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Out of equilibrium dynamics of poly„vinyl methyl ether… segments in miscible
poly„styrene…-poly„vinyl methyl ether… blends
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The local dynamics of the low-Tg component in a polymer blend, dynamically asymmetric poly~styrene!-
poly~vinyl methyl ether! ~PS-PVME!, is studied below the glass transition, via dielectric relaxation spectros-
copy. A particular attention has been paid to blends with a high PS content~PS weight fraction higher than
50%!. A relaxation process, slower than the localized motions inducing the PVME secondary relaxations, is
detected. Even though these blends fall out of equilibrium in this temperature regime, the structural recovery
process is not efficient on the time scale of this PVME motional process. This relaxation is attributed to rather
localized, weakly cooperative PVME motions resulting from the topological constraints imposed by the frozen
PS chains.
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I. INTRODUCTION

In miscible polymer blends with components displaying
strong difference in their glass transition temperature
single—but anomalously broad—glass transition is obser
by differential scanning calorimetry~DSC!. However, at a
molecular length scale, the mean motional rate of each c
ponent, though deeply affected by blending, remains dist
from each other. This feature has been evidenced on diffe
asymmetric blends, such as poly~styrene!-poly~vinyl methyl
ether! or poly~isoprene!-poly~vinyl ethylene!, by means of
dielectric relaxation spectroscopy@1#, nuclear magnetic reso
nance~NMR! @2–5#, or quasielastic neutron scattering@6#,
for instance. Recently, the chain connectivity has been
voked to account for this remaining difference in the se
mental dynamics of both components@7,8#. The underlying
idea is that due to the chain connectivity, the concentratio
a componentA, estimated in a small volume (; l K

3 , l K de-
noting the corresponding Kuhn length! around a given seg
ment of typeA, is higher than the macroscopic concentrati
of the same polymer within the blend. The other main feat
of the local dynamics in these blends is the strong broad
ing of the relaxation time distribution for each compone
by comparison with the pure homopolymers@1,9,10#. This
broadening continuously increases as the temperature is
ered to the glass transition. These observations are attrib
to concentration fluctuations within the blends: thermod
namically driven fluctuations@11# as well as fluctuations in
duced by chain connectivity effects@12,13#. Thus, the phe-
nomenological description of the segmental dynamics
each blend component is now well established, thoug
complete theoretical model is still missing.

Most of the works previously mentioned report measu
ments performed above or close to the glass transitionTg .
By contrast, the local dynamics in polymer blends bel
their Tg has been far less explored. However, this questio
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particularly important not only from an academic, but al
industrial point of view. Indeed, polymer blends offer a go
avenue to combine, at a low cost, some of the propertie
the component homopolymers. For this reason, they are t
nologically important, but their processing and the propert
of the finished products require a good knowledge
their dynamical properties, above and also below the g
transition.

One of the main difficulty is that belowTg , time-
dependent phenomena have also to be considered@14#. In-
deed, even in the case of a single homopolymer, due to
nonequilibrium nature of the glassy state, the specific volu
or the enthalpy spontaneously decreases when the syste
cooled belowTg and set under isothermal conditions. O
course, this evolution, called structural recovery process
physical aging, also induces a time dependence of the
chanical or the dielectric properties@14–17#.

In the case of the blends, as the segmental mobility of
two components is different, below the calorimetric gla
transition, the chain segments of the high-Tg component
could be considered as static on the time scale of the
mental motions of the low-Tg component. In a previous pa
per of some of us@9#, two different poly~styrene!-poly~vinyl
methyl ether! ~PS-PVME! blends~one with 35 wt % of PS,
the other with 50 wt %! were considered and the mean m
tional rate of the PS segmental motions was found to
103–104 times lower than the one observed on the PVM
component, just atTg . Of course, this difference is expecte
to be higher on increasing the content in the high-Tg compo-
nent. Besides, belowTg , the concentration fluctuation
within the blends would be frozen, as evidenced by sm
angle neutron scattering in the case of PS-PVME blends~one
with 50 wt % of PS, the other with 70 wt %!, for instance
@18#. Thus, a reasonable physical picture for the low-Tg com-
ponent dynamics in an asymmetric blend considered be
its glass transition would correspond to the motional p
cesses of mobile chains embedded within a frozen ma
formed by the high-Tg component.

