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ABSTRACT: Equilibrium molecular dynamics simulations on amorphous polymers filled with solid nanoparticles
show that mechanical reinforcement results from the formation of a long-lived transient pelyantcle network

only over a narrow range of parameter space. In these cases it is necessary that (i) the interfacial zone occupy
significantly less volume than the bulk region and (ii) partigh®lymer interactions must be strong enough that

the relaxation time for the small fraction of adsorbed monomers is much longer than that characterizing the neat
polymer. In all other cases, reinforcement will appear to be particle driven since there is no clear demarcation
between the adsorbed segments and the bulk polymer. However, the apparent size of the particle will be larger
because of the adsorbed segments. Both reinforcement mechanisms occur for systems that do not easily equilibrate,
leading us to stress the importance of starting states and processing history which is reminiscent of glassy systems.

1. Introduction which affect it?#25Only a few simulation studié$26-28 have

. . I . . directly addressed the viscoelastic properties of these nanoma-
Experimental investigations on the mechanical properties of terials. The work of Ganesan and co-work&syhich builds

polymer nanocomposites have shown them to be capable Ofon the simulations of Starr and co-work&rand Smith et a8
significantly more reinforcement than traditional composités. . SRS
demonstrates that reinforcement occurs due to particle jamming

Probably the most important experimental observation in this at high particle loadings. Previoust§we utilized Monte Carlo

context is that a nanocomposite shows the appearance of a low-_. ; : )
. simulations on polymer/platelet nanocomposites, which allowed
frequency plateau in a plot of the storage modulus vs frequency,

even for spherical filler contents as small as 4% Similar us to speculate that strong polymserarticle interactions result

results have also been found for platelet fillers, e.g., cla¥s. in the form.anon Of. a solidlike network, with aimost |n.f|n|te
> i . X : relaxation times. Similarly, Ganesan and co-workepsovide
This plateau exists for times longer than the terminal region of

the neat polymer, suggesting that its origin must be attributed th(_eoretlf:al arguments suggesting that the poly _' perrticle
. IS o . . . reinforcing network is important in mechanical reinforcement
to a new physical driving force. Affiliated with this result is

the fact that these materials shear thin at unusually low at low particle volume fractions. Thus, while it appears that a

. - . ' olymer network should play an important role in reinforcement,
frequencies and that their recovery to the quiescent state is very,, . : S .
101111 . . . “this has not been observed in dynamic simulations.
slow%tl |t is currently believed that these complexities arise

from some combination of the following: (i) Zhu and Stern- The objective of this work is to f_urther explore the regions
steirt? suggest that the addition of particles to a polymer gives of parameter space vv_here these different remforcemen_t _mech-
rise to trapped entanglements because of favorable potymer anisms are 'F“p°”a”.t n po'.yfne.f nanqcompq&_tes. Spgcnﬁcally,
particle interactions, which can then slow down chain dynamics. we want to find out in explicit simulations if it is possible for

(i) Recent work by Wang and co-workéfhave suggested that a particle n_etwork to_be formed_by th_e |mmob|I|zat|on of
the dominant mode of reinforcement arises from particle polymer chains on particles and to investigate if such a network

agglomeration, or at least from a highly nonuniform spatial is capable of providing the reinforcement that has been observed

distribution of particles, with polymer network formation playing experimentally. . . . .
a minor role. The layout of this paper is as follows. We first discuss the

A reasonable consequence of these statements is that thgta‘uc properties of the nanocomposites, specifically focusing

properties of these materials are controlled by nonequilibrium on th_e dispersion of particles in _the p0|ymer matrices. Next,
effectst1 1314 However, there really are two different schools we will address the stress relaxation behavior. This is followed

of thought for the molecular origins of mechanical reinforce- by a discussion and conclusions which will specifically address

ment: one is based almost exclusively on particle agglomeration,the consequences of our results on experimental findings in this
while the other attributes the findings primarily to the formation

_ofatra_m3|ent polymer ngtwoﬁ?.Understandlng this unresolved 2 Simulation Model and Methods

issue is the focus of this paper. .

