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I. INTRODUCTION

Dynamics in polymer blends is a very important topic, not
only from a fundamental point of view but also for technological
applications. The mixing of two compatible polymers is one of
the most cost-effective ways to tune the properties of available
polymeric materials to meet application needs. A limited knowl-
edge of the blending phenomenon restricts the advance in the
pursuit of tailor-made materials so a deep molecular level under-
standing is crucial. Miscible polymer blends have been known for
some time to exhibit striking dynamic phenomena (see e.g.
reviews1�3 and references therein). Concerning the segmental
dynamics driving the so-called R-relaxation, two main effects are
well established by extensive experimental studies: (i) the
isolated dynamical response of each component broadens with
respect to the pure polymer behavior, this effect being strongly
dependent on temperature (it tends to disappear at high T) and
more evident for the component with the lower glass transition
temperature, Tg; and (ii) two distinct mean relaxation times are
usually found in the blend, each of them corresponding to the
dynamics of each component modified by blending, what is
usually called “dynamic heterogeneity”. Confinement effects in
dynamically asymmetric blends are also a hot topic which arouses
a large amount of research. When the slower component of a

miscible blend dynamically freezes, the segmental relaxation of
the faster component has been reported to show a crossover to a
more localized and faster dynamics,4�11 in analogy with the
behavior shown by diverse systems confined within well-defined
geometries.12�14

In addition to the rationalization of component segmental
dynamics in miscible blends, it is also of great importance to
understand the effect of blending on the viscoelastic relaxation of
each species and on the rheological properties of the blend.
“Dynamic heterogeneity” in blends extends to terminal relaxa-
tion and two distinct mean relaxation times have been found,
each of them corresponding to the dynamics of each component
modified by blending.15�19 For a pure homopolymer well above
Tg the segmental and terminal relaxation times usually show
similar T-dependence.20,21 The Rouse model,22 which is based
on a bead�spring description of the polymer chain under
random external forces, successfully reproduces this connection
between the two dynamics. As a consequence, attempts have
been made to predict and describe the rheological properties of
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ABSTRACT: We have studied polyisoprene (PI) component
chain dynamics in poly(tert-butylstyrene) (PtBS) miscible
blends of low molecular weight over the entire composition
range by broadband dielectric spectroscopy (DS). Blends with
two different molecular weight of PtBS,Mn = 1300 Da andMn =
2300 Da, having notably different glass transition temperatures,
Tg = 330 K andTg = 373 K, respectively, have been investigated.
The molecular weight for PI wasMn = 2700 Da, andTg = 204 K,
i.e., well below the Tg of PtBS. The molecular weights of all the
polymers were chosen in order to be well below the entangle-
ment limit for PI. In addition to the slowing down of the
dielectric response of PI as the high-Tg component PtBS increases, there is a gradual broadening of both low- and high-frequency
tails of the normal mode relaxation as PtBS% increases and for a given composition as the temperature decreases. The magnitude of
the broadening depends on (i) the concentration, (ii) the temperature, and (iii) the dynamic asymmetry, i.e., the difference between
the pure component’sTg. The onset of the mentioned broadening correlates well with the freezing of the segmental relaxation of the
high-Tg PtBS component. Finally, the terminal dynamics of PI component shows a stronger T-dependence than its segmental
dynamics, and the effect is more pronounced the higher the PtBS content. As a result, the separation between the maxima of both
relaxations ranges from 3 decades in pure PI and PI g 50% content blends to ∼5 decades for 20% PI blends. The results are
discussed in terms of the dynamic asymmetry between the different blend components and compared with simulation results of
dynamically asymmetric bead�spring polymer blends showing anomalous scaling behavior of the Rouse modes.



3612 dx.doi.org/10.1021/ma2000064 |Macromolecules 2011, 44, 3611–3621

Macromolecules ARTICLE

the blend starting from the segmental relaxation of each compo-
nent under the assumption that the terminal and segmental
dynamics for a given component in a miscible blend have the
same T-dependence.23,24 The compilation of literature data,
however, indicates that the terminal dynamics does not track
the segmental dynamics in all miscible polymer blends.15,16,19,25

To date, most of the systems used to learn how component
chain dynamics are modified by blending had relatively high
molecular weights. High molecular weight systems are closer to
practical applications and more interesting from a rheological
point of view but complicate the analysis and identification of
fundamental relations as even high molecular weight homopo-
lymers depart from the Rouse behavior when topological con-
straints due to chain entanglements come into play. In this work
we have studied the component dynamics of PI in PI/PtBS
miscible blends of low molecular weight—well below the
entangled limit—by dielectric spectroscopy over the entire
composition range. The suitability of the Rouse model to
describe the chain dynamics of this low molecular weight PI
has been carefully checked recently.26 Results in the present
paper show that time�temperature superposition of the normal
mode relaxation of PI in the blends does not hold on either the
low- or high-frequency tails of the dielectric relaxation spectra.
Moreover, the comparison of normal mode and R-relaxation
times for PI indicates that they do not track each other and
become more and more apart the lower the PI content. The data
presented herein evidence the nontrivial character of blending
phenomena even for this relatively simple case. Finally, an
attempt to describe the dielectric data in terms of nonexponential
Rouse modes is made by comparison with the results of simula-
tions of mixtures of short bead�spring polymer chains with high
dynamic asymmetry.

II. EXPERIMENTAL SECTION

A. Samples. Samples were prepared starting from commercially
available pure homopolymers Polyisoprene (PI) and poly(tert-
butylstyrene) (PtBS) purchased from Polymer Source. The low-Tg com-
ponent of the blends was PI (80% cis-1,4; 15% trans-1,4; 5% trans-3,4) with
Mn= 2700Da andMw/Mn = 1.07 (PI27 fromnowon) and a glass transition
temperature, Tg = 204 K, determined by differential scanning calorimetry.
Two PtBS with different molecular weights and Tgs were used as high-Tg
components: PtBS13 (Mn = 1300 Da;Mw/Mn = 1.08) and PtBS23 (Mn =
2300Da;Mw/Mn = 1.06) withTg = 330K andTg = 373K, respectively. The
Tg difference between the PtBS samples is large since the molecular
weights are relatively low.26 The molecular weight for all the polymers
were chosen in order to be well below the entanglement limit for PI,
which is around 4000 Da. PI/PtBS blends show low critical solution
temperature behavior, beingmiscible below 443K.17,27 Starting from the
homopolymers, blends with several PI concentrations (weight content)
were prepared by solution casting from toluene solutions. Prior to
measurements samples were vacuum-dried at temperatures above the
glass transition to completely eliminate any trace of solvent. All the
blends were transparent and showed no crystallization or melting by
calorimetry. Following the same procedure additional blends with a high
molecular weight PI, Mn = 76 500 Da and Mw/Mn = 1.07 (PI765 from
now on) and high PtBS concentration (80%) were prepared to study the
dielectric R-relaxation of the PtBS and PI components.

