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ABSTRACT

Intermixing between chemically different polymers around nanoparticles creates chemically heterogeneous layers, exhibiting unusual
dynamic anomalies due to dynamic confinement and coupling phenomena in polymer nanocomposites. Interfacial mixing of chains is
possible when adsorbed chains are mobile above their glass-transition temperature, leading to enhanced entanglement density at the
interphase. Linear rheology data of polymer nanocomposites with chemically heterogeneous interphases around nanoparticles were analyzed
over a wide frequency range to investigate the role of chain rigidity on matrix chain relaxations and particle diffusion. Our findings show
that nanoparticles adsorbed with less rigid polymer move in a sub-diffusive mode. Nanoparticles adsorbed by flexible polymers can slow
down the matrix polymer dynamics and particle diffusion, and this interphase effect enhances the viscoelastic properties of the whole

polymer nanocomposite.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0060139

I. INTRODUCTION

Particle-polymer interactions and the interfacial layers where
particles and polymer interact at varying strength and length scale
control thermo-mechanical properties of polymer nanocomposites.'
Dynamics and structures of interfacial layers are important for under-
standing the reinforcement and viscoelastic properties of composites.
Viscosity, fragility, and glass-transition temperature of interfacial layers
are controlled by interactions between particles and chains.” ™"

We recently showed that linear, amorphous, and weakly inter-
acting polymer blends in the presence of nanoparticles reversibly
stiffen at high temperatures due to differences in chain relaxations
between adsorbed and matrix polymers occurring at dynamically
asymmetric interphases around nanoparticles.”'® The chemical
architecture of chains on particles, either they are adsorbed or
grafted, influences the stiffening behavior of composites.'” For
example, the poly(methyl methacrylate) (PMMA)-adsorbed and
PMMA-grafted particles in poly(ethylene oxide) (PEO) matrices
exhibited different temperature dependent viscoelastic moduli.'”
PEO composites of adsorbed particles reinforced and presented
thermal stiffening behavior, whereas PEO composites of grafted

particles thermally softened and exhibited more elastic behavior at
high temperature compared to the low temperature response.'”
The linear and non-linear rheology results of adsorbed and grafted
particle systems in the same host matrix and particle loadings
reveal the role of high-T, polymer conformations on interfacial
dynamics.

To understand the effect of T, differences (ATy) between
adsorbed and matrix polymers on the observed stiffening behavior,
we studied another system of poly(methyl acrylate) (PMA)
composite with poly(vinyl acetate) (PVAc) adsorbed particles.1
PMA-PVAc is a miscible polymer blend with a small AT, of 25 °C.
We found that in this attractive composite, reinforcement was
enhanced with the use of 40kDa PMA chains as compared to
140 kDa PMA; however, thermal stiffening was not observed.' In
the PMMA-PMA blend system, with a AT, of 90 °C, the adsorbed
particles in the short matrix formed an elastic network and the
composite was reinforced above the T, of PMMA.' The interphase
mixing of grafted chains with the matrix polymers was studied in
another work by measuring the particle relaxations in x-ray photon
correlation spectroscopy (XPCS) experiments.'® It was reported
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that particles in aggregated systems experience a dynamically het-
erogeneous environment displaying hyper-diffusive relaxation,
whereas with less penetration of long matrix chains, particles move
in the diffusive mode.'® These results suggest that particle motion
is dictated by the strong interactions of chains grafted at low
density with the host polymer.

Moreover, lowering the rigidity of adsorbed polymers enhances
the entanglement density and elastic moduli of composites.” Rigidity
of a polymer is described by its characteristic ratio, Co. Temperature
sweep tests showed that composite of poly(2-vinyl pyridine) (P2VP)
(Cw = 10) coated particles softened; composite of PMMA coated
particles (with C = 7) had an upturn in the elastic modulus; and
composite of PC (with C = 2.4) behaved as a gel with the highest
elastic modulus measured at 185 °C (above Tgpyma). These results
verified that interphase controlled viscoelastic properties in polymer
nanocomposites can be regulated with the rigidity of adsorbed
chains. It was proposed that when adsorbed chains are less rigid
(ie., flexible like PMMA), the matrix can easily entangle with
adsorbed chains and slow down the interfacial layer dynamics.” This
work aims to understand the slowing down of the matrix chains
through the chain entanglements and particle diffusion by analysis
of rheology data.

