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ABSTRACT: We investigate the influence of adding C60 nanoparticles on the dielectric relaxation spectra of
both unentangled and entangled polyisoprene (PIP). Relaxation modes corresponding to both the segmental and
chain relaxation were analyzed over a broad temperature and frequency range. Regardless of whether the chains
were entangled or not, both relaxation processes slowed down with the addition of C60, reflecting an increase of
the nanocomposite glass transition temperature. However, C60 affects the segmental relaxation more strongly
than the large-scale chain relaxation, both in terms of the relaxation time and strength, suggesting that the effect
of the nanoparticles on the polymer dynamics is scale dependent. This effect is attributed to a difference in
packing frustration at different length scales, a phenomenon also relevant to understanding the difference between
the temperature dependence of the segmental and chain relaxation processes in neat polymer materials. Further
evidence of this scale dependence is indicated by the observation that the secondary relaxation time of the high
molecular mass PIP decreases with an addition of C60. These observations indicate that C60 has an effect opposite
to antiplasticizing additives that slow down the secondary relaxation (stiffening the material) in the glass state,
while at the same time reducing the alpha relaxation time associated with cooperative segmental and chain motions.
Recent incoherent neutron scattering measurements have indicated that C60 can have a similar effect on polystyrene.

Introduction

Nanoparticles, such as C60, have a great potential for a wide
range of applications.1-14 The large surface-to-volume ratio,
electrical conductivity, and well-defined geometry and interac-
tions of these model nanoparticles make them ideal additives
for modifying the properties of polymers and as model nano-
composite systems for investigating the origin of these property
changes from a fundamental perspective.

The properties of polymer fluids are dominated by the physics
of glass formation and glass-forming liquids are intrinsically
heterogeneous materials at a nanoscale. Much of the promise,
as well as the complexity, of nanoparticle additives derive from
their potential to alter the heterogeneous structure of polymeric
glass-forming liquids. Once this aspect of the nanoparticles is
realized, significant changes in the nature of glass formation
can be expected to occur with some nanoparticle additives, and
continuum-based filler models are of little help in understanding
such property changes. Modifications of the properties of the
polymer glass also imply corresponding changes of the vis-
coelastic properties of the polymer melt at much longer time
scale through the monomer friction coefficient. There is thus a
“trickle down” effect on the dynamics of the nanocomposite
from atomic scales, then the scale of the chain statistical segment
and even larger scales comparable to the chain radius of gyration
or larger.

Recently, many experimental and simulation studies have
been carried out to understand the influence of nanoparticles

such as C60 on the glass formation, as well as the viscoelastic
properties of the polymer nanocomposites.15-27 De Pablo and
co-workers showed that nanoparticles can modify the elastic
constant fluctuations of the matrix at nanoscale dimensions,
especially in the vicinity of the particle surfaces.17,18 Inelastic
neutron scattering measurements by Sanz et al. indicate that
the addition of a small amount of C60 (≈1% by mass) to
polystyrene (PS) caused an increase in the Debye-Waller factor,
reflecting an increase of the local compliance of the material,
while at the same time an increase of Tg was observed.16 In
C60-polymethyl-methacrylate (PMMA) nanocomposites, both Tg

and the “terminal” (chain relaxation time of an entangled
polymer melt) relaxation time of the system were observed to
increases with the C60 addition, which was attributed to the
increase of monomer friction coefficient.20 In contrast, a
significant reduction of the shear viscosity of the PS melt was
reported upon the addition of C60.

21 Notably, the shear viscosity
is roughly the product of the shear modulus and the stress
relaxation time so it is unclear whether these reported trends
are inconsistent. It is possible that nanoparticle additives can
significantly decrease the stiffness (shear modulus) of the
material, while simultaneously increasing the stress relaxation
time.

The studies mentioned above collectively indicate that
nanoparticles, such as C60, can cause a significant perturbation
to the dynamics of polymeric matrix materials. However, these
measurements involve different frequency and spatial scales and
it is difficult to gain a complete picture of how atomic, segmental
and chain scale relaxations are perturbed by nanoparticle
additives. A full understanding of these changes is necessary if
the qualitatiVe nature of glass formation process is modified
by nanoparticle additives, as discussed above.

