1 212.1+0.2 59+ 0.1 220+ 1 55+0.2 225+ 2

50 6.7+ 0.1 2159+ 0.4 5.4+ 0.2 23442 52+0.2 236+ 2
100 6.2+ 0.1 226.2+1.0 5.5+ 0.5 239+ 5 49+0.2 246+ 2
150 6.1+ 0.1 232.9+:0.5 4.9+ 0.2 251+ 2 46+0.2 257+ 2
200 6.2+ 0.1 237.8+£ 1.0 4.4+0.2 263+ 2 43+0.3 267+ 3
250 6.2+ 0.1 243.0£ 0.5 4.6+0.2 264+ 2 4.0+0.3 278+ 3
300 6.0£0.1 249.3+ 0.7 4.1+ 0.2 274+ 2 3.7+£0.3 288+ 3

a See text for details about the fitting procedure.
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Figure 5. Logarithm of the relaxation time vs temperature at different
pressures (from bottom to tofP.m= 0.1, 50, 100, 150, 200, 250, and
300 MPa) for PVME in PS (50/50). Solid lines represent the best fit of
the experimental data through eq 1. Open symbols refer to experimental
data where the system is out of equilibrium. The horizontal dotted line
is defined as in Figure 4.
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Figure 6. Logarithm of the relaxation time vs inverse temperature at
different pressures (from bottom to tofam = 0.1, 50, 100, 150, 200,
250, and 300 MPa) for PVME in PS (25/75). Solid curved lines
represent the best fit of the experimental data through eq 1. The dotted
diagonal line refers to the temperature range below which thehjgh
component is out of equilibrium, and therefore confinement effects start
appearing. Straight solid lines represent the Arrhenius fit for the out-
of-equilibrium data at each pressure (see text). The horizontal dotted
line is defined as in Figure 4.

calculate the dielectridg andm as a function of the pressure;

Table 2. Arrhenius Parameters for PVME in PS (25/75) at
Temperatures below lIts EffectiveT4?

P P
[MPa] log@o[s]) E[kI/mol] [MPa] log@ols]) E[kd/mol]
01 -149+05 57719 200 -12.2+05 51.0+15
50 —13.8+0.6 534+18 250 —12.1+06 52.4+2.0
100 —13.6+0.4 54.8+19 300 -11.7+05 51.4+17
150 —142+12 60.1+2.4

aSee text for details about the fitting procedure.
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Figure 7. Fragility (m) (filled circles) and dielectridy (open circles)

as a function of the pressure for pure PS. The lines represent the best
linear fits to the experimental data. The slopes of these lines are shown
in the figure as dvdP and dIy/dP, respectively.

of the isobaric fragility, this value is rather dependent on the
pressure interval. For the whole pressure range we R

= —122+ 28 GPal, which is slightly different than that one
(—160 GPal) calculated by Huang et &!. from photon
correlation data. However, if we restrict the pressure range to
that of the photon correlation data used by Huang et al., we get
dnvdP = —157 GPa'. This good agreement between our results
and those previously published supports the validity of our
analysis of the pressure-temperature dependence of the relax-
ation times for pure PS by means of the VFT equation as
previously described.

A different way to present the dielectric relaxation time
measured at various pressures and temperatures is by using a
density scaling function{(V,T)). If this density scaling works,
then, by plotting the maximum relaxation time agaiXsthe
experimental data points measured at different pressures and

the results are shown in Figure 7. We found that the pressuretemperatures will collapse into a single curve. Although the most

dependence of the dielectrig for PS is dg/dP = 320 + 24
K/GPa, well within the range of previously calculated values
by other techniqué8 (360 and 303 K/GPa by means of PVT

common used density scaling function{s= TV, it is worth
noticing here that this is not unique as was shown in previous
works 1428 however, the validity of other density scaling laws

and DTA measurements, respectively). On the other hand, thefor extended ranges of pressure and temperature is still under

isobaric fragility obtained at atmospheric pressumex 112 +
5) is, within experimental errors, equal to the previously

debate*2° Figure 8 shows the maximum relaxation time for
PS measured at different pressures and temperatures, as a

published value of 118 Concerning the pressure dependence function of TV, where V represents the specific volume
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T time at whichT; and m* were calculated. Table 3 shows the

1 0.1 MPa ] obtained values of ; andm* for pure PVME and PS and for
) 50MPa | the PVME in the blends at the different compositions. The
100 MPa

dielectricTz so obtained increases with pressure, as expected.

