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Abstract

The dynamics of polymer chains in poly(ethylene oxide) / silica nanoparticles, PEO / SiO»,
nanohybrids has been investigated via a combined computational and experimental approach that
involves atomistic molecular dynamics simulations and dielectric relaxation spectroscopy (DRS)
measurements. The complementarity of the approaches allows us to study systems with different
polymer molecular weights, nanoparticle radii and compositions across a broad range of
temperatures. We study the effect of spatial confinement, induced by the nanoparticles, and of
chain adsorption on the polymer structure and dynamics. Investigation of the static properties of
the nanocomposites via detailed atomistic simulations reveals a heterogeneous polymer density
layer at the vicinity of the PEO/SiO> interface, which exhibits an intense maximum close to the
inorganic surface with the bulk density reached for distances ~1-1.2nm away from the
nanoparticle. For small volume fraction of nanoparticles, the polymer dynamics, probed by the
atomistic simulations of low molecular weight chains at high temperatures, is consistent with the
presence of a thin adsorbed layer that shows slow dynamics with the dynamics far away from the
nanoparticle being similar to that in the bulk. However, for high volume fraction of nanoparticles
(strong confinement) the dynamics of all polymer chains are predicted slower than that in the
bulk. On the other hand, the experimental findings, for high molecular weight systems measured
at temperatures below the melting temperature of the polymer, probed by DRS, similar dynamics
both for the local B-process and the segmental dynamics. These differences can be attributed to
various parameters: systems of different molecular weight and nanoparticle state of dispersion,
the different temperature range studied by the different methods, the potential presence of a
reduced mobility PEO/SiO; interfacial layer that doesn’t contribute to the dielectric spectrum, as
well as to the presence of amorphous/crystalline interfaces in the experimental samples that may

lead to a different dynamical behavior of the PEO chains.
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1. Introduction

The investigation of the structure, chain conformation and dynamics in polymer
nanocomposites (PNCs) constitutes a very active research area due to the innovative properties
of these materials that make them candidates for a broad range of applications. ' The properties
of polymer chains are different close to the surface of a nanoadditive or under confinement,

when compared to those in the bulk, affecting the overall behavior of the systems. '3-2> Important

h2,4,6,1 1,26,27

advances both in basic researc and in different industrial fields have been made on

hybrid polymer/nanoparticle systems.?®3° Moreover, a number of computational **!*48,

21,22,24,26,27,49-59 13,60

experimental!’!*- or combined studies'*® have been employed to investigate the

effects of the presence of the interfaces on the properties of the polymer providing a measure of

the interphase length,!3:15-34:47:61-65

A special case of nanohybrids is the one composed of silica nanoparticles (NPs), SiO2,
dispersed in a polymer matrix. Silica nanoparticles are of great interest due to their excellent
properties and the range of their applications in many scientific fields. Their high chemical
stability,® attributed to the Si-O bond, is important for applications as drug delivery systems.5”:6%
Moreover their excellent biocompatibility, ® heat resistance,’® low toxicity,”!, simple synthetic
approach,’? and massive synthetic supply 7° render them attractive for biological applications,®%7*
like cell tracing,”> biosensing’® and as diagnostic tools.”” Extensive applications of silica
nanoparticles are also found in rubber technology, where they are used to improve the properties
of tires and other rubber materials.!*’8

Poly(ethylene oxide), PEO, is a widely used polymer in many technological applications.” It
is hydrophilic, biocompatible and it possesses high ion transport properties; therefore, it is
suitable for many fields of research including biomaterials, drug-delivery and solid state polymer
electrolytes.®*3* PEO is the most frequently studied polymer ionic conductor; however, its high
crystallinity prevents its further utilization. Different additives can be used to suppress its
crystallization and, thus, its nanohybrids can be utilized as promising materials for applications
in solid-state lithium batteries.®® Specific attractive interactions exist between PEO and silica
nanoparticles, mainly attributed to the formation of hydrogen bonds, which force polymer chains

86,87

to adsorb onto the surface of the nanoparticle®™®’, resulting in the stabilization of the

13,17,26,27,47,

systems. 88 Numerous pharmaceutical and industrial applications have been reported

for such nanocomposite systems.?-%2



The properties of PEO/SiO> nanocomposites have been investigated utilizing various

32,47,48,93

simulation models and experimental techniques*->*-"*%_ In a previous work, we have

investigated the structural and conformational properties of PEO chains of various molecular
weights in PEO/SiO2 nanocomposites as a function of temperature and degree of confinement '°.
A combined experimental and theoretical approach revealed that spatial confinement affects
significantly the conformational behavior of polymer chains causing an important increase of the
gauche conformations in comparison to the neat PEO at the same temperatures. Moreover, the
type of end group of the PEO (CH3 or OH) did not affect the average conformational properties
of the simulated polymer chains. The presence of the SiO; affects significantly the degree of
crystallinity of PEO as well.!” The degree of confinement that the chains suffer and the curvature
of the nanoparticles, which affects the chain adsorption, has been shown to be the two
determining factors that can act synergistically and lead to a significant decrease of the
crystallinity for nanohybrids with high inorganic content.

Contrary to the conformational properties, which do not seem to depend on the PEO end
groups, the dynamics was found to be affected by the type of end-groups with the chains with
OH end-groups exhibiting slower translation dynamics within an interphase region of ~2-3 nm
close to the nanoparticle surface.*® Recently, Skountzos, et al.*’ studied nanocomposites of PEO
with silica nanoparticles and investigated the effect of the different chain end-group (CH3 and
OH) on the train, loop, and tail conformations of the chains adsorbed on the silica nanoparticle. It
was shown that PEO-CH3 chains adsorb along their entire backbone whereas PEO-OH chains
prefer to adsorb mostly by their end-groups (OH). Moreover, PEO-CHj3 chains have faster chain
(Rouse) relaxation times near the nanoparticle surface in comparison with the PEO-OH ones,
whereas no difference in the dynamics is observed for the free chains away from the
nanoparticle. The diffusivity and the arrangement of silica nanoparticles have been also
investigated in hybrid systems of silica nanoparticles with either grafted PEO chains or in a
matrix of PEO oligomers.”® Analysis of the dynamics revealed that, at short time scales, grafted
chains relax faster than the free chains at low temperatures; however, this behavior is reversed
with increasing temperature.

From the experimental point of view, Kim et al.*® studied the effects of polymer molecular
weight, temperature and solvent dilution on polymer dynamics in PEO-silica nanocomposites.

