Effects of Polymer Adsorption and Grafting on Entanglements and Dynamics of Model
Polymer Nanocomposites

Background

Effect of Polymer Adsorption

It is well known that the addition of nanoparticle (NP) fillers in polymer matrices can
alter the mechanical strength and viscoelastic properties of polymers. Thus, the application of
these materials is significant due to improvements in optical, electrical, and thermomechanical
properties.'™ One major application is that nanoparticle =
fillers such as carbon black and silica are a key
component of tire tread compounds, as shown in Figure
1. These fillers are known to control the mechanical
properties, particularly hysteresis, which plays a major
role in traction, rolling resistance, and tire wear
performance.”® The type of ordering, interparticle
spacing, and resulting material properties depend on
many parameters that can be experimentally controlled
such as particle surface chemistry, particle loading, the
type and amount of coupling agent added (if any), and
polymer chemistry.'®'> However, the number of
adjustable composition and processing parameters makes
rational design of optimized materials impossible without
a clear understanding of the underlying chemistry and
physics of the system. Therefore, a major goal of this
proposal is to understand how to tune mechanical properties in polymer nanocomposites,
facilitating the design of materials with, for instance, high hysteresis in the operating conditions
of traction and low hysteresis in the operating conditions of rolling resistance.

A crucial mechanism of hysteresis is the process of macromolecular desorption from and
re-adsorption to filler surfaces."”'* Many factors are involved in setting how the polymer
adsorbs, including the polymer length, stiffness, and especially the local polymer-particle
chemical interactions.'* The adsorption and thus the nanocomposite structure and dynamics can
be experimentally controlled by modifying the particle surface chemistry (depending on particle
type), using surface functional groups or coupling agents, or by using chemically different
polymers.””?® This allows some control over the relaxation times, especially of adsorbed
polymers, in different operating regimes. These relaxation times affect hysteresis, since
hysteresis i1s maximized if the relaxation times are close to the reciprocal of the loading
frequency. Hysteresis is also tunable by varying the nanoparticle loading fraction, which affects
the number of atoms participating in the adsorption-desorption process, as well as the local strain
between nanoparticles upon macroscopic loading.

Many prior simulation and theoretical studies on nanocomposites have yielded
considerable progress in understanding the dynamics and conformational changes of polymers
near the surface of nanoparticles.'”'*'**'?* Several groups have used molecular dynamics (MD)
simulations to study the nanocomposite dynamic properties. More specifically, the viscosity,
dynamic shear modulus,” and stress autocorrelation function (the Fourier transform of which




yields the storage and loss moduli as a function of frequency)’® have been calculated from
equilibrium simulations. Furthermore, non-equilibrium MD using the SLLOD equations of
motion has been used to calculate viscosity as a function of shear rate, among other
quantities.”>” A clear picture has developed that polymer-nanoparticle adsorption greatly affects
nanocomposite dynamics, and adsorbed polymers have different (slower) relaxation than those in
the bulk. Analytical theories can be used to predict the overall composite properties based on the
amount of nanoparticles, adsorbed polymer properties, and amount of adsorbed layer.***’

Effect of Grafting and Nanoparticle Arrangement

A common challenge in achieving enhanced properties for polymer nanocomposites
(PNCs) is the ability to control the dispersion of the nanoparticles in the polymer matrix. Many
studies have shown that grafting polymers to the nanoparticle, changing nanoparticle size, and
altering the molecular weights of the grafted and free polymer can maximize the dispersion of
NPs in a polymer blend.*”*® More specifically, the curvature of the nanoparticle as well as
interactions between the grafted polymer (brush) and matrix polymer affect the spatial
organization of NPs.*® Because NP interactions have an effect on NP dispersion, it is clear that
grafting density exhibits a significant role in NP dispersion as well.*** For example, at low
grafting densities the morphology of PNCs can show aggregation due to attractive interactions
between the NP cores, which compete with the interactions with the grafted polymer chains.*
Meanwhile, the steric hindrance of polymers at higher grafting density prevents the nanoparticle-
nanoparticle cores from interacting directly. However, when grafting density is too high, the
matrix polymer cannot penetrate through the brush layer and dewetting occurs.”

