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The dynamic relaxation characteristics of poly(ether imide) and poly(methyl methacrylate) nano-
composites based on native and surface-modified (i.e., hydrophobic) fumed silicas were investigated by
dynamic mechanical analysis and dielectric spectroscopy. The nanocomposites displayed a dual glass
transition behavior in the dynamic mechanical studies encompassing a bulk polymer glass transition
(close to Tg for the unfilled polymer), and a second, higher-temperature transition reflecting relaxation of
polymer chain segments constrained owing to their proximity to the particle surface. The position and
intensity of the higher-temperature transition varied with particle loading and surface chemistry, and
reflected the relative populations of segments constrained or immobilized at the particle-polymer
interface. Dielectric measurements, which were used to probe the timeetemperature response across the
local sub-glass relaxations, indicated no variation in relaxation characteristics with particle loading.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites, i.e. inorganic-organic hybrid mate-
rials that contain nanoscale filler with characteristic dimensions at
or below 100 nm, have been the subject of extensive study owing to
their potentially superior performance properties as compared to
conventional filled plastics. Over the last two decades, a broad body
of experimental and theoretical work has emerged that explores
the relationships between filler size and geometry, surface chem-
istry, and nanocomposite morphology and their influence on ulti-
mate performance characteristics; many aspects of this work have
been summarized in the numerous review papers available in the
literature [1e9].

An important factor in understanding the potential enhance-
ment of bulk properties in polymer nanocomposites is the extent
to which the presence of nanoscale filler alters the characteristics
of the surrounding polymer matrix phase [9]. The introduction of
spherical nanoscale particles, for example, leads to the creation of
vast amounts of particle-polymer surface area that can strongly
influence polymer chain mobility in the vicinity of the solid-
polymer interface. The quality of particle-polymer interactions, as
well as physical confinement effects, are often manifested by shifts
in the glass transition temperature (Tg), as well as changes in the
underlying timeetemperature characteristics of the glasserubber
: þ1 859 323 1929.
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and sub-glass relaxation processes [10]. In situations where
favorable interactions are established between the nanoparticles
and the polymer matrix, positive offsets in Tg are typically
observed, as well as the possible appearance of a second, higher Tg
corresponding to the presence of a distinct, constrained population
of chain segments in the vicinity of the particle surface [11e18]. For
particle-polymer combinations with poor wetting characteristics,
reductions in Tg with nanoparticle loading have been reported
[19e22].

In this study, we examine the dynamic relaxation characteristics
of glassy polymer nanocomposites based on amorphous poly(ether
imide) [PEI] and poly(methyl methacrylate) [PMMA] filled with
fumed silica nanoparticles. Four series of PEI composites are inves-
tigated, encompassing native SiO2 particles, and three commercial
silicas producedwith various surface treatments intended to render
them hydrophobic in character. The preparation andmorphology of
thePEI compositeswerepreviously describedbyTakahashi andPaul,
who explored the relationships between particle dispersion,
potential internal void formation and gas transport properties as
a function of nanoparticle loading and surface chemistry [23,24]. In
the current work, we assess the influence of the particles on the
glasserubberandsub-glass relaxationsof PEI andPMMAcomposites
using dynamic mechanical and dielectric spectroscopy methods. Of
particular interest is the observation of dual glasserubber relaxa-
tions in these composites, a behavior discussed by Tsagaropoulos
and Eisenberg [13,14]. In their study on a variety of favorably-
interacting polymer-silica systems, Tsagaropoulos and Eisenberg
saw that silica particle (7 nm diameter) loadings on the order of
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10 wt% and higher led to the emergence of two distinct Tg events as
measured by dynamic mechanical analysis: a bulk Tg corresponding
to the glass transition of the unfilled polymer, and a second, higher Tg
offset by w40e100 �C. The relative intensity and position of these
relaxations were interpreted according to the overall loading of the
nanoparticles, and the respective populations of loosely-bound and
more tightly-bound polymer segments near the particle surface. In
the work presented here, the generality of the dual-Tg response will
be considered forboth thePEI- andPMMA-basedcomposites, aswell
as any potential perturbation of the sub-glass relaxations measured
for these systems.
2. Experimental