O 4 > o o 4

~ 150 MPa | However, the fragility (n*) of PVME in the blends presents
= 3 200 MPa more surprising results. Whereas the valuendfobtained for

. pure components keeps constant (PVME) or decreases with
Eﬁ - T increasing pressure (P} increases with pressure for blends

with 50 and 25% of PVME. Astonishingly, the higher the PS
] content the higher the incrementrof with pressure. Even more

] interesting is the fact that for most glass-formers the fragility
decreases with pressii®whereas we observe that for PVYME
in blends with PS the fragility presents the opposite behavior,
increasing with pressure. Whether this finding is a general trend
w’ for the component dynamics in polymers blends or this is an

Figure 8. Maximum relaxation time of pure PS, measured at different isolated anomalous behavior is something which definitely needs
temperatures and pressures, as a functignvof The symbols represent — frther investigations.

the same values of pressures than in Figure 1. The value of the ) ) ) ) )

parameter is shown in the figure. The line represents the best fit of the  Other interesting feature to be considered is the influence of

experimental data with an empirical VFT-like equation (see text).  pressure on the confinement effects that takes place in polymer
blends under certain conditions. As aforementioned, when two
polymers with very differenty values are blended, there is a
temperature range around the blen@izswhere for the lowTy
component a continuous departure of the experimental relaxation
times from the high-temperature VFT behavior (toward an
Arrhenius one) is observed, as clearly shown in Figure 6. These
confinement effects in PVME/PS blends at atmospheric pressure
have been analyzed by us in recent wdrksabove atmospheric
pressure, Takeno et &.have recently reported these effects
on the same blend but mainly focused on the low-temperature
range. We analyze here the full temperatypeessure interval

for the whole composition range, i.e., both equilibrium- and
DX, ) confinement-controlled behaviors.

Pure PS

y=33+/-0.1

-7 1 1
340 360 380 400 420 440

expressed in chfg. The parametey was adjusted to yield a
master curve with a minimum mean-square deviation; the so-
obtained value ig = 3.3+ 0.1. The experimental data in Figure
8 are more scattered than for other polyritlecause of the
experimental difficulties to measured PS, as previously com-
mented on; nevertheless, the valueyds within the expected
ones for polymeric systems according to previous re3tifs.
In particular, for pure PVME it was foung = 2.54 0.0514.29

We have shown in a previous wdfkthat once the density
scaling is performed, the so-obtained master curve can be well
fitted with an empirical VFT-like equation given by

(4) From our previous experiené&® we expected that the
temperature where the confinement effects start appearing
increases with decreasing PVME content. Thus, the effects of
the highTy component on the loWy one should be much more

X=%

whereX = TV, Xo = ToVy’, andry is fixed to the relaxation

time at high temperatures obtained from eq 1 at atmospheric ; .
pressure. The paramety s related with a generalized fragility ~'emarkable in the PVME/PS (25/75) blend. Actually, Figure 6

m,, defined following ref 28 as the steepness of the 1pyé shpws how the experimental rglaxation times depart from Fhe
Xg/X at Xg, throughm, = d log(@)/d(Xy/X) xex. It is clear from (high temperature) VFT behaylor upon tem_perature reduction
eq 4 that fory = 0, i.e., a fully temperature-controlled process, 2t temperature valuesid) which change with pressure, as
the standard VFT equation is recovered. The solid line in Figure @PProximately indicated by the diagonal dashed line in the
8 represents the best fit of the experimental data with eq 4, with figure. The relaxation times become faster than expected for
log(zo) = —12.87,Dx = 11.0+ 4.2, andXo = 244+ 19 K. An temperatures below.?q'A possmle explanation for'thl's pehawor
important consequence of eq 4 is that according to previous IS that the cooperativity in the loWy component is limited by
resultd* the parameteDx seems to be independent of the density the rigid matrix of the highT, component. Thus, the lowg
scaling functionX(V,T) used to superimpose the experimental component is confined by the glassy matrix of the second

data, and hence it would be an intrinsic characteristic of each Polymer limiting the cooperativity extent of the relaxation
material. processes. Once the cooperativity is restricted, only the more