They found that the adsorption of PEO segments onto the silica surface produces a polymer layer



of reduced-mobility over a temperature range 343 — 373 K, which is not observed at higher
temperatures. Strongly anisotropic segmental mobility was found within this layer compared to a

1.4 performed neutron spin echo (NSE) and high

rotation of the backbone. Glomann, et a
resolution time-of-flight (TOF) spectroscopy experiments on PEO/silica nanocomposites with
PEO chains with different end groups (OH or CHz); in the system with OH end-groups,
suppressed translation diffusion was observed, whereas the segmental dynamics was found
unaffected, while, in the one with CH3 end-groups, an adsorbed but not glassy layer was reported
possessing fast local dynamics.

Senses, et al.”**7 studied the nanoparticle dispersion, the polymer conformation as well as the
macroscopic and microscopic chain dynamics by applying NSE and neutron backscattering
spectroscopy. They found that the Rouse dynamics of the chains slows down with nanoparticle
addition and no glassy effect appeared on the adsorbed layer.

From the above short discussion, it is clear that the dynamics of PEO under confinement
and/or in the vicinity of inorganic nanoparticles has provided many contradictory results in
different studies. Moreover, when PEO formed an intercalated structure between laponite sheets,
a significant number of PEO monomer units were found to display a strong slowing down as
compared to neat amorphous PEO. This decrease in the segmental mobility was mainly assigned
to the complexation of PEO oxygens by the Na® counterions located in the laponite interlayer

7. On the other hand, when PEO was confined between the layers of Na'-

galleries
Montmorillonite, the segmental dynamics was found many orders of magnitude faster than the
bulk exhibiting an Arrhenius temperature dependence. In that case, the different behavior was
attributed to the severe confinement of the chains.?’” Moreover, no significant effect on the
dynamics was detected when PEO was placed within 18 nm diameter Anodic Aluminum Oxide
(AAO) pores.” When PEO is confined between graphene oxide (GO) layers, the intercalation of
polymer chains does not only lead to the suppression of polymer crystallization but also to the
suppression of the dielectric a-relaxation together with a slowing down of the [B-relaxation
modes.? It is, thus, evident that deep understanding of the dynamics of even such an investigated
polymer like PEO in its nanocomposites is still missing.

In the current work we present a complementary computational and experimental study of the

dynamics in PEO/SiO, nanocomposites covering a broad range of molecular length scales. We

provide a systematic exploration of the dynamical properties of PEO in the segmental level



through atomistic molecular dynamics (MD) simulations and Dielectric Relaxation Spectroscopy
(DRS) experiments. The combined use of the two approaches provides important information in
a complementary way. All-atom MD simulations focuses on a detailed analysis in the atomic
level, which can capture changes very close to the surface of the nanoparticle, the so-called
“pound or dead layer”. On the other hand, Dielectric Spectroscopy can explore different
relaxation modes utilizing higher molecular weight PEO. The different resolution of the two
methods, as well as the different molecular weights used, result in an exploration of the
segmental motion over a broad range of systems and conditions. The effect of the interfacial area
is highlighted through a detailed analysis of various measures as a function of the distance from
the nanoparticle surface. Different concentrations and molecular weights are investigated by
combining the simulation and the experimental findings. The degree of confinement together
with the adsorption capacity are found to be the critical parameters for the arrangement of
polymer chains at the vicinity of the polymer/silica interface, and, consequently, their mobility.
In the next section the model, the simulation method and the analysis techniques used in the
simulations are described together with the neat materials and the nanocomposites that have been
investigated experimentally. The results, divided in subsections, are presented in Section 3.

Finally, a summary and the conclusions of the current study are presented in Section 4.

2. Materials and Methods
a. Materials:

The poly (ethylene oxide), PEO, that was used in the experimental part of this work was
purchased from Sigma-Aldrich. It has a molecular weight of 100,000 g/mol and a polydispersity
index Mw/My = 2.4. Its melting point is Tn=340 K and its glass transition temperature T,=206 K.
It exhibits a degree of crystallinity of ~65-80% depending on the conditions under which the
material is crystallized. From here on, this polymer will be noted as PEO2270 utilizing its degree
of polymerization as subscript. Dynamic Light Scattering, DLS, measurements provided the
hydrodynamic radius of PEO2270 as Ry=12.1 nm whereas its radius of gyration can be calculated
as R; = 1.27Ry = 15.2 nm if one assumes © conditions.

The silica nanoparticles utilized are the commercially available Ludox LS (R~7 nm) purchased
from Sigma-Aldrich in a water dispersion. The surface of the nanoparticles possess -OH groups,

so they can interact favorably with hydrophilic polymers such as PEO. From here on, the



nanoparticles will be denoted as NP7. The size of the nanoparticles was defined by Transmission

Electron Microscopy and DLS measurements.

ey

Figure 1. TEM images of PEO2270 / NP7 nanohybrids with (a) oxp = 14 % and (b) one = 53 %
vol. The scale bar in both (a) and (b) is 200 nm.

The nanocomposites were prepared via solution mixing using the following procedure: The
polymer was first diluted in water and left stirring for 24h. Then, the appropriate amount of
nanoparticle dispersion was simply added to the solution. The samples were left to homogenize
for 24h in a magnetic stirrer and, then, they were placed into Petri dishes and dried under
vacuum. Before each measurement, the samples were left at 100°C for 15 min, in order to erase
any thermal history, and, then, were cooled down to room temperature at a constant rate of
10°C/min, in order to ensure the same crystallizing conditions. The sample concentrations were
measured as weight fraction utilizing Thermogravimetric Analysis and, then, volume fractions
were calculated. The characteristics of the synthesized nanocomposites are reported in Table 1.
In all nanohybrid compositions, the successful and homogeneous dispersion of the nanoparticles
within the polymeric matrix was verified by Transmission Electron Microscopy as illustrated in

Figure 1 for hybrids with 14 and 53 % vol NP7 content.



