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Using x-ray photon correlation spectroscopy, we examined slow nanoscale motion of silica nanoparticles
individually dispersed in entangled poly (ethylene oxide) melt at particle volume fractions up to 42 %. The
nanoparticles, therefore, serve as both fillers for the resulting attractive polymer nanocomposites and
probes for the network dynamics therein. The results show that the particle relaxation closely follows the
mechanical reinforcement in the nanocomposites only at the intermediate concentrations below the critical
value for the chain confinement. Quite unexpectedly, the relaxation time of the particles does not further
slowdown at higher volume fractions- when all chains are practically on the nanoparticle interface- and
decouples from the elastic modulus of the nanocomposites that further increases orders of magnitude.

Dispersing nanoparticles (NPs) into polymeric matrices
results in unexpected and remarkable changes in
macroscopic properties of the polymer-NP composites
(PNCs) [1,2]. In PNCs, mechanical reinforcement is at the
center of commercial interest [3] while interfacial polymer
layer bound to NP surfaces (often called ‘bound layer’, BL)
is of great interest in polymer physics community due to its
distinct structural and dynamical properties relative to the
free chains [4-9]. Linking the macroscopic reinforcement to
the microscopic dynamics of the polymer chains and NPs in
the PNCs remains as a major challenge.

The viscoelastic properties of PNCs are primarily
controlled by the polymer-NP interaction that also
determines the NP dispersion state. On the one hand, it is
the repulsive or neutral polymer-NP interaction that often
leads to phase-separated or self-assembled superstructures
[10,11] and their percolation within the soft matrix
dominates the mechanical reinforcement [12-14]. On the
other hand, favorable polymer-NP interaction facilitates
polymer adsorption on NP surfaces and, in most cases,
results in good dispersion of bare particles in polymers [15-
18]. Elastic reinforcement in the absence of direct NP
contact in these PNCs is beyond the predictions of the
classical models [19]; the detailed mechanism is not well-
understood. For example, Long et al. [20,21] proposed a
glassy layer surrounding NPs and explained the mechanical
reinforcement by a percolation of overlapping frozen
polymer fractions in a soft matrix at high NP volume
fractions (¢@,,) or low temperature [22], although recent

dynamic neutron scattering and dielectric experiments
undeniably show that the BL can be internally highly
mobile with no glassy nature [6,23,24]. More recently,
using geometric arguments, Chen et al. [25] proposed a
network model for NPs linked by flexible polymers at
intermediate @,,, which transforms to glassy bridges at

high ¢,,, when interparticle distance becomes comparable to

the Kuhn length (= 1 nm) of the chains [25,26].

Most of the proposed reinforcement mechanisms in
attractive PNCs are primarily based on modification of the
polymer mobility [27-29]; however, it is quite difficult to
separate the dynamical processes of the highly interacting
matrix and of the interfacial chains. Meanwhile, the NPs
essentially reflect the local viscoelastic properties of
polymer in their nanoscale motion that is commonly
measured by x-ray photon correlation spectroscopy (XPCS)
[30-33]. To date, such experimental studies on the NP
dynamics in PNCs have been limited to the dilute NP
regime mainly due to the challenges in dispersing NPs in
polymer melts at high ¢, and the sensitivity of the particle

dynamics on the morphology of resulting aggregates [34].
In this Letter, we take the first step to examine the slow,
nanoscale motion of silica NPs uniformly dispersed in
attractive poly (ethylene oxide) (PEO) melts well above the
glass transition temperature 7> 1.7 T, at volume fractions,
&yp > up to 42 %. At such conditions, the NPs serve as both

fillers and dynamic probes; their relaxation behavior allows
to observe the reinforcement in the PNCs from the ‘eyes’ of
the NPs.