Polymer Blends Dynamics.Turning to the dynamics of local relaxation processes can be realized, being faster than the
PVME, an interesting aspect to analyze is how its fragility is cooperative ones that would occur at equilibrium at the same
affected by blending it with a second polymer. We have already temperature. Because large cooperative rearrangements become
mentioned that the isobaric fragilityn] is usually defined as forbidden, the dipole reorientations are restricted, and there is
the slope of the curve log[ vs Ty/T at T = Ty. However, the a consequent reduction of the relaxation strength (see low-
relaxation times of our experimental data points within the temperature data in Figure 2b). This interpretation is in
“equilibrium window” are far from 100 s, especially for the agreement with that of Takeno et?alAt temperatures well
PVME/PS (25/75). Thus, to avoid an excessive extrapolation below the blend’sly the relaxation times follow an Arrhenius
of the experimental relaxation times to 100 s, we will define behavior, as indicated by the straight lines in Figure 6, with the
for the purpose of the comparison between the different samplescorresponding parameters listed in Table 2. From these values
in this work, a fragility at an intermediate relaxation time of we observe that the activation energy just slightly decreases
1073 s. Thus, we haven* = d log(r)/d(T y/T)|=10%, whereTg with pressure, which indicates that the underlying mechanism
= T(r = 1078 g) is calculated from the VFT lines describing does not strongly depend on pressure. On the other hand, log-
the equilibrium dynamics in the dielectric relaxation map. The (7o) significantly varies with pressure, turning the process slower
horizontal dashed lines in Figures-8 indicate the relaxation  and slower with increasing pressure.

(X) =1, ex;{
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Table 3. Dielectric T;(r =1073s) andm* (r = 103 s) for Pure PVYME and PS and the Different Concentrations (Errors Are &1 of the Least
Significant Digit)

P [MPa] pure PVME PVME/PS (75/25) PVME/PS (50/50) PVME/PS (25/75) pure PS
Ti(r=1035)[K]
0.1 265 274 281 284 386
50 274 283 293 294 404
100 281 292 300 304 423
150 289 299 308 313 442
200 296 307 317 322 462
250 303 313 321 330
300 310 319 326 339
m* (r=103s)
0.1 41 41 43 44 52
50 41 39 46 46 49
100 41 41 45 48 46
150 41 42 50 51 43
200 41 41 55 53 41
250 41 41 53 57
300 41 42 58 61

Finally, we will analyze the ability of the density scaling to here analyzed. We also observe a failure of the density scaling
give account for the component dynamics in the here investi- procedure for the PS richest blend, i.e., PVME/PS 25/75. We
gated polymer blends. To perform any density scaling, we needcan observe from Figure 6 that the “equilibrium window”, where
to know the equation of state for the blends at the different it is possible to apply the density scaling, is very small (about
compositions. Since the blend PVME/PS has been widely 2 orders of magnitude for the relaxation times). Even for this
studied, we toolPVT data from the literature; we used the Tait

equation with the parameters given in ref 17 for concentrations 1 - : -
of 50 and 70% of PVME. For PVME/PS 25/75 .blend the PVT o % PVME/PS (75/25) ]
data were taken from ref 41. Parts a and b of Figure 9 show the ¥=2.0
density scaling for the blends with 75 and 50% PVME, -1+

respectively. For the highest PVME content, namely PVME/
PS (75/25), the density scaling works well with= 1.85+
0.05. This value ofy is lower than that of the pure PVMEy (

= 2.5) and different from that previously calculated by Roland
and Casalini in ref 17. In that reference the authors used a

4 i a) A 1 6 ; 300

87, [S])

narrower range of pressures and temperatures obtaining for theS -5

density scalingy = 3; if we restrict the temperaturgressure I

range of the data under consideration to that used in ref 17, we -6 i

observe that the density scaling still works but witkr 2.0, as 7}k PVME/PS (75/25)

shown in the inset of Figure 9a. For PVME in the PVME/PS - 7= 1.854/-0.05

(50/50) blend the master curve obtained after applying the ‘%20 ' 2:‘0 ' 250 ' 2;;0 * 3(')0 320

density scaling does not show a good overlapping, and a
relatively big dispersion is observed for the best case .25), I
as shown in Figure 9b. Moreover, a systematic change of the 0F
curvature with pressure is observed for this composition, ak
indicating that the dispersion is not due to experimental -
uncertainties but due to a failure of the density scaling procedure

