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Abstract

Dielectric relaxation of poly(vinyl methyl ether) (PVME)/poly(2-chlorostyrene) (P2CS) blends with a lower critical solution temperature
(LCST) was investigated in the one-phase region over a wide range of temperature. Four distinct dielectrically active processes were
observed and identified asa1, a2, b andg relaxation processes. It was found that theb andg processes were almost unaffected upon
varying the blend composition, while their relaxation intensities were approximately proportional to the PVME content. Furthermore, there
exist two peaks (a1, a2) corresponding to the segmental relaxation process of each component. By comparing this with the data obtained by
small-angle X-ray scattering and differential scanning calorimetry, the experimental results are discussed in terms of dynamical hetero-
geneity of miscible polymer blends composed of two polymer components with a large difference in glass transition temperatures.q 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The feature of polymer dynamics is characterized by
broad relaxation spectra spreading over a wide range of
time and length scales. Relaxation processes of a homo-
polymer can be greatly modified by blending with another
polymer component [1]. From the practical viewpoints, it is
important to understand and control these relaxation
processes because the mechanical as well as electrical
properties of multi-component polymers are greatly affected
by the mixing process. Most of polymers are not miscible
with each other and undergo phase separation upon blend-
ing. The correlation between mechanical [2], dielectrical
properties [3] and morphology of phase separated blends
has been one of the central research subjects for polymer
materials science in past decades because physical proper-
ties such as high impact strength, optical properties and so

on are strongly dominated by their morphologies [1]. On the
other hand, dynamics of miscible blends have also been
extensively studied by several groups using differential
scanning calorimetry (DSC) [4,5], NMR [6–9], dielectric
[10–15], mechanical [16–20] and birefringence [16–18]
measurements. From these studies it is obvious that polymer
components in a miscible blend do not always share the
same local segmental dynamics and the relaxation time
distribution of the segmental motions is much broader
than that of pure components. In some particular cases, a
bimodal distribution of thea-relaxation processes can be
detected even though the blend is in a single phase
[12,13]. As a consequence, the appearance of twoa-relaxa-
tion peaks for a given binary blend is not necessarily a
criterion for determination of phase separation. The two
distinct relaxation times observed in thea-process of misci-
ble blends have been qualitatively explained in terms of the
so-called “dynamic heterogeneity” arising from the intrinsic
difference in mobility of chain segments and the effect of the
composition fluctuations.

In this paper, we investigate the dielectric relaxation
behavior of poly(2-chlorostyrene)/poly(vinyl methyl ether)
(P2CS/PVME) blends. It has been known that this particular
blend possesses a lower critical solution temperature
(LCST) and its miscibility has been reported to be better
than polystyrene (PS)/PVME blends [21,22]. Furthermore,
these two polymers have a large difference inTg and both of
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them have large dipole moments, providing a suitable
system for studying dielectric behavior over a wide
temperature range. First, the miscibility of P2CS/PVME
blends was examined by using small-angle X-ray scattering
and DSC. Subsequently, the dielectric relaxation of the
blend and its homopolymer components was measured.
The composition dependence of the relaxation processes
was measured over a wide range of temperature. Finally,
these experimental results were compared to other polymer
blends such as PS/PVME, poly(vinyl ethylene)/polyiso-
prene (PVE/PIP) blends with a wide gaps betweenTgs of
the two polymer components and discussed in terms of
dynamic heterogeneity.

2. Experimental section

2.1. Samples

P2CS was obtained by radical polymerization of 2-chro-
lostyrene (Tokyo Kasei, Japan) in benzene at 608C with
a,a 0-azobis (isobutyronitrile) as initiator. After polymeriza-
tion, the polymer was reprecipitated once by using a
toluene/methanol mixture and subsequently twice using
a toluene/methylcyclohexane mixture to remove polar
impurities.

PVME purchased from Scientific Polymer Products Inc.
was precipitated twice using toluene/heptane mixtures. The
weight-average molecular weights of P2CS and PVME are
Mw� 4.5× 105 and 9.6× 104, respectively. The former was
determined from the intrinsic viscosity [23] measurements
with toluene as a solvent at 308C and the latter by gel
permeation chromatograph equipped with a small-angle
light scattering photometer (GPC, Tosoh Co., Model

HLC-8011). Their molecular weight distributionsMw/Mn

are, respectively, 2.5 and 1.6. The blends were prepared
by casting the toluene solutions of these polymer mixtures
on a Cr-plated brass electrode of dish shape. After drying
under vacuum at 60–1008C for 2 days, the sample was
sandwiched between two electrodes with a gap of ca.
50mm and pressed under ambient pressure at the tempera-
tures betweenTg and the cloud pointTc of the blends.