As mentioned before, the physical aging occurring bel
©2003 The American Physical Society05-1
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FIG. 1. ~a! DSC traces for PS, PVME, and PS-PVME blends of various composition, during heating at a rate of 20 K min21. The symbol
‘‘ 1’’ represents the midpoint of glass transitionTg ; ~b! composition dependence of the calorimetric glass transition temperatureTg (d),
fPS denoting the PS weight fraction in the blends. The open symbols (s) stand for the dielectric glass transition temperature~at 1 Hz! of
PVME in the blends, deduced from the temperature of thea-peak maximum of Fig. 3.
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Tg has to be taken into account to describe the local dyn
ics of the low-Tg component. In this field, the behavior i
blends rich in the low-Tg component should differ from the
one observed in blends with a large content in the highTg

component. Indeed, in the second case, the time scale o
structural recovery process would be essentially governe
the time scale involved in the densification of the mat
formed by the high-Tg component. As a result, no agin
effects are expected to occur on the time scale relevan
the local dynamics of the low-Tg component. By contrast, in
blends rich in the low-Tg component or even in the corre
sponding homopolymer, the surrounding of the chains of
low-Tg component will display a time evolution on the tim
scale of their local dynamics.

Having these ideas in mind, we explore, in this paper,
dynamical behavior of the low-Tg component~PVME! in
PS-PVME blends, below their glass transition. Indeed, t
system is characterized by a strong dynamical asymm
since both homopolymers exhibit a difference of about 1
K in their Tg value. It has to be emphasized that the dyna
cal behavior of PVME within PS-PVME blends has be
extensively investigated previously~see, for instance, Refs
@2,3,9,10,18–20#!, but most of the works concern blends ric
in PVME, studied above or close toTg . Here, intending to
limit the influence of aging processes and following the
gument mentioned above, we have mainly considered
PVME blends in the high PS concentration regime and
motional processes of PVME will be probed, belowTg , by
means of broadband dielectric relaxation spectroscopy.
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II. EXPERIMENTAL SECTION

Atactic poly~styrene! ~PS, Polymer Laboratories! and
poly~vinyl methyl ether! ~PVME, Aldrich Chemical Co!,
used to prepare the blend samples, have the following
lecular characteristics: for PS, weight-average molecu
weightMw of 69 800 g mol21 and polydispersity indexI p of
1.02; for PVME, Mw521 900 g mol21 and I p53. PVME,
initially in aqueous solution~50 wt %!, was dried for one day
at 90 °C, under vacuum, to remove any traces of wa
Films of PS-PVME blends with various compositions~PS
weight fractionfPS ranging from 20% to 90%! were cast
from 8 wt % toluene solutions, since both polymers are m
cible in all proportions in this solvent@21#. Casting was car-
ried out directly on the electrodes used for dielectric rela
ation measurements~diameter of 40 mm!, at room
temperature, for about 2 days. The obtained films~thickness
of about 100mm) were then further dried in a vacuum ove
The temperature was progressively raised up toTg130 °C
and the final temperature was maintained for 3 days. T
drying process enables to remove any residual solvent wi
the samples and to avoid any bubble formation.

The glass transition temperatureTg of both homopoly-
mers and blends was determined with a Perkin-Elmer mo
DSC-7 instrument, at a scanning rate of 20 K min21. These
DSC measurements were performed on samples directly
from the films investigated by dielectric relaxation spectro
copy. In Fig. 1~a! the DSC traces for PS-PVME blends a
displayed with different PS weight fractionsfPS. In any
case, a single glass transition is observed, implying, in p
5-2
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OUT OF EQUILIBRIUM DYNAMICS OF POLY~VINYL . . . PHYSICAL REVIEW E 68, 031805 ~2003!
ticular, that no phase separation occurs during the bl
preparation or during the dielectric measurements. TheTg
value was determined as the temperature correspondin
half of the heat capacity change and its variation withfPS is
reported in Fig. 1~b!.

The complex dielectric permittivitye* 5e82 i e9 was
measured in the range 1021–1017 Hz, by using a Novocon-
trol high resolution dielectric analyzer~Alpha-S analyzer!,
for temperatures higher than 120 K. A second electrode~di-
ameter of 30 mm! was stacked on the PS-PVME blend film
and pressed under vacuum aboveTg . For blends rich in
PVME (fPS,50%), a separation of 100mm between both
electrodes is maintained by means of four small Teflon sp
ers. The sample cell was set in a cryostat and its tempera
was controlled via a nitrogen gas jet heating system coup
with a Novocontrol Quatro controller. The accuracy on t
temperature value was better than 0.05 K on the probed t
perature range~120–363 K!. For temperatures lower tha
120 K, dielectric measurements were performed on
Solartron-Schlumberger frequency-response analyzer
1260 supplemented by a high-impedance preamplifier~di-
electric module DM 1360, Mestec!. This spectrometer is
coupled to a closed-loop helium refrigeration system~CTI-
Cryogenics, Helix Technology Corporation!. With this equip-
ment, the samples were kept between two electrodes o
mm diameter, with a separation of about 100mm.

