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ABSTRACT: We have recently shown that silica nanoparticles grafted with polystyrene chains behave akin
to block copolymers due to the “dislike” between the nanoparticles and the grafts. These decorated
nanoparticles, thus, self-assemble into various morphologies, from well-dispersed nanoparticles to aniso-
tropic superstructures, when they are placed in homopolystyrene matrices of different molecular masses.
Here, we consider a slightly different case, where the grafted chains and the matrix (both PMMA) are strongly
attracted to the silica nanoparticle surface. We then conjecture that these systems show phase mixing or
demixing depending on the miscibility between the brush and matrix chains (“autophobic dewetting”). At 15
mass % particle loading, composites created using the same grafted nanoparticle, but with two different
matrices, yield well dispersed nanoparticles or nanoparticle “agglomerates”, respectively. Rheology experi-
ments show that the composites display solid-like behavior only when the particles are aggregated. As
deduced in previous work, this difference in behavior is attributed to the presence of percolating particle
clusters in the agglomerated samples which allows for stress propagation through the system. Going further,
we compare the local mobility of matrix and grafted segments of both composites using quasi-elastic neutron
scattering experiments. For the liquid-like system, the mean square displacements of the grafted chains and
matrix chains, the particle structuring and mechanical response are all unaffected by annealing time. In
contrast, in the reinforced case, only the local matrix motion is unaffected by time. Since the particle clustering
and solid-like mechanical reinforcement increase with increasing time, we conclude that mechanical
reinforcement in polymer nanocomposites is purely based on the nanoparticles, with essentially no
“interference” from the matrix. In conjunction with other results in the literature, we then surmise that
mechanical reinforcement is caused by the bridging of particles by the grafted polymer layers and not due to
the formation of “glassy” polymer layers on the nanoparticles.

I. Introduction

Polymer—particle interactions play an important role in con-
trolling the mechanical properties of polymer nanocomposites.
There are three distinct scenarios which have been proposed to
explain this reinforcement.' > At one extreme, the finite element
calculations of Gusev and his co-workers* have suggested that
mechanical reinforcement occurs due to the agglomeration of
particles; if these agglomerates percolate through the system,
then, there is a direct pathway for the propagation of stress
resulting in mechanical reinforcement. In contrast to this “particle-
only” scenario, there are two other proposals where both the
particles and polymer chains are involved in mechanical reinforce-
ment. Long and his co-workers® used the well accepted fact that
chain immobilization occurs around nanoparticles"—when these
composite particles (i.e., the particles with the “bound” glassy layer)
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overlap and the resulting structures percolate, then mechanical
reinforcement occurs. Evidence for this scenario was deduced
by measuring changes in the glass transition temperature on
adding nanoparticles to polymers.” '* In these situations the
“bound” layers are thought to not relax in the experiments
because they are glassy, thus leading to reinforcement. A final
scenario proposed by Goritz in the context of the Payne effect,'!
and elaborated upon by Wang'? and Sternstein,'” is that the
particles form a network, with the polymer chains forming the
“bridges” between the particles. There are several experiments
which have been proposed to support each of these different
scenarios, but a comprehensive understanding is still elusive. In
the work presented here, we attempt to resolve between these
different scenarios, especially the polymer—particle based ones,
by simultaneously measuring the macroscale mechanical rein-
forcement and local segmental dynamics in two nanocomposites,
one which shows strong mechanical reinforcement while the
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Table 1. PMMA Composites Used in the QENS Experiments”

matrix chains (polymer)

grafting density

tethered chains (on SiO, particles) (chains/nm?)

d-PMMA”“ M,

composite A (immiscible)
d-PMMA" M,,

composite B (miscible)
composite C (immiscible)
composite D (miscible)

18 kg/mol PDI: 1.15

h-PMMA“? M.,

188.6 kg/mol PDI: 1.04

h-PMMA%Y M,, = 207.4 kg/mol PDI: 1.02
10.2 kg/mol PDI: 1.03

h-PMMA-gr-Si¢ M,, = 55 kg/mol PDI: 1.38 0.12
h-PMMA-gr-Si° M, = 55 kg/mol PDI: 1.38 0.12
d-PMMA-gr-Si’ M,, = 60 kg/mol PDI: 1.20 0.05
d-PMMA-gr-Si M, = 60 kg/mol PDI: 1.20 0.05

“The silica amount is 15 mass % in all composites. * deuterated PMMA (d-PMMA). “purchased from Polymer Laboratories. “hydrogenated PMMA
(h-PMMA). “ hydrogenated PMMA grafted on silica nanoparticles.” deuterated PMMA grafted on silica nanoparticles.

other one does not. Since the two composites also have different
spatial distributions of the particles, we can then deduce the
molecular bases for reinforcement in this class of materials.

