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ABSTRACT: Dynamics of entangled interfacial polymer layers around nanoparticles
determine the linear rheological properties of polymer nanocomposites. In this study,
the nonlinear elastic properties of nanocomposites are examined under large-amplitude
oscillatory shear (LAOS) flow to reveal the effect of interfacial chemical heterogeneity
on the deformation mechanism of polymer-grafted and polymer-adsorbed nanoparticle
composites. Adsorbed-poly(methyl methacrylate) (PMMA) layers presented stronger
interfacial stiffening and reinforcement than PMMA-grafted layers. Chemical
heterogeneities of interfacial layers, provided by polymer-adsorbed and low graft
density particles, deformed at smaller strains than the poly(ethylene oxide) (PEO)
matrix. Interfaces of loosely bound PMMA and PEO exhibited stiffening at low strains
due to the enhanced chain mixing and entanglements. These results demonstrate that
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chemical and dynamic heterogeneities in interfacial layers have significant importance in o0 o8 w0
designing adaptive polymer nanocomposites for large shear deformation.

Attractive interactions between particles and polymer
chains control not only the good dispersion state of
particles in nanocomposites but also the dynamics of polymer
chains on particle surfaces.'~” Dispersion of fillers, percolation
of particles, and bridging between interfacial bound chains are
known to control the reinforcement in composites.” '’ In
previous works, the dynamics and structural conformations of
adsorbed polymer layers are investigated in composites with
chemically identical adsorbed and matrix chains."'™"” The
chemical heterogeneity in interfacial polymer layers offers
intriguing dynamic properties that depend on dynamic
confinement and coupling phenomena of polymer blends.'*~*°

One unique example of chemical and dynamic heterogeneity
was shown for silica nanoparticles adsorbed with a high glass
transition temperature polymer poly(methyl methacrylate)
(PMMA, Tg: 108 °C) and dispersed in a low glass transition
temperature Ipolymer, poly(ethylene oxide) (PEO, T, —60
°C), matrix.”' Thermal stiffening was achieved with increasing
temperature, and this reversible behavior was shown to be due
to the fast dynamics of PEO chains in the glassy part of the
interfacial chains measured in neutron spin—echo spectroscopy
experiments.”” Spin—echo results revealed that PEO chains can
disentangle within the dynamically frozen interfacial layer.
Consequently, tube dilation occurs at the interface when
bound polymer (PMMA) is glassy.”> Above the glass transition
temperature of PMMA, adsorbed PMMA can easily dynam-
ically couple with PEO matrix chains. This dynamic coupling
slows the dynamics of PEO and hence stiffens the matrix
polymer at temperatures higher than T,’s of both polymers.
The interface layer is thus described to be dynamic since both
polymers in the interfacial layer have temperature-dependent
dynamic heterogeneities.
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Nanocomposites with the tightly bound and rigid poly(2-
vinylpyridine) (P2VP, C: 10) interface layer, on the other
hand, softens with increasing temperature.”” This interface will
be referred to as a weak interface as opposed to the strong
interface with the PMMA chains in the rest of the paper. First,
we present the LAOS results of the PMMA- and P2VP-
adsorbed particle nanocomposites to assess how the different
conformation of adsorbed chains that is controlled with
particle—polymer interactions can be distorted. Second,
nonlinear behavior of PMMA-grafted, PMMA-adsorbed, and
bare nanoparticles dispersed in the PEO matrix is analyzed in
Fourier transform rheology (FTR) to understand the
interfacial dynamic contribution to strain stiffening. Next, we
discuss the extent of entanglements in the interfacial layers of
grafted nanoparticles versus adsorbed particles with the large-
amplitude oscillatory shear flow results. Table 1 shows the
characteristics of our samples. Adsorption and grafting
protocols, thermal gravimetric analysis (TGA) profiles (Figure
S1), and composite preparation are presented in the
Supporting Information.