2.2. Dielectric relaxation measurements

Dielectric measurements were carried out by using an
LCR-meter (Ando Electrics, Japan) with frequency variable
between 100 Hz and 100 kHz over a wide range of tempera-
ture between 15 and 410 K below the binodal temperatures
of the blend. Cr-plated brass electrodes were used for
measurements of P2CS/PVME blends and PVME homopo-
lymer. For P2CS homopolymer, silver electrodes were made
by vapor deposition onto the samples after solvent casting.
Experimental temperatures were controlled with a precision
of ^0.58C.

2.3. Differential scanning calorimetry

Glass transition temperature (Tg) of the blends was
measured using DSC (Mac Science, Model 3100) under
nitrogen atmosphere with a heating rate of 58C/min. Tg

was determined as the midpoint of the transition on the
DSC thermogram.

2.4. Light and X-ray scattering measurements

The cloud points of the blends with various compositions
were measured by using a light scattering photometer at a
fixed angle (ca. 208) [24]. To eliminate the kinetic effects in
the cloud point determination, the temperatures of phase
separation was determined by extrapolating the scattering
data obtained with three heating rates 0.1, 0.2 and 0.5 K/min
to zero-heating rate, assuming the linear relationship
between the cloud points and the heating rates.

Small-angle X-ray scattering using synchrotron radiation
was carried out at the BL-10C beam line of the Photon
Factory (National Laboratory for High Energy Physics,
Tsukuba, Japan) for P2CS/PVME� 3/7 and 5/5 blends.
X-rays with a wavelength of 1.488 A˚ selected from a
2.5 GeV storage ring were point focused on the 1D posi-
tion-sensitive photon counter. The sample of 2 mm thick-
ness was mounted on a sample holder and kept in a brass
heating block whose temperatures were controlled with
precision of^0.58C. The blend was sandwiched between
two Mylar (PET) thin films with the thickness 5mm. Prior to
the data analysis, the scattering intensity was corrected by
subtracting the absorption of the sample and two Mylar
windows from the total intensities.
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Fig. 1. Composition dependence of the cloud points (Tc), the spinodal
temperature (Ts) and the glass transition temperature (Tg).



3. Results and discussion

3.1. Phase behavior and glass transition of P2CS/PVME
blends

The composition dependence of the cloud pointsTc

obtained for P2CS/PVME blend is shown in Fig. 1. From
these results, it is obvious that similar to the well-known PS/
PVME mixture, this blend has also a lower critical solution
temperature (LCST) and undergoes phase separation upon
increasing temperature. In order to examine the phase beha-
vior of P2CS/PVME blends in a quantitative way, small-
angle X-ray scattering (SAXS) was used to determine the
spinodal temperatures of the blend. Fig. 2 shows the typical
SAXS profiles obtained for a P2CS/PVME (3/7) blend upon
increasing temperature. Obviously, the scattering intensity
increases with increasing temperature, revealing the

existence of an LCST for the P2CS/PVME blend. The scat-
tering function of the blend is well expressed by the
Ornstein–Zernike function:

I �q� � I �0�=�1 1 j 2q2� �1�
whereq is the magnitude of the scattering vector given by
q� �4p=l� sin�u=2� whereu is the scattering angle andl is
the wavelength of the incident X-ray,I(q) is the scattering
intensity measured at an arbitrary angle withI(0) corre-
sponding to the intensity at zero-scattering vector andj is
the correlation length corresponding to the wavelength of
the concentration fluctuations.

The correlation lengthj was calculated from the ratio of
the slope and the intercept of the Ornstein–Zernike plot as
shown in the inset of Fig. 2.j obtained under various
temperatures for P2CS/PVME (3/7) and (5/5) blends was
summarized in Table 1. To estimate the spinodal tempera-
tureTs, we assume that the critical behavior of this particular
blend obeys the mean field theory and plot 1/j 2 vs. 1/T in
Fig. 3 for P2CS/PVME (3/7 and 5/5), whereT is the absolute
temperature. The linear relationship obtained from this plot
justifies the validity of the mean field theory within the
temperature range of this experiment. The spinodal
temperature for a given composition of the blend was then
obtained by extrapolating 1/j 2 to zero. TheseTss are also
shown in Fig. 1 along with the cloud pointsTc. The spinodal
temperatures situate just above the cloud points of the blend,
justifying also that this blend has a LCST.