2.1. Materials

Poly(ether imide) [PEI] resin pellets were obtained from GE
Plastics (Ultem� 1000). Poly(methyl methacrylate) [PMMA] pellets
were obtained from Altuglas International (Plexiglas� V826). Silica
nanoparticles (99.5% purity; 10 nm diameter) were purchased from
Aldrich, with a reported BET surface area of 590e690 m2/g and
density of 2.2 g/cm3. Commercial fumed silicas with modified
surfaces were obtained from Cabot Corporation: Cab-o-sil� TS-530,
TS-610, and TS-720. The surface chemistry for each of these
nanoparticles is presented in Table 1, and details on particle prop-
erties are provided in Ref. [23]. The series of particles encompasses
nominal diameters from w10 to 30 nm, with corresponding
densities of 2.2 (TS-530), 2.2 (TS-610) and 1.8 g/cm3 (TS-720),
respectively. Solvents used for nanocomposite preparation
(dichloromethane; dimethylformamide) were purchased from
Fisher Scientific.
Table 1
Surface chemistry of fumed silica nanoparticles. (a) TS-530; (b) TS-610; (c) TS-720.
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2.2. Sample preparation

2.2.1. PEI-based nanocomposites
PEI pellets (10 wt%) were dissolved in dichloromethane by

magnetic stirring at room temperature for 1 h. Nanoparticles in
appropriate proportion were added to the polymer solution and
subject to vigorous mechanical mixing for 10 min; the blend was
then poured into an open, shallow container and solvent was
allowed to evaporate at ambient conditions for w24 h. The
resulting composites were placed under vacuum and held at 100 �C
(24 h), 200 �C (24 h), and then briefly above Tg (220 �C; 30 min) to
ensure full removal of solvent. Finally, the samples were consoli-
dated via compression molding to achieve uniform films of desired
thickness. Molding temperatures ranged from 260 to 320 �C
depending on filler loading, with melt exposure times <5 min. Film
thickness was w0.7 mm for dynamic mechanical specimens and
w0.3 mm for samples prepared for dielectric measurement. The
precise thickness of each film was determined using a digital
micrometer with precision to �1 mm.

2.2.2. PMMA-based nanocomposites
PMMA pellets (10 wt%) were dissolved in DMF by magnetic

stirring, followed by addition of an appropriate proportion of
nanoparticles; only a single series of PMMA composites was
investigated, based on inclusion of the TS-610 particles. The
nanocomposite formulations were recovered via precipitation: the
polymer/particle solution was poured into a running laboratory
blender filled with water, and the precipitated blend was filtered as
a coarse powder. Samples were then dried under vacuum at 70 �C
(24 h), 110 �C (4 h), and 130 �C (30 min) to facilitate removal of
water and residual DMF. Compressionmolding (220 �C) was used to
produce uniform films for dynamic mechanical (0.7 mm) and
dielectric (0.3 mm) studies.

2.3. Film density

Bulk density measurements of PEI nanocomposite films were
conducted by hydrostatic weighing at 25 �C using a conventional
density determination kit (Denver Instruments); deionized ultra-
filtered water (Fisher Sci.) was employed as the auxiliary liquid. A
minimum of three replicate measurements was completed for each
sample tested.

2.4. Dynamic mechanical analysis

Dynamic mechanical analysis was performed using a TA
Instruments Q800 DMA configured in tensile geometry. Storage
modulus (E0) and loss tangent (tand) were recorded both in
temperature sweep mode (1 Hz; 3 �C/min) and frequency sweep
mode (0.1e30 Hz) at temperatures ranging from 150 to 350 �C (PEI-
based films) and 35 to 260 �C (PMMA-based films). All measure-
ments were performed under nitrogen atmosphere.

2.5. Broadband dielectric spectroscopy

Dielectric measurements were conducted using the Novocon-
trol Broadband Dielectric Spectrometer. To promote electrical
contact during measurement, concentric 33 mm diameter silver
electrodes were applied to each sample film using a VEECO thermal
evaporation system. Samples were subsequently mounted between
gold platens and positioned in the Novocontrol Quatro Cryosystem.
Dielectric constant (30) and loss (300) were recorded at discrete
temperatures ranging from �150 to 380 �C (PEI-based films) and
�120� to 230 �C (PMMA-based films). Test frequencies ranged from
0.1 Hz to 3 MHz.
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3. Results and discussion