From the previous studies on polymer grafted nanoparticles (PGNs), it is quite clear why
understanding the properties of these nanocomposites is essential. The physical insight gained
from MD simulations can suggest design rules for the development of new materials. There are
still many questions to be answered for PGN systems. For example, how do grafted polymers in
the entangled regime affect the mechanical and viscoelastic properties of the melt? How does the
arrangement of nanoparticles in random versus close packed structures (that can form for
systems with little free polymer) affect the entanglements and dynamics? What systems can give
optimal amounts of entanglements? These are some of the key motivating questions to be
investigated in this portion of the proposed work.

Overview of Proposed Work

The proposed work is to perform, validate, and analyze coarse-grained molecular
dynamics simulations of model polymer nanocomposite (PNC) systems. In different parts of the
work, polymer adsorption on a single particle and the effects of high particle loading and
polymer grafting will be studied. In the adsorption study, copolymer systems will be studied in
which one of the two types of monomers in the polymer adsorbs more strongly than the other;
different polymer architectures will be investigated, ranging from two long blocks of the
different monomer types in each chain to alternating types of monomers along the chain. The
strength of the interaction potentials between the polymer and nanoparticle are the most
important parameters needed to describe different chemical systems, and comparisons to
experimental homopolymer systems can be used to choose appropriate values. The unlike
monomer-monomer interactions are the only additional adjustable parameter to be validated



versus experimental copolymer systems. The simplified model, described further below, allows
us to reach the time and length scales of interest to equilibrate the polymer around the particle or
particles to determine equilibrium polymer conformations as well as relaxation times and certain
mechanical properties. In particular, the first set of simulations will focus on relatively short
copolymers and the dilute particle regime; this will allow us to equilibrate more quickly and to
measure and analyze various properties locally as a function of distance from the nanoparticle
surface.

Another set of simulations will study systems with only one type of monomer and
nanoparticles that are either bare or decorated with polymer grafts. Both lightly entangled and
highly entangled chains will be studied for un-grafted and grafted nanoparticles arranged at low
to high packing fractions randomly or in a face-centered cubic (FCC) structure. The un-grafted
PNC system will be used for comparison with the grafted and pure melt systems to see the effect
of NP arrangement and grafting on polymer dynamics.

We will use a variety of methods to perform dynamic, mechanical, and rheological
analysis on our simulated systems. Fluctuation dissipation relationships will be implemented to
analyze dynamic properties from equilibrium systems. In addition, we will apply direct
oscillatory shear at several frequencies for a subset of the systems. In collaboration with Kurt
Koelling’s group at OSU and Cooper Tire and Rubber Company, we have access to preliminary
rheological data for systems of various amounts of silica particles dispersed in polystyrene, and
we expect that further data for polystyrene-polybutadiene copolymers will be available in the
coming 1-2 years. Agreement between simulated and experimental properties is desired,
therefore we will use the results of these analyses to help validate and refine our simulations and
understand the physical basis of experimental results.

Simulation Models

MD simulations including nanoparticles and polymer (free or grafted) are inherently
difficult to equilibrate. Reaching the time and length scales required for particles to rearrange in
such simulations would be very expensive or completely intractable for realistic particle sizes.
Nanoparticle fillers can have structure on length scales exceeding 100 nanometers, and
relaxations can occur on a length scale of micrometers and a time scale of milliseconds. On the
other hand, atomistic motions occur on a length scale of angstroms and a timescale of
femtoseconds.”” We will use a coarse-grained freely jointed chain model as an efficient and
relatively simple way to properly address molecular connectivity and structure without atomistic
chemical detail; such a model has been used for polymer systems with various types of
nanopeurtic‘bes.22’28’3 ! Specifically, our model is similar to the bead-spring model used by Kremer
and Grest.

