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ABSTRACT: Miscible polymer blends with different glass
transition temperatures (Tg) are known to create confined
interphases between glassy and mobile chains. Here, we show
that nanoparticles adsorbed with a high-Tg polymer, poly-
(methyl methacrylate), and dispersed in a low-Tg matrix
polymer, poly(ethylene oxide), exhibit a liquid-to-solid
transition at temperatures above Tg’s of both polymers. The
mechanical adaptivity of nanocomposites to temperature
underlies the existence of dynamically asymmetric bound
layers on nanoparticles and more importantly reveals their
impact on macroscopic mechanical response of composites.
The unusual reversible stiffening behavior sets these materials apart from conventional polymer composites that soften upon
heating. The presented stiffening mechanism in polymer nanocomposites can be used in applications for flexible electronics or
mechanically induced actuators responding to environmental changes like temperature or magnetic fields.
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■ INTRODUCTION
It is often desirable for materials to sustain fluidity at low
temperature and exhibit reinforcement in the molten state. It is,
however, a challenging task to retain mechanical performance,
particularly in viscoelastic materials, with heating. This
behavior, which holds a critical importance for mechanical
adaptivity in soft materials, may be achieved with reversible
stiffening at high temperatures. Reversibly stiffening nano-
composites can lead to transformative applications in soft
robotics and flexible electronics where mechanical integrity
should be maintained with internal heating in such systems.
Stiffening in soft materials has been realized through

responsive polymers or reversible cross-linking mechanism.1−4

For example, layered films of poly(N-isopropylacrylamide)
(PNIPAM) tethered Au nanoparticles exhibit reversible
hardening near the lower critical solution temperature
(LCST) of PNIPAM, yet the moduli remain below kPa’s
because of solvent.2 Dynamic supramolecular linkages5,6 and
thermoreversible cross-linking7−9 yield reversibility in elastic
properties of hydrogels and networks with remarkable self-
healing character; however, these materials do not exhibit
liquid-to-solid transition, as they are often permanently cross-
linked. Carbon nanotube filled polydimethylsiloxane and liquid
crystal elastomers under cyclic deformation are shown to self-
stiffen,10−12 yet these mechanisms either are irreversible or
require structural changes such as crystal orientation and stress-
activated chemical reactions. In this work, a new reversible
thermal-stiffening mechanism in solvent-free polymer nano-
composites (PNCs) of polymer-adsorbed nanoparticles is
demonstrated without using reversibly cross-linking or temper-
ature responsive polymers.

It is well established that mechanical behavior of PNCs is
controlled by matrix−filler interphases and dispersion,13−15

which are both governed by ligand type on nanoparticles and
polymer chemistry. In nanocomposites, interactions between
physically adsorbed polymer layer on particles (i.e., extent of
entanglements) and matrix chains determine the mechanical
properties of PNCs.16−18 We recently showed that entangle-
ments of free chains with the bound layer can irreversibly grow
under large periodic oscillatory shear.19 In another work,
particles adsorbed with poly(methyl methacrylate) chains of
bimodal lengths (e.g., bimodal polymer bound layers) are used
to reveal the effect of bound layer composition (chain
dispersity) on mechanical properties.17 The stability of long
chains confirmed by IR analysis verified that adsorption of
entangling chains is irreversible.17 In this work, we exploit
dynamic heterogeneity between adsorbed and free chains and
explore its impact on macroscopic mechanical properties of
bulk PNC films. Dynamically heterogeneous interphases
contain polymers with large Tg differences and are used here
to achieve reversible thermal-stiffening in polymer nano-
composites.
Dynamic asymmetry in miscible form (e.g. PEO−PMMA,