The calorimetric glass transitions of the blends were very broad,
extending over more than 60 K. This phenomenology has often been
reported for polymer blends in general and in particular for blends with
high dynamical heterogeneity as those studied here. By differential
scanning calorimetry, the heat-flow temperature derivative evidences

two overlapped peaks which can be identified with the effective glass
transition of each component in the blend. The complete calorimetric
characterization of the samples was the subject of a separate
communication,28 where good correspondence between the effective
Tg,eff s of the different components measured by calorimetric and
dielectric spectroscopy techniques was found.
B. Dielectric Spectroscopy. A broadband dielectric spectro-

meter, Novocontrol Alpha-A analyzer, was used to isothermaly measure
the complex dielectric function ε*(ω) = ε0(ω) � iε00(ω), ω = 2πf,
between 130 and 350 K and in the 10�2�107 Hz frequency range, by
placing samples between parallel gold-plated electrodes of 30 mm
diameter. The temperature stability was better than (0.2 K. As cis-PI
is type A polymer having components of the dipole moment parallel and
perpendicular to the chain, both chain and segmental relaxations can be
followed by dielectric spectroscopy. The dielectric losses of PI are almost
2 orders of magnitude larger than those of PtBS. As a result, when
dielectricaly measuring PI/PtBS blends, we will be mainly sensitive to
the PI component dynamics in the blend.

The measured spectra in general show two partially overlapped
relaxation processes corresponding to the main chain (normal mode,
NM) and the segmental (R) relaxation of PI27 in the blends (see
Figure 1 for example), and no evidence of PtBS’s loss peak can be
detected. With decreasing PI content, the intensity and characteristic
frequencies of these relaxations decrease. Regarding the shape of the
relaxations, we found a gradual broadening of both processes with
decreasing PI content, whichmakes themaxima of both relaxations to be
less and less pronounced the lower the PI%. As can be seen, this effect is
dramatic for the 20% PI blends.

Figure 1. Imaginary part of the relative dielectric permittivity of pure
PI27 and its blends with PtBS13 at different weight percentages at 280 K.

Figure 2. Imaginary part of the relative dielectric permittivity of 20%
PI765 blend with PtBS23 at different temperatures.
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On the other hand, theR- and NM-relaxations of samples prepared with
the high molecular weight PI765 appear well separated (see Figure 2).
Because of the longer chain length of PI765, theNM-relaxation of PImoves
to much lower frequencies, revealing (i) the low frequency part of the
R-relaxation of PI in the blend and (ii) for samples with the highest PtBS
content a weak contribution from the R-relaxation of the PtBS component
in the blend, otherwise masked by PI27’s NM (see Figure 2). In the
following, we will mainly focus on the study of the NM process as the
characterization of the R-relaxation was the subject of a separate
communication.28

C. Effect of Blending on the NM-Relaxation of PI. As we have
alreadymentioned, there is a clear slowing down of theNM-relaxation of
PI in the blend together with a monotonic decrease of its intensity as
PtBS—high-Tg component—content increases. Figure 1 shows the
imaginary part of the relative dielectric permittivity of pure PI27 and
its blends with PtBS13 at different weight percentages at 280 K. The
results for PI27/PtBS23 blends look pretty much the same. The tempera-
ture dependence of the characteristic frequency of the NM-relaxation
obtained from the position of the dielectric loss maxima is shown in
Figure 3 for PI27 and its blends with PtBS13 and PtBS23, panels a and b,

respectively. Curves in Figure 3 were fitted to a Vogel�Fulcher�Tam-
man law (VFT)

log fmax ¼ log f¥ � B
2:3ðT � T0Þ ð1Þ

where log f¥ was fixed to the value obtained for the pure homopolymer.
The resulting parameters have been included in Figure 4, where a change
in the trend of both T0 and B/T0 can be observed for PI% < 50.

In addition to the slowing down of the NM, it is clear from Figure 1
that the NM-relaxation of PI in the blends is broader than that of the
pure homopolymer, being wider the higher the PtBS content. Moreover,
the width of the NM is temperature dependent, so that a similar gradual
broadening can be observed for a fixed composition when decreasing
temperature. As a consequence, the time�temperature superposition
(tTS) of the normal mode relaxation of PI in the blends does not hold.
Figure 5a shows in a logarithmic scale the imaginary part of the relative
dielectric permittivity at different temperatures for the sample 35%
PI27/PtBS23. Figure 5b shows in a linear scale the imaginary part of the
relative dielectric permittivity at different temperatures normalized to
maxima position and intensity of the NM for the sample 43% PI27/
PtBS23. The decrease of the steepness of the loss spectra on its low-
frequency side as T decreases is clear in both samples. Analogous
broadening at the high-frequency side of the NM-relaxation is also
evident in the 43% PI27/PtBS23 sample (see Figure 5b). This high-
frequency broadening is also present in the lower PI content samples,
but the closer and likewise broadened R-relaxation in these samples
prevents from seeing this same effect in such a clear way. In order to
further check whether similar broadening of the high-frequency tail of
the NM exists in these low PI27 content blends, we have chosen to
experimentally characterize the R-relaxation of PI765/PtBS blends
instead of a “fitting” procedure of the overlapped signals of PI27/PtBS
blends. In this way the analysis will be less model dependent. For that we
havemeasured theR-relaxation in blends with PI765, where theNM and

Figure 3. Logarithm of the frequency at the maxima of the normal
mode relaxation of pure PI27 and its blends with PtBS13 (a) and PtBS23
(b) at different PI weight percentages.

Figure 4. Parameters for the VFT fitting of the NM-relaxation of PI in
its blends with PtBS13 (empty symbols) and PtBS23 (filled symbols) at
various concentrations.