The linear viscoelastic behavior of 50 nm PMMA- and
P2VP-adsorbed composites at 85 °C (below T, of PMMA)
and 180 °C (above T, of PMMA) with 40 wt % particle
loading is presented in Figure S2. At 180 °C, a slight upturn of
the modulus in the low-frequency regime is seen for the
PMMA-adsorbed composite at 40 wt %. The enhancement of
storage modulus (also seen for 20 wt 9%’") cannot be explained
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Table 1. Particle Diameter; Grafting Density of Polymer-Coated SiO, Nanoparticles through Adsorption and Chemical
Grafting; and Particle Loading of PEO Nanocomposites Studied in Linear and Nonlinear Tests

SiO, diameter polymer-modified adsorbed/grafted polymer bound or grafting density bound or grafting density particle loading
(nm particles MW (kDaf (chains/nm?) (chains/particle) (wt %)
50 bare - - 40
NY PMMA-ads 118 0.00S 41 40
S0 P2VP-ads 40 0.016 140 40
20 bare - 30
20 PMMA-ads 188 0.001 2 30
20 PMMA-gr 203 0.007 9 30
20 PMMA-gr 261 0.016 20 30
20 PMMA-gr 230 0.028 36 30
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Figure 1. (A) Strain dependency of the complex modulus (G*) and (B) the third-order elastic Chebyshev coefficients (e;) for SO nm 118 kDa
PMMA-adsorbed, 40 kDa P2VP-adsorbed SiO,, and bare SiO, in 100 kDa PEO composites at 85 and 180 °C with 40 wt % loading. Filled symbols
represent the complex moduli measured at 180 °C, and open symbols represent measurements at 85 °C in panels A and B.

by the particle percolation or by dispersion states which are
similar in PMMA- and P2VP-adsorbed particles for the
corresponding loadings. Instead, we attribute this behavior to
the interfacial chain relaxations. This is consistent with our
previous findings”’ which showed that the mobile PMMA
chains can dynamically couple with the PEO matrix at
temperatures above the T, of adsorbed (PMMA) chains,
hence highly entangled chains yield stronger interfacial
resistance to deformation. Overall, the low frequency elastic
modulus data imply a stronger interfacial effect of the more
mobile PMMA-adsorbed sample than the more rigid P2VP-
adsorbed sample. The normalized elastic moduli of composites
at the deformed state with respect to their initial states (Figure
S3) suggests this reinforcement was enhanced after LAOS.**
Since particle dispersion did not change after applying LAOS
(as seen in SEM in Figures S4 and SS before and after
deformation, respectively), the measured reinforcement was
associated with the interfacial entanglement states as also
proposed in our earlier works on PMMA composites.'®**
SAXS data of composites before deformation are also shown in
Figure S4, revealing the good dispersion of bare and adsorbed
particles in PEO.

We applied sinusoidal strains y(t) = y, sin(wt) from y, =
0.1% to y, = 300% at a fixed frequency of w = S rad/s. The
strain sweep data and the critical strain where the Payne effect
is seen for the PMMA- and P2VP-adsorbed composites are
discussed in Figure 1A. Two nonlinear steps at strains of 1%
and 100% are identified at 180 °C in the PMMA-adsorbed
composite, whereas one nonlinear step around 1% strain is
measured at 85 °C (Figure 1A, shown with open symbols).
The unexpected decrease in modulus around low strain (1%)
of the PMMA-adsorbed particles is attributed to the
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deformation of the interfacial layer where PMMA and PEO
dynamically couple at 180 °C. The modulus drop at large
strain (around 100%) is a result of disentanglement and
alignment of PEO matrix chains with shear flow. At 85 °C, the
interfacial layer with the glassy PMMA and melt PEO chains is
not well entangled, hence the absence of dynamic coupling
leads to lower G* of the PMMA-adsorbed composite. The
steady decrease of G* at 85 °C is similar to that seen in bare
composites but with much larger G*, indicating the effect of
dynamic heterogeneities in the PMMA-adsorbed composite.
Tightly bound P2VP-adsorbed composites goes through
similar nonlinear behavior as bare nanocomposites. This
suggests that the interfacial layer entanglement and con-
formations of chains do not change in the weak interfaces
under large shear flow. These results are supported by a
stiffening parameter, e;, obtained from the FTR data analysis
which is described below.