PVME−PS, PVAc−PEO) has been studied in polymers that are
rich in high-Tg component.20−24 At sufficiently low temper-
atures, low-Tg polymer is confined within glassy chains.
Consequently, low-Tg chains remain highly mobile as their
dynamics is decoupled from surrounding chains. This effect is
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called dynamic confinement, since chain segments of the high
Tg polymer are considered static on the time scale of segmental
motions of the low-Tg component. At higher temperatures,
however, both chains are mobile with different but cooperative
relaxation times.25 Such dynamic heterogeneity is commonly
attributed to compositional heterogeneities due to thermal
fluctuations26 or self-concentration due to chain connectivity.27

By adsorbing a high-Tg polymer (PMMA) on 55 nm silica
nanoparticles and uniformly dispersing them in a low-Tg matrix
(PEO), we aim to tune the mechanical response of composites
with an effective interphase layer that becomes more mobile
due to dynamic confinement of PEO chains within glassy
PMMA at temperatures below Tg,PMMA. Here, we present the
unique mechanical behavior of PEO composites and the effect
of dynamic asymmetry near particle interphases on thermo-
stiffening response.

■ EXPERIMENTAL SECTION
Materials. PMMA at different molecular weights were synthesized

by ATRP polymerization using p-toluenesulfonyl chloride (TsCl)
initiator, CuBr−CuBr2 catalyst system with 2,2′-bipyridine in toluene
under nitrogen environment at 70 °C. Colloidal SiO2 nanoparticles
(MEK-ST-L, 55 nm) dispersed in methyl ethyl ketone were supplied
by Nissan Chemical America Corporation and used as received. PEO

(−OH terminated and Mv = 100 000 g/mol) was purchased from
Sigma-Aldrich and vacuum-dried for 3 days at room temperature.

Adsorbing Polymer on Nanoparticles. PMMA was dissolved in
acetonitrile (at ∼30 mg/mL) before colloidal SiO2 was added at 30 wt
% and mixed in a bath sonicator for 30 min. Solution was stirred
vigorously for 2 h. Particles adsorbed with PMMA were recollected by
centrifugation at 11 000 rpm for 5 min. Washing process was repeated
3 times to ensure all unbound chains were removed. Finally, collected
particles were dispersed at 4−6 wt % in acetonitrile. Dynamic light
scattering measurements were carried out with a Zetasizer NanoS
(Malvern Instruments) at particle concentration of ∼1 mg/mL in
acetonitrile to measure the hydrodynamic thickness of adsorbed layers.
Measurement duration was 11 s, and data were averaged over 10 runs.
Thermal gravimetric analyzer measurements were performed on a Q50
TGA (TA Instruments) to determine the mass amount of adsorbed
polymer on nanoparticles. Measurements were performed under a
constant flow of nitrogen of 20 mL/min at a heating rate of 20 °C/
min, starting from 40 °C up to 580 °C, while pausing isothermally at
150 °C for 20 min to ensure samples were free of solvent and then
finally incubated at 580 °C for 20 min.

Nanocomposite Preparation and Characterization. PEO was
dissolved in acetonitrile at 25 mg/mL, and PMMA bound particles
were added while stirring polymer solution. Final solutions were
stirred vigorously for 30 min and cast into Teflon dishes to form bulk
films of ∼100−150 μm films. Films were then annealed at 90 °C for 2
d, at 120 °C for 12 h, and finally at 130 °C for 2 h under vacuum to

Figure 1. Sample characteristics and mechanical behavior of PMMA adsorbed SiO2 nanoparticles in PEO matrix relative to pure polymers. (a)
Scanning electron micrographs on freeze-fractured surfaces of nanocomposites with 15 and 40 wt % SiO2 adsorbed with 68 kg/mol PMMA show
well dispersion of nanoparticles in PEO matrix. (b) Average interparticle distance (ID) versus particle loading. Dashed line is for the matrix chain size
(2Rg). (c) Melting temperatures of neat PEO and composites are obtained in heat flow curves. (d) Elastic modulus, G′, behavior of PMMA, PEO,
and 20 wt % composite versus temperature (at 5 °C/min heating rate) and their corresponding loss tangent behavior.
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remove any residual solvent. SEM images were obtained using a Zeiss
Auriga dual-beam FIB-SEM instrument on freeze-fractured surfaces of
the films. DSC was used to measure Tg and crystallization temperature.
To determine Tg, 5−10 mg samples were first heated to 175 °C for 5
min and then cooled to 30 °C at 20 °C/min cooling rate followed by a
heating ramp to 175 °C by 10 °C/min heating rate. Tg’s were
determined from the inflection point on heating curves. For melting
temperature, samples were first equilibrated at −70 °C and then
heated to 170 °C at 20 °C/min. After isothermal waiting for 5 min,
samples were cooled back to −70 °C at the same rate. This cycle was
repeated, and crystallization temperatures were determined from the
second cooling curves.
Rheological Characterization. Rheology experiments were