A large fraction of simulation studies of polymer nanocom- ~ 2-1- Models.2.1.1. Polymer ModelPolymer chains are
posites deal with the conformation of chains in the presence of ePresented by the standard beagring KremerGrest modet?
the particles and the mobility of both speciéd®-23 Another Bonded neighbors on a chain interact via a stiff FENE (finite
aspect that has been covered is particle clustering and the factor€Xtensible nonlinear elastic) potentiafiene = —k(Re?/2) In(1

— (r/Rp)?), wherek = 30¢/0? and Ry = 1.50. In addition, the
. , o o interaction between any pair of chain monomers is purely
tggg’;‘gm‘egega&’;gﬂgg Scé‘igg‘éga;?é‘%r‘?g']?r']‘;%'ﬁﬁg'fng'”ee””g- repulsive and is described by a Lennard-Jones (LJ) potential
, U(r) = 4e[(o/r)*2 — (o/r)8] truncated at its minimunr, = 25,

8 Current address: Department of Chemical Engineering, Columbia : i
University, New York, NY. and shifted so that both the potential and force go to zero at the
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To create these particles, a sphere of diameter 5 is carved out
of a fcc crystal lattice of beads and the nearest neighbors
connected with FENE springs which are identical to those used
in the polymer chains. This results in particles that are modeled
in the same spirit as those of Starr et al. and Smith & &t.28.34
Interactions between particle monomers are given by the same
truncated and shifted LJ potential that was used for the polymer
monomers: the same repulsive potential is employed for both
inter- and intraparticle pairs. Polymeparticle interactions are
governed by a truncated and shifted LJ potefftiaith various
values of the parameter Three values of the cutoff radid&

were used: (aR. = 26 was used in the case of “purely
repulsive” particle interactions; (5. = 2.5, which is the typical
value of the cutoff for LJ interactions, was used for “long-range”
Figure 1. A schematic representation of a polymer nanocomposite attractive potentials; and (& = 1.5 was used in cases where
(PNC). The PNC constituents are the following: black balls (fillers), a short-range cutoff was desired. It is important to note ¢hat
gray annulus (interaction zone), green chains (free chains), red chainsdenotes the well depth for the unshifted polymparticle
(bridges), blue chains (loops), and black chains (dangles). potential. Since we truncate and shift the potential so that it

\ assumes a potential and force equal to 0 at the cutoff, the
effective well depth is smaller in magnitude thariWhile this
correction is small foR; = 2.5, it is much bigger foR. = 1.5.
Since the actual well depth gives a measure of the binding

lj I SN energy, we report this value ag in the text and will omit

")
<

reportinge.

2.2. Methods.2.2.1. Simulation Method&imulations were
performed in the NVT ensemble. The temperature was kept
constant af™* = 1 by direct velocity rescalingt The monomer
number density of the melt was constanfoat~ 0.85 for all
simulations. For the filled systems the volume of the simulation
box was increased so that the volume available to the polymers
was the same as for the neat systems. The velocity-Verlet
algorithm was used to integrate the equations of motion, with
a time stepdt = 0.005, where time has been reducedrpthe
Lennard-Jones time. Additional details about the methods used
can be found in ref 32.

The number of nanoparticles in all cases Wgs= 4, which
were placed initially at the fcc sites of the cubic simulation cell.
Figure 2. (a) Schematic representation of the interactions between a Typical systems were comprised of 2400 chain monomers, and
chain monomer and a smooth nanoparticle. (b) Schematic representatiothe size of the cubic simulation box wasl4. Additional
of the interactions between a chain monomer and a rough nanoparticle systems with 4800 and 6800 monomers were also studied in a

few cases. Thus, depending on system size, we employed
cutoff 3031 (All distances will be reported in reduced units, i.e., particle loadings of volume fractiop = 0.089, 0.045, and
in units ofo the monomer diameter.) We model monodisperse 0.033, respectively. The neat systems used for comparison
melts of chains with degree of polymerizatid) @qual to either consisted of 2400 chain monomers.
20 or 80. Melts ofN = 80 chaing? are in the crossover regime,
between reptation behavior and Rouse dynamics.Nke 20
results, which correspond purely to Rouse behavior, allow us

to mal;;e contact with the previous work of Starr et‘aand low density, was then compressed using an NPT simulation to
Smith the proper melt densitwithout attractve interactions Once