3.1. Nanocomposite density

The incorporation of nanoscale particles into a polymer matrix
provides a range of variables that can be exploited for the
enhancement of material properties. A crucial aspect of nano-
composite performance is the dispersion of the filler particles
within the polymer matrix, as polymer nanocomposites are
susceptible to particle agglomeration and potential network
formation [25]. Extensive agglomeration within the matrix,
accompanied by polymer de-wetting at the particle surface, may
lead to the entrapment of voids and defects. Takahashi and Paul
recently addressed this issue for a series of PEI-based composites
incorporating commercially-available fumed silicas with chemical
surface modifications intended to render the particles more
hydrophobic in character and thereby more compatible with the
PEI matrix [23,24]. Detailed electron microscopy studies revealed
moderate to high levels of particle agglomeration in both solution-
cast and melt-processed PEI nanocomposites [23]. The morphology
of these composites was correlated with bulk density measure-
ments intended to assess the potential formation of internal voids
as related to processing history and particle-polymer interaction.

For the studies reported here, we have prepared PEI nano-
composites using components identical to those employed by
Takahashi and Paul. Density results for our composites are pre-
sented as a function of particle loading in Fig. 1, and are compared
to densities predicted based on strict volume additivity (see solid
lines in Fig. 1). The density of unfilled PEI was measured as
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Fig. 1. Density (g/cm3) vs. weight percent filler for PEI nanocomposites. Solid curves corre
SiO2]; (b) Filler density ¼ 1.8 g/cm3 [TS-720].
1.27 g/cm3, which is in agreement with the value reported by the
manufacturer [26]. Fig. 1a presents nanocomposite results for
native SiO2 and the TS-530 and TS-610 particles (rF ¼ 2.2 g/cm3),
while Fig. 1b presents results for composites containing TS-720
(rF ¼ 1.8 g/cm3).

Examination of Fig. 1 shows that the PEI composites based on
inclusion of TS-610 and TS-720 adhere closely to the volume
additivity prediction for loadings up to 20 wt% filler. The results for
the TS-610 composites are in close agreement with data reported
by Takahashi and Paul, who observed the best overall dispersion
quality for the TS-610 particles [23]. Density values for the
composites containing TS-530 and native SiO2 display negative
deviations from additivity that increase with particle loading, and
that suggest the entrapment of voids or gaps within the composite.
For the highest particle loadings, a maximum void volume fraction
of apx. 3% is indicated, again consistent with the results reported in
Ref. [23].

3.2. PEI composites e dynamic mechanical analysis

Dynamic mechanical results (E0; tand vs. temperature) for the
series of composites based on PEI and TS-610 particles are pre-
sented in Fig. 2. Across the glassy region, the introduction of
nanoscale filler leads to a progressive increase in storage modulus,
with E0 increasing by a factor of two for a loading of 30 wt%
particles. At loadings� 15 wt%, a two-step incremental drop in
modulus is evident with increasing temperature that is indicative
of a dual-Tg response, and the plateau modulus that is obtained at
the highest measurement temperatures shows a strong positive
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spond to volume additivity prediction. (a) Filler density ¼ 2.2 g/cm3 [TS-610; TS-530;
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Fig. 2. Dynamic mechanical properties vs. temperature (�C) for PEI/TS-610 nano-
composites. (a) storage modulus (Pa); (b) tand. Frequency of 1 Hz; heating rate of 3 �C/
min.

Table 2
Glass transition temperatures for PEI/nanoparticle composites as a function of
particle loading (wt%). Tg values correspond to maxima in dynamic mechanical tand
at a frequency of 1 Hz.

TS-530 TS-610 TS-720

wt% filler Tg1 [�C] Tg2 [�C] Tg1 [�C] Tg2 [�C] Tg1 [�C] Tg2 [�C]