Confinement Effects on Chain Dynamics. The effect of
chain “confinement” on local dynamics has been observed
at the interfaces of thin films'*'> and in bound polymer
layers around nanoparticles formed due to the attraction
between the polymer and the nanoparticles.>'*~'® For
example, previous work on various polglmers (PS, PMMA,
TMPC) containing C60 nanoparticles'” suggests that local
segmental motions are suppressed due to the presence of
nanoparticles. Quasi-elastic neutron scattering (QENS) has
been also used to investigate chain dynamics when PMPS is
mixed with silicate sheets. In this specific case, confinement
induces an increased mobility of chains in the vicinity of
particle surfaces.'® This behavior has been attributed to the
intimate mixing of PMPS chains with the surfactant on the
silica sheets—chain motion is then coupled to the relatively
mobile surfactants in these confined spaces. Thus, while
there has been considerable interest in probing the local
motion of polymers in the presence of surfaces, universal
behavior is not observed. Instead, the chemical specificity of
the situations dictate the behavior observed.

Controlling the Spatial Distribution of Nanoparticles. A
central ability that underpins the work presented here is the
fact that, in recent experiments, we showed that spherical
silica nanoparticles isotropically grafted with polystyrene
chains self-assemble into a range of superstructures when
they are dispersed into the corresponding homopolymer.?
The particular structure formed is sensitively determined by
grafting density and the ratio of the brush to matrix molec-
ular weights. Theory and simulation show that this assembly
is driven by the microphase separation arising from the
immiscibility between the inorganic particle core and the
polymeric grafted chains—a process analogous to the
self-assembly of block copolymer or other amphiphiles.
Thus, the use of decorated nanoparticles appears to be
a facile means of controlling the spatial distribution of
nanoparticles.

Goals of this Paper. Here, we use grafted nanoparticles to
study both the macroscale rheology and the segmental
dynamics of PMMA based composites where the aggrega-
tion state of particles can be systematically varied. The two
systems chosen for this study represent extreme cases of
particle dispersion: well-dispersed nanoparticles vs anisotrop-
ic (apparently percolating) nanoparticle clusters. While the
former case shows liquid-like mechanical behavior, the latter
displays strong mechanical reinforcement, as characterized
by a low frequency plateau in the frequency dependent
mechanical storage modulus. The mean-square displace-
ments of protons in these two nanocomposites, probed using
elastic scans in quasi-elastic neutron scattering (QENS)
experiments show very different temporal behavior. (Note
that both the brush chains and the matrix are examined using
selective, isotopic labeling.) The matrix polymers’ behavior
is independent of annealing time in both cases, as are the
grafted chain dynamics in the well dispersed case. In contrast,

Table 2. Glass-Transition Temperatures (7,;) Determined from DSC
Scans for the Composites and Their Corresponding Homopolymers,
Annealed at 145 °C for 2d and 30 d

T, (°C) after

T, (°C) after

sample 2 d annealing 30 d annealing
18 kg/mol PMMA homo 127 128
composite B 126 126
188.6 kg/mol PMMA homo 128 131
composite A 128 132

the grafted chain dynamics slow as the particles aggregate in
the composite where the particles form anisotropic structures.
These data, in combination, clearly show that the mechanical
reinforcement is driven purely by the grafted nanoparticles
without “interference” from the matrix. Further, based on
TEM micrographs, we conjecture that the mechanical rein-
forcement can be attributed to the formation of a particle
network, with the grafted chains providing the mechanical
“bridges” between the nanoparticles, rather than due to the
overlap of glassy polymer shells around particles.