Fig. 4 shows the DSC thermograms of P2CS/PVME
blends with various compositions including P2CS and
PVME homopolymers. All the blends exhibit a single
glass transition temperature (Tg). The arrows in the figure
correspond to the midpoints of the transition that were taken
asTg of the sample. The composition dependence of these
glass transition temperatures was shown previously in Fig.
1. The negative deviation from the linear relation between
Tg and fP2CS has also been reported previously and was
explained by the Kwei’s formula with the attractive inter-
actions between P2CS and PVME [22]. The gap inTgs of the
component polymers in the P2CS/PVME blend is 160 K,
which is much larger compared to PS/PVME (130 K) and
poly(vinyl ethylene)/polyisoprene (PVE/PIP) (64 K) [4]
blends. It is, therefore, expected that the P2CS/PVME
blends would exhibit a remarkable effect of dynamic hetero-
geneity in the relaxation behavior due to a large difference
in the component dynamics.

3.2. Dielectric relaxation of P2CS and PVME
homopolymers

Fig. 5 shows the isochronal dielectric losse 00 for P2CS
and PVME homopolymers measured at a frequency of
1 kHz. P2CS exhibits ab-relaxation peak around 400 K
and a broad shoulder corresponding to thea-relaxation in
the lower temperature side. It is known, from the literature,
that tand of P2CS homopolymer has the relaxation
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Fig. 2. SAXS profiles for a P2CS/PVME (3/7) blend at various temperature
in the one-phase region. The inset shows Ornstein–Zernike plots with
arrows indicating the location atqj � 1:

Table 1
Characteristic length of concentration fluctuations for P2CS/PVME� 3/7
and 5/5 blends

T (K) j (Å)

(3/7) (5/5)

323 22.1
343 27.0
353 29.8
373 39.0
380 46.3
388 50.8 39.0
396 64.7 47.3
400 79.8 51.4
405 62.6



intensity in the order of 1025 below 100 K [25]. However,
within our experimental accuracy, no significant relaxation
could be observed for P2CS below 200 K. On the other
hand, PVME homopolymer shows three distinct peaks
designated respectively asa, b and g from the high-
temperature side. Thea-relaxation is related to the segmen-
tal motions of PVME whereasb andg processes are related
to the molecular motions of smaller scales. In order to assign
theb- andg-relaxation processes of PVME, Arrhenius plots
of the frequencies corresponding to these peaks are shown in
Fig. 6. The activation energies of these two modes are 5.6
and 1.3 kcal/mol for theb- andg-processes, respectively. It
would be expected that the rotational relaxation of the
methyl ether groups is responsible for these local modes.

To elucidate the origin of these local motions, the potential
energy of the model compound 2-methyl ether propane illu-
strated in Fig. 7 was calculated as a function of the rotational
anglef1 around the O–C bond by using a commercially
available software CSChem3D Prow. The dependence of the
potential energy on the anglef1 is shown in the same figure.
It was found that there exist two barriers corresponding,
respectively, to the steric hindrance between CH3(a)–H(a)
and CH3(a)–CH3(b,b0) as shown in the potential map of Fig.
7. The energy barriers obtained from the calculation are 4.4
and 1.3 kcal/mol, which are very close to, respectively, the
experimentally observed activation energies 5.6 kcal/mol
for the b-process and 1.3 kcal/mol for theg-process.
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Fig. 3. Plots ofj22 versus reciprocal temperatureT21 for P2CS/PVME (3/7
and 5/5) blends. Fig. 4. DSC traces for the homopolymers and P2CS/PVME blends with

various composition.

Fig. 5. Temperature dependence of the dielectric losse 00 of P2CS and PVME (dried and treated under humidity).



These results suggest that the molecular motions corre-
sponding to theb- and g-relaxation of PVME can be
assigned, respectively, as the free and restricted rotational
motions of the methyl ether groups around O–C bonds (f1-
rotation).

As seen in Fig. 5, between thea- andb-peaks, there exists
a broad and minor relaxation whose intensity increases with
the moisture content of the sample. In this figure, the
temperature dependence of thee 00 for PVME samples trea-
ted under the atmosphere of 100% humidity was compared
to a sample dried under the conditions described in the
experimental section. It was found that the intensity of the
peak appearing at 210 K greatly increases with the water
content in the sample, indicating that moisture is responsible
for the broad peak between thea- and b-relaxation
processes.