2.1.2. Particle ModelsWe have used two different particle  the appropriate density was reached and the chains had relaxed,
representations: smooth (Figure 2a) and rough (Figure 2b).the attractions were turned on. All of the simulation runs
Reports in the experimental literature suggest that optimum consisted of an equilibration phase followed by a production
property enhancements result when the size of the particle andphase. In the case of weakly interacting or repulsive particles,
the interparticle spacing are comparable to the size of the the systems were equilibrated after a time in the range 16-000
polymer®13 Since the majority of our work focuses on chains 50 000. (The relaxation time for melts df = 80 chains was
with lengthN = 80 (RMS radius of gyration of-4.7), we chose 30 000.) A typical production run in these cases would span a
a particle diameter ofnp = 5. time of 200 008-2 000 000. It is important to note that, for

The interactions between polymer segments and smoothstrongly attractive particles (rough particles with short-ranged
particles are described in previous wéPK he particles interact  attractions), the binding energy-is5.1, giving the surface layer
with each other through an LJ potential truncated at the an effective temperaturéT/w, of ~0.2, which is well below
minimum ¢ = 2Yg.p) and shifted so that it is repulsive the glass transition temperature at this den®itgonsequently,
everywhere: both the potential and the force go smoothly to in these cases the systems do not truly equilibrate within
zero at the cutoff® A rough particl€® is an almost spherical ~ accessible run times. This fact will be reiterated and discussed
cluster of monomer-sized beads held together by FENE springs.in detail in the results and conclusions sections.

r

To generate the initial structures, in most cases we placed
the polymer chains in a large box in a stretched, linear
configuration. The system, which was thus at some arbitrarily
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2.2.2. Analysis Method3he structural properties of the melt
were characterized by the mean-squared radius of gyrarign
and the mean-squared end-to-end distafdRgl] We also
calculated the radial pair distribution functiog(f)] for the
centers of mass of the particles to determine particle dispersion.

System dynamics were characterized by the end-to-end vector
autocorrelation function of the chains and the average mean-
squared displacements (MSD) of the chains and particle centers-
of-mass as a function of time. Diffusion coefficients for both

particles and chains were then obtained using the Einstein

equation,gs(t) = Orem(t) — rem(0)|20= 6Dt.36

The intent of this work is to study the viscoelastic properties
of these systems. Thus, most of our discussion will focus on
the stress autocorrelation function (ACF), which we will also
refer to as the stress relaxation function. This quantity is
computed by first calculating the off-diagonal elements of the
stress tensor as defined by the atomic viftalis = (1V)-
Cipiapig/m + 3iYj=iriofip), whereo = § and indicate theyz
vector components, the subscrip@ndj are atomic indicesp
is the momentumm is the massr, is the radial separation, and
f is the force. The stress ACF is then given By,(t)oqs(0)0)
where [l..00denotes an average over time. As in our previous
work,32 we “smoothed” the ACF by using interval averages.

The stress ACF was truncated once its value dropped below

1074, below which noise dominates. However, integration was
performed over the full “raw data” ACF function. The stress

ACF corresponds to the time-dependent stress relaxation after

a step strain. A Fourier transform of this function yields the

storage and loss modulus as a function of frequency. We
have also calculated these quantities, but in the interest of
space we show only the stress ACFs. The zero shear rate

viscosity is calculated using the Greeubo relation®!
n = (VIT) foL&(t)o(0)Tat.

3. Results and Discussion

3.1. Static Properties of the Melt.The rms radius of gyration
[R2M9° and rms end-to-end distan@®2[9-> were found to be
unperturbed within the uncertainty of the calculation on the
addition of nanofillers. This result is independent of the nature
of the particle (smooth vs rough) or of the polymgarticle
interactions. This finding is similar to many reports in the
simulation literaturé® although it remains experimentally
unverified38:39

3.2. Chain and Particle Dynamics At any given time the

chain mean-squared displacement (MSD) increases on the

addition of repulsive particles but decreases when polymer
particle interactions are attractive (Figure 3a,b). The diffusivity
also decreases with increasing volume fraction of filler. Particle
motion follows a trend similar to that of the chains and is slowed
down with increasing attraction and with increasing particle
loadings (Figure 3c). However, the change in particle motion
is much more pronounced than that of the polymers. In
particular, forw = 5.1, the particles become strongly localized.
This result might reflect the fact that each particle has multiple
chains “attached” to it. Hence, its motion requires that all of
the chains move in a “cooperative” fashi#h.