Figure 5. Imaginary part of the relative dielectric permittivity of: (a)
35% PI27/PtBS23 blend at temperatures between 360 and 280 K and
(b) 43% PI27/PtBS23 blend normalized to maxima position and
intensity.
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the R-relaxation stay far separated. The Tg temperatures of the low and
high molecular weight pure PI are slightly different;26 however, blending
makes the difference between the effective glass transitions of PI27 and
PI765 in the blends even smaller. As a result, and due to the broad
character of the R-relaxation, both PI27 and PI765 seem to show
indistinguishable relaxations within the experimental error. Figure 6
shows for two selected temperatures the dielectric relaxation of the 20%
PI27/PtBS23 (empty circles) and 20% PI765/PtBS23 (empty squares)
blends, together with the result of subtracting to the 20% PI27/PtBS23
blend the R-relaxation of PI obtained from 20% PI765/PtBS23 sample
measurements (filled circles). The whole set of NM-relaxation curves
obtained by this procedure for the 20% PI27/PtBS23 blend are depicted
in Figure 7. From these results, the broadening of the NM at the high-
frequency side is evident also for low PI% samples. It is worth mentioning
that the broadening effect is higher for PtBS23 blends than for PtBS13 ones;
i.e., it increases with the difference between homopolymer glass transition
temperatures and consequently with the dynamic asymmetry. Thus, results
in the present paper show that time�temperature superposition of the
normal mode relaxation of PI in the blends does not hold on either the low-
or high-frequency tails of the relaxation.

The broadening, although more evident the lower the PI content, is
also present for blends with medium PI concentrations, and it is greatly

dependent on temperature, as it can be seen in Figure 8 for the two series
of blends studied. For the characterization of this broadening we
determined the half-width at half-maxima (HWHM) from the low-
frequency side of the relaxation for PI concentrationsg35%. For 20% PI
blends, high-frequency side HWHM values obtained after subtracting
the contribution of the R-relaxation deduced from PI765 blends were
used. In doing so, on the one hand, we confirm that the widths obtained
for the 20% samples after subtraction follow the general trend, and on
the other hand, we avoid possible imprint of the PtBS’s R-relaxation in
the results, as this contribution, which locates at the low frequency side
of the PI27’s NM, may not be completely negligible for the highest PtBS
content.

III. DISCUSSION

A. Dynamic Asymmetry and Chain Relaxation in Polymer
Blends. The Rouse model is the starting point and standard
description for the Brownian dynamics of nonentangled polymer
melts.29 It represents a linear chain as a series of beads and springs
subjected to random forces in a medium with constant friction
representing the interactions exerted by the surrounding chains.
This fully solvable scheme leads to exponentially decaying and
orthogonal normal modes for chain dynamics. Although this
simple approach obviously fails in describing the melt dynamics
of long entangled chains at long times, the Rouse model is also
used for describing the fastest part of the response of these long
chains, and thereby it is a common ingredient of all available models
and theories. The suitability of the Rouse model to describe the
chain dynamics of low molecular weight PI (Mn = 2700 Da just
the same used herein) has been carefully checked recently.26 In
contrast, it is clear from previous sections that nonentangled PI
chain dynamics in PI/PtBS blends does not follow Rouse’s
predictions. PI/PtBS blends exhibit high dynamic asymmetry
so that the relaxation of PtBS is much slower than that of PI. The
presence of such a slow matrix may question a fundamental
assumption of the Rouse model, the purely random character of
the external forces, bringing memory effects into play.
As shown in the previous section and contrary to the general

behavior in nonentangled homopolymers, we observe a non-
exponential behavior for the slowest chain relaxation as reflected
in the low-frequency broadening of the NM-relaxation of PI in
PI/PtBS blends. Moreover, the tTS does not hold for either the
low- or high-frequency sides of the NM-relaxation (see Figure 5b
for example). The molecular weight of all the samples studied
herein is well below the entanglement limit for PI, which is
around 4000 Da. Therefore, it is difficult to imagine an scenario
where entanglements, tube reptation, and similar size effects
might give account of the measured broadening. We will there-
fore look for an explanation of the observed features in the high
dynamic asymmetry between the different components of
the blend.
The existence of two distinct dynamics or effective Tgs for the

individual components of a miscible blend is nowadays a well-
established phenomenon. In the Rouse model the viscosity and
the monomeric friction coefficient driving terminal dynamics are
intimately related to the segmental relaxation. One might expect,
then, that the progressive freezing of the high-Tg component
segmental dynamics might have some effect too on the mono-
meric friction coefficient and the NM-relaxation observed for the
low-Tg component. In order to quantitatively discuss the effect of
the freezing of the slow PtBS component on the NM-relaxation of
PI, we need to calculate the expected values for the R-relaxation

Figure 6. Imaginary part of the relative dielectric permittivity for 20%
PI/PtBS23 blends with two different PIs: low molecular weight PI27
(empty circles) and highmolecular weight PI765 (empty squares) at 270
and 280 K. Filled circles represent the dielectric response of the low
molecular weight 20% PI27/PtBS23 blend after subtracting the R-
relaxation from the high molecular weight sample.

Figure 7. Imaginary part of the relative dielectric permittivity of 20%
PI27/PtBS23 sample at temperatures between 340 and 265 K where the
contribution of the segmental R-relaxation has been subtracted.
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frequencies of PtBS in the blend. This was accomplished from the
effective glass transition of PtBS component experimentally
measured by calorimetry28 (Tg,eff

PtBS), assuming (i) the same
VFT law as for pure PtBS but the T0 parameter and (ii) Tg

pure

� Tg,eff
blend = T0

pure� T0
blend. For high PI27 content samples (65%)

where the calorimetric Tg of the PtBS is not well resolved, the
effective Tg

PtBS was estimated from a Gordon�Taylor extrapola-
tion of the existing values. The suitability of this approach was
addressed and discussed in a separate communication.28

