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We investigated the dynamics of polymer-grafted gold nanoparticles loaded into polymer melts
using X-ray photon correlation spectroscopy. For low molecular weight host matrix polymer chains,
normal isotropic diffusion of the gold nanoparticles is observed. For larger molecular weights, anoma-
lous diffusion of the nanoparticles is observed that can be described by ballistic motion and gener-
alized Levy walks, similar to those often used to discuss the dynamics of jammed systems. Under
certain annealing conditions, the diffusion is one-dimensional and related to the direction of heat
flow during annealing and is associated with an dynamic alignment of the host polymer chains.
Molecular dynamics simulations of a single gold nanoparticle diffusing in a partially aligned poly-
mer network semi-quantitatively reproduce the experimental results to a remarkable degree. The
results help to showcase how nanoparticles can under certain circumstances move rapidly in polymer

networks.
PACS numbers:

Functionalized metal nanoparticles (NPs) dispersed in
a polymer matrix have been of considerable interest re-
cently. Dilute dispersions of NPs in polymers can serve
as a unique microrheological probe of the dynamics of
the host polymer matrix, while at higher concentrations
polymer nanocomposites (PNCs) are formed, which can
exhibit a variety of complex thermal, mechanical, rheo-
logical, plasmonic, optical and electrical properties [1-9].
Ensuring effective dispersion of the NPs is one of the key
issues in synthesizing PNCs [10]. Consequently, the mo-
tion of the functionalized NPs in the embedding matrix
is also of intrinsic interest because it reveals how the NPs
disperse at a microscopic level inside the polymer when
it is in the melt state.

It is known that functionalized nanoparticles intro-
duced into a polymer matrix show several different
regimes of diffusion, ranging from classic Brownian mo-
tion to highly anomalous diffusion depending on the de-
gree of entanglement of the chains anchored to the NP’s
with the host polymer chain [11-26]. Of particular inter-
est is the regime where the nanoparticle size is compara-
ble to the mesh size, which is the case explored here. Dy-
namical measurements may be made using multi-speckle
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FIG. 1. (a) Isotropic (g2 - 1) functions for 18 nm gold particle
in host Matrix MW=30 Kg/mole for T' = 160C and ¢ =
9% 1073A~!. The curves have been vertically displaced for
clarity. (b) 1/7 vs g and (c) w vs ¢ for the above mentioned
system.

dynamic light scattering (DLS) [11], photoluminescence
or fluorescence correlation spectroscopy [12, 13] or its
X-ray analog, known as X-ray photon correlation spec-
troscopy (XPCS) [14-24]. For NPs in polymer solu-
tions, subdiffusive behavior has been observed [12, 17].
For polystyrene (PS) melts, Guo et al. [20] found nor-
mal hydrodynamic diffusion of Au NPs at high tem-



peratures for host matrices of low to intermediate MW,
while a crossover to hyperdiffusion with ballistic-like mo-
tion occurred as the temperature was lowered to below
~1.1 T,. Similar behavior was seen for alumina NPs
in Polymethyl-methacrylate (PMMA) host matrices [19].
This behavior may be attributed to the onset of glassy
behavior in the host matrix. Narayanan et al. studied
the dynamics of Au NPs at the surface of thin films of
PS at temperatures well above T, and observed almost
normal diffusion when the host matrix had a MW of 30
Kg/mole but ballistic-like motion for higher MW host PS
chains [22].

In DLS or XPCS experiments, one measures the nor-
malized scattered intensity autocorrelation function

{(I(q,t")I(q,t" +1))
(I(a,1")?

where I(g,t) is the scattered intensity at time ¢, q is the
wave vector transfer, the averages are over time #, and
A (0 < A < 1) is the instrumental coherence factor (with
A =1 for complete coherence of the beam). f(g,t) is the
normalized intermediate scattering function (ISF) related
to the Fourier transform of the scattering function S(gq,
w) and for uncorrelated particles is given by

g2(q,t) = =1+Alf(@t)® (1)

f(cb t) = % Z <e*iq1‘i(0)eiq.ri(t)> (2)

where r; (1) is the position of particle ¢ at time ¢ and the
bracket denotes an ensemble average. For studies of the
motion of NPs in polymers, the ISF generally has been
fit with the form (isotropic in q)