It is noteworthy that in the case of PS-PVME blends, t
dielectric signal mainly originates from the PVME comp
nent, due to the strong difference in the dielectric stren
between PS and PVME@10#.

Finally, we would like to recall the different relaxatio
processes that are observed in a PVME homopolymer
dielectric spectroscopy. The variation of the dielectric losse9
with temperature is reported in Fig. 2 for two frequencies
Hz and 1 kHz. The absorption peak located at 272 K on
curve obtained at 1 kHz corresponds to the PVME ma
chain a relaxation that is relevant to the glass transitio
Besides, two additional secondary relaxation proces
namely, theb and theg peak, are detected at 137 K and 5
K, respectively. These latter are related to localized moti

FIG. 2. Loss componente9 of the complex dielectric permittiv-
ity, obtained at 1 Hz (s) and 1 kHz (d), as a function of tempera
ture, for a PVME homopolymer.
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of the polar side group -OCH3. More precisely, according to
a recent work@19#, they could be respectively attributed t
the free and restricted rotations of the methyl groups aro
the O-C bonds~C denoting here the PVME methine carbon!.
At 1 Hz, theg process stands out of the probed temperat
range, whereas theb process occurs below 120 K.

III. RESULTS

Figure 3 shows the temperature dependence of the die
tric losse9 measured at 1 Hz on the PVME homopolymer
well as on PS-PVME blends of various composition (fPS
535%, 50%, 70%, and 80%!. The frequency value was cho
sen low enough to allow a clear resolution of the differe
PVME relaxation processes. Moreover, thee9 values were
normalized by the PVME weight fractionfPVME to get a
relevant comparison of the intensity of the relaxation pe
between the different systems. At the lowest limit of t
investigated temperature range~120 K!, the increase ofe9 is
due to the high-temperature tail of the PVMEb process~see,
for comparison, Fig. 2!. In this part of the spectra, the no
malizede9 values of the different blends are clearly supe
posable to the one of the PVME homopolymer. This feat
is confirmed by the comparison of theb process on isochro
nal plots performed at higher frequencies~e.g., 1015 Hz)
and consistent with previous studies@9#: the localized mo-
tions involved in this process are hardly affected by blend
PVME with PS. By contrast, as can be seen in Fig. 3, thea
process is strongly affected in the blends: whenfPS in-
creases, the corresponding peak starts shifting towards
temperatures and displays a strong broadening. The shi
the peak is to be related with the expected slowing down
the PVME segmental motions as PS chains are ad
@2,3,9,11#, whereas the broadening of the PVME relaxati

FIG. 3. Isochronale9(T) obtained at 1 Hz on pure PVME an
PS-PVME blends with various composition (fPS535, 50, 70, and
80 wt %!. For each sample, thee9(T) values have been divided b
the PVME weight contentfPVME . The boxes below the curve
indicate the breadth of the calorimetric glass transition and the
ted lines indicate the midpointTg value.
5-3
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LORTHIOIR, ALEGRı́A, AND COLMENERO PHYSICAL REVIEW E68, 031805 ~2003!
time distribution can be attributed to the concentration fl
tuations@9–11,20#. These observations are also in agreem
with previous studies on other polymer blends exhibiting
large difference ofTg @1,4–6#. However, an additional pro
cess seems to grow up with the PS content. It can be un
biguously observed in the PS-PVME blend corresponding
fPS550% and leads, for higherfPS values, to a double-
peak structure in the isochronal plot of Fig. 3. In this latt
the peak dominating the dielectric loss at high temperatu
~above or close toTg) corresponds to thea process de-
scribed previously. In the following, we will focus on th
other peak, dominating the dielectric response in the te
perature range belowTg . It could be tempting to interpre
the double-peak structure observed in Fig. 3 for PS-PV
blends withfPS.70% as a possible bimodal relaxation tim
distribution underlying thea process. Indeed, such a larg
and even bimodal distribution has emerged from recent m
els taking into account the thermodynamic fluctuation c
centrations to describe the segmental dynamics in misc
blends@22#. However, these approaches assume that the
sidered blends are at equilibrium and therefore, are not
plicable to describe the low-temperature peak since it occ
below the glass transition temperature of the blends rich
PS. Thus, to our knowledge, the low-temperature process
never been described in detail in the literature. In the follo
ing and for the sake of simplicity, we will call this process
a8 relaxation, but we emphasize that this notation does
mean that this relaxation is completely independent of tha
process.