The PEO (M, =35 kg/mol, M,/M,=1.08, well-above the
entanglement molar mass, M,=2 kg/mol [35], was
purchased from Polymer Source Inc. and dried further

under vacuum at 363 K for 12 h. The silica NPs (= 24 nm

in radius with size polydispersity = 0.3) in methyl ethyl
ketone were supplied by Nissan Chemicals America and
used as received. To prepare the PNCs, PEO was first
dissolved in acetonitrile at 30 mg/ml and NPs were added
into polymer solution. The mixtures were sonicated for 20
min and then vigorously stirred for = 2 h before casting.
The samples were dried under a fume hood for ~ 12 h and
vacuum-annealed at 363 K for 2 days and then at 393 K for



1 day for solvent removal. XPCS was performed on
beamline 8-1D-I at the Advanced Photon Source at Argonne
National Laboratory. The samples were molded at 363 K in
1 mm diameter and 0.8 mm thick spaces in aluminum
plates and then annealed in vacuum oven at 433 K for 1 h.
The normalized intensity-intensity  auto-correlation
function, g, (Q,f), was obtained over the wave vector range
0.003 A'< 0 <0.02 A", The measurements were repeated
on five different locations on the samples; identical
correlation functions were obtained. The beam attenuators
for each sample was carefully selected to ensure the sample
stability. Rheology experiments were performed on a
strain-controlled ARES-G2 (TA instruments) rheometer
equipped with 8-mm parallel plate fixtures.

Table 1. Nanocomposite characteristics, mass and volume
fractions of NPs, face-to-face interparticle spacing and the
confinement parameter.

NP % Face-to-face distance (h) [nm] WOR
mass (volume) SAXS random packing ¢
5(2.5) - 93.8 -

15(7.8) 523 48.5 3.74
30 (17.1) 21.8 26.4 1.56
45 (28.3) 14.8 14.9 1.06
60 (41.9) 5.1 7.2 0.51
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FIG. 1. SAXS profiles (shifted vertically for clarity) from the
PNCs at 363 K. The line on ¢yp=2% is the fit result from spheres
with radius of 24 nm and Gaussian size distribution of 0.3. The
inset is the resulting structure factor peaks obtained by dividing
the SAXS intensities by the fit results for the single particle form
factor.

Due to favorable interaction between PEO and Silica,
NPs in PEO are well-dispersed at all concentrations, up to
o= 42 %. Figure 1 displays their SAXS profiles. For all
PNCs, well-defined plateau are reached at low-Q,
suggesting the absence of structures larger than the single
particle size. A slight intensity upturn at the lowest-Q for
&= 42 % is likely due to formation of large-scale particle

network-mediated by bound polymer. At ¢,,= 2.5 %, the

intensity profile is described by the form factor of spheres,
P(Q), (shown as the solid fit line) with an average radius

of R,,= 24 nm and size polydispersity of 0.3. At higher
&.»» peaks appear at intermediate Q ( Q* ) corresponding to

average center-to-center NP distances, L = 27[/ Q. The
primary peak locations are clearly identifiable and shifted
to higher Q in the structure factor, S(Q)=1(Q)/P(Q),
plots shown in the inset of Figure 1. Table 1 displays the
resulting  face-to-face NP  distances,h=L—-2R,,,
calculated from SAXS peaks and the predictions from the

random distribution of spheres, 2R,, [(2/ E¢Np)m —l}— a

good agreement is found, further confirming the uniform
and individual NP dispersion in the matrix. As the volume
fraction increases, the geometric confinement parameter,

h2R; (Ry = 7 nm as determined previously [36]),
systematically decreases down to 0.5 (see Table 1). The NP
dispersion is stable against temperature as confirmed for all
PNCs by their identical SAXS profiles (see Supplemental
Material). The distinct NP dynamics discussed herein are,
therefore, not due to different aggregation states as
demonstrated recently by Liu ef al. [34] or local caging
effects (see also Supplemental Material for comparison of
our aggregated and dispersed cases).