Il. EXPERIMENTAL SECTION
A. Sample preparation

Iron oxide (Fe;O,) nanoparticles (15+ 3 nm in diameter) pur-
chased from Rosecreek Technologies Inc. were surface modified with
APTES {[(3-aminopropyl)triethoxysilane], 99%, Sigma-Aldrich}
following the procedure reported in our previous work.” PMMA
(35kDa, PDI=1.1) was synthesized via atom transfer radical poly-
merization (ATRP). PMMA and PVAc (50 kDa, Wacker Chemie}
were both dissolved in acetonitrile, and P2VP (40 kDa, Polysciences,
Inc.) was dissolved in dichlorobenzene. The concentration of the
polymer was 15mg/ml in all solutions. 5mg/ml-NH, modified
Fe;0, (NH,-Fe;0,) nanoparticle solution was added to the polymer
solution and then sonicated for 10 min followed by 30 min rigorous
stirring. Polymer adsorbed NH,-Fe;O, nanoparticles were collected
by centrifuge and washed with the corresponding solvent several
times to remove all free polymers. They were then dried under
vacuum at room temperature. Dried nanoparticles were mixed with
poly(methyl acrylate) (PMA 40 kDa, Sigma-Aldrich, p = 1.22 g/cm®,
Ty=10°C) in acetonitrile. Solutions were cast to form composite
films, which were annealed at 130 °C for three days. Particle loading
in all composites is around 30 wt. % (10 vol. %). This percentage is
for the core particles only, and it does not include the adsorbed
chains. PMA and adsorbed polymers (PMMA, P2VP, and PVAc) are
all miscible, and binary interaction values of polymer pairs are pro-
vided in the supplementary material.

B. Thermal analysis

The amount of adsorbed polymer was determined by a TA
Q50 thermogravimetric analyzer (TGA). Samples were pre-heated
at 150°C for 20min and then heated to 550°C at a 5°C/min
heating rate. TGA curves for bare and polymer adsorbed
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NH,-Fe;O,4 nanoparticles are shown in Fig. S1 in the supplemen-
tary material.

C. Rheology experiments

Linear viscoelastic (LVE) data of polymer nanocomposite
melts was measured in ARES-G2 strain-controlled rheometer
using 8-mm parallel plates. Time-temperature superposition
(TTS) curves were obtained for a wide frequency range
measured at 35, 55, 85, and 140 °C. The reference temperature of
35°C was above the glass-transition temperature of PMA
(Tgpma: 10°C).

D. Small-angle x-ray scattering analysis

Small-angle x-ray scattering (SAXS) experiments were per-
formed at the NSLS-II 12-ID beamline at the Brookhaven National
Laboratory. The sample to detector distance was 8.3 m, and data
were collected at the 0.005-0.15A7'q range. NIKA software
package'” was employed to process 2D SAXS data. 1D SAXS plots
were generated by integrating the 2D SAXS data after background
correction. The SAXS data were fitted by the Unified Model™’ as
described in the supplementary material.

E. Transmission electron microscope

Polymer adsorbed NH,-Fe;O, composites were cryotomed
and then imaged in a JEOL USA JEM-2100Plus transmission elec-
tron microscope operated at 200 kV and equipped with a cold-field
emission gun.

F. TTS data fitting and analysis of particle dynamics

The linear viscoelastic response of polymer nanocomposites
includes the hydrodynamic contribution from the nanoparticles.
Thus, the effective diffusion of nanoparticles is related to the linear
rheological response. A recent work by You and Yu evaluated the
multistage diffusion of nanoparticles in polymer melts via chain
entanglement network and particle caging.”' At time scales longer
than the terminal relaxation time of the polymer matrix, the rheo-
logical data were analyzed by a model considering hydrodynamic
contributions, confined diffusion within chain entanglements, and
confined diffusion in nanoparticle cages.2] Equation (1) shows the
model equation describing the short and intermediate time scale
relaxations. Long time relaxation for particle caging is not added to
the model because the particle network relaxation is barely reached
in the experimental time scale. 1, is the terminal relaxation, Gy is
the rubber plateau modulus of composites, and n is the confining
diffusion exponent. Gy, T, and n are the fitting parameters to this
model equation. Gpy is the complex modulus of the polymer
nanocomposite, a, is the strain rate amplitude factor, a; is the stress
rate amplitude factor, G:n(w) is the complex modulus contribution
from the matrix, and T is the gamma function. The effective parti-
cle volume fraction, d)p’eff, is 0.1,

Gy (iot)"

(iot)* +T(n+1)° )

Gpne = 212G (a,0) + d)P,eff
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FIG. 1. Small-angle x-ray scattering data of poly(methyl acrylate) (PMA) nanocomposites with 30 wt. % Fe3;O4 nanoparticle (15 nm in diameter) loading shows that disper-
sion in 40 kDa PMA matrix polymer is not affected by the adsorbed polymer type on particles. The two-level unified model fittings are shown with the red lines. Structural
fitting parameters obtained from the two-level unified model are shown in the table. These data have been previously published in Ref. 7.