performed on a strain-controlled ARES-G2 (TA Instruments) with 8
mm stainless-steel parallel plate fixtures in a forced convection oven
maintaining temperature within ±0.1 °C in nitrogen. Samples were
molded with a vacuum assisted compression molder at 90 °C. For
temperature sweep experiments, samples were first heated to 190 °C
and thermally equilibrated to ensure complete melting and then
cooled to 85 °C at 5 °C/min and equilibrated for 5 min. Temperature
sweep experiments were performed at a strain amplitude of 0.5% (in
linear regime for the whole temperature range) and at 5 rad/s with 5
°C/min heating rate. Modulus data were collected at 0.2 Hz sampling
rate. Heating−cooling cycle scans were performed following the same
protocol. Isothermal aging response was determined by pausing the
heating and cooling scans at desired temperatures, and modulus data
were collected. Measurements were done in quasi-equilibrium at which
rate of deformation was much faster than the heating rate. This was
confirmed on neat polymers with isothermal responses followed by
heating steps shown in Figure S8d,e, Supporting Information. Strain
amplitudes in linear regions at different temperatures for each
frequency are determined. Creep-recovery tests were performed at
different temperatures following 10 min equilibration. Small constant
stress of 100 Pa was applied and deformation was monitored for 5 min,
and then stress is decreased to zero to monitor the recovery. For
temperature response of neat PMMA, samples were heated to 200 °C
and waited for 10 min and then cooled to 110 °C at 10 °C/min rate
and waited for 10 min for thermal equilibrium. Samples were then
heated to 200 °C at 5 °C/min while small strain amplitude of 0.1% is
applied at 5 rad/s frequency with data collected at 0.4 Hz. Data below
110 °C were obtained similarly but at high-torque mode of the
instrument to prevent overshoot.
Small-Angle X-ray Scattering (SAXS). Measurements were

performed at the beamline 8-ID-I in Advanced Photon Source at
Argonne National Laboratory. The sample volume of 20 μm × 20 μm
× 1000 μm was illuminated by coherent X-rays of 11 keV photon
energy. SAXS pattern over the wave vector range 0.027 nm−1 < q < 0.3
nm−1 was obtained at 75, 90, 120, 140, and 160 °C with 10 min
thermal equilibration priori. SAXS patterns were collected at five
different locations on samples to evaluate uniformity and stability of
the particle dispersion and distribution at different temperatures.

■ RESULTS AND DISCUSSION
We first adsorbed PMMA of different chain lengths (68 and 2.3
kg/mol) on 55 nm colloidal silica (SiO2) nanoparticles and
then mixed them with PEO matrix (Mw = 100 kg/mol). Figure
1a shows that nanoparticles are well dispersed in PEO at
different particle concentrations (15 and 40 wt %). Confine-
ment of chains is controlled with particle loading, which occurs
typically at distances where interparticle distance (ID) is
smaller than 2Rg of the polymer. Figure 1b presents that
confinement factor becomes obvious at 50 wt % composition
where ID becomes smaller than 2Rg. ID is calculated using the
equation ID = d((ϕmax/ϕ)