The slow NP motion was measured using XPCS over the
length-scale (20-200) nm and the time-scale from 10 ms to
2000 s. The -correlation function is related to the
intermediate  scattering  function (ISF), f(Q,f), as
2,0, ~1+A[f(O,0)]?, with 4 and ¢ being the Siegert
factor of the instrument and the delay time, respectively.
ISF is best fit to the stretched/compressed exponential
functions, f(Q,t) =exp[—(¢/7)#], with relaxation time, 7,
and stretching/compressing exponent, B. The simple
exponential decay is indicative of diffusive motions while
the compressed exponential decay is commonly associated
with suppressed relaxation modes due to internal stresses
and their sudden release as commonly observed in many
jammed systems, gels, glass formers and aggregated
particles in polymer [12,30,37-41] The results for all PNCs
at 363 K and 423 K are displayed in Figure 2. The

correlation functions (shown for Q ~ 0.01 A" in Fig. 2)
shift to longer times with increasingd,,, suggesting
slowing down of the NP dynamics. At ¢,,=2.5 % and ¢,,
= 8 %, g, decays exponentially whereas g,’s are clearly
compressed for ¢,,= 28 % and ¢,,= 42 % at both 7. At
o»= 17 %, the simple exponential decay at 433 K shifts to

a more compressed form at 363 K. In order to test for any
aging in the system, we measured XPCS on 20 different
parts of the sample for 3 hours (see Supplemental



Materials, Figure S3); the overlapping profiles suggest no
considerable dynamical aging at the length scales
measured.

The (Q-dependence of the relaxation time is strongly
concentration dependent. At @,,= 2.5 %, the NPs are well-

separated (h/2R, >>1), thus, the isolated NPs exhibit simple
diffusion with B= 1 and 7 o< 0 scaling. This is consistent

with earlier report by Guo et al. [30] where tracer NPs
exhibit simple diffusion in unentangling polystyrene melt at
T> 1.2 T, while the NPs are hyperdiffusive at lower T due
to dynamic heterogeneities associated with the glass-
transition of the matrix. Our measurements were performed
at 7> 1.7 T, where PEO is a viscous liquid in the timescale
of XPCS, (#xpcs™> 10 ms > t;, where #4 is the terminal
relaxation time [42]); the NPs are expected to exhibit
simple diffusion. The local viscosity estimated from the
Stokes-Einstein  relation, 77, = k,T /(62D,,R,,) where

D,, =1/ (7Q) is = 260 Pa's, close to the bulk viscosity of
PEO at =363 K [36].
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FIG. 2. XPCS intensity correlation functions at 0=0.01 A™" (top
figures) at (a) =433 K and (b) 7 = 363 K. The lines are the best
fits to the stretched exponential forms that results in relaxation
times (7 ) and stretching exponent ( £ ) displayed. The lines in

the 7(Q) plots show the trends for simple diffusive, Toc O,

and ballistic 7 o< Q_1 motions. Error bars represent one standard

deviation.

On the other extreme, at ¢,, = 42 % and h/2R, < 1, all
polymer chains are practically in direct contact with the
NPs; thus, the response is solely from NPs with overlapping
bound chains. Note that the NPs adsorb polymer in the
solution phase where NP-NP distance is orders of
magnitude larger than the interparticle distance in the
solvent-free PNCs; the NPs are not directly bridged by the
BL, rather BLs interact with their loop and tails. In this
case, the relaxation becomes extremely slow and

Te<Q'andf=1.5-2at all
temperatures (see Supplemental Material for other
temperatures). Note that the PNC with ¢,, =~ 28 % is at the
limit of 4/2R, = 1 and present a similar hyperdiffusive
behavior but with faster relaxation times compared to @, =
42 %.