Here we use broadband dielectric spectroscopy (BDS) to
directly measure the influence of C60 on the polymer relaxations
corresponding to different length and time scales. BDS is one
of the most efficient tools in studying molecular relaxations of
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polymers. It covers a broad frequency range, allowing measure-
ment of different relaxation processes simultaneously, including
secondary, the segmental relaxation associated with glass
transition, and even entire chain relaxations processes under
favorable circumstances.23,28-30 The high resolution of the BDS
permits analysis of the subtle changes in these relaxation modes
associated with molecular motions on different length scales.

In this paper, we report the BDS measurements on the
C60-cis-polyisoprene (PIP) nanocomposites. cis-PIP is a so-
called type A polymer (according to Stockmayer’s definition 31)
that contains dipole moments both perpendicular and parallel
to the backbone of the chain.28,29,32-39 The accumulated dipole
moment parallel to the backbone is equivalent to the root-mean-
square end-to-end vector (〈R2〉1/2) of the chain. The relaxations
of perpendicular and parallel dipole moments give rise to the
segmental and chain relaxation processes respectively. Our
measurements reveal that all the relaxation modes are affected
by C60. However, the effects are strongly mode specific,
indicating that even the qualitatiVe nature of the changes in the
polymer dynamics with the nanoparticle additive can be length
and time scale dependent.

Experimental Section

Two monodisperse PIP samples were purchased from Polymer
Source, Mn ) 2000 g/mol with a polydispersity index (PDI) of
1.08, and Mn ) 25 000 g/mol with a PDI of 1.04. They are termed
PIP2k (unentangled since the entanglement molecular mass of PIP
is about 5000 g/mol 40) and PIP25k (entangled) throughout this
paper for simplicity. The C60 sample was purchased from Sigma-
Aldrich. All materials were used without further purification.

Due to the low Tg of PIP (200 to 210 K), it is difficult to prepare
the C60-PIP composites through the precipitation methods discussed
in ref 7. Instead, a conventional solvent evaporation approach was
used for preparing the C60-PIP nanocomposites.15,20,41 A dilute
solution of C60 in toluene was prepared via sonication for 20 min,
until a homogeneous, clear solution was obtained. PIP was then
added to the solution to achieve the desired C60 concentration in
the final composites. The covered solution was then put in a shaker
for 2 h to ensure a homogeneous solution was obtained. The
solutions were then placed under the flow of N2 to evaporate the
majority of the toluene, before transferring to a vacuum oven for
48 h at room temperature to remove the residual solvent. Using
this approach, a series of concentrations for C60-PIP composites

were prepared: 0.1% mass, 0.5% mass, 1% mass, and 3% mass for
PIP2k, and 0.5% mass and 3% mass for PIP25k. Except for a PIP2k
sample having a relatively high fullerene concentration (3% mass
C60), all samples were optically clear and no aggregates were
visually apparent under an optical microscope.

Aggregates of fullerenes are expected at smaller scales, however.
This general phenomenon is illustrated by Kropka et al. in
measurements where PMMA is the matrix,20 and clustering has
also been observed for PS and other polymers.42,43 In particular,
transmission electron microscopy (TEM) measurements by Kropka
indicate aggregates on the order of 10 to 20 nm for low C60

concentrations, � e 1% mass, so these clusters remain basically
nanoparticles in this low concentration regime.20 The clusters
normally become macroscopic in dimensions for � between 3%
mass to 4% mass and large clusters of this kind have recently been
imaged in C60-PS nanocomposite films.44 Our measurements for
C60-PIP nanocomposite span a concentration range where C60

should be reasonably well dispersed at low concentration and only
nanoscale particles should exist.

Our dielectric measurements were performed using a Novocontrol
Alpha Impedance Analyzer in the frequency range from 1 mHz to
3 MHz at different temperatures.45 C60-PIP liquid samples were
placed into a parallel-plate capacitor with 20 mm diameter, and a
pair of glass fibers with 40 µm diameter was used as the spacers
between the electrodes. The sample capacitor was mounted in the
fixture and placed in the cryostat. Temperature stabilization was
better than 0.1 K throughout the measurements. The temperature
control was achieved through Novocontrol Quatro Cryosystem and
data analysis was performed through Novocontrol WinFit program.