FTR expresses the total nonlinear stress response to
sinusoidal excitation as a sum of infinite set of sine and cosine
functions with odd integer multiples of the fundamental

frequency o(t; @, 1) =1 X, 44 G (@, p)sin(not) + G”

(a), }/O)cos(na)t)
with G, being the modulus at the nth harmonic.”® The relative
intensity of the higher harmonics with respect to fundamental
frequency, I,/I;, has been used to relate the nonlinearities to
the materials’ properties.””*° Rogers et al.’"** analyzed the
nonlinear stress response and interpreted each harmonics as a
sequence of physical processes in colloidal glasses such as
linear stress increase, yielding, flow, and reformation. The
measured total stress is decomposed into two constructions as
known as elastic o, and viscous o, stresses using the MITLaos
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Figure 2. Storage and loss moduli and third-order elastic Chebyshev coefficients (e;) of strain sweep results for 20 nm 188 kDa PMMA-adsorbed,
203 kDa PMMA-grafted SiO,, and bare SiO, in PEO (100 kDa) composites and the PEO homopolymer at (A) 85 °C and (B) 180 °C for 30 wt %

loading.

software.””*® The orthonormal decomposition of the elastic

and viscous stresses is described with the Chebyshev
polynomials of the first kind as o.(x, @, y) =
Yo 2neodd &(@ 7,)T,(x), where T, is the nth order polynomial;
e, is the corresponding elastic coefficient; and x = y/ Yo% e
represents the average stored energy per unit volume within an
oscillation cycle and equals G}, and e, represents the deviations
from average response at large strains. The positive e;
represents strain stiffening, and negative e; indicates softening
within an oscillation cycle. Here, we used Chebyshev
polynomial analysis to obtain e, and e;. Figure 1B shows the
elastic Chebyshev coefficients (e;) in the strain sweep tests. At
85 °C, the e; values of P2VP-adsorbed and bare composites
and PEO homopolymer are at near-zero values up to 100%
strain, meaning a linear viscoelastic behavior. The PMMA-
adsorbed composite shows strain stiffening response with
positive e; values when the PMMA layer is glassy. This
stiffening at 85 °C simply arises from the stretching of matrix
chains. In the molten state (at 180 °C), the adsorbed
composite shows stiffening at small strains (y ~ 1%) as a
result of rearrangements in the strong interfacial layer. The
strain stiffening is not seen in the P2VP-adsorbed composite.
Dense conformation of P2VP chains presumably hinders the
diffusion of PEO chains, creating lower entanglement density
in interfacial layers.

The interfacial chain confinement becomes more effective
for the small nanoparticles used in adsorbed samples which
then leads to the higher linear elastic moduli at both
temperatures (Figure S6) despite the lower particle loading
at 30 wt % in these composites. The nonlinear behavior of the
more confined system (with 20 nm particles) shows non-
linearity at 100% strain, and its G” increases at 10% strain,
indicating some energy dissipation when PMMA chains
disentangle or desorb from particles during deformation,
unlike the two transitions seen with 50 nm particles at 180 °C
(Figure S7).
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Next, we will discuss the interfaces created with grafted and
adsorbed particles of the same diameter (20 nm). The linear
viscoelastic behavior of grafted, adsorbed, and bare composites
is presented in Figure S8. At 85 °C, the low-frequency
dependence of viscoelastic moduli of the grafted sample
suggests stronger interparticle interactions, clearly indicating
deviation from an entangled melt dynamics. In this confined
limit, bridging of grafted chains at 85 °C creates stronger
network than the adsorbed particles. At 180 °C, however,
adsorbed particles behave unusually more reinforced than the
grafted particles due to the stronger dynamic coupling between
mobile PMMA-adsorbed loops and the matrix chains. The
mixing and entanglement states of PEO in the interfacial layer
of grafted particles are not as good as in the adsorbed samples.
This mixing factor informs the dispersion states of particles,
which is verified by SAXS experiments. SAXS data modeled
with the one-level Unified model gave mass fractal dimension
of 3.8 for particles with radius of 10.7 and 13.3 nm for bare and
PMMA-adsorbed SiO,, respectively, close to the actual 20 nm
particle diameter (Figure S9 and Table S2). Particles with low
grafting density and long grafted chains form connected
structures as a result of the bridging between grafted chains.
We found fractal dimension to be 2.8 for the grafted sample
indicating the surface fractal characteristics for the grafted
aggregates.