The temperature range where thea8-relaxation process
occurs is located below theTg of the blends~see Fig. 3!.
Thus, nonequilibrium effects have to be considered, and
to the structural recovery process the dielectric losse9 is
expected to be time dependent@15–17#. Then, a relevant
question to be addressed is the time scale involved in th
changes toward the equilibrium state. For this purpose,
PVME homopolymer and different blends were annealed
fixed temperature, below theirTg ~i.e., Tg215 K in any
case! during 40 h, and thene9(T) was measured. Before thi
annealing, the samples were heated atTg130 K, to remove
any memory effect. The temperature dependence at 1
measured after the annealing, is reported in Fig. 4 for p
PVME and a PS-PVME blend rich in PS (fPS580%). For
comparison, thee9(T) curves recorded at the same fr
quency, just before the annealing, are also plotted. In PVM
aboveTg , e9 is of course the same in both unannealed a
annealed states. BelowTg , a significant decrease of the sig
nal over the whole temperature range is observed. By c
trast, in the blend, the physical aging only affects the int
mediate temperature range~250–300 K! between both
relaxation peaks, which appear better resolved after ann
ing. Thee9 values below 225 K are unchanged, which ind
cates that even though thea8 relaxation process occurs a
temperatures where the blends have fallen out of equ
rium, the time scale involved in the time evolution of th
process is far larger than in pure PVME.

To get a deeper understanding of the origin of the lo
temperature contribution toe9(T) observed at a single fixe
frequency~1 Hz!, we have proceeded to isothermale9(v)
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measurements, mainly focusing on PS-PVME blends wit
high PS amount. Thee9(v) spectra obtained for differen
temperatures~between 228 K and 328 K! on the PS-
PVME~80-20! blend are plotted in Fig. 5. In the whole tem
perature regime investigated~223–348 K!, a single relax-
ation peak is detected in the spectral windo
1021–1017 Hz. At 223 K, the frequency of the peak max
mum is close to 2 Hz: this isothermal spectrume9(v) can be
roughly related to the maximum ofe9(T), occurring at 230
K on the isochronal plot of Fig. 4. At this temperature, t
measurede9(v) mainly originates from thea8-relaxation
process. For temperatures around 280 K, thea peak enters
the considered spectral window, as can be seen in Fig
This may be the origin of the flat signal observed in t
low-frequency part of the dielectric losse9(v) for tempera-
tures higher than 288 K. This assumption is consistent w

FIG. 4. Effect of physical aging on the temperature depende
of the dielectric losse9 measured at 1 Hz: solid~open! symbols
represent the data obtained on the unannealed~annealed! samples;
circles correspond to PVME, and squares to the PS-PVME~80-20!
blend. The arrows indicate the annealing temperatures. Detail
the annealing are described in the text.

FIG. 5. Isothermal dielectric loss spectrae9(v) recorded on a
PS-PVME~80-20! blend for different temperatures. The solid line
are fits of the experimental data according to the Jonscher equ
@Eq. ~2!#.
5-4
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the slight increase of the level of this flat signal between 2
K and 348 K. Besides, at 348 K, a broad shoulder is
served in the low-frequency side of thea8 process we are
interested in: it probably corresponds to thea-peak which is
indeed known to be particularly broad in the high PS co
centration regime. Thus, above 288 K, thee9(v) spectra also
include a contribution from thea peak and for this reason, i
the following, we will restrict the probed temperature ran
to values lower than 288 K.

In the following, we intend to use the isothermal measu
ments ofe9(v) to characterize the low-temperature diele
tric response: the frequency of the peak maximum, the sh
of e9(v), and the dielectric strengthDe. Again, due to non-
equilibrium effects, the question of a time-dependent cha
terization on the whole frequency range 1021–1017 Hz has
to be raised up. For this purpose, the PS-PVME blends w
a high PS content were heated about 30 K above their c
rimetric Tg , cooled 60 K belowTg , and the time variation
of the dielectric losse9(v) was monitored for more than on
day. Figure 6 reports thee9(v) function measured on th
PS-PVME~80-20! blend, before and after annealing atT
5269 K. Clearly, a small decrease of the signal bel
1014 Hz is observed, this difference increasing in the lo
frequency part. However, the peak position as well as
high-frequency part of the relaxation process are nearly
changed. Besides, the low-frequency part of thee9(v) peak
after annealing displays, close to the peak maximum, a s
slightly higher than that before annealing. This feature,
gether with the decrease of the signal below 1014 Hz, sug-
gests that the observed changes are due to the shift of a
process out of the considered spectral window. However,
relaxation process we want to characterize is nearly
changed. This result implies that a time-independent cha
terization of the low-temperature peak is allowed on a r
sonable time scale. It is worth adding that during 8 mon
the PS-PVME~80-20! blend, let in a vacuum oven, at 20
below its calorimetricTg does not display any additiona
significant changes than those presented in Fig. 6. Thus

