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Abstract

The entanglements of dynamically asymmetric polymer layers influence relaxations of
nanoparticles in polymer nanocomposites. In this work, dynamics of polymer-adsorbed and
polymer-grafted nanoparticles in poly(methyl acrylate) matrix polymer was investigated using X-
ray photon correlation spectroscopy (XPCS) to understand the role of chain rigidity and chemical
heterogeneities on particle dynamics. Location of dynamic heterogeneities close to nanoparticles
and away from particle surfaces were examined with the comparison of adsorbed and grafted
nanoparticles. Our results show that the chemical heterogeneities around dispersed nanoparticles
transitioned the particle dynamics from Brownian diffusion into hyperdiffusion, and moreover, the
high rigidity of chains in the chemically heterogeneous interfacial layers slowed down the particle
dynamics. The hyperdiffusion measured both in grafted particles and adsorbed particles was

attributed to the dense interfacial mixing of dynamically heterogeneous chains.
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1. Introduction

Functionalizing nanoparticles through chain adsorption or grafted nanoparticles is a common
strategy to control particle dispersion in polymer nanocomposites and their structure, dynamics
and mechanical properties have been extensively investigated'-!°. Relating the particle dynamics
to the dynamics of polymer grafted chains has significant importance in understanding the
composite dynamics, however it can only be attained for matrix-free composites. The recent
simulation study on grafted particles in unentangled matrix showed that relaxations of monomers
close to particle surfaces are slower than the chains farther away due to graft chain constraints and
the confinement of neighbor chains?®. This heterogeneity of relaxations around nanoparticles
perturbs particle motions. At short times, particles behave in a sub-diffusive manner and for long
times they follow Fickian diffusion?’. For grafted particle composites with entangled matrix
chains, dynamics of the grafted particle is affected by the interfacial interactions between graft and
matrix chains?!> 22, Thus, the strength of these interactions depends on the chemistry and lengths
of graft and matrix chains, creating weak and strong interphase layers of varying entanglement
densities?> 3.

The polymer-particle interphases govern the dynamics of both the fillers and matrix polymer.
Dynamics of nanoparticles in polymers contributes to our understanding on the viscosity changes
and reinforcement origin of nanocomposites, and on the relaxations of host polymers depending
on particle-polymer interactions!s: 242°, X-ray photon correlation spectroscopy (XPCS) probes
nanoparticle dynamics in viscoelastic media, and directly measures nanoparticle relaxations in
highly entangled polymer melt’%-33, Entanglement controlled environment such as the high-
molecular-weight solutions was shown to dictate the temporal fluctuations of the entanglement

mesh3*. This environmental restriction controls the sub-diffusive motion of nanoparticles. Another
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mode of dynamics measured in various systems is hyperdiffusion. This mode of particle dynamics
seen in colloidal gels, soft materials and colloidal polycrystals are related to non-equilibrium
events or attributed to the stresses built upon deformation or to the mechanical and dynamic
responses of materials to internal stresses?3-38. In this study, we aim to understand the effect of
polymer dynamical asymmetry on dynamics of composite systems with bare particles and grafted

nanoparticles using XPCS and rheology.

We studied rheological properties and chain dynamics of polymer nanocomposites with
asymmetric interphases in previous works. The amorphous, and weakly interacting polymer blends
in the presence of nanoparticles reversibly stiffened at high temperatures due to dynamic
heterogeneities, arising from the mixing and interpenetration of chemically different adsorbed and
matrix chains’® 4, Thus, dynamic heterogeneities rely on the chain conformations and are highly
dependent on the confinement of neighboring chains. The dynamic coupling between the two
polymers with different glass-transition temperatures (T,’s) was found to strengthen the composite
as a result of slowed chain dynamics when all chains were mobile at high temperatures*®- 4!, The
matrix chain length and the adsorbed chain rigidity were found to affect this dynamic coupling
process?> 4223, For example, local viscosities measured by magnetic heating of iron oxide
nanoparticles were directly influenced by the rigidity of adsorbed polymers and chemical
heterogeneities of their interfacial layers®}. In another work, we reported that particles adsorbed
with the highly mobile short chains moved faster since the short chains can dilate the highly dense
(entangled) environment around the particles??. The highly mobile short chains mix and entangle
with the matrix polymer in the interphase layer and this factor governs the hyperdiffusive motion??.
Dynamics of grafted particles was shown to depend on particle dispersion®!. Well dispersed grafted

particles were found to be diffusive, and upon large shear deformation dynamics transitioned to
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hyperdiffusion. This change in particle dynamics was associated with the enhanced entanglements
between grafted and matrix chains and to the free volume available within particles at low graft

density?!.