Figure 9 shows in its upper panel the derivative of the heat flow
as a function of inverseT for the 35% PI27/PtBS23 blend.28 Two
well-resolved maxima can be observed which correspond to the
effective glass transitions of each component in the blend. The
lower panel of the figure shows the relaxation map for the same
blend. Filled and empty points represent respectively the char-
acteristic R- and NM-relaxation times of PI experimentally
measured by DS, while the dashed line represents the character-
istic times for theR-relaxation of PtBS23 in the blend obtained by
the procedure described above. Note that the extrapolation at
100 s of the characteristic times for the R-relaxation of PI
measured by DS (solid points) nicely matches the low-tempera-
ture peak of the calorimetric response. HWHMs of PI’s NM in

the 35% PI27/PtBS23 blend are represented in the upper panel
of Figure 9 by crosses; the HWHMs for pure PI are also included
as a reference (pluses). The comparison of different information
in Figure 9 shows that the departure of the NM width from the
value observed at high temperatures (close to that expected for
the Rouse model) occurs in the broad range of the PtBS glass
transition and for temperatures where the characteristic time for
the PtBS’s R-relaxation becomes close to or slower than that of
PI’s NM. This is also the case for the rest of the blends studied. In
order to show this in a more quantitative way, we have included
in Figure 8 two sets of arrows for the different blends indicating
the temperatures where τNM-PI/τR-PtBS = 100 (empty arrows)
and τNM-PI = τR-PtBS (filled arrows). The arrows most at the left
correspond to 80% PI sample and those that follow to the rest of
studied concentrations from higher to lower PI % as we move from
left to right. When the characteristic time of PtBS’s R-relaxation is
significantly faster than PI’s NM-relaxation, there is not significant
extra broadening of theNM.Therefore, empty arrows indicating the
temperature where PtBS’s R-relaxation is 100 times faster than the
NM, they all locate in the high-T low-HWHM end of the curves.
In contrast, when the characteristic times of both processes
become alike (filled arrows at τNM-PI = τR-PtBS), a similar degree
of broadening is observed for all the blend compositions.
Let us now look at the previous literature on the subject. The

question of whether the terminal relaxation of the components of
a blend fulfill the time�temperature superposition (tTS) has
been the subject of a number of works. Adachi et al. showed tTS
for the terminal dynamics of PI in PVE30 and high molecular
weight PBO (Mw = 20 500 Da) in PVE (Mw = 31 000Da),

31 both
measured by dielectric spectroscopy. The experimental tempera-
tures accessed in those works were all below the Tg,eff estimated
for the high-Tg component by these and others authors for
the cited systems.15 Lodge et al.16 reported the breakdownof tTS for
PEO’s terminal dynamics in diluted blends of PEO/PMMA. The
broadening of PEO’s terminal relaxation in the blend followed
the same trend as a function of T and concentration as that

Figure 8. HWHM at the low-frequency side of PI’s normal mode in
PI27/PtBS13 blends at 35, 50, 80, and 100% PI content (panel a) and in
PI27/PtBS23 blends at 35, 43, 65, 80, and 100% PI content (panel b).
The 20% PI27 blends HWHM data were extracted from the high-
frequency side after subtracting the contribution from the PI’s R-relaxation.
For these cases, dotted lines represent average HWHM at the high-
frequency side for pure PI. Arrows mark the temperature where τNM-PI/
τR-PtBS = 100 (empty arrows) and τNM-PI = τR-PtBS (filled arrows) for the
different set of data. The arrows most at the left correspond to 80% PI
sample and those that follow to the rest of studied concentrations from
higher to lower PI% as we move from left to right.

Figure 9. (a) Solid line represents the derivative of the heat flow with
respect to T for a blend 35% PI27/PtBS23; crosses and pluses are the
HWHM at the low-frequency side of the NM for 35% PI27/PtBS23 and
pure PI27 samples, respectively. (b) Characteristic times of the seg-
mental (filled symbols) and NM (empty symbols) relaxations of PI27 in
the blend 35% PI27/PtBS23. Dashed line represents an estimation of
PtBS23’s R-relaxation in the same blend from DSC results in (a).
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observed here for PI. Once again, the correlation between the Tg,

eff of the high-Tg component and the change in the shape of the
terminal relaxation seems to hold. By using the self-concentra-
tion value reported for PMMA in PEO/PMMA blends by the
same authors φself

PMMA = 0.27,32 the estimated Tg,eff for PMMA in
blends with 50, 20, and 10% PEO content are∼300, 350, and 370
K, respectively.33 Data in ref 16 were recorded between approxi-
mately 310 and 440 K. Thus, PMMA was very slowly moving or
frozen for a significant number of temperatures at 10 and 20% PEO
content and just slightly aboveTg,eff

PMMA for 50%PEO.Thequantitative
change in the PEO relaxation as PMMA matrix freezes is also
reflected in the ratio of chain friction coefficient to matrix viscosity
shown by the authors in Figure 7 of ref 16. PEO friction tracks the
matrix viscosity just at temperatures well above the effective glass
transition of the PMMA component in the blend, so that the
decoupling between PEO and PMMA becomes more pronounced
the lower the temperature and the higher the PMMA content. The
behavior in Figure 7of ref 16 (both T and concentration) resembles
that observed for HWHM in the present work, suggesting that the
decoupling of the fast component from the matrix viscosity as the
slow component freezes may be a general phenomenology in blends
breaking the tTS.
Regarding the PI/PtBS system, Watanabe et al. also studied

the terminal relaxation of PI/PtBS blends on samples of higher
Mw than those studied herein.17,34 Similar to our results, they
reported a gradual broadening of the terminal relaxation of PI
with increasing PtBS content and decreasingT. However, there is
a fundamental difference between both set of results, as high-Mw

PI/PtBS blends exhibit a violation of the tTS only in the low-
frequency tail of the terminal relaxation, whereas the samples
studied in this work clearly show a broadening of both low- and
high-frequency tails of the terminal relaxation. These differences
suggest that more than one effect may be behind the broadening
of high-Mw PI/PtBS blends. The comparison of tTS plots for the
NM-relaxation of PI in 80% PI19900/PtBS6950017 (where the
numbers after the polymer indicate Mw in Da units) and PI in
80% PI19900/PtBS1640034 evidence that the molecular weight
plays an important role. While the 80% PI blend with PtBS69500
shows clear breakdown of the tTS, that with PtBS16400 does not.
Furthermore, a PI content as low as ∼50% is needed in
PtBS16400 containing blends in order to obtain a broadening
similar in magnitude to that observed for 80% PI19900/
PtBS69500 blend.
Finally, it is worth mentioning that the broadening of the

terminal dynamics of low-Mw homopolymers has also been
reported for various different situations where the motion of
the chains was somehow altered by the presence of a more or less
”frozen” surrounding medium, like for poly(propylene glycol) in
layer-structured Na-vermiculite clay35 or poly(propylene oxide)
in epoxy reacting blends during network formation.36