FIG. 6. Effect of physical aging on the dielectric loss spectr
e9(v) measured at 269 K on the PS-PVME~80-20! blend:~a! with-
out annealing~filled circles!; ~b! after an annealing time of 1 da
~empty circles!.
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a8 process does not evolve significantly on the time scale
the isothermal measurements~each measurement requirin
about 10 min!, allowing a characterization by time
independent parameters.

We define the characteristic relaxation timetmax from the
frequencyf max at the maximum of the peak observed on t
isothermal measurements ofe9(v) @tmax51/(2p f max)#.
The Arrhenius plot oftmax for PS-PVME blends withfPS
570%, 80%, and 90% is shown in Fig. 7. For compariso
the data obtained following the same procedure on
PVME homopolymer and PS-PVME blends with a low P
content (fPS535% and 50%! are also included. For thes
latter, it has to be noted that belowTg , no peak maximum
that could be related to thea8 process was detected in th
frequency range 1021–1017 Hz. For all the blends rich in
PS, an Arrhenius-like behavior is observed for temperatu
lower than 288 K:

tmax5t0 expS Ea

RTD . ~1!

The activation energyEa is very similar for all the blends,
about 64 kJ mol21. An independent fit of each dataset giv
the values oft0 andEa reported in Table I. It is also worthy
of remark that in Fig. 7 the characteristic relaxation time
the PVME motions related to the observed process decre
with raising up the PS content.

TABLE I. Arrhenius fit parameters for thea8 process in PS-
PVME blends with PS weight fractions of 70%, 80%, and 90%.

Sample t0 ~s! Ea (kJ mol21)

PS-PVME~70-30! 1.07310216 63.6
PS-PVME~80-20! 2.02310217 66.0
PS-PVME~90-10! 5.31310217 62.0

FIG. 7. Plot of the characteristic relaxation timetmax, for pure
PVME ~empty squares! and PS-PVME blends@fPS535 ~empty
circles!, 50 ~empty uptriangles!, 70 ~filled downtriangles!, 80 ~filled
diamonds!, and 90 wt %~cross!#, as a function of temperature. Th
dotted lines are fits of the experimental data with a Vogel-Fulc
equation and the solid lines, with an Arrhenius law.
5-5
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The dielectric losse9(v) recorded on the blends can b
described, around the peak maximum, by means of a
scher equation@23# ~see solid lines in Fig. 5!:

e9~v!5
2ep9

S v

vp
D 2m

1S v

vp
D n , ~2!

where the angular frequencyvp is related to the loss pea
maximumvmax @24#, m and n are exponents falling in the
range 0–1;ep9 , is a constant proportional to the peak amp
tude. Below~above! vmax, the Jonscher equation may b
approximated by two power laws, one for the low-frequen
side, the other for the high-frequency one@23,25#:

e9~v!}vm ~v!vmax!, ~3!

e9~v!}v2n ~v@vmax!.

The two independent exponentsm andn enable to probe the
breadth and the asymmetry of the considered PVME re
ation process, and thus, the shape of the underlying re
ation time distribution. The temperature dependence of th
shape parameters is presented in Fig. 8 for blends withfPS
570%, 80%, and 90%. The reported values were obtai
by limiting the frequency range used for the fitting procedu
to e9 values that can be satisfactorily described by the po
laws of Eq.~3!. Close to 223 K~288 K!, the values ofm ~n!
were not reported since the low-~high-! frequency tail of
e9(v) comes out of the probed spectral window, leading
unprecise shape exponent values. In addition, as for the
PVME~90-10! blend, a greater incertitude affects both sha
exponent values, due to the weakness of the dielectric sig
Clearly, the shape ofe9(v) does not depend much on tem
perature~between 223 K and 288 K! and is nearly unaffected

FIG. 8. Temperature dependence of shape parametersm and n
~see definition in the text! for PS-PVME blends rich in PS@fPS

570 ~filled downtriangles!, 80 ~filled diamonds!, and 90 wt %
~crosses!#.
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by the amount of PS. Besides, the relaxation peak is v
broad (m.n.0.1) and rather symmetric (m.n).