The intermediate concentrations present the features of
both dilute and concentrated PNCs depending on the
temperature and Q. This is clearly seen in PNC with ¢,,= 8

%. At T = 363 K, B is compressed around 1.5 with

hyperdiffusive  with

Toc Q7' while it becomes close to unity at 433 K. More
interestingly, there is a cross-over of 7 behavior between
diffusive (7 o< Q_z) and hyperdiffusive (7 o< 0') at a
length-scale corresponding to 27 / Q* = 100 nm, matching

the average center-to-center distance (Q*) of the NPs
(Table 1). Similar behavior is also observed for ¢,, = 17 %:

BT =363K)~ 152 and f(T =433 K)= 1 with
crossover observed at a length scale27z / Q* = 70 nm. As

the NPs serve as the junction points in a polymer mediated
NP network, the length scale associated with the network
dynamics is determined by distance between the particles
and separate simple diffusive and slower hyperdiffusive
regions.

We now compare the observed NP dynamics with the
rheological properties of the PNCs. Figure 3b shows the
elastic (G') and viscous (G") moduli at 363 K. The neat
liquid-like PEO gradually transforms to a gel-like (less
frequency dependent) PNCs with increasing@,,. The
moduli vary monotonically within seven orders of
magnitude relative to the neat polymer in the terminal flow
regime and the G' normalized to those of the particle free
matrix is displayed in Figure 3c. Note that for intermediate
&\p» the crossover between the G' and G'"is observed
within the timescale of the rheological experiments (= 20
ms to 100 s) that is on the same order of the XPCS time-
scale.

The fact that there is no direct NP contact in PNCs and
that the neat PEO is in its viscous flow regime (reptation
time, #3 ~ 1 ms <<l/my,;,) with negligible elasticity demand
an additional, ¢,,, dependent elastic network in PNCs. Such
an elastic network in attractive PNCs is due to pinned
chains on attractive NP surfaces. Long et al. [20,21]



proposed that the bound polymer layer is glassy and the
reinforcement is explained by the percolation of these
glassy fractions in a soft matrix [22]. Recent dynamic
neutron scattering and dielectric experiments showed that
the bound chains are in fact internally highly mobile with
no glassy nature [6,23,24] while their center-of-mass
diffusion and some Rouse modes are suppressed due to
adsorption [23,24]. The loops of the bound chains entangle
with the surrounding-otherwise free- chains forming an
interphase that propagate the dynamic slowing-down of the
interfacial chains further into the matrix.

Chen et al. [25] recently developed a parameter
independent model to explain the reinforcement in
attractive P2VP-Silica PNCs with different NP sizes. The
reinforcement at intermediate ¢,, was based on formation

of a network of NPs that are bridged by flexible bound
chains. In their model, 25 nm sized NPs form a
rubbery/flexible bridge at ¢,,~ (5-45) % and the bridges

are glassy at ¢,,> 45 % as in refs. [20,21]. Using

temperature dependent rheological shift factors, Baeza et al.
[26] showed a network-like response on the same system.
The underlying hypothesis in both is that the interparticle
distance is not uniform and the network-like response is
seen when the mean distance between nearest neighbors (/)
is between one Kuhn length (= 1 nm) and the chain size.
Glass-like dynamics with Arrhenius type temperature
dependence [26] was found at higher loadings.

%104 107 f?® T
—10°L 424 10 §
- o] — 5 F
< 12 {’/M Qe:m'lo E
s 10 ‘))/4"17 % =p___104 :
S 10" 8%1010° £
.0l .,./ %<‘35102:
& A 1 0 Ful . (Dx R T I
22 2.4 2.6 2.8 3.0 10" 10° 10" 107
1000/TTK™" o [rad/s]

C 107§ T T T lo

5 o ~/ 17g

& 10% ;0

- F o 3 &

~ ¥ g 1°s

g 10% /’ i

- 105: 1101;%

5/! h2R <13 =
10.1’ L L L I 10'1

0.0 0.1 0.2 0.3 04
e

FIG. 3. (a) Temperature dependence of the NP relaxation times (
7 ) in PNCs. The lines are the best fits to VFT equation with the

known PEO parameters (see the text) (b) Linear elastic (G',

filled symbols) and viscous (G", open symbols) moduli as a
function of deformation frequency at 363 K showing liquid-to-

elastic transition in the PNCs with increasing @, . (c) Relaxation
times obtained from the VFT fits shown in (a) and the elastic
moduli of PNCs obtained determined at o= 0.1 rad/s. The shaded
area indicates the region where face-to-face NP distance
separation (4) is smaller than the chain size (2Ry). Error bars
represent one standard deviation.