B. Description in Terms of Nonexponential Modes. At the
light of the previous discussion, it is clear that the observed
behavior for the broadening of the NM-relaxation of PI in PI/
PtBS should be sought in the high dynamic asymmetry of the
system and the gradual freezing of PtBS matrix as temperature
decreases. Several possible physical scenarios can be discussed
looking for arguments rationalizing the excess broadening of the
NM in nonentangled polymer blends. The broadening of the
segmental (R-)relaxation function of a polymer component with
respect to the pure polymer behavior is often discussed in terms
of thermally driven concentration fluctuations (CF) models.
These models are based on the idea that the local CF are

quasi-stationary near the glass transition of the blend; i.e., their
lifetimes are much longer than the relaxation time of the
segmental relaxation. As a consequence, the sample can be
considered as divided into subcells of size V, each of them with
a given composition and a local glass-transition temperature. The
relaxation function of a given component inside any of these
regions is assumed to be similar to that corresponding to the pure
component, and a distribution of relaxation times is assumed as a
result of the distribution of local glass-transition temperatures. In
principle, CF may also play a role in the broadening of the NM-
relaxation function of a polymer component with respect to the
pure polymer behavior. Several arguments, however, suggest that
the effect of CF in this case might not be as relevant as in the case
of the segmental relaxation. On the one hand, it is not clear that
the local CF are quasi-stationary in the time scale of the chain
motion or at least in the time scale of the slower modes. In
addition, the characteristic length of the chain motion is much
larger than that of the segmental relaxation. As a result, the
volume over which concentration fluctuations are probed is
larger than for the R-relaxation. These two aspects go in the
direction of diminishing the degree of heterogeneity experienced
by chains in both time and space.
Recent simulation results indicate another scenario for the

occurrence of broadened relaxation functions. Simulations of
mixtures of short bead�spring polymer chains with high

Figure 10. (a) Normalized Rouse correlators φpp(t) for the fast
component at low temperature (T = 0.33, see ref 37). Dashed and solid
lines represent fits based on KWW and HN functions, respectively (see
text for details). Inset: bead�spring simulation results in the frequency
domain,ψ(ω) (symbols), for p = 3 andT = 0.44 (see ref 37), and its fit to
a HN function (solid line). (b, c) Imaginary part of the relative dielectric
permittivity of 35% PI27/PtBS23 blend at 330 and 270 K, respectively
(symbols), and its description (solid lines) in terms of a sum of
nonexponential modes (see text). Dashed lines in (c) represent NM
and segmental relaxation components.
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dynamic asymmetry37 and fully atomistic simulations of none-
ntangled PEO/PMMA blends38 show just very small deviations
from orthogonality between different Rouse modes, but large
deviations from the exponential shape of the Rouse modes for
the fast component chain dynamics, deviations which increase
with decreasing temperature. These phenomena were asso-
ciated with memory effects induced by the slow nature of the
“confining” or slow component and evidence that the assump-
tion of the time uncorrelation of the stochastic forces breaks
down for the fast component, in particular, at the lower
temperatures where the dynamic asymmetry between the two
components in the blend is higher. Together with the non-
exponential nature of the relaxation modes, bead�spring
simulations also show unusual behavior for the scaling expo-
nent x relating the characteristic times τp of the different Rouse
modes of a chain (τp∼ 1/px). The value of the scaling exponent
x gradually varied with temperature from values close to the
Rouse scaling at the high temperature limit, i.e., x = 2.2, to
x = 3.5 at the lowest temperature simulated. It is worth noting
that these phenomena for short chain bead�spring mixtures
cannot be essentially attributed to CF distribution effects, as
simulations of a single fast chain in a slow matrix (averaged over
100 cells)39 lead to analogous phenomenology for the dynamics
of the fast component. Therefore, regardless of the possible
contribution of CF to the general broadening of chain relaxa-
tion functions, according to simulations there exists an under-
lying and likely dominating mechanism leading to intrinsic
nonexponential chain modes.
From a theoretical point of view, the Rouse model is the

starting point and standard description for the Brownian
dynamics of nonentangled polymer melts. In order to under-
stand the unsuitability of the Rouse model to describe PI chain
dynamics in the blend, one should first check the basic
assumptions of the Rouse model. This model (which predicts
ε00(ω) ∼ ω1 for the low-frequency side of the dielectric NM-
relaxation) fully neglects spatial and time correlation of the
forces representing the interaction with the surrounding chains.
Uncorrelation between forces at different positions leads to
orthogonality of the Rouse modes, whereas uncorrelation of the
forces at different times leads to exponentially decaying modes.
Methods based on generalized Langevin equations (GLE) for
the coordinates of the tagged chain encode the interactions with
the surroundings in a memory kernel40�42 describing the
matrix density fluctuations. The Rouse model is obtained as a
limit case of GLE when (i) there are no spatial correlations
between matrix density fluctuations and (ii) the kernel relaxes
in a microscopic time scale, i.e., assuming fast decay of matrix
density fluctuations. Condition ii is expected to fail for the fast
component in a blend with strong dynamic asymmetry as that
investigated here. Interestingly, GLE methods within renorma-
lized Rouse models for the memory kernel predict, for slow
relaxation of the matrix, the basic phenomenological trends
observed for the fast component in the blend, namely, (i) strong
stretching (broadening) of the Rouse correlators (response
functions) and (ii) anomalous scaling of the characteristic times
τp of the Rouse modes.42

Polymers containing dipole moments along the chain back-
bone that do not cancel give rise to an “end-to end” net
polarization vector. DS gives detailed information on chain
dynamics by measuring the dielectric response originated by
the reorientation of this net chain dipole. According to the
discrete Rouse model for relatively short chains, the correlation

function of the end-to-end vector, RB, can be expressed as

Æ RBðtÞ 3 RBð0Þæ � ∑
N � 1

p:odd
cot2

pπ
2N

� �
e�t=τp ð2Þ

where N is the number of beads and τp is the relaxation time
associated with the Rouse mode p and is given by