Finally, another quantity of interest is the dielectr
strengthDe related to this relaxation peak.De was estimated
by using the equation

De5
2

pE e9~v!d~ ln v!. ~4!

In Eq. ~4!, the experimentale9(v) are replaced by the ana
lytical expression deduced from the fit by a Jonscher fu
tion. At 268 K, for PS-PVME blends withfPS570%, 80%,
and 90%, the dielectric loss peake9(v) is centered in the
considered spectral window 1021–1017 Hz ~see Fig. 9!, thus
leading to a more precise determination ofDe: 0.030 for
fPS570%, 0.050 for fPS580%, and 0.056 forfPS
590%. In the case of the PS-PVME~90-10!, due to the
weakness of the dielectric signal, the experimental data u
for the evaluation ofDe were limited, in the high-frequency
side, to 1015 Hz. The De values of thea8 process were
compared to the dielectric strength related to the total nu
ber of PVME segments in the blends. This latter is estima
as the product of the dielectric strength of pure PVM
(DePVME50.817 @9#! by the PVME weight fraction. The
increase of the corresponding relative dielectric strength, a
evidenced in the inset of Fig. 9, shows that the amoun
PVME chain segments contributing to thea8-relaxation
peak is more and more important as the PS conten
raised up.

IV. DISCUSSION

Our dielectric measurements have evidenced that in a
tion to theb andg peaks, another relaxation process occu
below Tg , in the blends rich in PS. The corresponding d

FIG. 9. Dielectric loss spectrae9(v), normalized by the PVME
weight fractionfPVME , recorded at 268 K, on PS-PVME blend
with fPS570% ~filled downtriangles!, 80% ~filled diamonds!, and
90% ~crosses!. Inset: Variation with the blend composition of th
relative dielectric strength, i.e., the dielectric strengthDe of thea8
process over the dielectric strengthDePVMEfPVME of the total
number of PVME segments within the blend.
5-6
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electric losse9(v) is broad, symmetric, and follows a
Arrhenius-like temperature dependence. These three fea
indicate that this relaxation process displays similarities w
the characteristics of a secondary relaxation, and thus,
underlying motional process should be rather localiz
However, it has to be clearly distinguished from theb peak
observed on PVME and on all PS-PVME blends. Indeed,
latter occurs below 120 K at 1 Hz. Besides, its activat
energyEa is of 21.7 kJ mol21 @9#, i.e., about three times
lower than that of the considered relaxation process. In
ticular, this difference between theEa values of both pro-
cesses suggests that the PVME motions involved in thea8
relaxation extend on a larger length scale than the mot
related to the PVMEb process~fluctuations of the pendan
group -OCH3 @19#!. In addition, it is noteworthy that theb
and g peaks of PVME in PS-PVME blends are not depe
dent on the PS concentration, in contrast with thea8 peak.

In the PS-PVME blends withfPS higher than 70%, the
PVME chain segments are, on average, surrounded by
chains or subchains. Besides, in this composition range,
effective glass transition of PS is estimated, through
model proposed by Lodge and McLeish@7#, to stand above
325 K. ~More precisely, it is expected to increase from 325
to 355 K whenfPS is varied from 70% to 90%! @8#. Thus, in
the probed temperature range (T lower than about 280 K!,
the PVME segmental motions giving rise to th
a8-relaxation process occur in an environment consisting
‘‘frozen’’ PS chains. As a result, cooperative motions invo
ing both PS and PVME chain portions are not possible. T
only PVME main-chain motions that would be possible a
conformational transitions~or rotational fluctuations! imply-
ing very few monomer units and compatible with the top
logical constraints induced by the PS chains. Thus, by c
straining the PVME segmental motions, the PS chains wo
promote local rearrangements, which are consistent with
behavior of the low-temperature peak previously descri
~similarities with a secondary process!.

Now, we will focus on the temperature dependence
served in the PS-PVME blends rich in PS, belowTg . Let us
first come back to the case of a homopolymer. Above
glass transitionTg , the temperature dependence of t
a-relaxation timet of polymers can be described by
Vogel-Fulcher law:

t~T!5t0 expS B

T2T0
D . ~5!