3.3. Particle Clustering. The state of particle dispersion is
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Figure 3. (a) Mean-squared displacement of chain center-of-mass
compared for systems at different particle loadings and different
polymer—particle interactionsd, w]: [0.089, 0.0] (solid), [0.089, 2.6]
(dash), [0.089, 5.1] (dot), [0.045, 2.6] (dash dot), [0.045, 5.1] (dash
dot dot), [0.033, 2.6] (short dash), [0.033, 5.1] (short dot). (b) Diffusivity
of chains as a function of particle loading and polymearticle
interaction. The polymerparticle interaction for the systems is LJ with
short cutoff of 1.5: neat melt withl = 80 (inverted triangle)y = 0
(triangle), w = 2.6 (square)w = 5.1 (circles). (c) Mean-squared
displacement of particles compared for systems at different particle
oadings and different polymetparticle interactionsd, w]: [0.089,
0.0] (solid), [0.089, 2.6] (dash), [0.089, 5.1] (dot), [0.045, 2.6] (dash
dot), [0.045, 5.1] (dash dot dot), [0.033, 2.6] (short dash), [0.033, 5.1]
(short dot). The polymerparticle interaction for the systems is LJ with
short cutoff of 1.5, and we considered chains of length 80.

of a transient polymer network is critical for reinforcement. This
requires that particles are well dispersed in the polymer, so that
the average interparticle spacing is on the order of the polymer
size. An intuitive means of improving particle dispersion is to
increase the attraction between polymer segments and thé4iller,
thus making a large interfacial area energetically more favorable.
To that end, we have examined systems with a range of well
depths () equal to 0, 0.06, 2.6, and 5.R{(= 1.5) to delineate

important for several reasons. Clustering of the nanoparticles the role of polymet-particle attractions in this respect. (For this
reduces the intermixing of polymer and nanoparticles, thus form of the potential energy equation, whean= 0.06, the

reducing the interfacial area. Wang etlakuggest that this
clustering can lead to reinforcement: if true, this conclusion

effective particle diameter is slightly less than it would be in a
purely repulsive system.) The systems contain 30 chains of

has far-reaching consequences since it suggests unusual nandength 80, and 4 rough particles, unless otherwise noted.
composite properties bear no relationship to the chain nature Agglomeration is characterized by the particfgarticle radial

of the polymer matrix. The opposite limit is that the formation

distribution functiong(r) (Figure 4a). Fow = 0, the repulsive
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a 25 system withw = 0 is in category (i)w = 0.06 category (ii),
20! andw = 2.6 category (iii). It also appears that the= 5.1
. system is in category (iv). It must be stressed thater 5.1
= 15- the chain segment desorption times become very long. Because
()] .
2 10] of this fact, we cannot say whether these results represent the
z true equilibrium properties of the system.
% 51 3.4. Reinforcement.3.4.1. Defining Stress Reinforcement.
01 : Experiments have shown the appearance of a low-frequency
, . plateau in the storage modulus, which persists to frequencies
4 6 8 lower than the terminal region of the neat polyrfie+13In our
simulations, the polymer chains are not long enough to exhibi
r imulati th I hai tl ht hibit
b 12] a prominent entanglement plateau in the stress relaxation
function. Because of this, in the neat melt we observe simple
10+ i : .
= Rouse relaxation, followed directly by the exponentially decay-
> 8 ing terminal region. To make the connection between our
S 61 simulations and the reinforcement seen in experiments, we must
& 41 therefore look for signs of non-Rouse-like behavior, most
Zz 2] prominently a plateau in the stress relaxation function rather
0] than a simple increase in viscosity due to a uniform shift in
magnitude of the stress relaxation function.