II. Experimental Section

Nominally spherical silica particles with a diameter of 14 4 4
nm were obtained from Nissan Chemicals. We used radical
addition—fragmentation chain transfer (RAFT) polymerization
to “grow” the PMMA chains from the particle surfaces.?!** The
PMMA-grafted particles were mixed with the homopolymers in
toluene, cast onto aluminum cups creating films of approximately
60 um thickness, and then annealed for various times at 145 °C in
vacuum. The samples were characterized by transmission elec-
tron microscopy (TEM), differential scanning calorimetry
(DSC), quasi-elastic neutron scattering (QENS), and rheology.
Since QENS is primarily sensitive to the dynamics of the
protons, the segmental dynamics of the graft and the matrix
segments can be probed through the use of selective labeling.
Four sets of PMMA composite samples were thus examined:
hydrogenated PMMA grafted silica particles in matrices of
deuterated PMMA of two different masses (M,, = 18 kg/mol
and 188.6 kg/mol) and deuterated PMMA grafted particles
in protonated PMMA matrices with molecular masses of
207.4 kg/mol and 10.2 kg/mol. Table 1 shows the character-
istics of the particles and matrix polymers studied. Note that,
while the graft densities for the protonated vs deuterated
grafted particles are different, the morphologies which result
are not affected by this change. Thus, we compare them on an
equal footing, but with the caveat that quantitative compar-
isons might be difficult.

The glass-transition temperatures of these samples were mea-
sured with a TA Instruments’ Q100 differential scanning calorim-
eter (DSC) after 2d and 30d annealing, respectively. Table 2
shows the T, of the composites and their corresponding homo-
polymers. It is evident that the T,’s of the composite and
homopolymer are the same for different annealing times. Any
discrepancy in T, of the composite A annealed for 2d vs 30d thus
does not seem to be the result of the particles, since a similar 7'y
increase is observed in the corresponding homopolymer. The
samples were also analyzed after 30 d annealing time using
Fourier transform infrared spectroscopy (FT-IR) to verify that
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Figure 1. Transmission electron micrographs show the dispersion of PMMA grafted particles in immiscible composite A (part A) and in miscible
composite B (part B). Images on the left were taken after 2 d of annealing and on the right after 30 d of annealing. Particle loading is 15 mass % in all
samples. Scale bars are 0.2 um. For reference, we also show the dispersion of bare silica particlesin PMMA (100 kg/mol) at 15 mass % loading. Clearly,
good dispersion is seen in this last case, where the samples were annealed for 5 days.

there was no degradation during the long annealing process or
during the scattering measurements, performed well above the T
of the composites.

Samples for electron microscopy (Jeol JEM-100 CX) analysis
were prepared by ultramicrotomy. Samples for rheology were
solution cast in air and annealed for 2 d and 30 d at 150 °C.
Dynamic oscillatory experiments were then performed in a TA
Instruments” AR2000 rheometer using the 8 mm parallel plates
under nitrogen.

The QENS measurements were performed on the NG2 high-
flux backscattering spectrometer at the NIST Center for Neutron
Research in Gaithersburg, MD.? The neutrons are Doppler
shifted about an incident wavelength of 6.27 A to provide a
range of incoming neutron wavelengths while the final energy is
fixed by scattering from crystal analyzers to the detectors. With
the Doppler stationary, elastic window scans were performed
while heating the samples from 50 to 500 K at a heating rate of
1 K/min.

SAXS measurements were performed on beamline X27C at
the Brookhaven National Laboratories using 9 keV electrons at

room temperature. The data were analyzed by fitting it to the
Beaucage unified model equation:***3

) 37 Pi
erf(—gl)
1) = Y Avesl =R /3) 4 B | YO
i

where ¢ is the scattering vector, R, is the particle size, A4 is
the exponential prefactor, B is the Porod constant, and p is
the power law exponent. We assume that particle structures
are hierarchical, and the structure at hierarchy 7 have radius
of gyration, Rgzi.24’26 In our previous work on similar
nanocomposites,”’ we had compared the parameters obtained
from SAXS data fits with TEM micrographs and shown that
these two descriptions yield similar information on particle
structuring. Here, we further note that it is not easy to directly
interpret these scattering patterns without fits because the
SAXS does not go to low enough ¢ values to pick-up all levels
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Figure 2. SAXS data for PMMA-grafted silica (31 kg/mol) in 207 kg/mol
(A, immiscible) and 52 kg/mol (B, miscible) PMMA matrices for different
annealing times (1 and 7 d at 145 °C). Red symbols are for the 1 d and
black symbols are for the 7 d annealed composites. Grafting density is
0.12 chains/nm? and particle loading is 5%. The lines are the unified fits. Fit
parameters are shown in Table 3.

of structure, especially when the particles agglomerate into
percolated structures.