This work focuses on exploring the effect of interfacial stresses on hyperdiffusion. This dynamic
mode was observed in many polymer nanocomposites??32.37-44-46_In some systems, hyperdiffusion
was attributed to the stresses that could arise when chains were thermally non-equilibrated3® 47,
The systems investigated here deals with the stresses created in two poly(methyl acrylate) (PMA)
nanocomposites with particles adsorbed or grafted with chemically different polymer chains. We
will discuss the particle dynamics in these composites at the same loading (10 vol%). The
entanglement states, dynamic heterogeneities, and free volume within the interfacial layers differ
in our samples. The particle dynamics and rheology results are affected by the rigidity and
molecular weight of chains, which are in fact related to the chain entanglement and free volume in
the system. We prepared PMA (40 kDa) composites consisting of PMMA-, PVAc- and P2VP-
adsorbed (listed in the order of increasing rigidity) Fe;O,4 and silica (SiO;) (15-nm) nanoparticles
and the PMMA-grafted Fe;O0, (15-nm) nanoparticles. These composites with two different
dispersion states are discussed to understand the particle relaxations. Overall, XPCS data of the
three systems collected at 140 °C are presented along with particle dispersion, rigidity of interfacial

chains and matrix molecular weight.
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2. Experimental section

Adsorption of polymers onto nanoparticles and preparation of polymer-grafted Fe;O4
nanoparticles were reported in previous works?* 41, Here, we will describe the preparation of
polymer adsorbed SiO; nanoparticles. SiO, in butanone with 15-nm diameter were purchased from
Nissan Chemical Corporation. 400 mg of NPs were mixed with 45 mL of deionized (DI) equimolar
water/ethanol mixture in a 100 mL two-neck flask. Colloidal solution was stirred under continuous
nitrogen flow for one hour. Then, the solution was bath-sonicated for another 30 min. 0.8 mL of
(3-aminopropyl)triethoxysilane (APTES), purchased from Sigma Aldrich, was added to the
nanoparticle solution and the reaction was let to proceed at 40 °C under nitrogen for 12 h. Amine
functionalized nanoparticles were collected after centrifuging and washed with acetone and DI
water three times. PMMA (35 kDa), with a polydispersity index of 1.1 was synthesized via atom
transfer radical polymerization (ATRP) in our laboratory. The concentration of the polymer
solution was kept constant at 15 mg/mL for all samples. Amine functionalized Si0, was added to
the polymer solution at a particle concentration of 5 mg/mL in acetonitrile for PVAc and PMMA,
in dichlorobenzene for P2VP. Solution was then sonicated for 10 min and stirred for another 30
min. Polymer adsorbed nanoparticles were collected by centrifugation and washed with
corresponding solvent several times to remove all free residual polymers. The particles were dried
again under vacuum at room temperature. The number of adsorbed chain density per SiO,
nanoparticle is calculated using TGA data shown in Figure S1. TGA data of Fe;O4 samples was
reported in previous work?}. The characteristic ratios (C,)*" 4 and the amounts of adsorbed
polymers (as mass percent and as number of chains per nanoparticle) and their molecular weights

are summarized in Table 1.
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Table 1. Adsorbed or grafted chain density of particles and the characteristic ratio (C,,) of the

adsorbed or grafted polymer used in decorating the nanoparticles. 40 kDa PMA is used as matrix

in all composites. Grafted particle composites have 20 and 160 kDa PMA matrix.

Composites Chain density C,
(chains/nm?)