Model and simulation details

Monomers and nanoparticles are modeled as spherical beads of different sizes. An
example snapshot is shown in Figure 2 of a preliminary simulation with particles arranged in an
FCC manner with periodic boundary conditions. (Such a configuration is relevant to polymer-
grafted particles at high packing fractions to be discussed later; here it was chosen for testing and
comparison to the random particle configurations.) Linear chains of length N are created using
finitely extensible nonlinear elastic (FENE) spring potentials between adjacent beads,
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where 7y 1s the distance between particle bead i and j and
Ro1s the maximum extent of the bond. The same FENE
bonds are also used for grafted chains, except that the
first bead is fixed on the particle surface. The constants k&
and Ry are 30 and 1.50 respectively, which prevents the
beads from overlapping or breaking apart.*” Monomer-

Figure 2. Snapshot of a polymer melt

containing spherical nanoparticles arranged in
an FCC structure.

monomer interactions follow a repulsive Lennard-Jones
(LJ) potential, also known as the Weeks-Chandler-
Anderson (WCA) potential,*®
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where ¢ is the interaction energy and the cutoff radius 7. is set to 2"®g. The size and mass units
of the simulation are the size and mass of single monomers (¢ = m = 1). For homopolymer
systems and preliminary copolymer work, all monomer-monomer interactions have € = 1, in
units of the thermal energy, though for copolymer system the cross interaction could be
increased to account for unfavorable chemical interactions. Nanoparticle-nanoparticle
interactions are represented using a shifted LJ potential,
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where the shift factor A=(ayp — ) in terms of the effective particle diameter oy p, as o is the
approximate range of the interaction before shifting. For fully repulsive systems (as in our study
of high loading of grafted or bare nanoparticles in a homopolymers), nanoparticles also interact
with the monomers through a shifted LJ potential with A=(oyp — 0)/2. In the preliminary work,
to represent the nanoparticles as spheres of diameter onp = 100, A is set to 4.5. Particle mass is
adjusted to account for their greater size using m, = 0.85monp /6 (0.85 is approximately the melt
density of the monomers).

The simulations are run using the large-scale atomic/molecular massively parallel
simulator (LAMMPS) package.®” After a brief pushoff using soft potentials to ensure no
monomer overlaps remain from the initial randomly created configuration, each simulation is run
first in an isobaric-isothermal ensemble using a Nosé-Hoover barostat and thermostat. The
equations of motion used in the isobaric-isothermal ensemble are those of Shinoda et al.”” For
entangled chains, a bond-swapping algorithm can be used to allow chains to cross while
equilibrating (as in our preliminary work at N = 500).”® Once systems are fully equilibrated with



respect to polymer conformations, the systems are run in the NVT ensemble for data collection;
for the preliminary work with FCC particles, for N = 100, or 5x10° 7, and 6 x 10° T for N = 500,
where 7 is the dimensionless LJ unit of time and each timestep is 0.01 7.

Monomer-nanoparticle interaction for adsorption study

While many groups have studied coarse-grained models of polymer nanocomposites, a
specific body of prior work that described the structure of the nanocomposite and the adsorbed
polymer layer used a very simple model with a single chemical interaction parameter, exp, which
is of special interest here.””> This parameter represents the enthalpic gain of a monomer coming
into contact with the nanoparticle versus its reference state in the particle-free polymer solution.
Specifically, the Polymer Reference Interaction Site Model (PRISM) liquid state theory was used
to study the structure of polymer nanocomposites as a function of this parameter. Polymers were
modeled as freely jointed chains of hard core monomers, and the particle-particle interactions

were also purely hard core. The monomer-particle interactions were modeled as hard cores with
an exponential attraction:
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The range of the attraction a was set at half of a monomer diameter, leaving the contact strength
enp as the single adjustable parameter. With exp = 0.55 (in units of the thermal energy), the
model reproduces the experimental scattering behavior of a silica-polyethylene oxide (PEO)
system."> Experimental results of silica particles in polytetrahydrofuran (PTHF), which adsorbs
on silica less strongly, could be reproduced by PRISM results at a lower exp, which could be
predicted from the difference in the chemical makeup of PEO and PTHF without additional
fitting.”® The model was extended to consider copolymer systems in which one monomer was
more strongly adsorbed to the particle than the other; the monomer sequence was found to have a
significant impact on the polymer adsorption.’® Overall, there is broad agreement that the
polymer-particle interaction strength is a crucial factor in determining the properties of the
adsorbed polymer layer, that the adsorbed layer properties significantly affect the polymer
dynamics, and that copolymer sequence affects
polymer adsorption. However, a simulation study
linking copolymer sequence to adsorption and
therefore to the resulting dynamic properties is
lacking.