τp ¼ τN
sin2ðπp=2NÞ ð3Þ

Equation 2 shows that only the odd Rouse modes contribute to
the end-to-end vector correlation function. Moreover, the con-
tribution from the high p numbers is strongly suppressed due to
the amplitude factor, which for low p values approximately
behaves as 1/p2. Therefore, the end-to-end correlation function
(and so the dielectric normal mode process) is dominated by the
slow (low-p) odd Rouse modes. The corresponding response
function in the frequency domain (that explored by DS) is
expressed as

ψðωÞ � ∑
N � 1

p:odd
cot2

pπ
2N

� �
1

1þ iωτp
ð4Þ

Equation 2 is only based on the orthogonality of the Rouse
modes29 and thereby can be generalized for the case wheremodes
do not decay exponentially as long as the orthogonality of themodes
is preserved. In this way, the end-to-end vector correlation function
can still be expressed in a Rouse-like manner as

Æ RBðtÞ 3 RBð0Þæ � ∑
N � 1

p:odd
cot2

pπ
2N

� �
e�ðt=τpÞβ ð5Þ

where e�(t/τp)β is a stretched exponential or Kolraush�William�
Watts function (KWW), which is well-known for describing
nicely many nonexponential processes. Non-Debye processes in
the frequency domain, on the other hand, are generally described
by a two-parameter Havriliak�Negami function (HN), 1/(1 þ
(iωτ)R)γ. The use in the literature of this phenomenological
function to describe dielectric permittivity data is extensive.43

Parameters τ, R, and Rγ in the HN function represent the
characteristic time and the low- and high-frequency side shape
parameters, respectively. The function is symmetric when γ = 1,
and a Debye expression is recovered when both γ and R
approach unity. The expression analogue to that in eq 5 in the
frequency domain would therefore be

ψðωÞ � ∑
N � 1

p:odd
cot2

pπ
2N

� �
1

ð1þ ðiωτpÞRÞγ
ð6Þ

Coming back to our system, we have seen that the unusual
broadening of the NM-relaxation of PI in PI/PtBS blends increases
with decreasing temperature and that there is a close relation
between the glass transition of the slow PtBS component and the
onset of this unusual broadening. The gradual freezing of the slow
PtBS component would entail the slow relaxation of the matrix
density fluctuations and likely the non-negligibility of time correla-
tions for the external forces on the tagged PI chain. The broadening
phenomenology and scenario are analogous to that found in
simulations of bead�spring blends in ref 37; therefore, we will try
to describe the dielectric NM-relaxation in terms of a sum of
intrinsically nonexponential modes (eq 6), with the same character-
istics and scaling laws as those observed in the simulated bead�
spring system. In order to have a convenient parametrization of the
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bead�spring simulation results, we analyzed mode’s response
functions in the frequency domain by means of HN functions.
Consistently, this analysis leads to the same conclusions as those
derived from the time domain analysis of data in ref 37. In practice,
the frequency-dependent response functions,ψ(ω), were obtained
by applying Hamon’s approximation44 to the normalized Rouse
correlators φ(t) already calculated from the simulation runs

ψðωÞ = ψðtÞ
ω

�����
t¼ 0:63ω

=
dφðtÞ
d log t

�����
t¼ 0:63ω

ð7Þ

The inset of Figure 10a contains bead�spring simulation results in
the frequency domain, ψ(ω) (symbols), for p = 3 and low
temperature (T = 0.4, see ref 37) and its fit to a HN function
(solid line). In the time domain Figure 10a shows the φ(t) data
calculated from the results of the simulation runs (symbols), fits of
these curves to a KWW (dashed lines), and the curves numerically
calculated-back by integrating the HN fits ofψ(ω) (solid lines). In
general, aHNdescription of theφ(t) data according to eq 7 is better
than theKWWapproach used in ref 37 (mainly at long times and for
very stretched curves), but the scaling laws for the characteristic
times obtained from both descriptions agree well. Moreover, when
the modes are very wide (low T and high p), they become quite
symmetric and a HN description with γ = 1 turns out to be
adequate. On the other hand, if a generalized Langevin equation
leading to eq 5 existed, theremight be a certain relationship between
theβ (orR,γ) shape parameter of the stretched exponential and the
scaling parameter x defining the relation between different τps at
constant temperature. As we have commented above, simulations
results show that x varies gradually with temperature from x= 2.2
at high temperatures to x = 3.5 at low temperature, while the
β parameter decreases from values close to 1 at high temperatures to
∼0.5 at the lowest ones. Figure11 shows for the first mode of the
bead�spring simulations the relationship between the exponent x
and the shape of themode, whichwas conveniently parametrized by
the full width at half-maximum (FWHM) of the curves in the
frequency domain.
For the description of PI’s NM-relaxation in PI/PtBS blends,

model dielectric response functions have been constructed by
summing up three HN functions corresponding to modes p = 1,
3, and 5

ε00ðωÞ ¼ ∑
p:1, 3, 5

Δε1=p2

ð1þ ðiωτ1=pxÞRpÞγp ð8Þ

In eq 8, we have used the approximation cot2(pπ/2N)∼ p�2 for
p , N. Note that a Rouse’s scaling is assumed for the static

amplitudes of the modes. This was indeed the observed behavior
in simulations,37,38 where the static properties of the chains are
not altered by blending. We have just considered the first three
terms of the sum because the contribution of higher modes is
strongly suppressed due to the amplitude factor. During the
fitting of the experimental NM dielectric data with eq 8 only
three parameters remained free (Δε1, τ1, andR1), and mainly the
low-frequency side of the curves was used (from low frequencies
up to 30% of the decade above the maxima). The rest of the
parameters were expressed as a function of Δε1, τ1, and R1

according to the results of the bead�spring simulations. Com-
paring the shape of different bead�spring simulation modes, no
significant variation of the ratios R1/R3, R1/R5, γ1/γ3, and
γ1/γ5 was observed with temperature. Therefore, these were
fixed to an averaged value (over all the available simulation
temperatures) R3 = R5 = R1/1.14 and γ3 = γ5 = γ1/1.14. Likewise,
a relation betweenR1 and γ1 for differentTs was parametrized asγ1
= 1.95�1.6R1 for R1 > 0.60 and γ1 = 1.0 for R1 < 0.60, i.e., low
temperatures. Finally, the x parameter was expressed in terms of
R and γ by means of the relationship between x and FWHM
in Figure 11 and the relationship of FWHM and R and γ
parameters (FWHM = �0.516 þ 1.058/R þ 0.039/γ þ
0.563/(Rγ), see ref 10).
Figure 10b shows as an example the dielectric response