1/3 − 1). d is the number-average
particle diameter. ϕmax is the maximum volume packing fraction
which is 2/π for randomly distributed particles, and ϕ is the
volume fraction of particles. We note that confinement of
chains does not play a role in the mechanical behavior of

composites discussed in this work, as particle compositions are
lower than 50 wt %. Bulk Tg for 68 and 2.3 kg/mol PMMA is
determined to be 130 and 92 °C, respectively, using a
differential scanning calorimetry (DSC) instrument (Figure
S1, Supporting Information). PEO−PMMA is an LCST type
blend system28,29 and has been shown to be miscible above 230
°C for similar molecular weights.30 We chose our experimental
temperature range to be 80−200 °C above the crystallization
temperature of nanocomposites (Figure 1c). Note that Tg of
PMMA and PEO is 135 and −65 °C, respectively. The amount
of adsorbed PMMA is very small at ∼8 wt %, even in the
highest particle loading of 50 wt %, and its Tg could not be
measured in DSC for nanocomposites.
Thermal history of the samples and thermal equilibriumare

important for rheology experiments. Figure S2, Supporting
Information, shows the time evolution of linear elastic moduli
of neat homopolymer PMMA and PEO; and PEO composites
with 30 wt % PMMA bound SiO2 nanoparticles at different
temperatures. Samples were heated to a desired temperature
with 5 °C/min heating rate, and data are collected immediately
after the set temperature is reached. At 180 °C, moduli increase
slightly with time. Note that moduli remains unchanged for the
neat polymers. Temperature sweep experiments start at 85 °C,
where there is no time dependence of moduli in any sample
(see Figure S2). The same heating/cooling protocol was used
for all samples to eliminate any possible thermal history effect
on our mechanical results. For frequency and temperature
sweep experiments, 5 min of equilibration time was applied at
all temperatures.
Dynamic linear mechanical response (at fixed frequency, 5

rad/s) for homopolymers and 20 wt % composite with PMMA
(68 kg/mol, Đ = 1.13) adsorbed SiO2 particles to a temperature
ramp (5 °C/min) is presented in Figure 1d. Bulk PMMA
undergoes a glass−rubber transition at ∼135 °C as also seen in
the loss tangent peak. Neat PEO behaves as a viscous liquid
with low elastic moduli (∼kPa) decreasing monotonically with
temperature. The composite behaves similarly to PEO up to
Tg,PMMA with typical moduli below 10 kPa and then stiffens with
temperature beyond Tg,PMMA to a modulus close to the
entanglement plateau of PMMA (1.8 MPa). Loss tangent
(ratio of viscous modulus to elastic modulus) for the composite
clearly shows transition from liquid-to-solid states with
temperature. At temperatures lower than Tg of PMMA, PEO
matrix chains are dynamically decoupled, as they are highly
mobile within glassy PMMA chains. The frozen PMMA chains
do not contribute to composite relaxation; thus, matrix PEO
chains govern the flow behavior. At temperatures higher than
Tg of PMMA, (Tg,Matrix < Tg,Adsorbed < T), both matrix and
adsorbed chains are mobile; hence, PEO chains are highly
entangled with the mobile and pinned PMMA chains. These
entangled chains yield stronger interfacial resistance than the
pure bulk PEO. The slow dynamics of the high-Tg adsorbed
chains leads to slowing of the PEO chain dynamics at the
interphase due to highly entangled chains. This proposed
mechanism is illustrated in Scheme 1. In a recent work, Richter
et al.16 showed that the mobile bound polymer chains form an
effective interphase region where the full chain relaxation is
impeded through the interaction with the anchored chains. We
suggest that similar topological interactions arise in our system
from the mixing of PEO and pinned PMMA segments between
particle−polymer interphases. Therefore, slow motions of
chains at the interphase give rise to a controlled stiffening in
the low-Tg matrix. Note that the modulus of PEO
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homopolymer is higher than its composite at temperatures
below Tg,PMMA. This is due to the dynamic confinement as
previously mentioned in the Introduction that PEO chains
become highly mobile near nanoparticles due to confinement
of PEO within glassy PMMA chains which results in reduced
composite modulus.