Such a dependence can be rationalized by using the A
and Gibbs theory@26#, based on the configurational entrop
Sc of the system. In this approach, the reorientational time
a given unit is related toSc according to

t~T!5t0 expS NAsc* Dm

kBTSc
D , ~6!

wheresc* is the entropy of the minimum number of particle
involved in the cooperative motions;Dm, the molar elemen-
tary activation energy;t0, the reciprocal of a frequency a
tempt; NA , Avogadro’s number, andkB , Boltzmann’s con-
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stant. It has to be emphasized that when the Adam and G
equation is applied far belowTg , where the configurationa
entropy is expected to be temperature independent,
Arrhenius law results@15,27,28#. According to Eq.~6!, the
corresponding activation energy of this Arrhenius law wou
be expressed as:

Ea
AG5

NAsc* Dm

Sc
f rozen

. ~7!

It should be noted that the PVME segmental motions
below Tg in the homopolymer are extremely slow@15,16#.
This situation can be related to that occurring in PS-PVM
blends rich in PS, far belowTg , where the time scale of the
PVME segmental motions is rather low. Following our inte
pretation, in that temperature range, the PVME motions t
place in a matrix made of frozen PS chains. Thus, the c
figurational entropy in that temperature range would be
sentially temperature independent. Taking this into acco
the activation energyEa of the a8 process should be of th
same order of magnitude asEa

AG . By using the parameter
corresponding to the PVME homopolymer@15#, the resulting
value ofEa

AG is about 57 kJ mol21 which, indeed, is not very
different from theEa value deduced from the temperatu
dependence oftmax in the blends (Ea was found to be of
about 64 kJ mol21). This difference can be rationalized b
considering that the value ofSc

f rozen for PVME could be
slightly different from those corresponding to the blend
This interpretation is also consistent with the fact that
apparent activation energy in the blends has been found t
nearly independent of composition.

Until now, for the sake of simplicity, we have only con
sidered the mean PS weight fraction over the whole ble
and disregarded the effect of the concentration fluctuatio
However, these latter should be at least partially respons
for the large breadth of thea8-relaxation process: dependin
on the local PS concentration, the corresponding PVME m
tions will be more or less constrained.

The previously described process can also be observe
the temperature variation ofe9 measured at 1 Hz on th
PS-PVME~50-50! blend ~see Fig. 3!, though it appears far
less pronounced than for higherfPS values. Indeed, due to
concentration fluctuations, some regions within the blend
perience local PS weight fractions much higher than 50%
these regions, the PVME motions will also give rise to
additional relaxation process, as explained for blends rich
PS. This is consistent with previous studies of PS-PVM
blends rich in PVME (fPS535% and 50%! @9#, which have
suggested that some of the PVME segments within th
mixtures display motional processes faster than those in p
PVME. Besides, in the PS-PVME~50-50! blend, thea8 peak
can be observed on isothermale9(v) measurements, far be
low the glass transition temperature, at the border of
accessible frequency range. Assuming a peak shape inde
dent of temperature in that range, a frequency-tempera
superposition of the high-frequency tail of this peak leads
an activation energy of about 51 kJ mol21, consistent with
the value obtained for blends rich in PS.
5-7
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The interpretation of the molecular motions inducing t
a8-relaxation process is also consistent with the results
tained with our physical aging experiments. Indeed, in P
PVME blends rich in PS, the evolution toward the equili
rium state during annealing is driven by the structu
recovery process of the PS chains. In our experiments,
annealing temperature was at least 15 K lower than the c
rimetric Tg , and thus much lower than the PS effective gla
transition temperature. Thus, the time scale involved by
aging of the PS matrix is far higher than the considered
nealing time, resulting in the absence of any significant eff
of annealing on the shape of the observed low-tempera
e9(T) peak. This behavior has to be contrasted with the c
of the PVME homopolymer or the blends rich in PVME.
these latter, each PVME chain is, on average, mainly
rounded by other PVME chains and thus, its environm
will undergo a structural relaxation over the chosen ann
ing time ~see the case of PVME in Fig. 4!.