Results and Discussion

Figure 1 presents the dielectric loss spectra (ε”) of both pure
PIP control samples (parts a and c) and representative C60-PIP
composites samples (parts b and d) measured at different
temperatures. All of the relaxation processes are well separated
in these measurements, providing a good opportunity for
analyzing their dependence on the C60 concentrations at different
temperatures. The higher frequency relaxation process corre-
sponds to the segmental mode, which is associated with the
glass transition of the system. The lower frequency relaxation
process is associated with the relaxation of the chain as a whole
and is often designated the “normal mode” relaxation process.

Figure 2 shows the dielectric relaxation spectra at 183 K
(below Tg of both pure PIP samples) for both C60-PIP systems.

Figure 1. Representative dielectric loss spectra (ε′′ ) at different temperatures of (a) PIP2k, (b) PIP2k mixed with 1% mass C60, (c) PIP25k, and (d)
PIP25k with 3% mass C60. For the PIP2k system, (a and c), corresponding temperature increases from 208 to 288 K, with a step of 10 K. For the
PIP25k system, corresponding temperature increases from 233 to 313 K with a step of 10 K. The symbols represent the measurement data, and the
lines represent the fitting result using the Havriliak-Negami function.
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For the PIP2k nanocomposites with different C60 concentrations,
the spectra show a broad excess wing-like secondary (or �)
relaxation with very small slope (near constant loss), consistent
with previous literature reports.32-34,36-39,46-48 However, a clear
peak of the secondary relaxation appears in samples with higher
molecular weight (C60-PIP25k, Figure 2b). Such an enhanced
� relaxation with an increase of molecular weight was also
reported for polypropylene glycol, an effect probably associated
with an enhanced fragility (temperature dependence of R-re-
laxation time, shown below) due to the increase in chain
length.49 The amplitude of the relaxation process in polymers
with both molecular weights is small (value of ε′′ ∼ 10-3) and
comparable to the instrumental limit of our spectrometer
(∼10-4). Thus the observed variations in the amplitude of the
� relaxation with the addition of fullerene (Figure 2) are
unreliable. However, the frequency of the relaxation peak is
reliable. A well resolved � relaxation peak in the C60-PIP25k
systems clearly moves to higher frequency with the addition of
C60. The �-peak is not so well resolved in PIP2k systems and
we did not find a detectable change of the relaxation time with
the C60 additive in this case.

For all our samples, we observe no qualitative changes in
the shape of the relaxation modes with the C60 additive. In
particular, the frequency dependence of ε′′ (ω) exhibits slope
near -1 in the low frequency regime (data not shown in figure)
corresponding to the large scale “breathing” motion of the chains
(normal mode relaxation). This trend is characteristic for the
loss spectrum in the “terminal” relaxation regime governing
large scale chain relaxation.28,29,50

The dielectric loss spectra were fitted by the Havriliak-Negami
(HN) functions with additional conductivity contribution51

where σ is the conductivity, ω is the angular frequency, s is
the exponent describing conductivity slope, τj is relaxation time
of the jth process, ε0 is the vacuum permittivity, ∆ε is dielectric
strength of the jth process, R and � are parameters that define
symmetric and asymmetric broadening of the relaxation spec-
trum, respectively. A symmetric Cole-Cole function (corre-
sponding to a shape parameter � ) 1 in the HN equation) was
used for analysis of secondary relaxation spectra. Characteristic
relaxation times for each processes were estimated as the
reciprocal of the peak frequency τ ) 1/2πωmax.

Figure 3 shows the relaxation times for both the segmental
and chain relaxation processes as a function of temperature for
(a) PIP2k and (b) PIP25k with different C60 concentrations.
Secondary relaxation times for the PIP25k system were also

presented in Figure 3b. Conventionally, Tg can be defined as
the temperature at which the segmental relaxation time reaches
100 s. However, to avoid extrapolation of the data away from
the accessible range of experimental time scales we used the
arbitrary value 1 s for the estimation of Tg and the value obtained
are listed in Table 1.52 For both the unentangled and entangled
PIP, there is an increase in Tg with the addition of C60, in
agreement with the measurement of C60-PS by Sanz et al.16

and Weng et al.24 and C60-PMMA systems by Kropka et al.20

For PIP2k, the biggest change seems to occur between the pure
and the lowest C60 concentration (0.1% mass) sample and no
significant differences were observed for the other C60 concen-
trations. By comparison, a modest concentration dependence
of Tg is found for the high molecular mass polymer nanocom-
posite. In contrast, the secondary relaxations time of PIP25k
decreases with the addition of C60, a trend opposite to that of
the segmental and chain relaxation times. This result is consistent
with the neutron measurements where an increases of Debye-
Waller factor was observed, suggesting that the scale of the local
chain motions are enhanced by the C60 additive so that the local
“molecular stiffness” is decreased.16