Table 1. Details of the synthesized PEO2270 / NP7 and simulated PEO49 / NP2 nanocomposites

Hybrids Wsioz2 2 @sio2 ° de¢ d/Rg @
(wt) (vol) (nm)
PEO2270/NP7 0.25 0.14 2.156 0.142
PEQO2270/NP7 0.70 0.53 0656-4.704 0.043-0.309
PEO2270/NP7 0.73 0.57 0.611-1.363 0.04-0.09
PEQO2270/NP7 0.82 0.69 0.32 0.021
PEQ49/NP; 0.05 0.02 11.58 6.81
PEO49/NP; 0.33 0.19 5.82 3.42
PEO49/NP; 0.57 0.39 4.59 2.70

& wsio2: Weight fraction of the SiO, nanoparticles
b psioz: volume fraction of the SiO, nanoparticles
¢ d: the nearest inter-particle distance

4 d/Rg: the degree of chain confinement (Ry is the radius of gyration of the bulk polymer chains)

Detailed atomistic molecular dynamics simulations of monodisperse poly(ethylene oxide) /
silica, PEO/Si02, nanocomposites were performed for nanohybrids of different concentrations of
silica nanoparticles and at different temperatures. As reference, simulations of a bulk PEO with
molecular weight MW=2,200 g/mol and methyl terminal groups at the same temperatures have
been performed. The entanglement molecular weight of PEO chains is around 2000 g/mol %1%,
Experimental systems consist of well-entangled PEO chains while in the model systems are
mildly entangled. However, it is not expected entanglements to affect segmental dynamics.
Following the notation of the material utilized experimentally, from here on, the simulated
polymer is denoted as PEO49 utilizing as subscript the number of its monomeric units. As
nanoadditives, silica nanoparticles with almost spherical shape and radius of ~2.1 nm were
utilized. All calculations were performed for three different concentrations of silica nanoparticles
(i.e., 2% vol, 19% vol and 39% vol) and four different temperatures ranging from 330 up to 400
K. Details for all simulated systems are presented in Table 1 as well.

For the simulations, PEO49 was represented by a united atom model and interactions were
described by a modified united atom (UA) TraPPE based force field.”»'"! A full atom

representation was used for the SiO> nanoparticle.'” The particle-mesh Ewald (PME) method



was applied for the calculation of the electrostatic interactions. MD simulations were performed
in the NPT statistical ensemble, where the pressure was kept constant with the use of
Parrinello-Rahman barostat!® and the temperature using the Nosé—Hoover thermostat.'®* The
simulations were performed using the GROMACS simulation package.!%

Typical snapshots of the model PEO49/ NP> systems are shown in Figure 2. A video from our
MD simulation of hybrid polyethylene oxide/silica nanoparticle at 400 K is available at the

Supporting Information.

(a) (b)
Figure 2. Snapshots of the model PEO/SiO2 nanocomposite systems: (a) The PEO49/NP> hybrid
system with a concentration of onp = 2% at 400 K. (b) The PEO4o/NP> hybrid system with the
periodic images of the cubic simulation box that shows the simple cubic like structure of
nanoparticles. The concentration is onp = 39% and the temperature is 400 K. In both, the PEO49

chains are shown green and the SiO2 NP> red.

In general, the simulation protocol involves: (a) generation and equilibration of the PEOQ/SiO»
model nanocomposites and (b) performing long atomistic MD simulations. Initial PEO/SiO;
configurations were obtained from our previous work.!* After generating the systems,
equilibration MD runs for times up to 500 ns, depending on the system and the actual
temperature, were performed, followed by long production runs, for times up to 1.0 ps. During
the simulations, a full relaxation, i.e., a complete decorrelation of the end-to-end vector, of the
polymer chains is observed. For the calculated properties, analysis is performed over the last 0.8
us of the trajectory. It should be also noted that the simulation model systems consider a scenario

of well-dispersed nanoparticles in a simple cubic arrangement induced by the periodic boundary



conditions, whereas experimental systems refer to rather random packing in the dispersion of the

Si0> nanoparticles within the PEO matrix.

b. Analysis Methods:

The main goal is to study the spatial and dynamical heterogeneities of model hybrid
polymer/nanoparticle systems in a detailed way at the molecular level. Consequently, the
properties of the polymer chains are examined as a function of the distance from the SiO»
nanoparticle center, by creating spherical shells of increasing radii (i.e., increasing distances
form the SiO; center).

The mass density profiles were calculated in two ways. The first (radial type) is by using
spherical shells of thickness equal to 1 A, defined from the center-of-mass of the nanoparticles.
Then, the polymer mass density is calculated within each shell. The second way of analysis
involves a 3D reconstruction of the PEO mass density using a decomposition of the simulation
box in rectangular parallelepipeds (cuboids) with dimensions of 3.2x3.2x4.46 A. The choice of
the cuboids dimension was a result of balance between the detail of the analysis and the
statistical accuracy. The average mass of PEO atoms within each cuboid is calculated and
divided with its volume.

The investigation of the dynamical properties of PEO chains involves the calculation of time
correlation functions; for this reason, thicker, compared to the density, spherical shells are used.
The choice of binning size (thickness of spherical shells) for the computation of each specific
property is usually defined from the first minimum of density profile data, which defines the first
adsorption layer.!»334 In this work, for the calculation of the orientation autocorrelation
function, three different analysis regimes were defined: (a) the whole simulation box, denoted as
“Total”, (b) the adsorption region, i.e., 0-25 A from the center of the nanoparticle (4-5 A from
the outer surface of the nanoparticle), denoted as “Ads”, defined based on the first minimum in
the density profile, shown below, and (c) the whole simulation box except the adsorption region,
denoted as “Matrix”. Note that for these calculations, the position of each segment/vector was

monitored depending on the corresponding analysis regime, where it was initially located.
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For the calculation of the desorption kinetics, the atoms that belong to the adsorption region at
a given time to were first labeled. Then, for each time step t, these atoms were monitored and a
function S(t + to) was defined that equals 1 when the atom is still within the adsorbed region and
0 when it is outside, i.e., when it is desorbed. Finally, the autocorrelation function of the
adsorption state S was calculated as '%: Cags = (S(t + to) ® S(to)), where S(to) = 1. It is noted, that
a buffer zone of 3A (about the size of an atom) around the adsorption region shell was used, in
order to take into account the fluctuations of the atoms that are located on the borders of the
adsorption region. Therefore, an initially adsorbed atom is considered “desorbed” if it moves
further that 28A from the center (~8A from the outer surface) of the nanoparticle. Last, during
the analysis of all dynamical properties, and in order to improve statistics, the multiple time

origin technique was used.

c. Dielectric Relaxation Spectroscopy:

Dielectric spectroscopy measures the complex dielectric permittivity *(m) of a material as a
function of angular frequency ®. A homogeneous electric field, oscillating at frequency o, is
applied to the sample, which is placed within the gap of a parallel plate capacitor. The molecular
electric dipoles in the sample tend to be oriented by the field and, therefore, to rotate according
to their molecular mobility at the given frequency and temperature '%’. The complex dielectric
permittivity:

e'(w) = &' (w) —ie" (w) (1)

provides the storage (real part, €") and the loss (imaginary part, €'") dielectric contribution. A
relaxation process is typically characterized by a peak in the spectrum of dielectric loss vs.
frequency, centered at the relaxation frequency fmax=1/(27 Tmax), Where Tmax 1s the most probable
relaxation time of the process. The temperature dependence of the spectral features, like
relaxation time, dielectric strength and peak width, provides information on the molecular
dynamics of polar moieties, as the ones often found in polymer main chains or side groups,
which can be influenced by both intra-and inter-molecular interactions as well as the properties
and the interactions with the environment of the chain.