35 kDa PMMA-ads-SiO, 0.004 7
50 kDa PV Ac-ads-SiO, 0.007 9
40 kDa P2VP-ads-SiO, 0.013 10

35 kDa PMMA-ads-Fe;0, 0.035 7

50 kDa PV Ac-ads-Fe;0y4 0.005 9

40 kDa P2VP-ads-Fe;04 0.010 10
148 kDa PMMA -gr- Fe;04/ 0.045 7

20/160 kDa PMA

Preparation of Nanocomposites

PMA was dissolved in acetonitrile to form a solution with 15 mg/mL concentration. Polymer-

adsorbed NPs were added to the PMA solution to achieve a nanoparticle concentration of 10 vol%

particle core. After sonicating and shaking for 30 min, the solution was cast into Teflon cups, and

the solvent was let to evaporate at room temperature. The films were dried in vacuum oven at 130

°C for 3 days to remove all residual solvent. Samples were then molded into disks with 8-mm

diameter and 0.8-mm height for rheological tests. The molded disks were annealed at 180 °C in

vacuum oven prior to rheology tests.
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Transmission Electron Microscope (TEM)

Polymer adsorbed NH,-Fe;O, PMA composites were cryomicrotomed and then imaged in JEOL
USA JEM-2100Plus Transmission Electron Microscope operated at 200 kV and equipped with a

cold-field emission gun.

Rheology Experiments

Linear viscoelastic 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:15 °C).

X-ray Photon Correlation Spectroscopy (XPCS)

XPCS measurements were performed at the 8-ID-I beamline of the Advanced Photon Source (APS)
at Argonne National Laboratory. Sample areas of 15 pm x 15 um were illuminated by coherent X-
rays with photon energy of 11 keV. The normalized intensity—intensity autocorrelation function
was obtained over the wave vector range 0.027 nm™! < q < 0.1 nm™!. Samples were held at the
desired temperature for 20 min for thermal equilibrium prior to the measurement. Data were
collected at five different locations for each sample to ensure uniformity and stability of the particle

dispersion.
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3. Results and Discussion

The autocorrelation functions for all XPCS experiments performed at 140 °C were analyzed by the

Siegert relation: g,(q,t) =1+ B exp[ —2(t/ T(q))ﬂ] + A. 7(q) is the characteristic relaxation time

of particle, f is the stretching exponent, B is the instrument dependent Siegert factor, ¢ is the
scattering vector and A is the baseline correction term. In our previous study, a strongly confined
particle diffusion was found in the PMMA adsorbed Fe;O4 nanoparticles as measured with the
larger local viscosity and the smaller diffusivity compared to the more rigid PVAc and P2VP
chains?’. SAXS and TEM results indicated similar aggregations (~100 nm) in all the samples
(Figure S2). The particle dynamics of the samples is presented in Figure 1. The strong interfacial
interactions between PMA matrix chains and flexible adsorbed chains are expected to slow down
the particle dynamics. As seen, the particles adsorbed with PMMA are the slowest, and with P2VP
is the fastest (Figure 1a). The strong interphase formation was observed in rheology measurements,
where the reinforcement of PMMA adsorbed particles is higher than the composites with weak
interphases in the case of P2VP and PVAc?. The bare particles exhibit slower relaxations than the
PVAc adsorbed particles since PMA is strongly adsorbed on particles. All samples exhibited
hyperdiffusion with t~q! (Figure 1b). The q dependent stretching exponent [ falls within 1 to 2

which is typical for hyperdiffusion (Figure 1c).
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Figure 1. (a) Autocorrelation functions, g,(q, t), for the 35 kDa PMMA, 50 kDa PVAc, 40 kDa
P2VP adsorbed and bare 15-nm Fe;O, nanoparticles in 40 kDa PMA matrix at g=0.01 A-! and 140
°C. The solid lines are the stretched exponential model fits. (b) Relaxation times and (¢) stretched

exponents as a function of q for the corresponding samples. Particle loading is 10 vol%.

We prepared another system of PMA-SiO, composites to evaluate the role of particle dispersion
on particle dynamics. Similar adsorbed chain types and molecular weights and the PMA matrix
polymer were used in preparation of this composite system. Particle dispersion in PMA-SiO,
composites is investigated via SAXS and TEM. SAXS data is analyzed by multi-level unified
function analysis*. The primary size of the SiO, particles is found from the first level fitting as
R, 1~10 nm. The scattering signal of bare 15-nm SiO, nanoparticles in 40 kDa PMA showed a clear
Guinier plateau at low ¢, indicating a good dispersion of particles, was also confirmed by its TEM
data (Figure 2). The upturn at low q < 0.002 A-! is associated with a small number of large
aggregates. With the higher rigidity of adsorbed (P2VP) chains, SiO, particles were found to be
aggregated. The number of levels used in the Unified model fitting to the data may not be as reliable
to interpret the aggregate sizes and clusters (Table S1). TEM data helps to explain the SAXS data
analysis from the multi-level unified model fittings. As seen, particles are more aggregated with