The nonlinear data of bare, grafted, and adsorbed particles at
85 and 180 °C are presented in Figure 2. At 85 °C, strain-
dependent G’ values of adsorbed and bare composites overlap.
The nonlinear region for grafted particles starts at smaller
strain (6%) than adsorbed and bare composites (~20%) at 85
°C (Figure 2A), which is explained with the low penetration of
PEO with grafted chains as also suggested with the linear data.
At 180 °C, the nonlinearity starts at 8% strain for both grafted
and adsorbed composites (Figure 2B). It is difficult to interpret
the strain data without comparing the strain stiffening
coefficient (e;). As shown in Figures 2A,B, the e; of the
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Figure 3. Stress—strain curves of 20 nm 188 kDa PMMA-adsorbed, 203 kDa PMMA-grafted (0.007 chains/nm?), and bare particles in the 100 kDa
PEO matrix at (A) 85 °C and (B) 180 °C. Black lines represent the polymer network model fits.

grafted composite increases between 2% and 10% strain and
reaches to a finite chain extension at 100% strain at 85 and 180
°C as a result of the stretching and alignment of matrix chains
at larger strains. At 180 °C and intermediate strains, the
bridging between grafted chains cannot break but slightly
rearranges and enhances entanglements between the mobile
PMMA and PEO matrix chains. Contrary to this behavior, the
adsorbed composite softens at both temperatures. Loop
conformation of adsorbed PMMA can entrap and create
additional topological constraints for PEO at interfacial layers,
hence the large deformation would break this interaction by
desorbing or disentangling the PMMA chains, leading to the
strain softening and energy dissipation. The bare composite
presents lower softening behavior than the PMMA-adsorbed
composite, suggesting that the deformability of chemically
heterogeneous layers is easier at large strains.

These results provide a new insight into the thermal
stiffening behavior of our composites. The denser entangle-
ments and mixing at the interface layer occur between PMMA-
adsorbed loops and PEO matrix chains; hence, stiffening at
temperatures above T, of PMMA enhances with LAOS. As
chains relax after deformation, the desorbed or disentangled
PMMA loops are rearranged to form a denser interfacial layer
with better mixing, leading to a reinforcement effect at high
temperature. The normalized elastic moduli of PMMA-
adsorbed composites at the deformed state with respect to
their initial states in Figure S10 confirm the enhanced
reinforcement after LAOS.

Total elastic stress—strain data of all the samples are shown
in Figure 3, and a nonlinear mechanistic model developed for
polymer chains and networks under deformation by Dobrynin
et al.* was applied to our LAOS data. The stress response of
the polymer coil was expressed as

G -2
az%ﬂ[l+2(l —ﬂI‘T(}')> ] where G, is the shear

modulus of the polymer. I;(y) = (y* + 3) is the first invariant
for the shear deformation, and f is the chain elongation ratio
which is defined as the mean square of the end-to-end distance
of an unperturbed chain to the square of the end-to-end
distance of the fully extended strand, f = (R,>)/Rn.>
However, at a temperature above T, of adsorbed chains, the
adsorbed and grafted PMMA chains get mobile and entangle
well with PEO matrix chains. We added a nonlinear elastic
term, Gi)", for the small-amplitude regime (prior to the
matrix chain stretching or alignment regime, 40% strain for the
adsorbed sample and 20% for the grafted sample in Figure 3),
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where G, is the shear modulus of the interface and n is the

strain softening parameter. The total stress for adsorbed and
grafted samples at 180 °C is, therefore, expressed as

0= Gpel ' ¥ <7,
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As shown in Table 2, the elongation parameters of adsorbed
and bare samples are the same at 85 °C (0.08), suggesting the

Table 2. Shear Modulus of Bulk Polymer (G,,), Elongation
Ratio (f8), Shear Modulus of Polymer Interface (Gi..), and
Strain-Softening Parameter of the Interface (n) at 85 °C and
180 °C Are Found from the Polymer Network Model
Fittings to the Stress—Strain Data of Bare, PMMA-
Adsorbed, and PMMA-Grafted Composites

Gpt (Pa) B Gy (Pa) B Gy (Pa)  n
85°C 85°C 180°C 180°C 180°C 180 °C
bare $8635  0.08 89853  0.08
adsorbed 87660  0.08 47471 026 75222 1
grafted 20483 034 5900 049 19619 0.86