II1. Results and Discussion

Morphology. PMMA composites containing 15 mass %
particles were prepared and annealed for 2d and 30d, respec-
tively. Transmission electron micrographs of Composites A
and B (Table 1) show particle morphologies as a function of
annealing time (Figure 1). SAXS measurements were used to
verify these conclusions, as in our past work.?° In the case of
the low molecular weight matrix (sample B) we see that the
particles are well dispersed. This miscible composite shows
essentially no significant change in particle dispersion
with annealing (Figure 1B), as confirmed by SAXS results
(Figure 2B). The primary particle size (R,) obtained from the
fit was ~10 nm, which did not change in the annealed
composite. The unified fit parameters are given in Table 3.
While the samples run in SAXS are not identical to the
samples characterized in the rest of the paper, the ratio of
brush and matrix chain lengths representing the miscible and
immiscible composites are close (see the composite charac-
teristics in Figure 2). The particles dispersed in the high
molecular weight matrix (sample A) aggregate into micro-
meter-size clusters. The aggregation state presumably in-
creases with annealing time as stronger interference between
scatterers is observed with a stronger peak in SAXS data
(Figure 2A). The structure factor for hard spheres, described
by the Percus—Yevick model,>”?® is included in the unified
fits. The particle volume fraction is 0.15 and the mean radius
is obtained as 25 nm (parameters for the P—Y prediction are
in Table 3). Miscible composites give surface fractal struc-
tures with power law exponent of 2. The fractal dimension
increases from 2 to 3 when scattering arises from larger scale
structures.”’

This behavior appears to closely track that seen for poly-
styrene grafted silica particles placed in a polystyrene homo-
polymer matrix. In that case, good particle dispersion was
obtained when the matrix was much smaller in molecular
weight than the brush, while superstructure formation remi-
niscent of Figure 1A was found when the matrix molecular
weight becomes large. However, we note one salient point: the
polystyrene grafted silica nanoparticles form structures driven
by the dislike between the hydrophilic silica core and the
hydrophobic polymer graft (or shell). The grafted PMMA
would not have been expected to behave in an analogous
manner since the silica and PMMA interact strongly through
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Table 3. Unified Fit Parameters for SAXS Data

primary low-q
particle power law

parameters for
Percus—Yevick

sample size (nm) exponent prediction
31K brush in 52K 10 2
matrix (1 d), Figure 2B
31K brush in 52K 10 2
matrix (7 d), Figure 2B
31K brush in 207K 15 3
matrix (1 d), Figure 2A,
red symbols
31K brush in 207K 15 3 particle size:, 15 nm;

matrix (7 d), Figure 2A,
black symbols

mean radius,
25 nm; volume
fraction, 0.15

hydrogen bonding interactions. Evidence for this fact is seen
in Figure 2C where we show that bare silica particles are well
dispersed in PMMA. Thus, the interaction between the
nanoparticle and the grafted chains should be attractive,
and hence the grafted particle should not behave akin to a
surfactant. In this context we note the previous work of Wang
and his co-workers,*® who used polystyrene cores grafted with
polybutadiene. When placed in a polybutadiene matrix,
whose length is longer than the brush, they found that the
particles phase separated from the matrix. While the struc-
tures formed by these particles were initially nonspherical,
eventually (after several years of annealing) they “equili-
brated” into spherical domains. Presumably, the nonspherical
morphologies are caused by the phase separation between the
brushes and matrix, with the domains becoming spherical at
long enough times. This conjecture, which is based on the
assumption that the particle core is a passive player in this
case, would rationalize our findings on the PMMA grafted
particles in the context of our own expectations and intuition.

Macroscale Dynamics and Rheology. Composites A and B
(Table 1) have been used for rheology and for characterizing
T,’s using differential scanning calorimetry. There was only
a 4 °C increase in the T, of immiscible blend (composite A)
after annealing, and no change in 7, was observed for the
miscible case (composite B) (Table 2). Thus, the 7, measure-
ments do not yield any significant insights into the macro-
scale dynamics of these nanocomposites.