With minor changes, this prior model is
commensurate with polymers modeled in the standard
Kremer-Grest manner.” The monomer-monomer
interactions are given by the repulsive part of a 10 - ,
Lennard-Jones (LJ) potential, as described above, and 54 56 58 60 62 64 66 63 70
the strength of the interaction can be adjusted to | _ e o

. . Figure 3: The nanoparticle-polymer pairwise
account for unfavorable cross interactions between | interaction potential, blue, which is an exponential

monomers. The particle-polymer interaction is an | function coupled with a shifted repulsive LJ
potential (as labeled). The parameters shown are
nanoparticle size onp = 100 and strength of
attraction ey, = 0.55kT, as in Ref [50].

3.0

25 === repulsive U

— UTotal

T
]
]
1
1
20 : = exponential
1
151 12
\
]

U kT]

10 1 0
\
0.5 “‘

0.0

0.5 4




exponential attraction as in the prior PRISM work ***** coupled with a shifted LJ repulsion™?*:
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where the shift factor A=(ayp — 0)/2 as before, exp is the strength of the interfacial attraction,
and 0=0.5 is the range of the attraction. Figure 3 shows a plot of this interaction potential.

Proposed Work and Preliminary Results

Effect of Polymer Adsorption

A snapshot of a preliminary simulation with monomer-naoparticle adsorption strength
enp=1 is shown in Figure 2 with adsorbed polymer highlighted. There is a visually apparent
increased polymer density near the nanoparticle surface compared to the bulk. This is confirmed
by the monomer-nanoparticle radial distribution function gnp(r) shown in Figure 3 (gnp(r) gives
the probability of finding a monomer at a distance r given that there is a nanoparticle at the
origin, normalized by the probability in the bulk). Note that even in the simulation with no added
interfacial attraction, there is an increase in the local density of the polymer near the nanoparticle
surface due to packing effects. The interfacial packing of monomers is expected to affect the
local dynamics and thus the mechanical properties of the bulk composite.

Further work will first focus on the structure
and dynamics of the interfacial region surrounding a
single nanoparticle at low volume fraction, as a
function of the interaction strength with the
monomers and copolymer structure. Specifically,
monomers can be placed in a blocky ordered
fashion, in a random fashion, or in a weighted
random fashion to model the materials resulting
from various synthesis processes. We will later
consider higher volume fraction nanocomposites;
however, we expect that it is intractable to simulate
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Figure 2: Structure of our preliminary simulation, Instead of simulating such phenomena, we will
with gyp = 1. System consists of a single . d fi icl . . d

nanoparticle (black) surrounded by Kremer Grest stea 1X partlc es n various random

polymer chains (blue-gray). A highly ordered, arrangements, and allow only the polymer to

denser layer of adsorbed monomers can be seen oqs .
near the nanoparticle surface (purple). In this equilibrate around the known random nanoparticle

context, monomers are defined as adsorbed if their structure. This allows us to address the scientific
centers are within 4 + 1.2 of the nanoparticle . f the eff £ 1 d . .
center. Figure shows a cut-away, cropped view of questlon of the etiect o copolymer a sorptlon given
approximately half of the simulated system. that particles are randomly arranged’ as 1S
approximately the case in certain experimental

systems. For long polymers that may be difficult to completely equilibrate using MD, Monte




4 Carlo moves (using the double-bridging algorithm

to allow chains to cross each other)™ will also be
3T used to ensure that even entangled polymers can

o fully equilibrate in a reasonable time.
R We can calculate dynamic mechanical
! properties from equilibrium simulations using
fluctuation dissipation relationships, for instance,
0 to obtain the storage and loss modulus (often
5 6 7 8 9 10 reported for experimental systems) across a broad
r[o] frequency spectrum from the stress autocorrelation
Figure 3: Monomer-nanoparticle radial distribution function.’®™” However, long simulation times may
o fom smultons wihno ereclattacton | b required 1o obtain good enough statistics o
Both show an increase in the local density of accurately show the storage and loss modulus from
offocts, and the Z‘iégﬁy”;ﬂzgfggfddfﬁaoemﬂgﬂg equilibrium simulations. Alternatively, mechanical
there is a nonzero interfacial attraction. properties can be calculated directly by non-