glassy PMMA-adsorbed chains do not affect the stretching of
PEO matrix chains. The interfacial layer of the adsorbed
sample (shown with red data) and its better dispersion state
clearly contribute to the strengthening of the adsorbed
composite (Figure 3A). When the PMMA chains are mobile
at 180 °C, the 8 (chain elongation ratio) value of the adsorbed
and grafted samples increases to 0.26 and 0.49, respectively,
whereas f§ of the bare sample stays the same (0.08) as it is at 85
°C. The mobile PMMA chains entangle with PEO matrix
chains, and the stronger interfacial interaction limits the
stretchability of PEO matrix chains. The large elongation of
PEO matrix chains in the bare sample is the reason for the
highest elastic stress at 180 °C (Figure 3B). The higher
interface modulus Gjy,, of the adsorbed sample indicates a
stronger interfacial interaction of PMMA-adsorbed loops and
PEO chains. The softening parameter (n) is found to be 1,
higher than that of the grafted sample, suggesting the
interfacial layer deformability. G, values of all the samples
are consistent with the moduli values at 100% strain. In
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Figure 4. (A) Third-order elastic Chebyshev coefficients (e;) for 20 nm PMMA-grafted SiO, with different grafting densities (0.007, 0.016, and
0.028 chains/nm?*) in 100 kDa PEO composites at 180 °C at 30 wt % loading. (B) Elastic stress—strain curves of grafted composites at 180 °C.

Black lines are the model fits. (C) G
°C of PEO composites.

pol

Ginter and f values deduced from elastic stress fittings with two components versus grafting density at 180

summary, using polymer blends with T, disparity, it is possible
to differentiate the interfacial layer contribution to strain
stiffening in composites. These results suggest that chemical
heterogeneity in the interfacial layer enhances the nonlinear
mechanical properties of the composite.

Another important property that influences the mixing of
two different polymers in the interfacial layer is the grafting
density. The linear frequency data show that the elastic
modulus increases with decreasing grafting density (Figure
S11A) at the low frequency range. At 180 °C, the low grafting
density sample (0.007 chains/nm?) behaves like a network as
observed in the frequency-independent storage modulus
(Figure S11B), whereas the higher grafting density samples
(0.016 and 0.028 chains/nm?) show the network behavior only
at the low frequency range, suggesting the entanglement
density is higher with the low grafting density. SAXS data of
the three grafted composites (in Figure S12) were fitted with
the two-level Unified model, and the fitting parameters are
shown in Table S2. The level one fitting shows that the radii
are 35.8, 38.6, and 38.1 nm for grafted SiO, samples in the
order of increasing grafting density, suggesting that 2—3
particle size clusters exist. The fractal dimension increases from
2.8 to 3.1 with grafting density. The lower fractal dimension
indicates the low grafting density sample has stronger
interparticle interactions that form connected structures as a
result of the bridging between grafted chains.

The FTR rheology analysis on three grafting systems shows
high stiffening effect at large strains (Figure 4A). For
intermediate and high graft density, stiffening parameter (e;)
presents a maximum at 10% strain, whereas the low graft
density sample shows stiffening up to 100% strain. This
indicates the interfacial chain entanglements should be denser
in the low grafting density sample, and interfacial chains mix
and deform rather than disentangling under large shear. This
effect is represented in elastic stress—strain curves (Figure 4B)
and in the moduli values for the interface layer deduced from
the network model (Figure 4C). The total elastic stress—strain
data were fitted with the polymer network model with the
interface layer contribution (Figure 4B), and the fitting
parameters were displayed in Table S3. Both G,y and Giye
values and f decrease with increasing grafting density,
indicating that the interaction between grafted PMMA and
PEO matrix chains was getting weaker (Figure 4C). Linear and
nonlinear rheology results both suggest that the better
interfacial mixing and entanglement exist in low grafting
density PMMA and the PEO interfacial layer.
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In conclusion, for the adsorbed composite (50 nm silica
particles), better entanglement and dynamic coupling of chains
at 180 °C lead to stretching of interfacial chains at low strain
(1%) and to the disentangling and stretching of matrix chains
at large strains. This deformation of the interfacial layer is
compared with the composite where particles were adsorbed
with a densely packed P2VP layer. The weak interface of
P2VP—PEO of this composite cannot be deformed as shown
with the low strain stiffening parameter at low-to-medium
strains. The results simply verify that interfacial deformation
occurs at low strains with the mobile adsorbed layer. By
analyzing the elastic stresses below and above the glass-
transition temperature of PMMA, we found that more energy
is needed to deform the interfacial chains of the adsorbed
composites at 180 °C. The stronger interfacial mixing,
entanglement, and reinforcement were observed with low
grafting density. In summary, the interfacial layer of adsorbed
and matrix chains with neutral polymer—polymer interactions
(as in PMMA—PEO) can deform. Knowing the deformability
of interfacial layers allows us to choose dynamically
asymmetric blends for mechanically adaptive and stiffening
composites that can perform for large shear and high-
temperature applications.
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