I1l. RESULTS AND DISCUSSION
A. Particle dispersion in PMA nanocomposites

The particle dispersion states in PMA nanocomposites were
characterized by the small-angle x-ray scattering (SAXS) technique.
SAXS data were analyzed using a two-level unified function,”
which yielded 7 nm as the radius of the primary particle size and
40 nm as the average radius of the secondary structure. Fe;O, parti-
cles were individually well-dispersed and secondary structures con-
sisted of local aggregates of two particles. The SAXS data along
with the unified model fits are shown in Fig. 1. Structural fitting
parameters (radius of gyration of particles, Ry, and power-law expo-
nent for the fractal dimension, p;,, obtained from the two-level
unified model) are presented in Fig. 1. Fractal dimension, p, is
determined from the slope of the SAXS profiles at a low-q regime
and depends on the surface scattering and the shape of the aggrega-
tions. The first-level fractal dimension (p;) for individual particle size
analysis is p; >4 in all samples, indicating the diffusive interphase
behavior at the particle level. The second-level fractal dimension (p,)
varies in different samples. For the bare and PVAc composites, p,< 3
indicates mass fractals, and for the P2VP sample p, >4 indicates diffu-
sive in'[erphases.7 PMMA-35 kDa could not be run in SAXS; instead,
particles adsorbed with other molecular weights of PMMA (10 and
188 kDa) are shown in Fig. S2 in the supplementary material. Particles
were seen as aggregated fractal structures from cryotomed PMA com-
posites in TEM. These aggregation states were not so consistent with
the SAXS data collected at NSLS-II. Particles are percolated with
aggregates of 100 nm or smaller as seen in TEM images (Fig. S3 in the
supplementary material).

B. TTS results for entanglements

Linear viscoelastic (LVE) behavior of nanocomposites is gov-
erned by matrix and particle dynamics. Understanding the role of

adsorbed polymer rigidity on matrix entanglement, relaxation, and
particle diffusion is the scope of this study. We used polymers with
different C., values as adsorbed chains (35kDa PMMA, C,=7;
50 kDa PVAc, C,=9; and 40kDa P2VP, C,, =10). Poly(methyl
acrylate) (PMA 40 kDa, C,, =7) is the matrix polymer used to dis-
perse Fe;04 nanoparticles adsorbed with different polymer rigidi-
ties. Particle loading is 30 wt. % in all samples. The adsorbed chain
densities (in chains/particle) of different polymers are seen in
Table I. It was shown that rigid chains (like P2VP) are more likely
to be adsorbed onto particle surface””” and thus form a tightly
bound layer, whereas flexible chains (such as PMMA) can form
loops that can entangle with other PMMA chains leading to an
increased number of adsorbed chains as shown with PMMA
(25 chains/particle).

The LVE data of the PMA nanocomposites are analyzed to
explore the role of chain rigidity on matrix relaxation, entangle-
ment, and particle diffusion. The intermediate time scale relaxa-
tions between the terminal relaxation (1) and the entanglement
relaxation time (t.) (te<t<Tty) is fitted by Eq. (1). The number

_7 1/3
of entanglements per chain (Z) scales as™? Z ~ (3) .

T
Figure 2 shows the LVE data of 40 kDa PMA homopolymer with
Gn=180kPa, 1,=285.7s, 1.=0.8s, M.=14.1kDa, and Z=7.

TABLE I. Polymer type, molecular weight, characteristic ratio (C,), and number of
adsorbed chains per nanoparticle used in this work.

Adsorbed chain density

Polymer (M.W.) Coo (chains/nanoparticle)
PMMA (35 kDa) 7 25
PVAc (50 kDa) 9 4
P2VP (40 kDa) 10 7
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FIG. 2. Linear viscoelastic data of PMA homopolymer (40 kDa) and its compos-
ite with PMMA (35 kDa)-adsorbed Fe;O, nanoparticles at 30 wt. % loading.
Reference temperature is 35°C. Low frequency response is sketched by
dashed and solid lines representing the particle cage relaxations.”’ T cager
Gp,cage: @Nd Ty cage Tepresent the relaxation time of particle network, the plateau
modulus of particle network, and the characteristic time of diffusing particles at
low frequency region, respectively.