constructed in this way from a sum of nonexponential (HN)
modes (solid line) and the experimental data of a 35% PI27/
PtBS23 sample (symbols) at T = 330 K. As can be seen, the
behavior of the simulated chain is in good agreement with the
experimental observation. Note that although the fitting only
involved the low-frequency side of the curve, the calculated curve
reproduces well the shape of the measured relaxation up to more
than 1 decade above the maxima, up to about half of the
maximum intensity. Deviations from the predicted shape at
higher frequencies are presumably related with the contribution
of the segmental relaxation. Good agreement is also found
between the experimental measurements at higher temperatures
or higher PI content and calculated model curves. Experimental
curves obtained at low temperatures, as the one shown in
Figure 10c at T = 270 K for a 35% PI27/PtBS23 sample
(symbols), exhibit FWHMs in the range ∼2.5�3.0, i.e., beyond
the last FWHM point obtained by bead�spring simulations at
the lowest temperature (x∼ 3.5, FWHM ∼ 2.4; see Figure 11).
Thus, to fit low-temperature curves, as there is no simulation
available with such a big broadening, we have assumed the same
relations between the shape parameters of the first, third, and
fifth modes and x parameter values defined by the solid line in
Figure 11. Note that modes are symmetric at low temperatures,
so that γ1 = γ3 = γ5 = 1. The so-obtained curves, where a
contribution from segmental relaxation has also been included,
describe very well the experimentally observed dielectric normal
modes at lower temperatures (see for example in Figure 10c):
solid line for total and dashed lines for separated R and NM
contributions). From the experimental point of view it is very
difficult to distinguish between different broadening scenarios.
We have seen that a sum of nonexponential modes in the spirit of
renormalized Rouse models alone seems to be suitable to
describe the experimental dielectric data at all the temperatures
analyzed. Nevertheless, and although some arguments (see
above) suggest that the relevance of CF on chain motions might
not be as important as for the segmental relaxation, effects
attributable to CF cannot be completely ruled out.

Figure 11. x parameter as a function of the FWHMof the first mode for
the motion of the fast component of the bead�spring blend. Solid line is
the result of fitting filled squares.
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C. Relation between Segmental and Terminal Relaxa-
tions. We have shown that both R- and NM-relaxations of PI
slow down relative to those observed in the homopolymer when
blended with higher Tg PtBS. However, as we will show below,

the relationship between both phenomena is not trivial. As can be
seen in Figure 12, the NM- and R-relaxation time scales grow
more and more away from each other the lower the PI content.
The distance between the R- and NM-relaxation for a character-
istic frequency of the NM of 1 Hz ranges from about 3 decades
for high PI content to almost 5�6 decades for the 20% PI blends.
Figures 13 and 14 show in a more quantitative way the difference
between the characteristic logarithmic frequencies of the R- and
NM-relaxations as a function of the NM characteristic frequency
of PI in its blends with PtBS13 and PtBS23, respectively. As PI
content decreases, the distance between the NM- and R-relaxa-
tion time scales increases, and therefore, the number of points
experimentally available for Figures 13 and 14 decreases (there
are fewer temperatures where we can simultaneously see both
maxima in the experimental window). Because of this limitation,
in Figures 13 and 14 in addition to experimental fmax,R and fmax,
NM points (filled symbols), fmax,R values extrapolated from the
fitting of experimental values28 to a VFT law vs experimental fmax,
NM points have also been included as empty symbols connected
by lines. For PI content higher than 50%, the slowing down of
both R- and NM-relaxations is parallel and the distance remains
constant well above Tg, whereas both relaxations slightly ap-
proach each other near Tg. For these concentrations, the separa-
tion between chain and segmental relaxations remains similar
to that observed in the pure homopolymer, ∼3 decades at high
T and∼2.5 decades when approaching Tg. It could be concluded
for these samples, then, that both dynamics sense a similar
change in the friction coefficient at least at temperatures well
above Tg. For low PI content blends, however, the NM-relaxa-
tion is much slower relative to the R-relaxation than the behavior
observed for the homopolymer. According to the extrapolated
VFT values for the R-relaxation, the separation between the
relaxations for low PI content samples would become more and
more pronounced as temperature and PI content decreased even
well above Tg. Regarding the evolution of the separation with
temperature (far from Tg), for the higher PI content blends the
separation remains constant, while the T-dependence dramati-
cally increases for samples below 35% in PI.
For some systems, the Lodge�McLeisch model45 has been

successfully used to predict the terminal dynamics in miscible
blends,24 under the assumption that terminal and segmental
dynamics for a given component in a miscible blend are tightly
coupled and have the same temperature dependence. However,
the systematic test of this assumption shows that this is not
always the case. The literature indicates a disparity of behavior
among different miscible polymer blends. Good correspondence
between the segmental and terminal T-dependence has been
found for PI in PVE and PBO in PVE blends.18,23,24,30,31 For PB
in PB/PVE,15 PI in PI/PS,19 PEO in PEO/PMMA,16,46 and PEO
in PEO/PVAc25 blends, however, a significant difference was
found between the T-dependence of terminal relaxation times
and that of segmental relaxation times. The reasons for the
decoupling of terminal and segmental data remain unclear. It has
been speculated that the difference between these two groups of
blends could rely on the different techniques used to characterize
them, as those measured by DS to that date showed good
correlation between segmental and terminal dynamics while
those measured by NMR did not.31 The DS data presented in
this wxork rule out this possibility. Other approaches have
suggested that the segmental motions of the two components
of a blend might weakly couple to each other if the two
homopolymers have large structure disparity, whereas strong

Figure 12. Imaginary part of the relative dielectric permittivity for PI
and PI in PI27/PtBS23 blends at different concentrations and tempera-
tures. Different curves have been shifted in the y-axis for clearness.

Figure 13. Distance between the characteristic frequencies of the R-
and NM-relaxations of PI component in PtBS13 blends as a function of
NM characteristic frequency. Filled symbols: experimental points.
Empty symbols: experimental points for the NM-relaxation and VFT
fit extrapolations for the R-relaxation. Pure PI (1); 80% PI (b); 50% PI
([); 35% PI (9); and 20% PI (2).