The dynamic measurements were performed utilizing a dielectric spectrometer (Alpha
Analyzer, Novocontrol GmbH), in the frequency range 102 — 10’ Hz. A thin film of the material

under study was placed in a stainless steel parallel plate capacitor. The film was prepared by

11



uniaxially pressing each sample to form disks 12mm in diameter and 0.3-0.6mm in thickness.
The pellets were annealed at 100°C in vacuum for 12 hours and adhered between indium foils to
improve the electrical contact with the electrodes. The temperature was controlled through a
heated flow of nitrogen gas, by Quatro Cryosytem (Novocontrol GmbH) in the range of 123 —
273 K. Measurements were performed isothermally in a pure nitrogen atmosphere. All samples
were kept at 373 K for 30min and then cooled at 123 K with a rate of 10 K/min before the
measurements whereas they were kept under nitrogen atmosphere throughout the measurements.
During the measurements, the samples were constantly immersed in an inert nitrogen
atmosphere.

When multiple relaxation processes are present, the analysis of the measured dielectric spectra
is performed utilizing a superposition of empirical Havriliak-Negami functions, HN, together
with an additional ionic conductivity contribution at low-frequencies and high temperatures. The

functional form of the fitting function is:

(W) = € + X

=i }ﬁk] + e @)

{1+(iwThn ) Foe

where k is the index of the particular process, Tyy i its Havriliak-Negami relaxation time, Agy, its
dielectric (or relaxation) strength, &, the dielectric constant of the vacuum, &, the dielectric
constant at frequencies much higher than the relaxation frequencies of all considered processes,
and ay, Br (0 <ay, apfx< 1) are exponents describing the symmetric and asymmetric
broadening of the distribution of relaxation times. It is noted that the Havriliak-Negami time,

Tun, and the position of the maximal loss, w, ., are related via the expression w,q,, =

Ya 1
= [sina’l 07 5,4 is the static dc conductivity determined by the fitting of

1 .
—|sin
2428

THN 242
the dielectric spectra by means of Eq. (2) or, equivalently, by the low frequency limit of the real

part of the measured ac conductivity, ¢'(®).

3. Results and Discussion
3.1 Static Properties:

The analysis of the model nanocomposite systems begins by probing directly the density
heterogeneities at the PEO/silica interface. For this, the mass monomer density profile of the

PEOu49 chains is calculated as a function of the distance from the center of mass of the SiO»
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nanoparticle, 7, as described in the previous section. Average density profiles, based on the
center of mass of the monomers, p(r), are presented in Figure 3a for all systems with
concentration 2%, 19% and 39% vol at 400 K. The bulk density of PEO49 at 400 K is also
included (dashed horizontal line). A rather similar peak at a radial distance ~2.3 nm (about 3-4 A
from the outer surface of the silica nanoparticles) is observed for all three systems denoting the
attraction of the PEO49 chains onto the NP>. As the distance from the surface of the nanoparticle
increases, peaks of lower intensity follow up at 2.8 nm for 2% and 19% vol and at 3.2 nm for the
2% vol in NP> systems. It is noted that at longer distances, the bulk region is attained only for the
2% vol. In the systems with higher concentration in nanoparticles (more confined systems), the
radial density profile of PEO49 does not attain the bulk density. Moreover, in the case of the
PEO49 / NP2 with 39% vol nanoparticle concentration, even the first peak of the density profile is
roughly reached.

The monomer density profiles are presented in Figure 3b for various temperatures for the
system with 19% vol concentration. A gradual decrease of the density is observed with
increasing temperature, whereas the density curves retain the same characteristics. Similar
temperature dependence is observed for the other two concentrations as well (data not shown

here).
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141 . 141 -
12+ 1 1.2+ R
o 1.0k et T i —— P 1.0 _E E E E EfJE EE=E E == i
: 5
B 0.8} 1 3 0.8} §
=06} { <osf 1
Q Q
0.4} 2% vol | 04} — 330K |
02 v | 02 s70K
O 1 1 1 1 1 1 1 39|(%) VnoI OO 1 1 1 1 |400K
18 20 22 24 26 28 30 32 34 36 38 40 ' 18 20 22 24 26 28 30 32

r () r (&)
Figure 3. Mass monomer density profiles of PEO chains as a function of the distance from the
Si0> nanoparticle center, r, for nanohybrids with: (a) enp = 2%, onp = 19% and onp = 39% in
NP> at 400 K and (b) oxp = 19% NP> concentration at 330, 350, 370 and 400 K. The dashed lines

correspond to the bulk PEO49 values at each temperature.
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The above analysis, using spherical shells, neglects parts of the (cubic) simulation domain,
mainly the parts that are situated at its corners. Therefore, a more complete picture of the
polymer density is provided through the calculation of the density profile in three dimensions,
using a “3D polymer density tomography” as described in the Analysis Methods Section. Based
on the analysis described there, the 3D density profile is calculated throughout the simulation
box, scanning its volume and exploring various cross sections from the bottom to the top, as
presented schematically in Figure 4f. Slices of increasing distance from the center of the SiO>
nanoparticle, parallel to the xy plane, are presented in Figure 4a-4e accordingly. Slices have
thickness of 3.2A and correspond to distances of 1.5 A (slice A), 8.4 A (slice B), 15.3 A (slice
C), 22.2 A (slice D) and 29.1 A (slice E) from the central plane.