equilibrium MD methods; for instance, viscosity as
a function of shear rate can be calculated with good results by applying oscillatory shear to the
simulated system.>” We expect that experimental work in the Koelling group will yield rheology
data as a function of nanoparticle loading for silica in polystyrene, silica in polybutadiene, and
silica in a polystyrene-polybutadiene copolymer. However, it would be intractable to apply
physically realistic shear rates across the full frequency spectrum that we expect the
experimental work will analyze; instead we plan to simulate only a few frequencies of oscillation
and attempt to reproduce the qualitative trends measured in the experimental samples. At these
frequencies, we will also measure the full hysteresis loops, which can easily be created based on
oscillatory response data® and existing analysis scripts can be modified for this purpose.’’ The
will give us a more complete understanding of material hysteresis (including nonlinearities)
which is critical to predicting traction and rolling resistance performance of tread compounds.

In addition to the nanocomposite systems, we will also simulate the bulk polymer so we
can compare how adding nanoparticles affects storage and loss modulus and hysteresis versus
the polymer melt. The size of the effect as a function of frequency found from the simulations
will be compared to that measured experimentally. We will focus on the single nanoparticle
simulations and low nanoparticle loading experiments to find appropriate values for the polymer-
nanoparticle adsorption strengths. Other parameters such as the range of interaction and particle
softness can be tuned if necessary to obtain good

agreement. We will then be able to apply the same | 12
interaction parameters to the individual styrene and | = ; 4
butadiene monomers in our simulations of :ﬁ 08
copolymer systems, and will adjust the styrene- :'I 0
butadiene interactions as necessary to obtain good | £
agreement. f 04
With a validated model, we will explore in | < 02
depth the underlying mechanisms behind the € o '
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observed behaviors. Several quantities will be

calculated as a function of distance from the | . .

icl h h d d Figure 6: End-to-end autocorrelation function for
nanopartlc c, suc as 2;[; ¢ end-to-en vector polymers adsorbed to the nanoparticle at time 0 (red)
autocorrelation  function. Results from our | compared to other polymers (blue).
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preliminary simulations have already demonstrated a difference in this autocorrelation function
for adsorbed polymers compared to those in the bulk, as shown in Figure 6. The relaxation of
adsorbed chains initially appears similar to chains in the bulk, but after some time, the relaxation
lags behind the bulk polymer. This observed slowdown in chain dynamics is expected to occur to
a decreasing extent for polymers of increasing distance away from the nanoparticle surface. By
measuring such quantities as a function of distance from the nanoparticle, we will be able to
determine the width of the interfacial layer of adsorbed polymer with slowed dynamics as a
function of interaction strength, nanoparticle loading, and copolymer configuration.

Effect of Grafting and Nanoparticle Arrangement

For the simplest version of the systems (all one type of monomer and fully
repulsive interactions), we will also study the effect of using long polymers, polymers grafted to
the particle surface, and high particle loadings. This will allow us to address how nanoparticles
affect polymer entanglements and to understand the differences in mechanical behavior of the
polymer melt around bare versus polymer-grafted nanoparticles. In systems with high grafting
density and high particle loadings (little or no free polymer is present), the grafted polymer
surrounds the particles evenly and particles can pack like pure hard spheres, forming an FCC
structure. We are especially interested in how such a structure can affect entanglements between
polymer chains grafted to particles. It is known that using high grafting densities promotes good
particle dispersion, but high grafting density also creates a “brush” structure of polymers near the
surface (due to steric constraints) that likely reduces entanglements. One question of interest is
whether a system of long grafted chains but at relatively low grafting density could promote
entanglements that would effectively hold particles together in a potentially optically active or
mechanically robust close packed structure. For this part of the study, we will compare random
and FCC arranged particles as a function of loading and in a polymer melt above the
entanglement length. Both types of arrangements will be studied for bare and grafted systems;
though we do not expect bare nanoparticles to arrange in an FCC structure experimentally,
including such systems will allow us to tease apart the separate effects of grafting and
nanoparticle packing arrangement that will both change upon grafting polymer to the particle
surfaces. For all systems we will examine the number and location of entanglements of the
polymers using a “primitive path” analysis.**%

In preliminary calculations, dynamics of polymers around FCC-arranged bare
nanoparticles were compared by analyzing their normal modes (or Rouse modes).®*®* For a chain
of length N and mode index p, the normal mode equation is given by