3.3. Dielectric relaxation of P2CS/PVME blends

Fig. 8 shows the isochronale 00 of P2CS/PVME blends
with the compositions 10/0, 7/3, 5/5, 3/7 and 0/10 observed
at the frequency 1 kHz. Below 200 K, theb- andg-relaxa-
tion peaks of PVME component in the blends appear
remarkably because P2CS has negligibly small dielectric
response compared to PVME. It is obvious that the peak
temperature of theb- and g-relaxation processes remain
unchanged regardless of the blend composition. The peak
height, on the other hand, is approximately proportional to
the PVME composition of the blends. Fig. 9 shows the
Arrhenius plots for theb- and g-relaxation observed in
the blend.

These activation energies are almost unchanged with the
blend composition. From these results, we conclude that the
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Fig. 6. Arrhenius plots for theb- andg-relaxation processes of a PVME homopolymer.

Fig. 7. Potential curves as a function of the rotation anglef1 with a fixedf2 (� 1808) calculated by using CSChem3D Prow.



dynamics ofb- andg-relaxation processes of PVME is not
affected by blending with P2CS. In other words, the time
scale of the molecular motions involved in theb- andg-
relaxation is insensitive to the change in the environments
upon blending and therefore the relaxation behavior of
PVME remains as in the unblended state.

On the other hand, blending apparently changes thea-
relaxation as seen in Fig. 8. The unusual behavior is the
appearance of two peaks (a1, a2) in dielectric losse 00 for
all the blend compositions, P2CS/PVME� 3/7, 5/5, 7/3
though these blends are in the one-phase region as revealed
by SAXS measurements. Herea1 and a2 denote thea-
relaxation peaks in higher and lower temperature sides,
respectively. In order to examine the possibility of micro-
phase separation, the dielectric relaxation of the blends
containing P2CS with differentMw was measured and
compared to those with P2CS of higher molecular weights
because it is expected that P2CS/PVME blends with P2CS
of low Mw has the wider miscible region [22]. The experi-
mental results are shown in Fig. 10 where the P2CS/PVME
blends with P2CS ofMw� 61,000 and 442,000 are used.
The overlap of isochronale 00 curves observed over a wide
range of temperature 250–400 K for these two blends
suggests that the appearance of the doublea-peaks is the
inherent feature of the blend and is not originated from
micro-phase separation. Unlike the glass transition data
obtained by DSC shown in Fig. 4, dielectric spectroscopy
is able to resolve with high sensitivity the dynamics of
polymer components in the blends.

Over the past decade, dynamic heterogeneity of polymer
blends has been extensively studied, particularly for PVE/
PIP mixtures [4,8,9,12,13,16–19]. It is well known that
PVE/PIP blends are miscible in all compositions and the
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Fig. 8. Isochronale 00 curves obtained at 1 kHz for P2CS/PVME blends with various compositions.

Fig. 9. Arrhenius plots for: (a) theb-relaxation; and (b) theg-relaxation
processes of PVME in P2CS/PVME blends of various compositions. Theg-
peaks were not accurately measured for P2CS/PVME 5/5 and 7/3 blends
because of the low intensity. Thus only the data of P2CS/PVME 0/10 and 3/
7 are shown in the figure.



segmental interactions between PVE and PIP are nearly
athermal [26,27]. In addition, the two components of the
blend have a large difference inTg (DT� 64 K) which
makes the dynamical inhomogeneity of the mixture signifi-
cant: unusually broad width of the glass transition [19],
breakdown of the time-temperature superposition principle
[18,19] and the appearance of twoa-relaxation peaks in
dielectric loss [12,13]. However, miscible polymer mixtures
exhibiting two separateda-peaks are not common, except
the PVE/PIP blends, to the best of our knowledge. As shown
in Fig. 8, the P2CS/PVME blend is another particular
system having twoa-peaks. It is noted that for the
P2CS/PVME blend twoa-peaks appear though attrac-
tive interaction between two components exists in
contrast to PVE/PIP blend where the interaction is
nearly athermal.