fla.1) = e t/m@r (3)

where for normal diffusion, the exponent 5 =1 where D
is the diffusion constant and 7(q) =/D¢*J~*. The hyper-
diffusive behavior observed previously for Au NPs in PS
melts in certain regimes is usually associated with > 1
and 7(q) = [Vq/~!, where V has the dimensions of a ve-
locity related to a drift velocity of the NP, acquired due
to the release of stresses at random locations in the host
matrix, as is believed to occur in jammed systems. An
oscillatory g function can arise from uniform convective
motion of the nanoparticles, if the scattered beam were
heterodyning with some static reference beam [27-29], or
in homodyning from shear flow [30], or a symmetric par-
ticle velocity distribution with a predominant magnitude
of drift velocity. From Eq. (2),

f(Qa t) = % Z <€iq'[ri(t)_ri(0)]> — % Z <eiq~vit>

(4)
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where we have defined the vector variable gt by s and
P(v) is the velocity distribution for the particles. If P(v)
is peaked around one particular magnitude of the veloc-
ity v, this will give rise to an oscillatory f(q,t)[31]. From
Eq.(4), P(v) can be obtained from the Fourier transform
of f(g,t) with respect to s. In this case, Fourier trans-
forming f(q,t) can yield the distribution of particle drift
velocities [27, 32], as illustrated below. In several pre-
vious studies, 8 was found to be dependent on both ¢
and temperature, and in some cases 7(¢) was found to
crossover between the forms given above at some values
of ¢ [14, 22]. Possible anisotropies in the particle mo-
tion or oscillatory go functions have never been explored
previously in the case of NPs in polymers.

In the present work, we report the results of XPCS
studies of functionalized Au NPs dispersed in molten
PS that illustrates several such novel features, includ-
ing anisotropy effects, drift velocities, and the effect of
stress in the host polymer network. We also present the
results of molecular dynamics simulations, which agree
well with our experimental results and demonstrate the
intermittent random ballistic-like motion seen here.

The volume fraction of the NPs was very small, so as to
minimally perturb the host polymer. Two different sizes
of Au NPs (13 nm and 18 nm diameter), were densely
grafted with ligands of linear PS of MW 38 Kg/mole to
prevent aggregation, and dispersed at a volume concen-
tration of 0.5% in host matrices of linear PS of MWs of 13
Kg/mole (Ty~ 90C), 30 Kg/mole and 97 Kg/mole ( Ty~
100C) respectively, were studied as a function of temper-
ature. The high grafting density of the ligand chains (see
SI) implies that they form a brush and thus only the 13
Kg/mole host matrix chains can penetrate and wet the
NPs [33, 34].

Details of the synthesis and functionalization of the
gold nanoparticles are described in the Supplementary
Information (SI) section [35-39]. The ligand-grafted NPs
were mixed in solution and films were cast, embedding
the NPs in the polystyrene matrix. Electron micrographs
shown in the SI, demonstrate that the NPs were well dis-
persed. The mixture was then loaded into a flat stainless-
steel sample container (shown schematically in SI) with
a circular opening. After the sample was loaded into the
cavity, Kapton windows were attached, using Momentive
RTV106 high temperature adhesive, to seal the sample.
The samples were annealed at 180C in vacuum in 2 differ-
ent orientations (illustrated in Fig. S2 of the SI) for more
than one day (24 hours) before performing the XPCS
measurements. In orientation A, the thermal gradient
is along the plate-like sample parallel to the long edge
of the sample container (henceforth referred to as the z-
axis). For the other orientation the thermal gradient was
along the x-axis, i.e. normal to the flat face of the sam-
ple (orientation B in Fig S2.). XPCS experiments were
performed at beamline 8-ID-I of the Advanced Photon
Source at Argonne National Laboratory using 7.35 keV



X-rays. Measurements were made for sample tempera-
tures between 120C and 170C, where thermal degrada-
tion is not expected to be significant. Some preliminary
XPCS experiments carried out on this system of NPs at
the LCLS XFEL have been published previously [40].