0 224 e 224 e 224 e

10 226 321 226 325 226 306
15 226 305 227 316 226 297
20 227 293 226 313 226 287
25 226 289 227 293 224 283
30 226 291 227 289 224 279
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correlation with particle loading. Examination of the tand results
for this series reveals a sharp “bulk polymer” glass transition peak
at w225 �C (Tg1); the peak intensity decreases systematically with
particle loading, but the position of the peak is nearly invariant
across the range of composite compositions studied. At higher
temperatures, a broad maximum in tand is indicated, suggesting
a second glasserubber relaxation process (Tg2) corresponding to
the motional response of polymer chain segments impeded to
some degree owing to their proximity to the nanoparticle surface.
The intensity of this higher-temperature relaxation event decreases
with increasing filler content, and the position of the maximum in
tand shifts to lower temperatures with increased loading. It should
be noted that the results for unfilled PEI presented in Fig. 2 corre-
spond to a sample prepared via the same solution-based process
used for the nanocomposite specimens. Comparison of these data
with dynamic mechanical results obtained for an exclusively melt-
processed PEI sample showed no difference in the modulus or tand
curves, indicating that the drying protocol performed during
sample preparationwas sufficient in removing residual solvent that
could plasticize the matrix and thereby shift Tg1 to lower temper-
atures. A summary of tand peak temperatures (1 Hz) for the various
composites is provided in Table 2.

The trends in dynamic mechanical data for the PEI/TS-610
composites show numerous similarities to the dual-Tg behavior
reported by Tsagaropoulos and Eisenberg, and can be satisfactorily
explained according to the qualitative model that they proposed
[14]. Specifically, it is suggested that the glasserubber relaxation
response of the polymer composites is governed by the distribution
of polymer chain segments across three relaxation environments:
bulk polymer (essentially unperturbed by the presence of the
nanoparticles), loosely-bound polymer, and tightly-bound polymer
immobilized at the particle surface. Tg1 corresponds to the glass
transition response involving bulk polymer that is only minimally
impacted by inclusion of the particles; the decrease in tand peak
intensity with increasing loading (Tg1) reflects not only the
replacement of polymerwith solidfiller, but also the transformation
of some fraction of the surrounding polymer matrix into loosely-
and tightly-bound populations. The segmental relaxation of the
loosely-bound population (i.e., polymer chain segments hindered
by their proximity to the particle surface as well as potential
physical confinement effects) is reflected in the higher-temperature
relaxation event, Tg2. In addition, it is postulated that a subset of
polymer segments, the tightly-bound population, is so strongly
constrained at the particle surface that these segments are unable to
undergo the large-scale motions inherent to the glasserubber
relaxation. The relative position and intensity of the Tg2 event reflect
the progressive transformation of loosely-bound polymer to
tightly-bound polymer with increased overall loading: as particle
content increases (and average interparticle distance decreases),
growing local constraints reduce the relative fraction of loosely-
bound segments capable of participating in the glasserubber
relaxation process. This is manifested in an overall decrease in Tg2
relaxation intensity with increased loading, as well as a shift in peak
position to lower temperatures, as the most restricted of the
loosely-bound segments are converted into tightly-bound polymer.

Dynamic mechanical results for the PEI composites based on
native SiO2 particles are presented in Fig. 3. As compared to the PEI/
TS-610 series, the PEI/SiO2 composites display a lower overall
degree of mechanical reinforcement, especially at loadings� 20 wt
% SiO2. The dual-Tg response behavior that is clearly established in
the PEI/TS-610 samples at 15 wt% loading is not fully evident in the
PEI/SiO2 composites until a loading of at least 25 wt%. This may
indicate a lower degree of particle dispersion across the PEI/SiO2
series, and potentially weaker interaction between the PEI matrix
and the unmodified SiO2 surface. As reported in Fig. 1, density data
for the PEI/SiO2 series show the strongest negative deviation from
volume additivity amongst the various PEI composites, possibly
reflecting a lower degree of compatibility (and hence greater
agglomeration and void formation) between the PEI thermoplastic
and the hydrophilic particles.

A comparison of the dynamic mechanical curves for the four
PEI-based nanocomposites is presented in Fig. 4 (15 wt% filler
loading). Across the data sets, there is minimal variation in the
characteristics of the bulk polymer glass transition event, Tg1. At
temperatures above Tg1, the PEI/SiO2 sample shows only limited
mechanical reinforcement, while a dual-Tg response is evident in
each of the PEI/Cab-o-sil materials. Incorporation of TS-720
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particles, which appear to present the most strongly hydrophobic
surface, leads to the highest measured value of rubbery modulus
above Tg2. This correlates with the lowest intensity tand peak for
the Tg2 event, suggesting that the PEI/TS-720 composite contains
the highest proportion of tightly-bound polymer segments at the
particle surface. The loosely-bound segments that are capable of
participating in the Tg2 process are presumably further removed
from the TS-720 surface and less constrained as compared to the
loosely-bound populations present in the TS-530 and TS-610
composites. As a result, the Tg2 peak for the TS-720 system is
positioned at a lower temperature as compared to the TS-530 and
TS-610 composites (see full listing of Tg1 and Tg2 values as a function
of composition in Table 2).