At this stage, it is interesting to compare our results w
previous studies on physical aging of PS-PVME blends.
particular, Cowie and Ferguson have reported enthalpy re
ation measurements on a PS-PVME~50-50! blend which
were analyzed through two models: the Cowie-Fergu
model and the Petrie-Marshall one@29#. They proved that the
PVME component is mainly responsible for the physical a
ing process they monitor, which allows us to compare th
data with our dielectric measurements, mainly sensitive
PVME. The analysis with the Petrie-Marshall model leads
an apparent activation energyEH for enthalpy relaxation of
929 kJ mol21, value determined within the temperatu
range 250–270 K.EH corresponds to the activation energ
for enthalpy relaxation after complete physical aging of
blend. This value should be compared to the apparent a
vation energy deduced from our dielectric data on the
PVME~50-50! blend, using an extrapolation of the Voge
Fulcher fit oftmax ~see Fig. 7!. The thus obtainedEa values
range between about 1160 and 350 kJ mol21 for T varying
from 250 to 270 K, which indeed is consistent with theEH
value reported in Ref.@29#. In addition, using the Cowie
Ferguson model, the authors fitted the enthalpic relaxa
measurements using a Kolhrausch-Williams-Watts functi
its characteristic time beingtc . By approximating the tem-
perature dependence oftc between 250 and 270 K via
rough Arrhenius fit, we found an apparent activation ene
for the out of equilibrium relaxation in the blend of abo
65 kJ mol21: this value is in close agreement with the ac
vation energyEa of the a8 process deduced following th
out of equilibrium PVME segmental dynamics. It is low
than the one found in pure PVME in the glassy st
(125 kJ mol21) by means of time domain dielectri
measurements@16#.

One basic question that remains concerns the value
the relaxation times involved in this process. Indeed
speeding up of the PVME localized motions is observ
when the PS content is increased, as can be seen in Fig.
Fig. 9. This suggests that confinement effects could t
place within these blends. Indeed, following our previo
view, PVME chains would be confined in a thre
dimensional solidlike PS matrix. Here, it is not obvious
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define the confining lengthd of the PVME segments. But, in
a first approach, considering that each PVME chain is s
rounded by PS ones, the confinement length would be of
order of 10 Å, i.e., twice the typical interchain distance in
homopolymer. This confining length is analogous to th
considered in previously studied systems such as nanoc
posites, made of polymer chains intercalated within the in
galleries of silicate layers@30#. In these nanocomposites, th
confining distance is also close to 10 Å, but one strong d
ference in the case of the blends is that the confinemen
very ill defined.

Confined polymer chains are known to display a structu
and dynamical behavior different from the bulk state. It
well admitted now that the segmental motions can
speeded up or slowed down, due to a competition betw
pure ~geometric! confinement and the effects of the intera
tions between the confined polymer chains and the confin
surfaces. Having this point in mind and following the ana
ogy with polymers confined in well-defined matrixes, o
can assume that, in a first approach, no ‘‘interface’’ effect
the PS chains on the PVME segmental dynamics has to
taken into account. Indeed, in the case of PS-PVME blen
only weak van der Waals interactions between the PS ph
ring and the PVME methoxyl group occur, as evidenced
two-dimensional~2D! NMR experiments@31#. In that con-
text, it is expected that pure confinement induces a spee
up of the segmental dynamics, by comparison with the
confined state~PVME homopolymer!. This would rationalize
the observed speeding up in the blends rich in PS. Howe
this analogy with systems where the confining distance
uniform has to be taken with great care. Indeed, even fo
confined simple liquid, recent molecular dynamics simu
tions have evidenced that, depending on the roughness o
confining walls~smooth or rough!, a speeding up or a slow
ing down could be observed in the relaxation dynamics
the liquid @32#. Further dielectric spectroscopy experimen
are currently being developed on these PS-PVME blend
clarify the origin of the speeding up we observe.

Finally, the occurrence of PVME segmental motions,
lated to thea8 process, within the blends rich in PS could b
of particular interest for the mechanical properties of the
materials below theirTg . It turns out that blending appear
as an ‘‘artificial’’ way of inducing molecular mobility in the
glassy state. This feature could be of great interest for p
sible industrial applications of these multicompone
systems.

V. CONCLUSION

We have investigated the motional processes of the l
Tg component~PVME! within the homogeneous phase
miscible polymer blends, dynamically asymmetric~PS-
PVME!, below their glass transition. Blends rich in the hig
Tg component were mainly considered. In addition to t
well-known PVME secondary relaxations, another relaxat
process called by usa8 relaxation is detected in these blend
This relaxation is related to motions of the PVME cha
segments constrained by the matrix formed by the frozen
chains. With this respect, the molecular nature of thisa8
5-8
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relaxation has certainly to be related with the segmentaa
relaxation of PVME, but in a constrained geometry. Th
attribution is consistent with the fact that the structural
covery process, essentially driven by the PS matrix, is m
slower than the time scale involved by these PVME motio
Besides, a speeding up of the PVME motional process
increasing the PS concentration of the blend is observ
Similarities with systems of polymer chains confined in we
ordered matrixes are discussed and suggest that this spe
-

at
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ing

up would also result from the confinement of the PVM
chains by the PS matrix.
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