From Figures 1 and 3, it is clear that both the segmental (τR)
and the chain (τ1) relaxation times shift to a lower frequency
with a decrease of temperature and these changes are well
described by the Vogel-Fulcher-Tammann equation,29,30,53

where τ0 is the relaxation time at infinite high temperature, T0

is the so-called Vogel temperature at which the relaxation time
goes to infinity, and D is the parameter related to fragility of
material.53 A smaller value of D implies steeper temperature
dependence of the relaxation time or a more “fragile” behavior.
Table 1 lists the fitted parameters obtained from Figure 3. T0

increases modestly with the addition of C60, similar to the trend
for Tg. In comparison, the modest slowing down of both
segmental and chain relaxation of our system is similar to the
results reported for C60-PMMA nanocomposites, where both
an increase of Tg and the terminal (chain) relaxation time were
observed.20

Figure 3 also indicates that the temperature dependence of
τR is much stronger than τ1 for all the samples especially at
temperatures close to Tg, a behavior that we have emphasized
in previous work.45 Similarly, we plot the ratio of τ1 to τR as a
function of the temperature in Figure 4 for our C60-PIP2k
nanocomposites. For all other samples, this ratio shows a strong
temperature dependence (Figure 4), consistent with ref 45. Since
τ1 and τR can only be simultaneously determined over a limited

Figure 2. Representative dielectric loss spectra correspond to the
secondary relaxation at -90 °C of (a) C60-PIP2k systems with different
C60 concentration: solid line, neat PIP2k; dashed line, with 0.1% mass
C60; dotted line, with 0.5% mass C60; dashed-dotted line, with 1%
mass C60. (b) C60-PIP25k for different C60 concentrations: solid line,
pure PIP25k; dashed line, with 0.5% mass C60; dotted line, with 3%
mass C60.

ε* ) ε∞ + ∑
j
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Figure 3. Relaxation times as a function of temperature for (a)
C60-PIP2k, and (b) C60-PIP25k. For part a: squares, neat PIP2k;
circles, 0.1 mass % C60; triangles, 0.5% mass C60; diamonds, 1% mass
C60. For part b: squares, neat PIP25k; circles, 0.5% mass C60; triangles,
3% mass C60. The solid and empty symbols correspond to the segmental
and chain relaxation modes, respectively. The half-filled symbols in
part b represent the secondary relaxation times for corresponding
concentrations.

τ ) τ0 exp( DT0

T - T0
) (2)
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temperature range for the PIP25k series, we did not examine
this ratio quantitatively for this sample.

We also see in Figure 4 that the ratio τ1/τR decreases with an
increase of the C60 concentration at a given temperature, i.e.,
the separation between the τ1 and τR progressively decrease with
the addition of C60. To illustrate this point, Figure 5 directly
compares the dielectric spectra for the each PIP nanocomposites
with different C60 loading at representative temperature (218K
for PIP2k system and 238K for PIP25k system). These spectra
were normalized by a horizontal shift of the normal mode
relaxation spectra of the low and high molecular mass polymers.
No visible change in the spectral shape of chain relaxation
modes is observed. In contrast, stronger variations of segmental
relaxation modes are observed; there is in particular a marked
increase of relaxation strength.

The relaxation strength of segmental and chain relaxation
modes of polymers can be reasonably described by the
Kirkwood-Frohlich relation,29,30

where F is the density, F is the local field correction, µ is the
molecular dipole moment, and g is the Kirkwood-Frohlich
correlation factor, which measures the correlation between dipole
moments in neighboring units, and 〈R2〉 refers to mean square
of the end-to-end distance of the chain.