Representative dynamic mechanical curves of tand vs. temper-
ature at various measurement frequencies (PEI/TS-610; 30 wt%
filler) are shown in Fig. 5; the range of frequencies is 0.1e30Hz. Both
transitions (i.e., peaks in tand) shift to higher temperatures with
increasing frequency, consistent with their origin as motional
relaxation processes. Plots of log(frequency) vs. reciprocal temper-
ature, based on the measured maxima in tand from the isochronal
curves, are provided in Fig. 6 for the PEI/TS-610 series. Across the
limited range of frequencies accessible with the dynamic mechan-
ical instrument, data for both the Tg1 and Tg2 transitions follow the
Arrhenius relation, as indicated by the straight-line fits included in
the figure. For the Tg1 glass transition event, the peak temperatures
of the composite specimens are shifted to slightly higher values as
compared to unfilled PEI (see also Table 2), but all data sets reflect
a single apparent activation energy, EA ¼ 880 kJ/mol. For the Tg2
relaxation, a much lower activation energy is indicated over the
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various composite loadings (EA ¼ 220 kJ/mol), with the data points
positioned according to the observed shifts in Tg2 to lower
temperatures with increased loading. The smaller activation energy
encountered for the Tg2 process is consistent with the results of
Tsagaropoulos and Eisenberg [14], who measured EA values that
were 2e3 times lower than the activation energy for the Tg1 tran-
sition at low to moderate filler loadings.

The timeetemperature character of the glass transition events
in the PEI composites was further explored by the construction of
modulusefrequency master curves based on timeetemperature
superposition [27]. Fig. 7 shows E0 vs. uaT master curves for the PEI/
TS-610 series at a reference temperature of 225 �C, where u is the
applied frequency (u ¼ 2pf, with f expressed in Hz) and aT is the
dimensionless shift factor. The master curves capture the dual
relaxation behavior of the PEI composites and the progressive
increase in mechanical reinforcement with filler loading. In an
effort to quantify the relative breadth of the relaxations, each
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component was fit to the KohlrauscheWilliamseWatts (KWW)
stretched exponential function, with determination of the KWW
distribution parameter, bKWW [28]. The value of bKWW can range
from 0 to 1, with lower values reflecting broad transitions influ-
enced by intermolecular coupling, crosslinks, particle-polymer
interactions and physical confinement. The inset to Fig. 7 shows
a representative dual KWW curve fit for the 30 wt% composite. For
all composite compositions, the bulk glasserubber relaxation could
be described by a single value of the distribution parameter,
bKWW ¼ 0.30. The higher-temperature transition, corresponding to
the relaxation of loosely-bound polymer segments in the vicinity of
the particles, broadened with increasing polymer loading: bKWW
values for the higher-temperature process were 0.30 for the 10 and
15 wt% samples, 0.20 for the 20 wt% composite, and 0.15 for the 25
and 30 wt% loadings, respectively (PEI/TS-610 series). The low
values of bKWW measured at the highest filler loadings reflect the
increasingly heterogeneous relaxation environment of the polymer
chain segments as influenced by their interactions with the parti-
cles, as well as local physical confinement with decreasing overall
interparticle distance.

3.3. PMMA composites e dynamic mechanical analysis

In order to assess the generality of the dual-Tg response, a series
of PMMA/TS-610 specimens was examined by dynamic mechanical
analysis; dual-Tg behavior for the combination of PMMAwith native
silica (10 and 20 wt%) was previously reported in Ref. [14]. Dynamic
mechanical results for the PMMA/TS-610 series are presented in
Fig. 8. Unfilled PMMA displays a glass transition centered at 130 �C
(peak in tand at 1 Hz), and increasing particle loading leads to
a strong decrease in the intensity of the tand peak, as well as
a modest shift in Tg to lower temperatures. A dual-Tg response is
indicated only at the highest particle loading examined (30 wt%),
with the “Tg2” process manifested by an extremely broadmaximum
in tand and a corresponding peak temperature of w200 �C. The
failure to observe dual-Tg character at lower loadings may be
a reflection of the lower degree of compatibility inherent to the
combination of PMMA with the hydrophobically-modified TS-610,
as compared to native SiO2.
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Fig. 9. Dielectric loss (300) vs. temperature for unfilled PEI; selected frequencies from
75 Hz to 1 MHz. Inset: expanded view of dielectric loss across the sub-glass region
(0.25 Hze1 MHz).
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3.4. PEI composites e dielectric spectroscopy