the rigid P2VP adsorbed chains.
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Figure 2. Small angle X-ray scattering (SAXS) and TEM data for the (a) 35 kDa PMMA, 50 kDa
PVAc, and 40 kDa P2VP adsorbed and (b) bare 15-nm SiO, particles in 40 kDa PMA matrix.
Solid lines on SAXS profiles are the Unified model fittings. Particle loading is 10 vol% in all

samples.

Different particle dispersion of SiO,-PMA allowed us to discuss the linear viscoelastic behavior
and particle dynamics with the observed structures. In previous work, the rubber plateau modulus
(Gy) of Fe304-PMA composites with similar particle dispersion was found to decrease when the
entanglements of the interfacial layers were primarily weakened by the more rigid adsorbed
polymer as shown in Figure 3a. In SiO,-PMA composites, Gy increased with the adsorbed chain
rigidity. The rigidity of interfacial layers improves the mechanical properties of SiO,-PMA,
contrary to what was measured in Fe;O04-PMA. The comparison of rheology data indicates that
modulus enhancement in SiO,-PMA was dominated by particle aggregation, but not directly
related to the entanglement densities deduced from the rheology data. Figure 3b shows that

entanglement density (Z) in PMMA and P2VP with SiO, fillers is almost the same, but it decreased
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from 19 to 7 with the Fe;0, system. It is important to note that the adsorbed chain density (in
chains/nm?) of the same polymer on both SiO, and Fe;O; fillers are close in value (Table 1). The
zero-shear viscosity of PMA-Si0, composite was found to be higher than the bare composite
(Figure 3c¢). The rise of zero-shear viscosity at low frequency for PMA-Si0, composites with the

P2VP and PV Ac chains indicates the aggregation state of particles.
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Figure 3. Comparison of (a) rubbery plateau modulus (Gy) and (b) entanglement density (Z=’ /(%i)

) (7. is the entanglement relaxation time and 7y is the terminal relaxation time) for the PMMA,
P2VP, PVAc adsorbed SiO; and Fe;O4 nanoparticle PMA composites with 10 vol% loading. Open
stars are for the bare Fe;0,4 and SiO, PMA composites. Data of Fe;O,4 system is reproduced from
J. Appl. Phys. 2021, 130 (6), 064701 with the permission of AIP Publishing. (¢) Complex
viscosities in terminal regions of SiO, nanocomposites with bare, 35 kDa PMMA, 50 kDa PVAc,

40 kDa P2VP adsorbed particles at 10 vol% loading in 40 kDa PMA matrix measured at 140 °C.

Knowing the structural and rheological behavior of Si0, composites, herein we discuss their XPCS
data. For bare composite, the particles are found to diffuse in a Brownian mode with z~g~? and the
stretching exponent S is stable and close to 1 (Figures 4a-c). The relaxation of particles adsorbed

with PVAc and P2VP is so slow that the autocorrelation functions do not fully decay (Figure 4a).
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Relaxation times of the strongly aggregated PVAc and P2VP samples exhibited a g-independent
behavior (Figure 4b). The restricted motions in PVAc and P2VP samples are seen with their
constant relaxations across the g-range. A slight decrease in relaxation of PVAc composite is seen
at low-q region, but it remains unchanged within the high g-range. For PMMA-adsorbed sample,
hyperdiffusive behavior was observed. This transition indicates the effect of dynamic
heterogeneity, shifting the dynamics from Brownian diffusion to hyperdiffusion (Figure 4b). A
similar transition was observed when matrix molecular weight increased from 2 kDa to 280 kDa>.
The decline of #from 2 to 1 was attributed to structural heterogeneities of aggregates (Figure 4c).
Particles moved faster both in the well-dispersed bare and PMMA samples compared to the
aggregated particles as in P2VP and PVAc as particle mobility was restricted by neighboring
particles within a cluster. The slower mobility of PMMA sample than that of the bare sample was
directly associated with the interphase effect. Weak interphases with the PVAc and P2VP
experience more dynamic heterogeneities (£ >1) compared to the PMMA sample with strong
interphases (#<1). The hyperdiffusive character of PMMA system is attributed to the coupling of
the particles with center-of-mass motion of polymer (segmental relaxations) as was presented in
previous work>!-32, Hyperdiffusive behavior of PMMA system with £<1 is a transitional dynamics