Figure 14. Distance between the characteristic frequencies of the R-
and NM-relaxations of PI component in PtBS23 blends as a function of
NM characteristic frequency. Filled symbols: experimental points.
Empty symbols: experimental points for the NM-relaxation and VFT
fit extrapolations for theR-relaxation. Pure PI (x); 80% PI ([); 65% PI
(1); 43% PI (b); 35% PI (9); and 20% PI (2).
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coupling should always exist in the terminal dynamics of all
miscible polymer blends.15 Our high-Tg component has a rather
large side group, and the self-concentration in the blend is quite
large (φself

PI ∼ 0.628,47), so that the “weak coupling” view would in
principle be compatible with our data in PI/PtBS. However,
other systems can be mentioned where the reported φself for the
fast component is low and different T-dependences for the
segmental and terminal relaxations have been observed, as for
PEO in PVAc25 or PI in miscible blends with PS.19

We note that the onset of an unusual broadening of the
terminal relaxation of PI in PtBS blends and the decoupling of the
terminal and segmental relaxation times of PI both show similar
trends with temperature and composition. Moreover, a signifi-
cant number of systems that do not show correspondence
between fast component segmental and terminal dynamics have
been reported to break down the tTS and the other way
round.16,18,23�25,30,31 It seems quite reasonable then to consider
that these two phenomena might be related and brought about
by the slowing down of the high-Tg component segmental
dynamics. In this line, Zhao et al. in a recent work25 reported
that the decoupling of the terminal and segmental relaxation
becomes more pronounced as the dynamic asymmetry increases.
As we have already commented, associated with memory

effects induced by the slow nature of the ”confining” slow
component, simulations of mixtures of short bead�spring poly-
mer chains with high dynamic asymmetry show (i) large devia-
tions from the exponentiality of the fast component terminal
relaxation and (ii) breakdown of the Rouse scaling (x = 2) as
temperature decreases. The relation between the normal mode
and segmental relaxation time (the latter taken as the time of the
fastest mode, i.e., that with the shortest wavelength) for simu-
lated bead�spring blends and its comparison with the experi-
mental results found for PI in PtBS are also stimulating. As can be
seen in Figure 15, simulated data show the same trend observed
in the experiments: the distance between the two processes
remains constant for the homopolymer (filled symbols) but
decreases with temperature for the low-Tg chains in the blend
(empty symbols). More interestingly, this behavior can be well
correlated with the deviation of the scaling exponent x from the
predicted Rouse behavior. Simulations have the advantage that
provide a relatively easy access to the information on individual
modes and the x scaling parameter, which is by no means a trivial
issue when analyzing experimental data. As seen in Figure 15, for
the homopolymer in the whole temperature range simulated and

for the low-Tg component at high temperatures, the distance
between segmental and NM processes remains more or less
constant, and the scaling exponent is x = 2.2, very close to the
Rouse value x = 2. This is not surprising as at high temperatures,
where dynamic asymmetry vanishes, it is expected that the
assumptions of the Rouse model, that is, the random character
of the forces, are well fulfilled for the blend, too, so that chain
dynamics agrees with Rouse's predictions. At lower tempera-
tures, however, we observe a parallel increase of both the
separation of segmental and NM-relaxation times and the scaling
exponent x. The increase of the scaling exponent x is an indicator
of the gradual change of dynamic behavior from Rouse-like to
another regime where time uncorrelation of the forces is not
negligible (leading to nonexponentiality of the Rouse modes).
Therefore, these results point once again to a close relation
between all these phenomena: the unsuitability of the Rouse
model, the gradual broadening of the NM-relaxation for the fast
component of blends with high dynamic asymmetry, the wide
and T-dependent separation between segmental and NM-relaxa-
tion, the anomalous dynamic scaling of Rouse modes (x(T)g 2)
despite the regular scaling for static properties, and the freezing of
the high-Tg component.

IV. CONCLUSIONS

We have studied the PI component dynamics in PtBS blends
of low molecular weight over the entire composition range.
Dielectric response of PI becomes slower as the high-Tg compo-
nent PtBS increases. Moreover, there is a gradual and quite
symmetric broadening of both low- and high-frequency tails of
the NM-relaxation as PtBS% increases and for a given composi-
tion as temperature decreases. Previous reports of tTS break-
down for the same system but higher molecular weight had been
reported to occur only at the high-frequency tail of the NM-
relaxation. The magnitude of the here reported broadening
depends on (i) the concentration, (ii) the temperature, and
(iii) the dynamic asymmetry, i.e., the difference between the
components0 pure Tg. In addition, the onset of the mentioned
broadening correlates well with the slowing down of the seg-
mental relaxation of the high-Tg PtBS component. The fact that
the molecular weight of the components is well below the
entanglement limit together with the correlation mentioned
above excludes more habitual interpretations based on topolo-
gical size effects and points to other factors like dynamic
asymmetry in blends and its effects.

A sum of nonexponential modes following the scaling laws
observed in bead�spring simulations of polymer mixtures with
high dynamic asymmetry seems to be adequate to describe the
experimental dielectric data at all the temperatures analyzed. On
the other hand, the segmental and chain dynamics of the PI
component in the blend show different T-dependence even well
above Tg. As a result, the separation between the maxima of both
relaxations ranges from 3 decades in pure PI and PI g 50%
content blends to 5�6 decades for 20% PI blends. This behavior
is also qualitatively reproduced in simulations of bead�spring
blends, which allow to correlate this feature with a parallel
increase of the scaling exponent x. All these results strongly
point to a close relation between the unsuitability of the time
uncorrelation assumption for the forces in the Rouse model, the
gradual broadening of the NM-relaxation for the fast component,
the large and T-dependent separation between segmental and
NM-relaxation, the anomalous dynamic scaling of Rouse modes

Figure 15. Left axis: distance between the characteristic frequencies of
the R- and NM-relaxations for the fast component of a bead�spring
blend (empty circles) and the same magnitude for the corresponding
homopolymer (filled circles). Right axis: scaling exponent x.
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(x(T) g 2) despite the regular scaling for static properties, and
the freezing of the high-Tg component in blends with high
dynamic asymmetry.
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