In Figure 4, the density of PEO49 is shown with different colors. Blue is the region of the
nanoparticle (zero density of PEO), whereas yellow corresponds to regions with density very
similar to the (average) bulk value whereas red denotes regions with density higher than that of
the bulk polymer. It is clear from all the data referring to regions (slices) around the nanoparticle
that shell-like areas (“rings”) of different PEO density are observed. For the closest spherical
shell to the nanoparticle (cyan region) the roughness of its surface, allows some polymer amount
to be attached on it, but PEO density is smaller than the bulk PEO value. The next (red) ring
corresponds to the first adsorption shell (i.e., the first peak of the radial density profile shown in
Figure 3), whereas consequent rings indicate a gradual decrease of PEO density towards its bulk
value, with moving away from the NP. However, it is interesting to observe that for all slices the
polymer density attains values similar to the bulk one on the face diagonal of the simulation box.
Therefore, it is clear that even for the most confined system investigated computationally, a
considerable amount of polymeric material exists at the corners of the simulation domain, where
the effect of the nanoparticle on its properties is attenuated. This is not obvious in the radial
density profiles, since the analysis in radial distances from the center of the NP (spherical shells)
does not allow to cover these (corner) regions. A video of the 3D representation of the PEO49
density profiles in the PEO/SiO2 system is available at the Supporting Information.

Furthermore, we analyzed the bridge conformations of the PEO chains, i.e. sequence of atoms
of the same PEO chain connecting adsorbed atoms in different SiO> nanoparticles. From our
analysis we found that the bridging percentage between two nanoparticles is about 70-80% for

the systems with concentration of @sio2 = 39% and 22-25% for the systems with @sio2 = 19%. For

14



the systems with concentration of @sio2 = 2% there is no bridging. There was no found strong
dependencies with temperature; the above percentages are very similar, within error bars, for all
temperatures studied here. Those percentages can be affecting the mechanical and/or the
rheological properties of the hybrid material.
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Figure 4. 3D representation of the PEO49 density profiles in the PEO/SiO> system with onp =
19% at 400 K. Different slices, of 3.2 A thickness, parallel to the xy plane are used at various
distances form the center-of-mass of the NP»: 1.5 A (slice A), 8.4 A (slice B), 15.3 A (slice C),
22.2 A (slice D) and 29.1 A (slice E). At the bottom right, a sketch of the polymer nanocmposite
system illustrates the five slices. The distances scaled with the radius of the silica NP> are: 0.07

(slice A), 0.40 (slice B), 0.73 (slice C), 1.06 (slice D) and 1.38 (slice E).

3.2 Dynamical properties of PEO chains in the model PEO/SiO> systems
3.2.1 Orientational dynamics at the monomeric level

The dynamic properties of the PEO/SiO2 nanocomposites, especially with increasing the
spatial confinement of the chains have been investigated utilizing a combined experimental and

theoretical approach. The orientational dynamics is studied at the segmental level using the time
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autocorrelation function (ACF) of the second Legendre polynomial, for the vi3 vector, which

connects two non-consecutive atoms, defined as:

P, (1) :g<cosz 6(t)>—% ©)

where 0(t) is the angle of this vector at time t relative to its position at t = 0 and the brackets
denote ensemble average.

Autocorrelation functions of P(t) are presented in Figure 5 and Figure 6 for all hybrid
PEO/Si02 nanocomposites studied in the current work together with the corresponding data for
the respective bulk PEO system. Figure 5 presents P»(t) as a function of time for all three volume
fractions of 2%, 19% and 39% vol at 400 K. Calculations have been performed in two shells
with respect to the surface of the nanoparticle 0-25 A (i.e., the adsorption region “Ads”) and 25-
end A (i.e., the rest area “Matrix”) as well as on the entire box, probing the average value
(“Total”). In all cases, slower decorrelation is observed in the first adsorption shell, whereas the
average curve lies between the “Ads” and “Matrix” area. The effect of confinement (i.e., of
different concentrations) becomes clear comparing the three figures: starting from the
nanocomposite with the smaller concentration of 2% vol in nanoparticles (less confined polymer
chains), the three curves corresponding to the bulk PEO, the “Matrix” and the “Total” almost
coincide, indicating the predominance of the bulk behavior in this concentration. As the amount
of the nanoparticles increases, the ratio of the chains in the “Matrix” vs the “Ads” chains
decreases. In a moderate confinement (19% vol), the “Matrix” still prevails (like for the low
concentration) defining the total dynamics in this case as well, however with slower relaxation
times; differences between the curves of the hybrid system and the corresponding bulk curve can
be observed. On the contrary, for the most confined system (39% vol), there is an obvious
difference in the autocorrelation curves between the “Ads” and the “Matrix” as well as between
all curves of the hybrid system and the corresponding bulk curve with the latter being much

faster.
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Figure 5. Time autocorrelation function of the vector connecting two non-consecutive atoms

along a monomer, P»(t), as a function of time for the characteristic vector vi—3 of poly(ethylene

oxide) for all systems at 400 K. (a) one = 2%; (b) one = 19%; (¢) one = 39%. In all cases, the

corresponding curve for the bulk polymer is shown as well.

Differences among the systems of different concentrations become clearer in Figure 6a and
Figure 6b, where a direct comparison of the relaxation of the autocorrelation function in each
shell distinctly is provided at 400 K. It is clear, that for the first adsorbed layer, there is a
significant deviation from the bulk dynamics, which becomes more and more significant with

increasing the nanoparticle content, with the bulk dynamics being the fastest. The dynamics of
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the “Matrix” slows down with respect to the bulk with increasing the nanoparticle content as

well, however less strongly than the respective one in the adsorbed layer.

0.9
0.8
0.7

™ 0.6

<05

T =400 K

T
m— Hulk
— 39% Vol
m— 19% vol
2% vol

Ads ]

] L':LQ% vol

~

S N
1L SN
N\

~
S
\

S
N
\

= 370K
* 350K

Ads

400K |4

+330K |]

= 04}
~ 0.3
& 02l

0.1} @

17 ©

09LT=400K
0.8
0.7
™06}
05+
= 04}
N Q0.3F
% 02!
0.1F v

T T T T T T
—buk 1 19% vol
— 39% Vol
—19% Vol 1 [ N
2% vol (]

Matrix -

time (ps) time (ps)

Figure 6. Autocorrelation function of bond order parameter Px(t) as a function of time for the
characteristic vector vi-3 of poly(ethylene oxide) for (a) all concentrations in the “Ads” shell at
T=400 K; (b) all concentrations in the “Matrix” at T=400 K; (c) all simulated temperatures in
the “Ads” shell of the onp = 19% nanocomposite; (d) Pa(t) all simulated temperatures in the
“Matrix” of the onp = 19% nanocomposite. In (a) and (b) the corresponding curves for the bulk

polymer is shown as well.