In contrast, (linear) oscillatory shear experiments gave
very different results in the two cases. The miscible composite
(Figure 3) shows no hint of elastic (or solid-like) mechanical
response at the highest particle loading tested. This sample
consists of matrix PMMA homopolymer with 18 kg/mol,
which is higher than the entanglement molecular weight of
PMMA (10 kg/mol). Further, since the rheology data were
independent of annealing time, we conclude that this sample,
which is presumably at equilibrium, does not show mechan-
ical reinforcement. The behavior of the immiscible compos-
ite with 15 mass % particles is very different (Figure 3).
Samples annealed for 2 and 30 d showed elastic behavior in
that the elastic (storage) modulus displayed a low-frequency
plateau in both cases. Since this plateau modulus increased by
nearly an order of magnitude on annealing, we conclude that
the temporal changes in particle dispersion cause this sample
to become more solid-like in its mechanical response. Note
that the particle agglomeration increased (dramatically) with
annealing time, implying the importance of this quantity on
mechanical behavior (Figure 1). We explore this issue in more
detail below.

There is a question as to whether these differences in
behavior may simply be attributed to the different matrix
molecular weights employed, especially the low matrix mo-
lecular mass in the case where we see no reinforcement. Here,
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Composite A (Immiscible Blend)

w (rad/s)

Composite B (Miscible Blend)

Figure 3. Linear rheology measurements for immiscible (composite A)
and miscible (composite B) composites at 160 °C with 5% strain
amplitude. Red symbols are for 2 d and black symbols are for 30 d
annealed samples. Particle loading is 15 mass % in both composites.
Filled symbols correspond to G, open symbols to G"'.

we point to our previous work on PS based composites,*!
where we showed that the matrix molecular weight is not the
cause of the differences in behavior seen for the composites.
As another supporting piece of evidence we have compared
the relaxation times of miscible and immiscible composites in
their annealed state, which are calculated from the crossover
of G’ and G" using the relationship, 7 = G'/wG". The
crossover in both sets of data appear around 0.25 s, which
shows that the relaxation time in both composites are
comparable and not affected by the entanglement of the
matrix. Also, the magnitude of loss and storage moduli is
comparable in miscible and immiscible composites. On the
basis of all these facts, we conclude that entanglement of the
matrix polymer does not influence the storage modulus and
the solid-like behavior of composites.

QENS Results. In a fixed window neutron scan, the elastic
scattering intensity is typically measured as a function of
temperature. This intensity drops with increasing temperature
as the dynamics of the molecules becomes more pronounced,
thus increasing any inelastic scattering contributions. In the
Gaussian approximation, the elastic intensity can be quanti-
fied by a Debye—Waller factor (DWF) as

2
Ie/asn'c = ]0 eXp{ - <?> <”2>}

where (/%) is the mean-square displacement of the scattering
centers calculated for Q values between 0.62 and 1.68 A~ ' in
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Figure 4. Mean-square displacements of grafted segments of 2 d (filled
symbol) and 30 d (open symbol) annealed composites. Particle loading
is 15 mass %.

our measurements. Note that the incoherent scattering cross-
section of the hydrogen atoms is 40 times larger than that from
deuterium atoms. In composites C and D, the incoherent
scattering from the protonated matrix will dominate the
overall signal. At a loading of 15 weight % of the particle
cores, the brush constitutes 25% by weight of the sample,
while the matrix constitutes the remaining 60%. The amount
of matrix and brush are roughly different by a factor of 2.
Thus, in all of our samples, the QENS are primarily sensitive
to the protonated component in the system, and selective
deuteration allows us to separately delineate the dynamics of
the matrix and grafted chains.

The elastic scattering measurements show that the mean-
square displacements of the grafted chains slightly decreases
as the particles agglomerate with annealing (Figure 4, com-
posite A). Apparently, the initial nonequilibrium state has a
larger local “free volume”: this obviously decreases as the
particles aggregate into nonspherical clusters, where they
are more proximate, and the system evolves temporally. On the
other hand, the mobility of the grafted chains in the miscible
blend is practically unchanged on annealing (Figure 4, com-
posite B). This is consistent with TEM results, which show no
change in particle dispersion with annealing in Figure 1.

The (u%) values of the matrix chains did not change upon
annealing of the two composites C and D (Figure 5). The
slower segmental motions of matrix polymer in miscible
composite D compared to that of the pure homopolymer
(10.2 kg/mol) is probably due to the penetration of matrix
chains into grafted domains.
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Figure 5. Mean-square displacements of matrix segments in 2 d (red)
and 30 d (green) annealed composites. Molecular mass of matrix
PMMA homopolymers (black symbols) are 207.4 kg/mol in composite
C and 10.2 kg/mol in composite D.