For most XPCS measurements, the intensity auto-
correlation function ga(g,t) is averaged over all directions
of g in the y-z plane (see Fig. S2) with the same mag-
nitude ¢, on the assumption of dynamical isotropy, to
improve statistical accuracy of counting. In the present
experiment however, the pixels in the 2D detector were
grouped into 36 pie-shaped sectors, each subtending an
angle of 10° at the center, and whose mean direction to
the vertical is given by the angle ¢. ¢ = 0 corresponded
to the direction parallel to the z-axis, i.e. long edge of
the sample container. The go functions were averaged in
each sector over pixels corresponding to a magnitude of
¢ within ranges +A¢q, where Ag = 9.6x10~* A~!. Thus,
we measured the functions g2 (¢, ¢, t).

We begin by discussing measurements made on sam-
ples annealed in orientation A. These samples show a pro-
gression from normal to anomalous diffusion as the chain
length of the PS in the host matrix is increased. For the
18nm Au NPs in the host matrix of MW 13 Kg/mole
at 160C the (go-1) functions showed no dependence on
sector angle at any temperature, i.e. were isotropic, and
could be described by a single exponential for f(q, t), with
relaxation times 7~ ¢~2 as expected for normal Brown-
ian motion, yielding a value of D = 4450 A2 /sec for the
diffusion constant at 160C (see Fig. S3 in SI). Then the
Einstein-Stokes relation yields for a particle with hydro-
dynamic radius 9 nm a viscosity of ~ 8x102 Poise which
is close to the measured viscosity for PS with MW 13
Kg/mole at 160C [41]. This implies normal diffusion in
an isotropic viscous fluid, as the host polymer chains can
penetrate the ligand brush.

Fig. 1(a) shows the functions (g2 - 1) measured for the
18 nm Au NPs in the host matrix of MW 30 Kg/mole
(close to the entanglement MW) at 160C for ¢ = 9x
10~3A~! for several different angular sectors. One can
see that these functions are oscillatory, but that the pe-
riod of the oscillation is independent of sector angle ¢ so
that they are functions only of the magnitude of g.

For the data shown in Fig.1(a), f(g,t) can be well de-
scribed, for all ¢ values, sectors and temperatures in
terms of a form for f(q,t) given by:

Fg,t) = Ae= /) cos(wt) (5)

where 8 turns out to have a value of ~ 1.8, independent of
g and almost temperature independent (see Table T1 in
SI). Thus the NP motion is isotropic and 5>1 indicates
that it is hyperdiffusive. The prefactor A also turned
out to be essentially independent of ¢, temperature and
sample and has a value consistent with the instrumental
coherence factor, implying that there is no escape from

a cage at very short timescales [23, 26]. For the above
system we find that 7 = (1/v1)q"! and w = wpq, where
vy and vp are constants (see Figs. 1(b) and 1(c)). This
corresponds to a ballistic motion of the NPs, with v
representing the peak velocity and v; the width of the
distribution.These turn out to be dependent on temper-
ature and the size of the NP. Similar results were found
for the 13 nm diameter NPs.

Next we present results for the host matrix consisting
of chains of MW 97 Kg/mole. The dynamics we ob-
served for this case were strikingly different for samples
annealed in the horizontal (B) and in the vertical (A)
orientations. For the samples containing 18 nm Au NPs
annealed in orientation B, the results are very similar to
those reported above for the 30 Kg/mole MW host ma-
trix, with isotropic, oscillatory (g2-1) functions which can
be fit with Eq. (5). For these samples 8 ~2, implying a
Gaussian spatial self-correlation function for the diffusing
particle with a width that increases linearly with time,
as expected for ballistic motion.
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FIG. 2. (a)Relaxation dynamics in terms of g2 - 1 as a function
of 7 at different angles ¢ at T=160 C and ¢=9x 10~2 A~! for
sample of 97 Kg/mole host matrix with nanoparticle diameter
18 nm annealed in orientation A (o) and orientation B (x),
plotted with 2 different time scales as shown. The curves have
been vertically displaced for clarity. Dependence of (b) 1/7
and (c) w as a function of ¢. (= gcos¢) at T=160 C for 18
nm Au NPs annealed in orientation A. Inset panels in fig (b)
and (c) represent the cases of samples at orientation B as a
function of q.