Since no variations in ∆εnormal were observed, we do not
expect significant change of 〈R2〉 upon addition of C60. In
addition, if chain or coil dilation due to the C60 additives does
occur, it should show a concentration dependence, Rg,composite/
Rg,pure polymer ) 1 + cφ, where φ is the concentration of the C60

and c is a constant.21,54 Such a dependence is absent from our
measured spectra. This is clearly different from the observations
that Rg of PS increase with the addition of PS-nanoparticles.54

The discrepancies might be caused by different dispersion
methods used for preparing the nanocomposites and the differ-
ence in the specific nanoparticle - polymer interactions deter-
mined by the chemical structures.

Compared with ∆εnormal, we observed a progressive increase
of ∆εsegmental with C60 concentrations for both PIP samples
(Figure 5). We suggest that such an effect might be caused by
the increase in g, i.e. with additions of C60, there is an increase
in correlations of the neighboring dipole moments that contribute
to segmental relaxations.55 Apparently, such a perturbation is
more localized to the type B dipole moment (perpendicular to
the backbone, corresponds to the segmental relaxations), as no
such change in the relaxation strength of the chain modes was
observed.

Figure 6 compares the ratio between relaxation times for the
C60-PIP composites and neat PIP as a function of temperature.
In accord with the relaxation strength, the degree of retardation
with addition of C60 is much stronger for τR than τ1, and this

effect becomes more dramatic as temperature decreases. This
result is very much in line with previous observations that factors
(such as temperature and pressure) which strongly influence the
segmental relaxation have a weakening effect on the chain
relaxation process.34,45 Although this phenomenon has not yet
been given a general explanation, we can rationalize this trend
based on the origin of the fragility of glasses in the entropy
theory of glass formation developed by Dudowicz et al.56-58

According to this theory, when there is a significant degree
of packing frustration, the fragility of glass formation should
be higher and the transport properties are more sensitive to
temperature or other perturbations that can influence the packing
geometry. The segmental motions are dominated by strong local
hard core repulsive interactions that limit the efficiency of local
packing. At longer time scales (on the order of τ1) and larger
spatial scales (on the order of Rg), the center of mass motion of
the chains can be roughly described as interacting soft spheres
because of their strong interpenetration.59-61

Table 1. Tg and Parameters from the VFT Fit of Both the Segmental and Chain Relaxation Times

segmental relaxation chain relaxation

samples Tg ( 1(K)a (τR ) 1s) τ0 (s) D T0 (K) τ0 (s) D T0 (K)

PIP2k+ C60 0% 201.8 1.5 × 10-13 8.1 158.2 1.2 × 10-11 11.6 145.3
0.1% 203.9 1.3 × 10-13 8.1 160.4 1.4 × 10-11 11.4 147.0
0.5% 203.9 8.7 × 10-14 8.6 158.7 1.4 × 10-11 11.3 147.2
1% 203.8 3.2 × 10-13 7.4 162.2 2.0 × 10-11 10.8 148.4

PIP25k+ C60 0% 210.9 2.2 × 10-13 7.5 168.0 2.0 × 10-8 9.5 159.9
0.5% 212.9 7.0 × 10-13 8.4 166.9 1.9 × 10-8 9.7 160.1
3% 214.0 1.2 × 10-13 7.9 169.1 2.2 × 10-8 9.5 161.1

a The error bars presented throughout this manuscript indicate the relative standard uncertainty of the measurement.

∆εseg ) g
4πFNF
3kBT

µ2 (3)

∆εnormal ) g
4πFNF
3kBT

µ2〈R2〉
M

(4)

Figure 4. Ratio of chain to segmental relaxation times as a function of
temperature for PIP2k with different C60 concentrations: filled square,
net PIP2k; circle, 0.1% mass C60; triangle, 0.5% mass C60; diamond,
1% mass C60.

Figure 5. Dielectric relaxation spectra for (a) PIP2k with different C60

concentrations at 218 K, and (b) PIP25k with different C60 concentra-
tions at 238 K. The spectra are shifted horizontally to match at the
chain relaxation (lower frequency) peak.
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From this perspective, the dynamics of flexible chains at the
scale of Rg should be universally that of a strong glass-former
(showing weak temperature dependence of τ1) because of the
relatively high packing efficiency of the soft spheres in
comparison with hard spheres and other less penetrable particles.
Moreover, the difference between the segmental and chain
relaxation processes should be more prevalent in systems whose
segmental relaxation process is characterized by a more fragile
glass formation, associated with a high local packing frustration
due to strong local excluded volume interactions.56-58 Additives
such as C60 that modify local molecular packing, and thus the
local segmental relaxation process, should have a weaker effect
on the scale of the polymer chains. In short, the heterogeneities
prevalent at the segmental scales are not dominant at the scales
of Rg.