4 6 8 r (Ggo 12 14 3.4.2. Nonreinforced Systeni$ie nonreinforced systems can
Figure 4. (a) Particle-particle radial distribution function (rdf) at be broadly classed into two categories: those with repulsive
varying levels of polymerpatrticle attraction. These data corresponded Interactlon§ and thos_e W{th attractive Int_eractlons.

to N = 80 systems with rough particleB; = 1.5, and a variety oiv We begin by considering the case with= 0, where the
values. The full line is fow = 0, the long dash fow = 0.06, short polymer—particle interaction is repulsive. These simulations

dash forw = 2.6, and dash-dot fov = 5.1. (b) Particle-particle rdf ; ; ; ;
for a system wittN — 80 chains and a system with= 1 monomers, were performed using rough particles, since smooth particles

both at the same particle loading € 0.089) andw = 5.1, R, = 1.5. were found to overlap significantly after forming a cluster. For
particle volume fractions of 8 and 15% for bdth= 20 andN
particle-polymer interaction potential, there is a strong peak — 80 we find moderate increases in viscosity. Thls.result appears
in g(r) at ~5 (the particle diameter), corresponding to direct [© P& contrary to a number of results Ok%?'ned In experiment
contact aggregation. This result is a consequence of polymer-and in simulations. Mackay and co-workeraave found that

induced particle-particle attraction4? For a weak attractionaf the viscosity of polymers filled with particles made of cross-
= 0.06 g(r) smoothly increases from zero startingrat 5 linked, collapsed single chains with the same chemical structure

and becomes essentially equal to unity for 6, consistent as the matrix decreased rather than increased as predicted by
with good particle dispersion. These results echo the previousthe Elnsteln_formula._ Ka|rn_ et 4fhave also_ observed viscosity
findings of Starr et aP* who showed that one can go from decreases, in both simulations and experiments. These observa-
clustered to dispersed states by increasing the attraction betweeHONS Were consistent with Smith et at®snolecular simulation

the polymer and particle. When the attraction is increased to  '€Sults for @ system involving a single particle surrounded by
= 2.6, clear peaks are visible at= 6 andr = 7. This is a polymer melt: they also found that viscosity decreases for
signature of “bridging clustering” of nanoparticles via one or "€PUlsive interactions. o .

two monolayers of the polymer melt. At even higher attraction, ~ This apparent contradiction can be rationalized with a
w = 5.1, the peak at 6 disappears, while a single peak in the theoretical framework developed by Ganesan and co-wofkers.
vicinity of 7 remains. We have also considered the case where Within this framework, the viscosity of the polymer melt is

w = 5.1, but with chain lengttN = 1 (i.e., monomers). We  affected by repulsive particles in two distinct ways. The first
find that the results are similar to those found for the polymeric effect is the “interfacial zone” effect and is due to the fact that
case (Figure 4b). Since both the chain and the monomer systemshe local mobility of polymer chains withirRy distance from
show a peak in the vicinity of 7, we argue that this must simply the particle surface is dependent on the partiplelymer

be a consequence of a layer of monomers that are effectivelyinteractions. For repulsive interactions this local mobility
“pinned” to the particle surface. Due to the short range of the increases relative to the pure melt (see e.g. ref 20). This mobility
LJ interactions R. = 1.5), no additional layers of monomers increase leads to a decreased viscosity. The second is the
are adsorbed. The bound layers effectively increase the diametefydrodynamic effect leading to an increase in the melt viscosity
of the particles by 2, and the resulting structures undergo due to interactions of hydrodynamic fields induced by particle
aggregatior?>#1 corresponding to the peak at 7. Note also that motion as given, for example, by the Batchel@instein

the chain molecule case in Figure 4b has an additional peak atformula® Therefore, we speculate that, at higher volume
larger distances. We attribute this peak to the formation of a fractions, nonlinear hydrodynamic effects dominate the system,
polymer-mediated network. We compare these findings with l€ading to viscosities higher than that of a pure melt. To support
the recent results of Hooper and Schwe®etlsing PRISM our interpretation, we have conducted further simulations of a
theory, these workers suggested that the dispersion state ofystem with low {-2%) particle volume fraction and indeed
particles in a dense polymer melt falls into four categories: (i) Observed viscosity decreases.