which may related to the internal dynamic stresses built within PMMA-PMA interfacial layers.
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Figure 4. (a) Autocorrelation function, g,(q, t), for bare SiO, particle, 35 kDa PMMA, 50 kDa
PVAc, and 40 kDa P2VP adsorbed SiO, nanoparticle in 40 kDa PMA at 140 °C and q=0.01 A-".
The solid lines are the stretched exponential fits. (b) Particle relaxations and (c) stretched exponent,

versus g. Particle loading is 10 vol%.
B, q g

We have discussed the effects of adsorbed polymer rigidity and particle dispersion on particle
relaxations. Next, we seek to understand the dynamics of grafted nanoparticle composites. The
interfacial mixing of grafted and matrix chains and entanglements are very different because chain
topologies and entropic mixing are different in grafted systems depending on the grafting density
and graft length. Grafted Fe;O, particle relaxations would be influenced with interfacial chain
heterogeneity and mixing. It is worth to mention that rheological properties of the grafted
composites were tested and reported in our previous work*'. We found that short matrix chains
dynamically couple better with the long-grafted chains and reinforce the system at high
temperatures. Here, we will present the relaxations of PMMA-grafted Fe;O,4 (15-nm) nanoparticles
in 20 kDa and 160 kDa PMA matrix. The grafting density is 0.045 chains/nm?, molecular weight
of PMMA graft chains is 148 kDa. The particles moved surprisingly faster in 160 kDa PMA matrix

than those in 20 kDa PMA (Figures 5a-b). A clear hyperdiffusive motion is measured for both
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matrix molecular weights, and £ falls within 1 and 1.5 (Figure 5c¢). The observed slow mobility
of grafted particles in 20 kDa PMA is explained by the low friction of short matrix chains diffusing
into the grafted chains and forming a denser interfacial layer. This dense layer effect was verified

by the higher reinforcement observed with the short (20 kDa) PMA chains in our previous work*!.

o 2
L a b o C
@ (b)| 3 (©)
b L o g
_ o s : g ,
- G = 10eF B s
Sref i < & 17 1 9851Lln
o 3 LI9TIqT
o 3 L & 4 ho] I 1,,‘: 1T
10'k ® Wby ) 160 kDa PMA {1
LI 5, 160kDaPMA ~ “*occen, | 5
1.07 160 kDa PMA 100 )
102 101 10° 10" 102 1073 P 1 6*2 0403 1 16'2
t (s) q (A7) q (A7)

Figure 5. (a) Autocorrelation functions, g,(q, t), for 148 kDa PMMA-grafted 15-nm Fe;04
nanoparticles in 20 kDa and 160 kDa PMA matrix at 140 °C and q=0.01 A-!. The lines are the
stretched exponential fittings. (b) Particle relaxation times and (c¢) stretched exponents versus q for

the same composites. Particle loading is 10 vol%.

4. Conclusion

The particle relaxations in three different PMA nanocomposite systems are discussed. Results
show that in aggregated Fe;O,4 particles with the flexible PMMA adsorbed chains, the particle
relaxation is slower than the particles decorated with the more rigid, PVAc and P2VP chains. In
well-dispersed bare Si0, composites, the free diffusion of particles in an entangled matrix was
measured. A transition from Brownian diffusion to hyperdiffusion was observed for samples with

dynamic heterogeneities in their interfacial layers. Specifically, low rigidity of chains in interfacial
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regions creates the denser layers of chains around nanoparticles and builds up internal stresses
within, where chemically different dynamically asymmetric chains are mixed. The hyperdiffusion
measured in these composites is explained by the internal stress heterogeneities between
chemically different polymers. This study uses grafted and adsorbed nanoparticles as model
systems to understand the proximity of spatial heterogeneities, chain rigidity and entanglement
effects on particle dynamics. Overall, the rigidity of chains controls the entanglement density, the
packing of chains and presumably the free volume within entanglements and these factors
influence the particle dynamics, which have implications on the use of nanocomposites for

membrane applications.
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