(see Figure 9b). These results are in apparent contradiction with = -3 X

PVME/PS (50/50)
v=3.0

I G N
N B LN — O

that obtained by Roland and Casalirjgood overlapping with \é al
y = 3) on the same blend, although with different PVYME § X b) .
molecular weight. The difference between our results and those & -S| 2020 20 280

published in ref 17 could be due to this difference in PVME ok
molecular weight (21 900 g/mol in this work and 99 000 g/mol
in ref 17). Although the difference in molecular weight (for this T PVME/PS (50/50) 8o
M,, range) does not affect the PVT response, it could affect the BF y=225+/-0.15
thermodynamics of the blends and consequently the magnitude Y N S S T S S S = N
of the concentration fluctuations. This would manifest on the 200 220 240 260 280 300 320 340 360 380 400
dielectric relaxation results as different values of the maximum v

and mean relaxation times, which could be at the origin of the _ ) o )
Figure 9. Maximum relaxation time of PVME in (a) PVME/PS (75/

dlfferencgs betvyeen our results and those appearing in ref 17'25) and (b) PVME/PS (50/50), measured at different temperatures and
If we again restrict the temperaturpressure range of our data  pressures, as a function @', Squares represent data at 0.1 MPa,

to that used in ref 17, a relatively good overlapping of the circles 50 MPa, up triangles 100 MPa, down triangles 150 MPa,
experimental points for the 50/50 blend is obtained vyitk diamonds 200 MPa, left triangles 250 MPa, and right triangles 300

3, as shown in the inset of Figure 9b. This means that for a MPa. The value ofy for each concentration is shown in the figure.
! ’ . . The insets represent the maximum relaxation time of PVME in (a)
broader range of temperatures and pressures the density scaling ,;1e/ps (75/25) and (b) PVME/PS (50/50), as a functiomuf for

in the present form does not work as well as for pure polymers, the same temperatur@ressure range than in ref 17. The lines are
at least for the dependence of the maximum relaxation time guides to the eye.
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small range, the best temperatapressure superposition (not  simplicity. On the other hand, we know from ref 24 that
shown) shows a systematic increment of the curvature with
increasing pressure. . = sin—%% )7l’ﬂ - [_oBT )”ﬁ (A2)

max
It is noteworthy that a conceptual problem arises with the 2+ 25 2+25

density scaling applied to a single compo_nent in a polymer And once the height atmax is determined, by replacing (A.2)
blend: what volume should be used? First, the dynamics j (A 1), we can calculate the values @fat which the height

followed by dielectric spectroscopy is not the average dynamics js half of the maximum height from the following equation
but that of a single component. Thus, because of the presence

of fluctuations of concentration, the dynamics in rich PVME 1 _ 1

. Co " . Imz——F—— =2Im[—————| (A.3)
regions is highlighted. In addition, at a given temperature the o1 \e]s [1+ (iw)“]ﬁ

- . 1+ i

compressibility of PVME is always greater than that corre- Tra
sponding to PS, and therefore the effective local volume around
a PVME monomer at a given pressure and temperature will be which was numerically solved using Mathcad 13.0. Finally, with
likely smaller than that assumed from tR¥' T data of the whole  the two values ofv (w12 andw-1/,) obtained from (A.3), we
sample. Thus, it is not clear that the macroscopic volume of calculated the value of fwhm as
the whole sample, as measured BYT, reflects what really
happens at the length scale of the segmental relaxation of the fwhm = log(w ;) — log(w_4) (A.4)
observed component. These considerations should be taken into _ _
account when applying the density scaling to a single componentWe performed the calculations for several pairsoofind 3,

in a polymer blend and therefore put into question the previous 'om 0.3 to 1. The obtained values of fwhm are shown in Figure
results. 10 as a function ofr andp.

9

6. Conclusions

We have analyzed in this work the component dynamics in
a miscible polymer blend (PVME/PS) at different concentrations
under a broad range of frequency, temperature, and pressure
The validity of the pressuretemperature superposition for a
single component in a miscible polymer blend over the whole
composition range has been shown; moreover, the superpositior
is still valid for the lowTy component even when it is confined
by the other component. We have seen that the single componen
fragility is strongly affected by blending, giving a pressure
dependence opposite to that of the pure components. This is &
new result which is worth to be deeply investigated in further
works. Finally, the ability of the density scaling to account for =
the dynamics of the lowWy component in PVME/PS 50/50 and 0.3 0.3
25/75 blends for the range of pressures and temperatures ﬂ o
explored in this work has been put into question. It is also 1
noticeable that we have reported and analyzed for the first time _. . )

- . . Figure 10. Numerically calculated values of fwhm as a functionoof

the dielectric response of pure PS under hydrostatic pressure znq .
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(A.5)

Appendix

. . . . gives an excellent description of the numerically obtained values
In this Appendlxlwe willshow thg numerical mgthod of fwhm with an average precision better than 1%. Note that

developed to determine the fwhm (full width at half-maximum) fwhm(1,1) = 1.144, which corresponds with the broadness of

of the loss peak from the shape parametersufd ) of the a Debye process.
Havriliak—Negami (HN) equation. The HN equation can be
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