direct contact aggregation due to polymer-driven attraction, (i)  We next move to the case of smooth attractive particles. The
steric stabilization with noninterpenetrating adsorbed polymer stress relaxation functions of a few representative systems at
layers, (iii) segment level tight particle bridging, and (iv) “tele- volume fractiong = 0.089 and with various values @f are
bridging” where distinct adsorbed layers coexist with longer shown in Figure 5a. All systems exhibit Rouse behavior with
range bridging. On the basis of this model, we suggest that thethe main effect of adding attractive nanoparticles being a
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Figure 5. (a) Stress ACF of filled systems with smooth particles, at a 10° - ; - .
loading of¢ = 0.089 and at varying levels of attractiom. 1.0 (short 10° 10" 10> 10° 10* 10°
dash), 2.5 (dash), 3.3 (short dot), 4.2 (dash dot), 5.0 (dash dot dot); Time (t*)

neatN = 80 (solid), R. = 2.5. (b) Stress ACF of systems plotted in
(a), replotted as superposed on the neat melt by vertical shifting, for
different values ofv: 1.0 (short dash), 2.5 (dash), 3.3 (short dot), 4.2
(dash dot), 5.0 (dash dot dot); nédt= 80 (solid). (c) Vertical shift
factors used to superpose data shown in (a) onto neat data as a functio
of w (polymer—particle well depth). (d) Distribution of lifetimes of
monomers in the first shell around the particle, for different particle
descriptions and different values of LJ cutoff: smooth partisles

Figure 6. (a) Stress ACF of systems at varying particle loading, using
rough particles, with LJ well depthy = 2.6, and cutoff of 1.5:¢ =
0.033 (dash)¢ = 0.045 (dot),¢ = 0.089 (dash dot), neat = 80
l&ﬁolid). (b) Data from (&) horizontally shifted to superpose on the neat
elt curve: ¢ = 0.033 (dash)¢ = 0.045 (dot),¢ = 0.089 (dash dot),
neatN = 80 (solid). (c) Stress ACF of systems at varying particle
loading, using rough particles, with LJ well depih= 5.1, and cutoff
. - f1.5,¢ = 0. h)¢ = 0.04 =0. h n
33.R. = 2.5 (soid). rough partilew = 2.8,R: = 2.5 (dash): roush {2 55’ colc) These aystems show af extended piteat beyond the
particle,w = 2.6, R = 1.5 (dot). terminal region of the neat melt. (d) Data from (c) horizontally shifted
renormalization of the absolute value of the stress autocorre-t0 superpose onto the neat melt curye:= 0.033 (dash)¢ = 0.045
lation. This result indicates a uniform upward shift in Rouse (40D ¢ = 0.089 (dash dot), nedd = 80 (solid).
mode relaxation times. In fact, we find that the results for the a role in reinforcement. We find that for a long-range cutoff
filled systems can be superposed onto the neat melt curve by(R. = 2.5) a similar shift in Rouse relaxation times occurs, but
shifting along the vertical axis (Figure 5b,c). Alternatively, we no deviation from Rouse behavior is observed. Similarly, for a
can perform a shift along the time axis: we find that the two short-range attraction witlv = 2.6, we also see a uniform shift
shift factors approximately follow the relationshfp ~ fi2, (Figure 6a,b). This shows that regardless of the particle nature
wherefy and fy are the vertical and horizontal shift factors, at relatively high £9%) volume fraction all polymers are in
respectively. This is as expected from the Rouse model. At this the “interfacial zone” and felt the same effect of renormalized
loading of smooth particles, no deviation from Rouse-like Rouse dynamics.
behavior in the form of a plateau is seen, even for strong 3.4.3. Reinforced System@lith ~9% volume fraction we
polymer—particle attractions. fail to observe a reinforcing plateau regardless of the patticle
We have also performed simulations with rough particles to polymer interactions. We therefore explored the effect of the
determine whether the particle nature (smooth vs rough) playsvolume fractions. First we consider the case of short chains (



4064 Sen et al. Macromolecules, Vol. 40, No. 11, 2007

10° The strongly attractive rough particle systems were created
in two different ways, which we will denote as method 1 and
y method 2. In both methods, four nanoparticles were placed at
210 N the fcc sites of a cubic simulation box. In method 1, described
)4 AL earlier, the polymer chains were placed in the box in a linear
i;, 102 ’ ARt configuration, at low density. The system was then compressed
Y using an NPT simulation to the proper melt densitithout

attractive interactionsOnce the appropriate density was reached
and the chains had relaxed, the attractions were turned on. In
contrast, in method 2 one-fourth of the chains were generated
as self-avoiding random walks around one particle. This dilute
configuration was then reproduced four times to create the total
system. The system was compressed to the proper density, but
in this caseattractive interactions were turned on from the
beginning