By increasing the particle loading, liquid-to-solid transitions
broaden as shown in Figures 2a,b. At low loadings (15 and 20
wt %), lower extent of stiffening is observed. The shift in
transition temperature for these loadings may be due to the
higher mobility needed to enable dynamic loops that will
entangle with PEO. Additionally, loss angle behavior presents a
liquid-to-rubbery transition for all compositions. It is seen in
Figure 2a that the modulus of PEO/PMMA blend with 95:5
wt/wt composition decreases with temperature similar to neat
PEO, which indicates that stiffening arises from nanoparticles
adsorbed with long polymer chains. Molecular weight of
adsorbed polymer also affects the thermostiffening because
shorter chains have lower Tg’s due to entropic contribution of
chain ends and loop formations; hence, their interfacial
entanglements are negligible compared to long chains. Particles
adsorbed with short PMMA chains as shown in green data (2.3
kg/mol; Đ = 1.13) do not effectively stiffen the composites
compared to other samples with 68 kg/mol PMMA adsorbed
particles.
To verify the effect of dynamic coupling between PEO and

PMMA on particle interphases, we prepared PEO composites
with bare SiO2 particles. Figure 2c and Figure 2d show that
elastic moduli of PEO−SiO2 composites soften with temper-
ature and they are reinforced with increasing particle loadings.
At high temperatures, bound and matrix chains soften in melt
state. Frequency sweep data (Figure S3, Supporting Informa-
tion) display a typical reinforcement with low-frequency plateau
at high loadings. Thus, temperature and frequency sweeps on

Scheme 1. Schematic Illustration of Thermoresponsive
Interphases in a Polymer Nanocompositea

aNanoparticles adsorbed with PMMA (thick blue lines) are dispersed
in a miscible polymer PEO matrix (thin black lines). At temperatures
below Tg of PMMA, as shown on the left, PEO chains are confined
within frozen PMMA loops and dynamically decouple from polymer
on surface. At temperatures higher than Tg of PMMA, as shown on the
right, adsorbed polymer becomes mobile and dynamically couple with
matrix chains. This dynamic coupling between two miscible polymers
on particle interphases slows the dynamics of PEO and hence stiffens
the matrix polymer at temperatures higher than Tg’s of both polymers.

Figure 2. Effect of particle loading on mechanical response of nanocomposites. (a) Elastic moduli and (b) loss tangents of 68 kg/mol PMMA
adsorbed particles in PEO with various particle loadings. (c) Elastic moduli and (d) loss tangents of PEO−bare SiO2 particles.
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PEO−SiO2 samples verify the importance of a high Tg bound
chains on mechanical properties.
Dispersion stability at different temperatures was checked by

running the composites in small-angle X-ray scattering
experiments. Figure S4 in Supporting Information shows that
particle dispersion does not change with temperature in both
PEO−SiO2 and PMMA-adsorbed SiO2 in matrix PEO.
We further tested the chain length effect by adsorbing long

PMMA chains (Mw = 200 kg/mol, Đ = 1.17) (Figure 3) and

short PMMA chains (Mw = 9.6 kg/mol, Đ = 1.06) (Figure S5,
Supporting Information). Particles adsorbed with longer chains
reinforce the composites at low temperatures and exhibit
thermostiffening at elevated temperatures. Composites of 10
kg/mol PMMA adsorbed particles behave similar to bare SiO2
composites and soften by heating at 10, 20, and 30 wt %
loadings. We observed an increase in modulus only at the
highest loading (40 wt %) that reaches a high temperature
plateau which is not seen in other composites. Also note that 40
wt % composite has smaller low-temperature modulus
compared to 30 wt % loading, which is similar to the low-
temperature modulus trend shown in Figure 2a. The low
temperature response of composites again indicates that
dynamic confinement enhances the mobility.
Deformation rate also has a strong effect on thermostiffening.