However, the results for samples annealed in orienta-
tion A for the same host matrix of MW 97 Kg/mole are
very different. Fig. 2(a) shows the functions (go-1) for
the 18 nm Au NPs for both annealing orientations for ¢
= 9x1073 A~ for several different sector angles ¢. It
can be seen that for this orientation these functions are
also oscillatory, but in this case the period of the oscil-
lation varies with ¢. They can be well fitted for all ¢
values, sector angles ¢ and temperatures, with the form
for f(q, t) given by Eq. (5), where 7=(1/v1) (q cos$)~*
and w = waq cos ¢. Note that (g cos¢) is simply ¢. the
component of g along the z-axis. Thus in this case f(q,t)
may be rewritten as

Flg,t) = Ae™ 1407 cos(vg.t) (6)
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FIG. 3. The variations of (a)v; and v, for the 13nm and 18nm
Au NPs samples with 97 Kg/mole host matrix annealed in
orientation A, as a function of temperature. Velocity distri-
butions at T=160 C for NPs in (b) 97Kg/mole and (c) 18nm
Au NPs in the 30Kg/mole host matrices annealed in orienta-
tion A.

This corresponds to one-dimensional ballistic motion
along the z-axis, with v; and v representing 2 charac-
teristic velocities, which are temperature dependent. By
Eq. 4, the velocity distributions can be obtained from
the Fourier transform of f(q,t). Fig. 3 show the isotropic
velocity distribution of the 18 nm NPs between v and
(v + dv) in the 30 Kg/mole MW host matrix, the ve-
locities v; and vy for the 13 nm and 18 nm Au NPs as
a function of temperature, and the corresponding one
dimensional distributions of particle velocities along the
z-axis obtained by Fourier transforming f(q.,t) in the 97
Kg/mole MW host matrix, for samples annealed in orien-
tation A. Paradoxically, the larger NPs have higher drift
velocities. We argue that this may be due to the fact
that the host matrix chains penetrate even less into the
larger NPs which have a higher density of grafted ligand
chains, thus providing less resistance to drift motion. In
order to confirm this very unusual anisotropic motion of
NPs, we repeated these experiments on new but similar
samples after a reasonable interval of time, with identical
results.

These distributions peak at v = +v2. The present re-
sults show that the particle motion can be described sta-
tistically in terms of a one-dimensional Levy flight [42],
with a random distribution of jump lengths, and a drift
velocity along the z-axis between jumps, i.e. a Levy walk
[43], on a time-scale typically longer than the range of
time scales measured for g¢o(g,t), with a distribution of
velocities around £wy. This distribution can be described
statistically by a Levy stable distribution [32, 42, 43]. As
shown in the SI, P(v-vy) behaves asymptotically as (v-
Uy )_(1"’6) as expected for Levy stable distributions. We
hypothesize that the one-dimensional motion of the NPs
arises from the dynamic alignment of the polymer chains
of the host matrix along the z-axis due to the NP mo-
tion along the direction of heat flow, during the thermal
annealing process in orientation A, as discussed below.

To test this hypothesis, we conducted molecular dy-
namics simulations of a gold NP diffusing in a polymer
melt that is relaxing from a state with pre-aligned poly-
mer chains in the z-direction (see SI for details of calcu-
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FIG. 4. Mean square displacement (MSD) and ISF computed
from simulations (a) Overall MSD as a function of time and its
X, y, z components of gold NP in MW = 13 Kg/mol polymer
host matrix. (b) Overall MSD and its x, y, z components
and (c) ISF modulus square |f; .|* as a function of ¢(sec) of
gold NP in MW = 143 Kg/mol polymer host matrix. All fi
curves are normalized and shifted vertically. Here, ¢ (n) =
2mn/(55x45) A~

lations) [44-47]. In particular, we examined 2 systems:
a single PS-grafted (MW ~ 38 Kg/mol) NP diffusing
within an unentangled PS matrix (with short chains of
MW ~ 13 Kg/mol) and in an entangled PS matrix (with
long chains of MW ~ 143 Kg/mol). During the sim-
ulations, the mean squared displacement (MSD) of the
NP and its components along the x-, y-, and z- direc-
tions were calculated. We also calculated the ISF f(q, t)
defined in Eq. (2) for values of ¢ = (2r/L)(ng,ny,n);
Ngz,My,N, are integers, and L is the size of the simulation
box (which was taken to be as large as possible, i.e. 550,
where o is the bead size. See SI). This is at least 5 times
larger than the hydrodynamic size of the polymer-grafted
NP.