We then looked at the temperature dependence of the
relaxation times. The NPs at all ¢,, show similar

temperature dependence (shown in Figure 3a for Q = 0.01
A") that are well-described by Vogel-Fulcher-Tamman
(VFT) equation, 7(T) =7, exp[B/(T —T.)] with known B =
1090 and T,= 155 K for PEO [43]. We have not seen any
distinct change in the temperature dependence with NPs
concentrations. Also, the trends obtained from the fitting
were similar at the high and low-Q regimes (see
Supplemental Materials). The high T limit of the relaxation
time, 7, , increases orders of magnitude with ¢, up to 28 %

(where A/2R, >1) in close agreement with the observed
mechanical reinforcement. However, adding more NPs
does not further slowdown the dynamics even if the
interparticle separation becomes smaller than the chain
size; the NPs at ¢,, =42 % are almost as mobile as at ¢,,=

28 % (Figure 3c and see Supplemental Material). The
observed trend in NPs is in contrast with the observed 3
orders of magnitude increase of elastic modulus in the
PNCs; the NP and bulk mechanical relaxation decouple
near and above the critical chain confinement. We attribute
this to the presence of bound chains on NPs, that are not
frozen and allows motion of the NPs through segmental
relaxation of the loops and tails of the BL. In the absence of
the ‘free’ chains at high ¢,,, the NPs experience the same

viscoelastic environment and their relaxation reaches a
plateau.

The sharp transition from diffusive to hyperdiffusive
relaxation at intermediate concentrations (Figure 2a)
suggests that there is a certain length-scale associated with
the NP network above which the NPs feel the network. Our
results suggest that this length-scale can be as high as 7 R,
for ¢,,= 8 % (crossover in relaxation time in Figure 2a).

The elastic network, at least in this work, is not due to
bridging of NPs by a single bound polymer, rather because
of interchain effects between the surface bound and the free
polymer that direct the NP slowing down. This is consistent
with the observation by Winey and co-workers suggesting
that the center-of-mass diffusion of the long chains indeed
starts to decrease in attractive PNCs at #/2R, ~ 8 and the
diffusion of large NPs are slowed down accordingly [44-
46]. These results provide a strong evidence that the chain-
chain entanglements - which have not been the focus of
earlier studies - could play a significant role in determining
component dynamics in PNC melts. We conjecture that our
findings in the melt state may also apply on the attractive
PNCs in swollen state at time scales shorter than the life-



time of BL. The response at longer times would be similar
to the behavior of concentrated NPs in non-attractive and
entangled polymer solutions [47].

In conclusion, using XPCS, we studied the nanoscale
motion of attractive bare-silica nanoparticles in entangled
PEO melts at high concentrations relevant to polymer
nanocomposites. Both diffusive and hyperdiffusive
behavior was observed depending on the NPs
concentration, temperature and probed length-scale. The
relaxation of NPs slows down, in parallel with the enhanced
composite moduli, only in the region where the face-to-face
distance is larger than the chain size and where the chain-
chain topological interactions are important. Above this
concentration, the NP motion is not further slowed down
despite three orders of magnitude increase in the elastic
moduli of the PNC. The results suggest that interfacial
chains are highly mobile in PNCs and allows motion of
NPs independent of the viscoelastic reinforcement of the
PNCs in the strong confinement limit. These new
experimental results call for rethinking on the existing
reinforcement mechanism in PNCs and NP motion in
molten polymers.
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