Broadband dielectric measurements can serve as a valuable
complement to dynamicmechanical studies for the investigation of
sub-glass and glasserubber relaxation processes in polymer
composites, as they provide timeetemperature information across
an exceptionally wide range of test frequencies (i.e.,�6e8 orders of
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magnitude). Dielectric results for unfilled PEI are plotted as
dielectric loss (300) vs. temperature in Fig. 9. Three distinct relaxation
processes are evident with increasing temperature: the sub-glass g
and b processes, and the glasserubber a process. At a test frequency
of 1 kHz, the corresponding relaxation temperatures are�60 �C (g),
120 �C (b) and 240 �C (a), respectively. The features encompassed in
Fig. 9 are consistent with previous reports on the relaxation char-
acteristics of the PEI thermoplastic [29e32].

Representative plots of dielectric loss vs. frequency at discrete
temperatures in the range of the g, b, and a relaxations are pre-
sented for the PEI composites in Fig. 10 (PEI/TS-610; 20 wt% filler).
The dielectric dispersions are fit according to the HavriliakeNegami
(HN) modification of the Debye equation in order to establish the
central relaxation times (sMAX) associated with each process [33];
details of the analysis are available in Kalakkunnath et al. [34]. A
comparison of the a relaxation response for the PEI/TS-610
composites at 260 �C is presented in Fig. 11. The addition of filler
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Fig. 12. Arrhenius plots of fMAX (Hz) vs. 1000/T(K) for PEI/TS-
particles leads to a systematic decrease in the intensity of the
dielectric loss, but the location of the a relaxation is unchanged by
the presence of the particles. This outcome is consistent with the
results obtained via dynamic mechanical analysis (Tg1 process), for
which the peak position of the bulk polymer relaxation was
essentially independent of increasing filler content.

Attempts to detect a second, higher-temperature glasserubber
relaxation process using dielectric relaxation spectroscopy were
unsuccessful, owing to ionic conduction and the strong interfacial
polarization response encountered in the composite samples at
temperatures > Tg1. In heterogeneous materials above the glass
transition, the polarization of mobile charges at interfacial bound-
aries can lead to contributions to dielectric constant and loss that
far exceed the magnitude of the orientational polarizations asso-
ciated with local and longer-scale segmental motions [35]. This was
the case with the PEI- and PMMA-based composites, wherein the
high intensity of interfacial polarization effectively masked the
detection of possible higher-temperature relaxations associated
with a constrained segmental population.

Arrhenius plots based on the dielectric measurements are pre-
sented in Fig. 12, with fMAX for each temperature determined from
the isothermal HN fits as fMAX ¼ [2psMAX]�1. For each of the three
relaxations, the data indicate no variation as a function of particle
loading in the composite. The linear Arrhenius character of the
timeetemperature data for the g and b processes is consistent with
non-cooperative motions of limited length scale [30]; the apparent
activation energies for the sub-glass processes are EA ¼ 45 kJ/mol
(g) and 84 kJ/mol (b), respectively. The invariance of the measured
relaxation times with composition suggests that the underlying
dipolar reorientations associated with the g and b transitions are
sufficiently localized to remain unperturbed by the presence of the
nanoscale particles, even at the highest loadings investigated.