The entanglement relaxation time (t.) and terminal relaxation time
(t) for polymer nanocomposites are shown in Fig. 2. Matrix
polymer contribution to LVE data is mainly seen at short time
scales (t<7.). At intermediate time scales, nanoparticle diffusion is
controlled by the local drag reduction caused by the interphase
between adsorbed and matrix chains. At long times, particle
dynamics dominates. As seen in Fig. 2, the terminal relaxation time
(1), rubber plateau modulus (Gy), and slope of storage modulus
(G) of the homopolymer are very different than its composite.
With the addition of nanoparticles, matrix entanglements (N.) and
particle relaxations at times Teg<t< Tecage are affected.”**° 1o
is the effective relaxation time of polymer chains around
nanoparticles and Tec.e is the relaxation time of the particle
network. We will discuss this intermediate time scale relaxations in
nanocomposites where dispersion is the same, but the rigidity of
adsorbed polymer is different.

Adding nanoparticles is known to influence 7, that describes
the relaxation time of an entire polymer chain and N, that is
directly related to the rubber plateau modulus of the matrix
polymer.>”**~*" 1. was shown to increase with particle loading in
both non-attractive’ and attractive’ composites. It was shown that
mobility and diffusion of nanoparticles can reduce entanglements
of polymer matrix at time scales slower than the reptation time,
leading to the speed up of matrix relaxations.”> Recent molecular
dynamics simulations on polymers filled with non-attractive nano-
particles showed that the matrix polymer disentangled and the
number of entanglements per polymer chain (Z ~ N!') decreased
with particle loading.”® In another study, chain disentanglements
in non-attractive poly(ethylene-propylene)-SiO, composite were
measured in small-angle neutron scattering and neutron spin-echo
experiments.””

The LVE data of our composites are presented in Fig. 3(a).
The increase in rubber plateau of the bare PMA composite

ARTICLE scitation.org/journalljap

indicates that matrix entanglements enhanced with nanoparticle
addition, which is consistent with the slowed terminal relaxations
in an attractive composite system.”“*” We observed that by increas-
ing the rigidity of adsorbed chains, the rubber plateau and terminal
relaxation time of the composites are decreased [Fig. 3(b)]. This is
attributed to the decrease in entanglement density of the polymer.
Viscosity of the composite that is normalized by its matrix homo-
polymer decreases with increasing rigidity of adsorbed polymers
[Fig. 3(c)]. As shown, the entanglement density of the bare com-
posite is ~40% higher than that of the homopolymer, which reveals
that particle addition enhances the entanglement density in com-
posites. Since the particle loading and dispersion state of particles
are the same in all samples, the significant increase in the normal-
ized viscosity of PMMA and PVAc samples is mainly denoted to
the entanglement density enhancement as shown in the increase of
rubber plateau [Figs. 3(b) and 3(d)]. In the system where P2VP is
strongly adsorbed on particles but interfacial attractions between
adsorbed P2VP and matrix chains are weak, Z decreases signifi-
cantly [Fig. 3(d)]. The interfacial layers of flexible PMMA-PMA
can entangle and diffuse easier than the highly rigid chains P2VP
and PVAc. The PMA composite of the P2VP-adsorbed particle has
the similar entanglement density (Z=7) and normalized viscosity
as in the PMA bare composite. Dynamic heterogeneity from the
interfacial entanglements between PMA and adsorbed P2VP is
small; thus, the plateau modulus of the composite is governed by
the PMA matrix only.

High-T, polymers adsorbed on nanoparticles may affect the
mixing and entanglements at the interfacial layer of low-T,
matrix polymer. This interfacial layer can subsequently influence
the diffusion behavior of nanoparticles, measured at long and
intermediate time scales. Figures 4(a) and 4(b) show the model
fits to the experimental viscoelastic data and the confining diffu-
sion exponent (n) for different samples [Fig. 4(c)]. At the termi-
nal region, PMMA-adsorbed nanoparticles have the highest G/
and n =0.65, suggesting a sub-diffusive motion. The particle dif-
fusion is confined by the PMMA chains that interact and entangle
with PMA in the interfacial layers, and it is unaffected by
the entanglement density in the intermediate time scale. The
P2VP-adsorbed nanoparticles, on the other hand, experience free
diffusion (n ~ 1) due to their weak interphase and limited mixing
between P2VP and PMA. This weak interphase can be explained
with the weak drag forces mainly arising from the local viscosity
around particles that contain tightly adsorbed and highly rigid
P2VP chains.”’