In Figure 6¢ and Figure 6d the temperature dependence of the autocorrelation relaxation
function Pa(t) is depicted. The curves are presented at four different temperatures for the
segments in the “Ads” and “Matrix” areas. As expected, the decorrelation is faster at higher
temperatures with a gradual retardation from 400 K to 330 K; however, it is clear that all
dynamics is slower in the “Ads” than in the “Matrix” area for all temperatures. The above
observations can be quantified by analyzing the autocorrelation functions and the determination

of the corresponding segmental relaxation times. The autocorrelation functions were analyzed
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using a pair of Kohlrausch-Williams-Watts (KWW) stretch exponential functions to effectively

fit the curves and the segmental times were derived by integrating the fit curve as the most

probable relaxation time. This procedure was followed since utilization of a single KWW failed

to fit the data successfully. Segmental relaxation times of PEO chains for all systems are

presented as a function of inverse temperature in Figure 7. The values for the polymer in the bulk

are also included for comparison.
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Figure 7. Segmental relaxation time, Tseg, of vi—3 characteristic vector determined by analyzing

the P»(t) time autocorrelation functions for all simulated systems: (a) onp = 2%; (b) one = 19%;

(c) onp = 39%. Tseg for “Ads” and “Matrix” chains are shown, as well as the average values for

the entire systems (‘“Total””) and the values for PEO49 in the bulk.
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As expected, the segment relaxation time Tsee increases as temperature decreases, for all model
PEO49/NP> systems. Starting from the nanocomposite with the smallest volume fraction of
nanoparticles (2% vol, Figure 7a), it is clear that the dynamics of polymer segments at the
vicinity of the PEO/Si0; interface (“Ads” region) is slower than the ones in the “Matrix” region;
for all temperatures Tseg of “Ads” segments is about 10 times larger than the “Matrix” ones. On
the contrary, the dynamics of the segments in the “Matrix” region is very similar to the bulk one
(black squares). The average dynamics in the nanocomposite (“Total” data) is also very similar
to the bulk, since the percentage of “Ads” segments over their total number is calculated to be
only about 2%); therefore, it is very small to affect the overall dynamic behavior.

As the concentration of the nanoparticles increases, the effect of the confinement on the
segmental dynamics of PEO becomes more important. The data for the system with 19% volume
fraction of nanoparticles, shown in Figure 7b, indicate that the “Ads” segments exhibit relaxation
times about ~10 times larger than the “Matrix”, which are ~10 times slower than the
corresponding values in the bulk as well. The percentage of “Ads” segments is about 18%, so the
average dynamics (“Total” data) are again very close to the ones for the “Matrix” region.

Even stronger is the effect of confinement on the segmental dynamics of the PEO chains for
the model PEO4/NP> systems with the highest concentration of nanoparticles studied
computationally (39% vol, Figure 7¢). Similarly to the systems with concentration 19% vol, the
“Ads” segments exhibit relaxation times about ~10 times larger than the “Matrix”’; however, now
the latter are about 100 times larger than the ones in the bulk. In addition, the values for the
average dynamics (“Total”) is in between the values for the “Ads” and “Matrix” regions; this is
not surprising if one considers the large fraction of “Ads” segments for these systems (about
44%) compared to the ones with lower nanoparticle concentrations. Finally, for the strongly
confined PEO chains, the corresponding differences in tsg are more pronounced for systems at
low temperatures; for example, at T=330 K the ratio between the “Ads” and the “Matrix”

segments is ~25 times whereas the ratio between the “Matrix” and the bulk is ~60 times.
3.2.3 Desorption kinetics

In order to better understand and interpret the findings on the computationally derived PEO

segmental dynamics in the PEO49 / NP2 nanocomposites, the desorption times of the polymer
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segments from the surface of the nanoparticle were calculated. Figure S1 shows the
autocorrelation functions Cags of the adsorption state S (see Section 2) of the polymer atoms for
all examined temperatures and concentrations. Polymer atoms desorb from the vicinity of the
PEO/SiO> interface (adsorption shell) faster at higher temperatures, as expected, for all
concentrations. The desorption times of all systems are presented in Figure 8, calculated as the
integral of the curves presented in Figure S1. As a result of the strong confinement, there is an
obvious retardation of PEO atoms to desorb from the surface of the nanoparticle at all
temperatures in the system with 39% vol NP;. It is noted that differences in the desorption times
are larger between the nanohybrids with 39% vol and 19% vol nanoparticles when compared to
those between the 19% vol and 2% vol NP2. Analogous trends were observed to the

corresponding decorrelations of the P»(t) for the vi—3 characteristic vector (Figure 5-Figure 7).
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Figure 8. Desorption times of the polymer chains, Tdes, being in the first adsorption shell 0-25 A
from the center of the nanoparticle for all simulated nanohybrids. The error bars are about 5-15%

of the actual values.

3.3 Segmental dynamics of PEO chains in PEO/SIO- via dielectric spectroscopy
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The dynamic properties of the high molecular weight PEO2270 / NP7 nanocomposites, in the

dynamic range of the segmental relaxation were investigated experimentally by Dielectric

Relaxation Spectroscopy.
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Figure 9. Temperature dependence of the imaginary part, €", of the complex permittivity for the

bulk PEO2270 in the (a) low, (b) intermediate and (c¢) high temperature regime.
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Figure 9 shows the frequency dependence of the imaginary part of the complex permittivity in
the low (Figure 9a), intermediate (Figure 9b) and high (Figure 9c) temperature regime, for the
bulk PEO270. A very broad peak, covering almost six-seven orders of magnitude in frequency, is
observed at low temperatures, below the glass transition temperature, 7g, that shifts towards
higher frequencies as temperature increases. This sub-T, relaxation process, can be attributed to
the motion of hydroxyl groups, and other local motions, the so called B-process according to the
literature 2”197, Above Ty~ 206 K, the B-process moves out of the frequency window and another
process, which is the segmental relaxation, emerges. Both o- and B-relaxation processes are very
broad, with the B-process exhibiting higher relaxation strength. In the higher temperature range,
the a- process is observed together with the Maxwell-Wagner relaxation process, which is a
process caused by the spatial inhomogeneity of dc conductivity profile, for example in the
interfaces between the polymer and the silica.