If the systems were truly equilibrated, then, the final results
would not depend on the starting state. However, we find that,
on average, method 1 systems show plateaus in the stress ACF,
while method 2 systems do not (Figure 8a). This provides direct
evidence that the systems do not equilibrate, even after very
long run times (in excess of 500 000). A comparison of the
particle—particle radial distribution functions shows that the
particle configuration is essentially the same for both methods
(Figure 8b). This result implies that differences in network
structure are responsible for the different relaxation behavior.
To quantify this difference, we calculate the number of network
structures, (i.e., bridges, loops, dangles, and trains) in static
%napshots of the system and average them over the simulation
runs. We also count the number of chains participating in these

. " network structures. This is important because the far field nature
significantly from those exhibited by a neat melt. We make the P

. . . O e of polymer immobilization by the particles is related to the
conjecture that this change in physics is primarily a CONSEAUENCE o ction of chains that have segments adsorbed on the particle
of “jamming” of the particles. It is known that, for well-dis-

persed spheres, the jamming due to percolation ogcurs at volumefurfaces' These two quantities are plotted in Figure 8c,d. These
) . ’ . . esults show that method 1 consistently has a higher number of
fractions higher than-0.30#¢ For this level of particle-polymer y 9

. . . ._structures as well as a higher number of chains involved in
attraction, each spherical particle has one or two layers of cha|nstructures

monomers closely associated with it. If we assume that there is —_— . ,

only one monolayer associated with each particle, then the 3-4.5. A Study of “Toy” System3he previously discussed
effective volume fraction is increased go= 0.425, which is simulations have shown that melt structure plays an essential
clearly above the percolation threshold. This solidlike behavior "0l€ in reinforcement. However, we are unable to isolate the
also manifests itself in the MSD of the particles, showing contribution from each type of structure in these systems, and

essentially complete localization. This particle jamming rein- W€ are also unable to determine whether there is a critical
forcement is consistent with the experimentally based conjec- threshold of structure below which reinforcement does not occur.

0° " . S

10° 10" 10* 10° 10* 10°

Time (t*)

Figure 7. Stress ACF of filled systems with smooth particles and chains
of length 20, plotted after vertical shifting to superpose the filled systems
onto the neat melt data at short timgs= 0.17 (dot).¢ = 0.25 (dash),
neatN = 20 (solid). At the highest volume fraction of 0.25 a plateau
is seen, apparently due to jamming [shift factors:¢p850.17), 32 ¢
= 0.25)].

= 20) at higher loadings¢( = 0.17 and 0.25). In this system
the particles are smooth, and the partig®lymer interactions

are long-ranged with a strong attractive wdék. (& 2.5, w =

5.0). The stress ACF for both volume fractions is plotted in
Figure 7. Both systems show an increase in the stress ACF for
all times. A vertical shift was used to superpose the results for
@ = 0.17 onto the neat melt curve. This indicates that the part-
icles are causing a uniform increase in the Rouse mode
relaxation times, just as in the previous results for long chains
and smooth particles. However, the= 0.25 data cannot be
readily superposed onto the neat melt data. In addition, the stres
ACF does not decay within run times, indicating solidlike be-
havior. This is evidence for relaxation processes that differ

tures of Wang et al® and the simulations of Ganesan ef@l.
In our search for particlepolymer network-based reinforce-

To improve our understanding of the role played by network
structure, we have performed a set of simulations using

ment we next considered the case of rough particles with short-telechelic chains, i.e., involving attractive interactions only

range R. = 1.5) attractive polymetparticle interactions and

between the chains ends and the “rough” particles. These

chain lengthN = 80. The stress response of systems at three attractions follow the same LJ potential used earlier, i.e., a cutoff

different particle loadings for strongly attractivev (= 5.1)

of 1.5. Further, we randomly selected chains which can only

interactions are plotted in Figure 6¢,d. As volume fraction is form bridges between different particles, loops to the same

decreased, the upward renormalization of Rouse relaxation timesParticle, or are dangling chains with only one end attached to a
is less pronounced because a greater fraction of the matrix is inSurface. The fraction of chains that participate in these different
the bulk region. At long times, a prominent plateau is evident, network structures are varied in a series of simulations. We are