Based on the good dispersion measured in SAXS, we
calculated mean-square displacement (Ar?), diffusivity (D), and
viscosity (ny,) for the time range 10°s<t<10%s, which is also
within the experimental time range of LVE data, as shown in Figs.
S4(a)-S4(c) in the supplementary material. The calculated diffusivi-
ties vary between 10™' and 107" nm?*/s. Diffusion coefficient for
26 nm SiO, particles in 301 kDa P2VP at 180 °C was reported as
~3x 107> nm~*/s.”” Sample adsorbed with 35 kDa PMMA has the
smallest (Ar?) and diffusivity (D) [Figs. S4(a) and S4(b) in the
supplementary material]. The highest local viscosity is found in
PMMA-adsorbed particles with the lowest rigidity as shown in
Fig. S4(c) in the supplementary material. The P2VP-adsorbed
particles show the opposite trend with the lowest viscosity
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FIG. 3. (a) Linear viscoelastic data of the PMA homopolymer and PMA composites with particles adsorbed with varying rigidity of polymers (PMMA, PVAc, and P2VP).
(b) Rubber plateau modulus, Gy, and terminal relaxation time, =, vs rigidity of adsorbed polymer used. (c) The normalized viscosity of polymer nanocomposites of
PMMA-, PVAc-, and P2VP-adsorbed Fe3O4 nanoparticles. (d) Number of entanglements per chain (Z) decreases with increasing rigidity of the adsorbed chain. Particle
loading is 30 wt. % in all nanocomposites. Star is for the Fe30,4 (bare) particles in PMA.

and the largest diffusivity. The calculated time-dependent
local viscosities for the sub-diffusive Fe;O, nanoparticles are
all lower than the dynamic viscosity of the host 40kDa
PMA homopolymer (Fig. S5 in the supplementary material).
These trends are speculative since they rely on the assumption
that particles are dispersed and their mobilities follow free
diffusion.

Previous studies mainly focused on particle diffusion at
time scales where the viscosity of the host (matrix) polymer is time
independent at zero shear viscosity.””~"' Here, we presented the

time-dependent viscosity to explain the interfacial entanglements
governed dynamics. We also varied the adsorbed PMMA chain
length to understand the confining particle dynamics and viscosity.
The preliminary data on various adsorbed chain length suggest that
chain conformations and packing of adsorbed chains are critical
for interfacial chain dynamics. The denser entanglements were
observed with the 35kDa PMMA compared to the 75 and 188 kDa
PMMA-adsorbed chains. The fitting parameters (Gy, ;) for differ-
ent molecular weights of adsorbed chains are presented in Fig. S6
in the supplementary material.
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diffusion exponent (n) for particles adsorbed with different rigidity of the polymer. The black symbol is for the bare NH,~Fe;0,4 composite. Particle loading is 30 wt. % in

all samples.

IV. CONCLUSIONS

Rigidity of adsorbed polymers influences the relaxations of
matrix chains at interfacial layers in addition to the nanoparticle
diffusion measured at the intermediate and long time scales.
Chemical heterogeneities in interfacial layers can be used to alter
the entanglement states and reptation relaxation of the matrix
polymer. With flexible adsorbed PMMA chains, the rubber plateau

modulus and reptation relaxation time were measured to be higher
than the rigid adsorbed polymers as result of the enhanced entan-
glements. The confined sub-diffusion behavior of Fe;04 nanoparti-
cles with adsorbed PMMA chains indicated that particle diffusion
was restricted by topological constraints of entangled chains.
Furthermore, calculated diffusivity and local viscosity values
showed that adsorbed chain rigidity influenced matrix relaxations
and particle dynamics. Rigid adsorbed chains (P2VP) on
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nanoparticles reduced the local viscosity and particles moved
following Fickian diffusion, whereas particles with flexible
(PMMA) chains moved in a sub-diffusive mode. Rigidity, chain
length, and glass-transition temperature of polymers surrounding
nanoparticles are critical factors that control the particle mobility
and mechanical properties.

SUPPLEMENTARY MATERIAL

See the supplementary material for the adsorbed chain density
calculation using TGA data, SAXS data analysis, TEM data of
crytomed PMA nanocomposites, calculation of particle diffusivity
and local viscosity, and adsorbed chain length effect on particle
diffusion.
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