Frequency sweeps of a 30 wt % composite (Figure 4a,b)
present unusually high modulus at higher temperatures with no
frequency dependence which is a typical elastic network
response. Since at high frequency, relaxation time of PMMA
is greater than the applied deformation rate, it is still glassy and
the relaxation is governed by PEO chains whose dynamics is
not very much affected. However, at lower frequencies, even at
the same temperature, PMMA relaxation rate becomes
comparable to deformation rate; thus, the dynamic coupling
occurs between two mobile chains with different relaxation
rates. The result is the increase of moduli at low frequencies.
Upturns at low frequencies above Tg,PMMA suggest aging of the
sample between long deformation cycle times. Note that this
increase does not occur at T < Tg,PMMA, suggesting that the

relaxation rate of PMMA is out of the experimental
deformation rate, so it behaves glassy for the whole range of
frequencies. At higher temperatures PMMA is mobile; thus, it
behaves elastic at any frequency.
We applied a temperature ramp with fixed 1, 5, and 50 rad/s

deformation frequencies (Figure 4d) to evaluate the effect of
deformation rate. At high temperatures, moduli become
independent of frequency, while low-temperature moduli
increase with frequency, which is in line with frequency
sweep results. It is noteworthy that the transition temperature
shifts from 130 to 150 °C with frequency because of insufficient
time for relaxation to occur at high frequencies, which in turn
shifts Tg to higher temperatures. Flow and deformability of a 30
wt % composite were further tested at a constant stress of 100
Pa (creep) and subsequent recovery in cessation (Figure 4c).
At 110 °C, polymer is viscoelastic and steadily flows with time;
however, at high temperatures (170 and 190 °C), deformability
decreases and strain remains constant over time.
Periodic temperature scans (at 5 °C/min) of a 40 wt %

sample between 80 and 180 °C show that stiffening/softening
is achieved over many cycles (Figure 5a,b). Complex viscosity
presents similar increase by heating and completely reverts to
its original value upon cooling, with clear thermal hysteresis
centered around Tg,PMMA. It is demonstrated in Figure 5c that
the composite and neat PEO flow at 120 °C and composite
retains its bulk shape at 190 °C compared to PEO melt.
Increase in elastic modulus with temperature is linear above
transition temperature with a typical slope of ∼4.8 kPa/°C ±
1.2 (Figure S6, Supporting Information). Since mechanical
behavior is governed by the coupling of fast PEO and slow
PMMA dynamics within interphases at high temperatures, the
slowing dynamics of PEO causes stiffening mechanism that is
analogous to network elasticity. Modulus of a polymer network
increases linearly with temperature and can be approximated by
G = ρRT/M in a small deformation regime. Since bulk density
of PEO31 is 1.06 g/cm and the entanglement molecular weight
M is 1730 g/mol, slope of the modulus of an entangled
polymer network is calculated as 5 kPa/°C, which is equal to
the slope of the stiffening obtained in our experiments (Figure
S6).
Bound and matrix chains are chosen to be chemically

identical in most polymer nanocomposites. The mechanical
reinforcement in various composite systems was explained with
the bound layer and interphase effects.32−36 In previous work,
we showed that interactions between polymer-graft chains
control the mechanical reinforcement.33 It is also shown that
percolating particle−polymer network is essential where
particles serve as network junctions.34 Here, we present a
different perspective to the reinforcement mechanism that
composites are reinforced when bound chains are mobile. This
result is consistent with the findings of Richter’s work which
showed that chain relaxations slow down by the anchored
chains.16

Time evolution of elastic moduli demonstrates aging of
composites above Tg of PMMA. We interrupted heating and
cooling cycles with isothermal steps (Figure 6a and Figure S7,
Supporting Information) and measured the growth rates of
elastic moduli for 68 kg/mol PMMA adsorbed SiO2 (Figure
6b). Changes in the moduli during cooling steps show that
stiffening is both temperature and time dependent. The
modulus spikes during resting time and drops again in cooling,
which is seen at temperatures above Tg,PMMA as stiffening
continues when bound chains are mobile. This behavior

Figure 3. Stiffening response from longer adsorbed chains. (a) Elastic
moduli and loss tangents of composites with 200 kg/mol PMMA (Đ =
1.17) adsorbed SiO2 with increasing temperature. (b) Dispersions at
20, 40, and 46 wt % are shown in SEM images.
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indicates the quick dynamic stiffening response of the
composites during resting. At 80 °C, the spike gets smaller,
since PMMA gets glassy and PEO becomes more mobile. The
slow evolution of modulus during resting time is indicative of a
network-like behavior of composites where entanglements
evolve slowly.