Shown in Fig. 11 are the dielectric loss for P2CS/PVME

(5/5) and PS/PVME (5/5) blends for comparison. Theb-
relaxation process of PVME in these two blends is almost
the same, whereas thea-relaxation of the PS/PVME is
apparently different from that of the P2CS/PVME blend
due to the absence of thea1-peak in the higher temperature
side. The small deviation between the twoa-peaks at the
low-temperature side of these two blends is probably due to
the difference in theTgs of PS and P2CS components. The
significant difference in shape of the isochronale 00 curves
(double vs. singlea-peaks) can be explained by the fact that
P2CS has a larger dipole moment compared to PS. The peak
of P2CS/PVME blend, which appears in the higher tempera-
ture side (a1), can be assigned as the segmental motions of
the P2CS component and the one observed in the lower
temperature side (a2), as that of PVME. At the detailed
level, a small but not negligible shoulder exists on thee 00

of PS/PVME at ca. 340 K as shown by an arrow in the
figure. This relaxation might reflect the segmental motions
of the PS component. The small dipole moment of PS might
be responsible for this small dielectric loss of PS/PVME
blends.

Mixing two polymer components gives rise to the change
in their segmental dynamics due to the coupled or coopera-
tive motion between two kinds of segments. However,
complete coupling in the segmental motions is hardly
realized unless the different kinds of segments are connected
via covalent bonds. In a miscible state, if the surrounding
molecules around one particular segment can be approxi-
mately regarded as a uniform media in the mean-field sense,
then each component dynamics being different in its pure
state will become similar in the same surroundings.
However, we believe that they cannot inherently take the
same dynamics and independent nature for the segment
dynamics remains because of the difference in chemical
structures, i.e. difference in the segment size and in the
degree of motional coupling with surrounding molecules.
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Fig. 10. Temperature dependence of the dielectric losse 00 obtained at 1 kHz
for P2CS/PVME blends (5/5) with P2CS of differentMw (6.1× 104 and
4.42× 105).

Fig. 11. Comparison of the isochronale 00 observed at 1 kHz for a P2CS/PVME (5/5) and PS/PVME (5/5) blends.



Thus we think that two time scales must exist more or less in
the a-relaxation of any miscible polymer blends. Further-
more, it has been shown that the effect of composition fluc-
tuations does not induce the two separate time scales in
motions of two kinds of segments, but broadens the distri-
bution function of the relaxation times [10,11], in the case
that the time scale of the fluctuation is much faster than the
segmental relaxation times. (If the segment size is larger
than the correlation lengthj , such effect will no longer
play an important role ina-dynamics.) Thus the appearance
of double-peaks does not originate from the composition
fluctuation effect but from the intrinsic difference of
segment dynamics. From the static viewpoint, the fact that
the SAXS profiles can be well fitted by the Ornstein–
Zernike theory as shown in Fig. 2 whereas thee 00 of these
blends exhibits two distinct peaks ofa-relaxation, might be
a reflection of the difference between the dynamic and static
homogeneity. In other words the intrinsic difference in the
segmental dynamics of each component does not disappear
if the blends are statically mixed each other.

Two a-peaks as seen in Fig. 8 cannot always be detect-
able depending on the experimental method. The most
powerful technique to detect these features is the usage of
chemical labeling to the one component. Fig. 11 is the typi-
cal example showing that the dipole labeling (incorporation
of chlorine) enables us to detect the twoa-dynamics while
deuterium labeling to one component is usually used for
NMR or IR dichroism.

The dependence of the peak temperature,Tmax, on the
P2CS composition,fP2CS, observed at 1 kHz is shown in
Fig. 12. Compared to P2CS,Tmax of PVME does not depend
strongly on the composition of the blend. Furthermore, the
gap between the twoTmaxs, which reflects the dynamic
heterogeneity of the blend, becomes larger as the P2CS
composition increases. This may possibly suggest that the
independent nature of the segmental dynamics for each

component polymer will be enhanced as the increase of
fP2CS.

4. Summary

1. Four dielectrically active processes were observed for a
P2CS/PVME blend. From the low-temperature side,
these are, respectively, theg-relaxation resulted from
the restricted rotational motions of the methyl ether
group in PVME below 50 K, theb-relaxation originating
from the free rotational motions of PVME side chains
and the twoa-relaxation processes that are assigned as
the segmental motions of the PVME component (corre-
sponding to the low temperature peak) and of the P2CS
component (the high temperature peak).

2. The peak temperatures and the activation energies of the
b- and g-relaxation processes remain unchanged upon
varying the blend composition, implying that the dyna-
mical environment for the motional units involving in the
b- andg-relaxation in PVME are almost unaffected by
mixing with P2CS.

3. The emergence of twoa-peaks can be explained by the
dynamic heterogeneity effect arising mainly from the
intrinsic difference in mobilities of two kinds of
segments.
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