Dielectric relaxation spectroscopy measurements were performed for PEO2270/NP;
nanocomposites with different compositions in nanoparticles. Figure 10 shows the frequency
dependence of the imaginary part of the complex permittivity for the four PEO2270NP;
nanocomposites measured for temperatures both below and above the glass transition
temperature of the bulk PEO2270. In all cases, the measured spectra resemble the measurements
of the neat polymer. In the low temperature range the B-process dominates the spectrum for all
hybrids, moving towards higher frequencies as temperature increases. In all cases, around 203 K,
which is close to the glass transition temperature of the bulk polymer, the a-process enters the
frequency window. For the nanohybrid with the highest content of NP7, i.e., with 69% vol, the
peak of the a-process interferes with that of the Maxwell-Wagner process, the contribution of
which becomes more significant as the concentration of nanoparticles increases resulting in a

higher fraction of the overall interfaces present in the nanohybrid material.
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Figure 10. Frequency dependence of the imaginary part of the dielectric relaxation of the
PEO2270 / NP7 nanohybrids with (a,b) oxp = 14%, (c,d) one = 53%, (e,f) onp = 57% and (g,h)
onp = 69% at temperatures below (a,c,e,g) and above (b,d,f,h) the glass transition temperature of

the bulk PEO2270.

For the quantitative comparison of the dielectric relaxation measurements and in order to
identify the different relaxation processes and determine the relation between the relaxation
times of the polymer in bulk and under confinement in the nanohybrids, the dielectric data were
analyzed utilizing a linear superposition of empirical Havriliak—Negami (HN) functions (Eq. 2).
An additional ionic conductivity contribution is added to the fitting formula at low-frequencies
and high temperatures accounted for by an ™' dependence. A representative analysis of the
spectra for three temperatures, below, around and above the glass transition temperature of the
neat polymer, Tg, for the neat PEO2270 and for the nanohybrid with 57% vol NP7 is shown in
Figure 11. Multiple relaxation processes are necessary in all cases in order to obtain a good fit to
the data. For the neat polymer (Figure 11a), the shape and relaxation strength parameters for the
fast process are determined from the spectra at low temperatures. Therefore, for the local -
process the B parameter is fixed at 0.55 whereas the a (0.35-0.6) and Ag (0.3-0.6) parameters
increase with increasing temperature. At higher temperatures (Figure 11b and Figure 11c¢), close
and above Ty, the a-process appears and its 3 parameter is fixed at 1.0, while its a is determined
around 0.2-0.45 and Aeg is constantly decreasing from 0.2 to 0.05. At even higher temperatures
(not shown) and at low frequencies, the addition of a contribution due to ionic conductivity is
necessary as a line with a slope of ~1. A similar analysis was performed for the spectra of all
nanohybrids (Figure 11d, Figure 11e and Figure 11f for PEO2270/NP7 with 57% vol in NP7). The
shape and relaxation strength parameters are determined at low temperatures for the fast
processes as well, similarly to the case of both the bulk polymer whereas at higher temperatures,
above the bulk Tg, the B parameter of the a-process was fixed at 1.0. All parameters of the
Havriliak-Negami functions used in the fits for all the processes of all the hybrids as well as

those of pure PEO2270 are reported in Table 2.
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Figure 11. Imaginary part of the dielectric permittivity, €, for (a, b, ¢) the pure PEO2279 and (d,
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Table 2. Fitting parameters of the Havriliak-Negami functions for PEO2270 and PEO2270/NP

nanocomposites
Sample Process o B Ae
PEO2270 o-process 0.2-0.45 1 0.2-0.05
[-process 0.3-0.6 0.55 0.3-0.6
one = 14% o-process 0.23-0.25 1 0.5-0.4
[-process 0.4-0.5 0.55 0.4-0.9
one = 53% o-process 0.18-0.2 1 0.5-0.2
[3-process 0.3-0.6 0.55 0.3-0.25
one = 57% o-process 0.17-0.3 1 0.6-0.45
[-process 0.35-0.5 0.55 0.4-0.7
one = 69% o-process 0.15-0.48 1 0.23-0.16
[3-process 0.37-0.45 0.55 0.23-0.5

The relaxation times obtained by this analysis are shown in Figure 12, in an Arrhenius

representation for the neat PEO2270 and all PEO227¢/NP7 nanocomposites.
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Figure 12. Arrhenius relaxation map for the neat PEO2270 and the PEO2270/NP7 nanocomposites.
The lines are the results of an Arrhenius (for the B-relaxation) and of a VFT (for the a-

relaxation) fit obtained from the literature ?’ for the same polymer.

The B-process for the neat PEO270 follows an Arrhenius temperature dependence 7 =
Top€Xp[E/RT] with a single activation energy E=35 kJ/mol and a 1o =9*10'% s, which are
characteristic of a local process and are in close agreement with the values reported for PEO in
literature (showed with a black line) ?’. The nanocomposites show a very similar behavior with
activation energies, E14 =36.5 kJ/mol, Es3 =34 kJ/mol, Es; =35kJ/mol and Eg¢ =35.4 kJ/mol,
respectively. It is noted that the similarity in the relaxation times and of their temperature
dependence of the B-relaxation is anticipated, since this is a very local process that is not
significantly affected by spatial confinement unless there are specific interaction in the systems
like for example existence of a hydrogen bond network 2°°%%° Around the glass transition T of
the polymer, the segmental process emerges, as a result of the relaxation of cooperatively
rearranging regions of a few repeat units. The temperature dependence of this process appears to
follow the Vogel-Fulcher—Tammann (VFT) equation, 7 = 7, exp[A/(T — Ty)], and is in very
good agreement with the values found in literature shown as black line, as well 2’. The

nanocomposites do not exhibit a very different dynamic behavior in comparison to that of the
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bulk polymer and it seems that the confinement, which should be considered severe, especially
for the nanohybrids with high nanoparticle content, does not influence the dynamics to any
detectable degree. This behavior is considerably different than what was obtained experimentally
for polymer nanocomposites composed of either poly(ethylene oxide) or different linear or
hyperbranched polymers and layered inorganic nanoadditives. It is noted, that according to our
previous study on PEO confined within the galleries of layered silicate, the sub-T, (B-process)
was not affected by the confinement, while the segmental relaxation (a-process) disappeared for
hybrids containing only chains under confinement within the galleries of the inorganic
montmorillonite, with a new process (a'-process attributed to confined chains) appearing
exhibiting an Arrhenius temperature dependence. In the current case the a-process is always
present in the nanohybrids and no new process appears. The a—process of the nanohybrid with
14% vol NP7 is identical to that of the pure polymer, while the segmental relaxation times of the
other nanocomposites examined indicate a tendency towards a more Arrhenius temperature
dependence, thus, the polymer behaves as a stronger glass, especially for the hybrids with high
silica loadings. However, the differences of the nanocomposites compared to the pure polymer
are very weak, indicating, again, that the confinement in this system is not as severe as in the
case of the PEO-Na"-MMT system and/or that a large amount of bulk-like polymer exists in the

nanohybrids due to the geometry of the nano-additives despite the high number of nanoparticles.