X, (t) = %i r(t)cos [% (i _ %)] (5)

where the sum is over all monomers on the chain, r; is the monomer position, and p is the mode.
Mode p = 0 describes the motion of the chain center of mass and modes p =1 describe the
internal configurations of N/p sub-chain segments. The time autocorrelation of the normal modes
(X, () - X,(0))/(X pz (0)), decays exponentially independent of the mode p for ideal chains,
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where 7, is the relaxation time, predicted by the Rouse model as Tp_1 = 4Wsin*(pmt/2N). Here,
W =3kgT /{b? is the monomeric relaxation rate, a function of the statistical segment length b
(Kuhn length), the monomeric friction coefficient {, and temperature. An important note when
analyzing the normal modes of long entangled chains is that they only provide a useful
comparison for chain relaxation in nanocomposites to pure homopolymer melts, and are not the
modes in the ideal Rouse model.** Furthermore, for real polymer chains the autocorrelation can
be better described by a stretched exponential function,*>®

(Xp(t) ) Xp(o)) _ e‘(.[p%)ﬂp
(X,*(0))

(7)

where the relaxation time 7,,* and the stretching parameter 3, both depend on chain length and
mode index. The effective relaxation times can be calculated by integrating over the relaxation
function with respect to time,
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S ‘»‘QE A Op=2 functions for normal modes
o 07T Vg op=3 (p = 1-4) for two different
i 0.55 A @\ v Op=4 7 chain lengths of polymers, N
O I VYR A | = 100 and N = 500, in a
w 0.4 88 % nanocomposite with
e 025 1 nanoparticles arranged in an
j 0.1 F FCC lattice as seen in Figure
2. In Figures 7 and 8, we can
-0.05 Tt see that the nanoparticles
10 100 1000 10000 1000001000000 have little effect on chain
Time (1) relaxation for N = 100 gnd N
= 500 at ¢pnp = 0.2, which is
Figure 7: Normal mode autocorrelation function for polymers with N = 100 and FCC n gOOd agreement with Ot.her
arranged nanoparticles (red) compared to pure melt homopolymer (blue). work at different nanoparticle

sizes and moderately low
volume fractions.®*® At higher volume fractions, however, chain dynamics slow due to the
confinement induced by the nanoparticles.” The effective monomeric relaxation rate can be
calculated by Wpeff =1/ 4T{;‘ffsin2 (prt/2N) and can be seen in Figure 9 for both chain lengths.
As noted earlier, the pure melt relaxation rate is about the same as the nanocomposite, thus
confirming that the nanoparticles have little effect on chain relaxation at this volume fraction.
Further simulations are needed to compare the FCC arranged nanoparticle configuration
to a random nanoparticle configuration. In addition, we will compare these systems to those with

grafted nanoparticles at multiple grafting densities. For the grafted nanoparticle systems, we will
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Figure 4: Normal mode autocorrelation function for polymers with N = 500 and FCC
arranged nanoparticles (red) compared to pure melt homopolymer (blue).

Summary

separately analyze grafted and
matrix chains, as these are
expected to have significantly
different properties.
Similarly, the chains close to
the nanoparticle surface may
have slower relaxation rates
with respect to the bulk
polymers in an un-grafted
nanoparticle  system. To
understand these differences,
dynamical information such
as end-to-end relaxation times
will be calculated as a
function of distance from the
nearest  nanoparticle as
described for the adsorption
study.

With  the help of the Ohio
Supercomputer Center (OSC), we will be able to
simulate and gain insight into polymer
nanocomposite systems. The effect of polymer
adsorption and nanoparticle configuration is
crucial in understanding PNCs, especially with
high molecular weight (long chain) polymers.
To study polymer adsorption, we will run
simulations at  different =~ NP-monomer
interactions and copolymer sequences. For the
bare versus grafted nanoparticle systems, we
will see the effect of grafting density and
volume fraction on the entanglement network
and dynamics of the polymer. This includes
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Figure 9: Effective monomeric relaxation rates for N = 100
(blue) and N = 500 (green) with FCC arranged
nanoparticles. Straight lines are for the pure melt.

mechanical properties (such as loss and storage modulus) and dynamics of polymers near the
particle surface compared to bulk. The information from these studies will advance the ability to

rationally design new polymer nanocomposite materials which have a wide range of engineering

applications.
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