We performed calculations of f(g,t) with g along the
x,y,z directions (which we label fi 5, fi.y, and fi , respec-
tively) with ng, ny, n, ranging from 1 to 6. (Values <
1 correspond to wavelengths incompatible with the pe-
riodic boundary conditions). In the short-chain PS sys-
tem, simulations demonstrate a linear trend of the overall
MSD with t and almost equivalent values of the MSD in
the x, y and z directions (Fig. 4(a)) suggesting normal
isotropic diffusive behavior of the NP, as observed ex-
perimentally. However, in the higher MW system, the
MSD curves are proportional to 2 over most of the time
scale investigated, which corresponds to ballistic motion
(Fig. 4(b)), though they eventually become linear at
much longer times. The x, y components of the MSD
are very small, while the z component is almost identi-
cal to the total MSD, implying highly anisotropic motion
of the NP along the z-direction. (In the Supplementary
Information section, we discuss how the length- and time-
scales of the simulations can be mapped onto the length-
and time-scales of the experimental measurements).

Interestingly, the simulations also show damped oscil-
latory behavior of the fi , curves with time, for different
values of ¢, (Fig. 4(c), which agree with what is observed
experimentally in terms of the number of oscillations ob-



served, the positions and amplitudes of the oscillations,
and the overall range of time scales. Our simulation re-
veals ballistic motion with velocities v, ~ 71 A/s in
the same range as the experiments Vezp ~ 38 A/ s. The
reason that vy, is higher than v, is likely because the
system temperature in the simulations was held fixed at
T =~ 485 K while it was T =~ 434 K in the experiments.

Note that an oscillatory f; does not imply oscillatory
motion of these particles, but rather confirms the drift
like motion. However, following the motion of the par-
ticle in the simulations did indicate frequent reversals of
the direction of motion of the particle. The correspond-
ing fi 4y curves decay without significant oscillation, in-
dicating that the ballistic motion of the NP is confined to
the z direction only. It confirms that this anisotropic mo-
tion of the NP can be replicated only in the high molec-
ular weight PS host matrix. Although a rigorous theory
is lacking, it is likely that the ballistic motion of the NPs
through the higher MW chains of the host matrix (which
cannot penetrate the ligand chain brushes on the NPs) is
due to thermal gradients and/or release of stresses caused
by local distortions in the network. In the case of the 97
Kg/mole host matrix, and samples annealed in orienta-
tion A, where the thermal gradient is along the z-axis,
this motion can cause dynamical alignment of the host
matrix chains. This can be seen by considering the Weis-
senberg number [48] for this situation given by Wi =
(v2 /D)7, where the first factor is the shear rate (ve be-
ing the NP velocity, D its diameter) and 7, is the ter-
minal chain relaxation time. Inserting appropriate val-
ues for the latter for the 97 Kg/mole PS chain [49], we
find Wi > 1, which can result in chain alignment, as ob-
served, with the particles drifting in both directions along
the aligned chains. For the 30 Kg/mole PS chains with
faster relaxation times or samples annealed in position B
(with no strong thermal gradient), such alignment does
not occur, and the resulting motion is isotropic. Movies
of the simulation of the motion of the NP within the host
polymer matrices may be accessed online (see SI).

In summary, we have discovered cases of novel highly
anisotropic ballistic motion with characteristic drift ve-
locities for densely grafted functionalized Au NPs mov-
ing in high molecular weight polymer melts. We believe
that the cause is dynamical alignment of the chains by
the NPs as they move driven by thermal gradients and
release of stresses in the network, but to our knowledge,
there has been no theory to account for ballistic motion of
NPs in polymer networks. The theoretical treatment of
Bouchaud and Pitard of jammed colloidal particles mov-
ing due to the release of elastic stresses in the medium,
characterized by 8> 1 and 7 &~ ¢! [50] may be more ap-
propriate to the present case. However, it is remarkable
that all these phenomena, are semi-quantitatively repro-
duced by the molecular dynamics simulations reported
here. Together, the experimental measurements and sim-
ulations provide a detailed description of anomalous NP

motion in an entangled polymer network.
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