4. Discussion and Conclusions

In this work, PEO/SiO> nanocomposites have been studied via a combined simulation and
experimental approach involving detailed atomistic MD simulations and dielectric relaxation
spectroscopy measurements. The complementarity of the simulation and experimental techniques
allows the exploration of the dynamics of polymer chains in the hybrid systems across a broad
range of molecular weights and different size of nanoparticles. Experiments refer to systems with
high MW PEO and larger nanoparticles, whereas simulations consider model systems of
relatively short PEO chains and small nanoparticles. All together our systems also span a range
of different chain confinement as shown in Table 1 . Moreover, the ratio of the size of polymer
chains, R, over the radius of the nanoparticles, R, is rather similar for both experimental and
model systems, i.e. Rg/R~1-2. The main findings of the present work can be summarized as

following:
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Atomistic simulations reveal clear density heterogeneities in the model nanocomposites in the
vicinity of the PEO/SiO interface. A rather similar peak at a radial distance about 3-4 A from
the outer surface of the silica nanoparticles is observed for all three simulated systems denoting
the attraction between the PEO49 chains and the NP>. From the 3D density analysis, it is clear
that, even for the most confined system investigated computationally, a considerable amount of
polymeric material exists at the corners of the simulation domain, where the effect of the
nanoparticle on its properties is attenuated.

A strong slowing down of the segmental dynamics is observed computationally in the
adsorption layer that extends up to ~0.5nm from the outer surface of the nanoparticle, at the
high-temperature regime. As the volume fraction of nanoparticles increases, a clear retardation
of the segmental dynamics for all PEO chains is also observed.

On the other hand, the dynamics in nanohybrids composed of a high molecular weight PEO
and silica nanoparticles, PEO2270/NP7, in different compositions was investigated experimentally
utilizing Dielectric Relaxation Spectroscopy over the temperature range between far below the
neat polymer glass transition up to below the polymer melting temperature. Two relaxation
processes can be clearly resolved in all materials, one at low temperatures that is correlated with
the local B-relaxation due to the motion of small groups in the chain and a second one above the
Tg of the bulk PEO2270, which is attributed to the segmental relaxation process. In all cases, and
for both relaxation processes, no significant difference was observed between the dynamics of
the neat polymer and its respective dynamics in the nanocomposites, despite the induced chain
confinement. However, a closer look on the temperature dependence of the relaxation times
indicates that, a more Arrhenius temperature dependence may be observed in the nanohybrids in
contrast to the VFT dependence of the neat PEO2270. However, the temperature regime over
which the a-relaxation can be observed is rather limited to extract safely such a conclusion.
Overall, the experimental results obtained for the PEO2270/NP7 nanohybrids seem to deviate from
the behavior obtained for the same polymer when the chains were subjected in a two-
dimensional confinement 2’ as well from the results obtained computationally in the current
work.

Figure 13 shows a combined Arrhenius representation of the relaxations times obtained for all
different systems both experimentally and computationally in order to obtain a complementary

picture of the dynamical behavior observed in the present work. Of course it is understood that
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the simulated and the experimentally used PEO homopolymer exhibit different glass transition
temperatures because of their different molecular weight. Superposition of the experimental and
computational results show that the obtained differences are not that important and may be
understood if the different available temperature regimes are considered in conjunction with the
different temperature dependence of the segmental dynamics. It is noted again that, in the
simulations, the probed temperature range is between 7y+100 and 7y+150° whereas, in the

experiment, the segmental dynamics is observed between 7 and T, +50°.
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Figure 13. Arrhenius relaxation map for the neat PEO2270 and PEO49 and for the nanocomposites

PEO2270/NP7 PEQ49/NP>.

Something that should also be considered is that, in the experiment, a high molecular weight
polymer was utilized with a size that is approximately twice the radius of the nanoparticle,
whereas, in the simulations, a polymer with a significantly smaller molecular weight was used
with a size very close to the radius of the nanoparticle NP>. Therefore, in the former case, a large
part of the chain can be extended away of the surface whereas in the latter the polymer segments
have the ability to adsorb to a larger extent and, thus, their motion may be slower. Moreover,

96

NMR experiments showed the existence of a reduced-mobility layer in PEO/silica

nanocomposites. Taking this into account, there is a strong possibility that the dynamics in such
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a layer can be too slow to be detected by Dielectric Relaxation Spectroscopy giving rise only to
the bulk-like dynamics of the chains away of the surface.

Last, when one compares results obtained by complementary techniques / methods, the
particular specificities of each method that could lead to differences in the measured quantities
should be always kept in mind. In the current case, one should consider that the perfect cubic
arrangement of the nanoparticles assumed in the simulations is not very probable in real systems,
where a rather random arrangement is anticipated and/or that PEO270 is a semi-crystalline
polymer in contrast to PEOg49 that is purely amorphous. The former leads to a higher
concentration of polymer/nanoparticle interfaces in the model systems, whereas, the
amorphous/crystalline interfaces that exist in the experimental samples may lead to a different
dynamical behavior of the PEO chains. Finally, as far as the atomistic model systems are
concerned, one should note that for the PEO and the SiO, nanoparticle the atomistic models are
well tested and used extensively in the literature °>!°!; however, for the polymer-nanoparticle
interactions, typical mixing (Lorentz-Berthelot) rules were used, which might not describe
accurately enough the complex PEO-SiO: interaction, %1%

All the above are, naturally, potential directions of future work. Overall, despite the observed
differences the complementarity of the detailed atomistic simulations and dielectric relaxation
experiments offer a direct way to probe the dynamics of PEO chains in PEO/SiO> systems across
a broad range of molecular weights, volume concentrations of nanoparticles and temperatures

that is not accessible by one technique alone.
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Supporting Information.

'Video from our MD simulation of hybrid polyethylene oxide/silica nanoparticle at 400 K. The
PEOu49 chains are shown green and the SiO2 NP> red. (MP4)

2Video representation of the PEO49 3D density profiles in the PEO/SiOz system with oxp = 19%
at 400 K. Different slices, of 3.2 A thickness, parallel to the xy plane are used at various
distances form the center of the SiO2 nanoparticle. (3D-Density-Profile-PEO-SilicaNP.MP4)
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3The autocorrelation functions Cags of the adsorption state S of the PEO atoms for all
temperatures and for the systems with concentration of: (a) one = 2%; (b) one = 19%; (c) onp =

39%. (PDF)
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