Discussion. Mechanism of Mechanical Reinforcement.
Our results allow us to conjecture on the mechanism of
mechanical reinforcement in these grafted particle based
nanocomposites. First, it is apparent that the matrix dy-
namics are apparently unaffected by the state of particle
dispersion, and the mechanical properties which result. To
zeroth order, we conclude that the mechanical behavior of
such nanocomposites are not related to the matrix, but rather
to the particles. Obviously, the particles must percolate
through the system for solid-like mechanical behavior to be
observed.

Looking in more detail, the outstanding question is if
mechanical reinforcement can be attributed to the formation
of a glassy polymer layer around the particles (as proposed
by Long and co-workers** %) or due to the formation of
polymer bridges between the nanoparticles. To resolve this
issue we use several pieces of indirect evidence. Previous
work on several polymers near silica nanoparticles suggest
that there is a bound layer formed on the particles. While
some previous estimates had suggested that the bound layer
thickness is temperature dependent and as large as 10 nm**—
the emerging evidence in the past few years, suggest it to be
much smaller (~ 1 nm in thickness) and apparently tempera-
ture independent.®!'®3® Since the interparticle, face-to-face
spacings even in the agglomerated state (~10 nm) are much
larger than this quantity, it is immediately apparent that the
overlap of glassy layers cannot be responsible for the experi-
mental mechanical results reported here. Second, it is important
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to note that rheology experiments were conducted at a
temperature of 160 °C, well above the glass transition
temperature of the polymers in question. At these tempera-
tures it is unclear if the bound layers are glassy. On the basis
of these arguments, we conjecture that mechanical reinforce-
ment in these situations is driven by the formation of a
particle network with the grafted polymers providing the
interparticle bridges. This picture strongly supports the ear-
lier arguments of Sternstein'*>** and of Wang'? and pro-
vides a systematic means of understanding how the addition
of nanoparticles affects the mechanical properties of the
polymers.

Differences of This System from Previous Results on PS-
Based Composites. Our previous work showed that well
dispersed nanoparticles with PS grafts displayed solid-like
behavior at a loading of 15 weight % silica. In contrast,
PMMA-grafted particles which are uniformly distributed
show liquid-like behavior at the same loading. We believe
that the differences in behavior arise from the differences in
molecular weight of the grafted chains in the two cases. In the
PS case, the brush molecular weight was ~100 kg/mol, while
the PMMA brushes are only ~55 kg/mol. Thus, the effective
size of the particles is smaller for the PMMA grafted case.
While we expect that these particles will show solid-like
behavior at higher loadings, we have not tested this predic-
tion to date.

Effect of Variation in Graft Density. While rheology,
SAXS, TEM characterizations, and QENS experiments to
determine graft mobility are performed on composites with
the same grafting density (0.12 chains/nm?), the samples used
in the elastic scattering experiments to measure matrix mobility
have grafting density of 0.05 chains/nm? (composites C and D
in Table 1). We note that good dispersion and anisotropic
aggregation are obtained at both graft densities when the
matrix is small and large, respectively. We therefore surmise
that the results reported are not strongly influenced by the
differences in graft density, although we suspect that substantial
quantitative differences persist making it hard to draw any
quantitative conclusions from this analysis.

IV. Conclusions

We conclusively show that the phase separation of polymer
grafted nanoparticles from matrix homopolymers is an appar-
ently “universal” property of grafted particle systems. Compo-
sites with well-dispersed particles at a particle loading of 15
weight % behave like a liquid, while agglomerated particles yield
solid-like behavior. Macroscopic aggregation, achieved by an-
nealing, leads to a larger elastic modulus compared to its
unannealed state where the aggregates are smaller. Elastic scat-
tering results indicate that macroscopic phase separation does not
influence the local matrix chain dynamics. The segmental mobility
of grafted chains slightly decreases with the aggregation of
particles. In combination, these results suggest that the mechan-
ical reinforcement in these situations is driven by the formation of
a particle network with the grafted polymers providing the
bridges. This picture strongly supports the earlier arguments of
Sternstein'>**** and of Wang,'? and provides a systematic means
of understanding how the addition of nanoparticles affects the
mechanical properties of the polymers.
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