This interpretation of the scale dependence of the fullerene
additive on the dielectric relaxation is consistent with the trends
observed in Figure 6, which indicate that the change of τR due
to the addition of C60 becomes progressively larger than the
change in τ1 as the temperature approaches Tg and correspond-
ingly the lifetime of the heterogeneity of the supercooled liquid
at a nanoscale increases. Similarly, such a scale dependent
perturbation of C60 on the PIP is consistent with the observation
that the correlations between local dipoles (type B, segment
scale) may be enhanced more than those between the chains
(type A) (Figure 5).

Additives that disrupt molecular packing efficiency are also
anticipated to increase fragility of glass formation, which
physically should be signaled by a softening of the material in
the glass state and a simultaneous increase in Tg. Our observa-
tions are consistent with a trend toward enhanced fragility
induced by the C60 additive (although the effect is relatively
small in PIP). A similar, but more substantial magnitude effect
of this kind has been inferred from indirect neutron scattering
measurements for C60-PS nanocomposites.16

An enhanced fragility upon C60 addition should then lead to
decrease in the � relaxation time, an effect opposite to the well
documented “antiplasticization” phenomenon with molecular or
nanoparticle additives. In a typical antiplasticization effect, the
additives will cause an increase in the � relaxation time and
decrease in both the R relaxation time and fragility.62,63 In our

C60-PIP25k samples, the observation of a decrease in the �
relaxation time, with a simultaneous increase of the R relaxation
time, is consistent with an increase of fragility in PIP with the
C60 additive (see Table 1). Unfortunately, the overall effect is
rather weak, most likely due to the choice of a polymer (PIP)
that is relatively strong to begin with. Recent molecular
dynamics simulations by Starr and Douglas (unpublished work)
show that nanoparticles with highly attractive interaction for
the polymer matrix can render the nanocomposite more fragile,
similar to our C60-PIP system, and the neutron measurements
of C60-PS system.

The � relaxation time is also phenomenologically linked to
the mechanical properties of polymer materials (shear modulus,
brittleness, toughness, impact strength)62,63 and a better under-
standing of how nanoparticles can modulate this basic fluid
property has obvious practical, as well as scientific interest. We
plan to use dielectric spectroscopy to investigate the variation
of the � relaxation time for other nanoparticle-polymer pairs in
the future and the implications of these changes for other
polymer properties.

Finally, we remark on the general problem of nanoparticle
clustering and the possible effect of this phenomenon on our
observations. As noted earlier, previous work has established a
general tendency toward large-scale C60 clustering starting from
concentrations � ) 2% mass to � ) 3% mass and nanoscale
clustering develops for concentrations around 1% mass. Our
study covers this concentration range, but also includes data
for low concentration regime (� ) 0.5% mass), where ap-
preciable clustering should be absent. Since the effects we
observe are apparent at this low concentration, it is difficult to
attribute the opposite trends in the shift in � and segmental (also
terminal relaxation) times to large-scale particle clustering.

Conclusions

Dielectric spectroscopy was used to investigate the influence
of C60 nanoparticle additives on the secondary, segmental and
chain relaxation processes for both unentangled and entangled
PIP. Both segmental and chain relaxation processes become
slower with the C60 addition, an effect associated with an
increase of the glass transition temperature and/or an enhanced
molecular friction coefficient. However, the extent of this
retardation effect is strongly scale dependent. Detailed com-
parisons show that the segmental relaxation exhibits a stronger
sensitivity to the C60 additives than the chain relaxation, and
this effect become increasingly dramatic with decrease of
temperature. We attribute this effect to the varying extent of
packing frustrations on the chain and segmental length scales.

In contrast to the segmental and chain relaxation processes,
the secondary or � relaxation process of entangled PIP was
observed to speed up with addition of C60. This observation
agrees with the recent neutron measurements where local
softening of PS upon C60 additions was observed, while the Tg

was reported to increase. These observations suggest that
nanoparticles can have a qualitatiVely different effect on the
matrix polymer dynamics at different length scales, and thus
caution must be taken in comparing changes in the dynamics
associated with different relaxation processes.
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