Note that stiffening rates in the composite are similar in
heating and cooling steps. We applied the same protocol on
neat PMMA and PEO and observed that both polymers soften
with heating (Figure S8, Supporting Information). This verifies
that high temperature aging is not due to thermal equilibration
of neat components. All composites showed Arrhenius-type

Figure 4. Frequency dependence of thermostiffening and creep-recovery behavior. Effect of linear deformation frequency on (a) elastic modulus and
(b) loss tangent at different temperatures of a 30 wt % composite displays frequency-independent moduli at low temperature while presenting
unusually high elastic moduli at high temperatures. Upturns at low frequencies imply aging response between two data points. (c) Strain response of
the same composite to a constant stress of 100 Pa (creep) and corresponding recovery upon removal of stress at different temperatures. (d)
Temperature sweeps (5 °C/min) at different linear deformation frequency show the onset of stiffening is shifted to higher temperatures with
frequency.

Figure 5. Reversibility in complex viscosity and elastic moduli. (a) Complex viscosity behavior of a 40 wt % composite upon heating and cooling
cycles (5 °C/min) follows the same heating and cooling paths with hysteresis around Tg,PMMA. (b) Elastic modulus of a 40 wt % composite in
response to periodic temperature scans between 80 and 180 °C. (c) PEO and 30 wt % composite (PNC) show similar deformability after waiting for
6 min at 120 °C. At higher temperatures (190 °C), PEO melts and PNC retains its shape.
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dependence on stiffening rates (Figure 6b), with the same
activation energy of Ea ≈ 108 kJ/mol. The vertical shift of the
curves for composites with larger interparticle separation is
presumably because of the larger diffusion distances for
interfacial effect to propagate into bulk matrix. We obtain the
stiffening rate response for equivalent diffusion distance in each
composite by shifting the kinetic data vertically by a factor of
[ID/(2Rg)]

2. The points overlap on a linear line, suggesting
that the mechanism for aging is independent of particle loading,
yet slower for large interparticle separations.
Finally, we demonstrate the performance of a 30 wt %

thermostiffening composite to an arbitrary temperature change
between 80 and 180 °C, subjected to different ramps at 2−20
°C/min (Figure 6c). It is seen that while PEO softens with
temperature, PNC follows the thermal trace and stiffens with
increasing temperature. Aging response becomes more
apparent at slow heat ramps, whereas at fast ramps composites
can also thermally stiffen.

■ CONCLUSIONS

Our results demonstrate that confinement and coupling
mechanism of dynamically asymmetric polymer blends with
nanoparticles enable self-stiffening in solvent-free nanocompo-
sites. The mechanism presented here is driven by large Tg
disparity of polymers at interphases and controlled by mobility
of the high-Tg bound polymer layer on nanoparticles. When
bound layer is frozen, PEO behaves more mobile within glassy
regions than pure PEO; on the contrary, at high temperatures
the highly mobile adsorbed chains enable entanglements
between anchored and matrix chains and are responsible for
transmitting the surface dynamics into the bulk of the polymer.
From the temperature dependent mechanical relaxation in our
system, we conclude that the mobility of adsorbed chains is
essential for reinforcement. Consequently, an unusual and

thermoreversible liquid-to-elastic transition can be achieved in
melt systems. We conjecture that similar thermostiffening may
be achieved in polymers loaded with functional fillers such as
magnetic and plasmonic nanoparticles to design shape changing
and stiffening materials, which can lead to their transformative
applications in soft robotics and flexible electronics.
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