The a relaxation data reported in Fig. 12 correspond to the “Tg1”
glass transition. Fig. 13 shows the dielectric a relaxation data
plotted over a much narrower range of 1/T, and combined with
dynamic mechanical data established from maxima in the loss
modulus as a function of temperature. When viewed on this basis,
the data again reveal minimal variation in relaxation peak location
as a function of particle loading, other than a slight positive shift in
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relaxation temperature for the composites as compared to the
unfilled PEI resin. The curvature evident in the combined data
(when plotted on an Arrhenius basis) is consistent with the
underlying cooperative character of the bulk polymer glasserubber
relaxation. Good overall agreement is obtained between the
dielectric and dynamicmechanical methods, and the entire data set
can be adequately described by a single WilliamseLandeleFerry
(WLF) relation [27], where C1 ¼ 11.2, C2 ¼ 62 K and TREF ¼ 490 K
(relative to a reference frequency of 1 Hz).
3.5. PMMA composites e dielectric spectroscopy

Dielectric studies of PMMA and the PMMA/TS-610 composites
were performed to assess the potential influence of nanoparticles
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Fig. 14. Dielectric loss (300) vs. temperature for PMMA/TS-610 nanocomposite; selected
frequencies from 0.5 Hz to 1 MHz.
on the timeetemperature relaxation behavior of the PMMAmatrix.
Representative results (300 vs. temperature) for the 20 wt% PMMA/
TS-610 composite are presented in Fig. 14 and display three relax-
ations with increasing temperature, designated g, b and a, respec-
tively. The molecular origins for the PMMA relaxations are well-
established, with the weak g transition corresponding to isolated
rotation of the main-chain methyl group, the b transition corre-
sponding to local ester side-group rotations, and the a transition
corresponding to the glasserubber relaxation [36,37]. At higher
temperatures and frequencies, the b and a relaxations merge into
a single dielectric dispersion peak. Arrhenius plots for PMMA and
the composites are provided in Fig. 15 (dielectric data, only). The g

and b processes show linear Arrhenius behavior and corresponding
activation energies that are consistent with the local, non-cooper-
ative origins of these relaxations, with EA ¼ 44 kJ/mol for the g

transition and EA ¼ 81 kJ/mol for the b transition. The a relaxation
can be described by the WLF form (see plot). As was the case with
the PEI-based formulations, the timeetemperature response
behavior of the PMMA composites is independent of filler content,
and matches the results obtained for the unfilled PMMA resin. Here
again, it was not possible to differentiate a potential higher-
temperature glasserubber relaxation event, owing to strong
conduction and interfacial polarization in the PMMA composites at
temperatures above Tg.
4. Conclusions

The dynamic relaxation characteristics of PEI- and PMMA-based
polymer nanocomposites were investigated as a function of nano-
particle loading and surface chemistry. For the PEI composites, four
series of specimens were studied based on the inclusion of native
SiO2 particles, as well as commercial particles prepared with
hydrophobic surface modifications. Density measurements showed
close adherence to volume additivity, especially for the TS-610 and
TS-720 particles, indicating minimal entrapment of void volume in
the preparation of the composites. Dynamic mechanical measure-
ments revealed a dual-Tg relaxation behavior. The lower tempera-
ture transition (Tg1) corresponded to the relaxation of bulk,
unperturbed polymer segments in the matrix, and was positioned
very close to the transition temperature of the unfilled thermo-
plastic. The higher-temperature transition (Tg2) corresponded to
the relaxation of loosely-bound chain segments constrained to
some degree by their proximity to the particle surface. The location
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and intensity of the higher-temperature transition was influenced
by the conversion of loosely-bound polymer to tightly-bound
polymer at higher particle loadings; the immobilization of some
portion of the loosely-bound segments at higher loadings led to
a decrease in the intensity of the Tg2 relaxation event, and a shift in
the position of the loss maximum to lower temperatures. The dual-
Tg response was well-established in the PEI/Cab-o-sil composites at
filler loadings � 15 wt%. For the less compatible PEI/SiO2 combi-
nation, a dual-Tg response was observed at loadings� 25 wt%.

Dielectric measurements were used to probe the influence of
the filler particles on the polymer response across the sub-glass
relaxation region, as well as in the vicinity of the glass transition.
For both the PEI and PMMA composites, the introduction of
nanoscale filler had no effect on the dielectric timeetemperature
characteristics of the local sub-glass relaxations. The position of the
bulk polymer glass transition was also independent of filler
content, in agreement with the dynamic mechanical measure-
ments; the combined dynamic mechanical and dielectric data sets
were observed to follow a single, cooperative (i.e., WLF) expression
for all composite loadings. Efforts to distinguish a second, higher-
temperature dielectric glass transition in the composites were
unsuccessful, owing to the high level of interfacial polarization
response that was encountered.
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