indicating that there is a separation in both the spatial and time thus able to systematically examine the role of these different
scales of the interfacial and bulk regions. network components in the.remforc.ement. A typical system has
However, this effect is not as simple as it might first appear 30 chains oN = 80 and 4 filler particles. We have found that
to be. In several of the runs with this set of parameters the the particles agglomerate if just the chain ends are attracted to
reinforcement was observed at a much smaller level or, in somethe particle surface, while the rest of the monorridrer
cases, not at all. This implies that nonequilibrium effects are at interactions are repulsive. To prevent this clustering, the
play. remaining monomers are made weakly attractive to the fillers,
3.4.4. Nonequilibrium EffectThe nonequilibrium reinforce- ~ Usingw = 0.06 with a cutoff of 1.5.
ment effects that we observe appear to be a consequence of The stress autocorrelation function is plotted in Figure 9a.
long-lived structures, dependent on system preparation. ToReinforcement is observed in all cases, but the presence of
understand how this occurs, we must examine the systemdangles alone does not yield a plateau in the stress modulus.
preparation in detail. Loops can lead to a plateau, suggesting that they can form
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rise to more solidification than the loops. However, a minimum
number must exist for reinforcement.

3.5. Discussionlt is readily apparent that both a transient
polymer network and also particle agglomeration can play
important roles in yielding the reinforcement behavior that is
of interest. Several of our results point to the fact that the
specifics of the system considered play a role in determining
the relative importance of these two effects.

First, we focus on the role of the interaction between the
polymer and particles. As we have stressed, two criteria must
be met before a partictepolymer transient network can lead
to reinforcement: (i) the interactions must be short-ranged so
that the interfacial zone occupies significantly less volume than
the bulk region, and (ii) the partictgpolymer interactions must
be strong enough that parts of the polymer chains are essentially
immobilized for long periods of time compared to the observa-
tion time. Once these two conditions are satisfied, the interfacial
Figure 8. (a) Stress ACF compared for systems prepared by method and bulk regions will be both spatially and temporally distinct,
1 (M1) and method 2 (M2): M1 (dash), M2 (dot), néat= 80 (solid). and we will observe two characteristic relaxation times. If a

System isp = 0.045 andv = 5.1, withR; = 1.5. (b) Particle-particle ;
radial distribution function: M1 (filled squares), M2 (open circles). melt structure is present that couples the locally adsorbed

(c) Average number of network structures (dangles, loops, bridges, ang™onomer dynamics to longer-scale chain dynamics, then
trains, D, L, B, and T): M1 (inclined stripes), M2 (vertical stripes). network-like polymer-driven reinforcement is observed. Systems

(d) Average number of chains involved in network structures: M1 that do not satisfy these two requirements can only show a
(inclined stripes), M2 (vertical stripes). uniform shift in relaxation times or yield reinforcement that is
dominated by particle agglomeration. If the interactions are not
trapped “entanglements” presumably if long enough. Short100ps strong enough, then the interfacial polymer can desorb and be
are expected to act more like brushes and give no reinforce- replaced by bulk polymer. In both of these cases all of the
ment?’ The bridge systems display the most prominent plateau. polymer chains sample both regions during the course of the
In order to see how the number of free chains in the system simulations, and a uniform shift in relaxation times is observed.
affects the stress response, we took the bridges-only structureThe relaxation spectrum is also uniformly shifted in the case
and cut a number of chains in half: these cut chains thus only of long-range interactions where the bulk polymer is slowed at
form dangles. We analyzed systems with 12 and 24 cut chains.the same rate as the interfacial polymer. These results, of course,
The stress autocorrelation function is plotted in Figure 9b; the point strongly to the importance of system specifics. Namely,
reinforcement of the systems drops with increasing number of the type of polymerparticle interactions and the particle
free chains in the system. There is no reinforcement in the volume fraction determine the mechanical properties of the
system with just 6 bridges. We thus conclude that both bridges nanocomposites. Perhaps, even more saliently, they stress the
and loops can provide reinforcement, with the bridges giving crucial role of processing, especially since systems that are
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significantly reinforcing are essentially glasslike in their re- Nomenclature
sponse’® While we have made no attempt to extend our
simulation methods to assist the equilibration of these systems
e.g., through the use of parallel tempering metHSdshey
essentially point to the fact that th_e |n|t|a_l state of the polymer reduced temperatureT* = kg Tle
network determines the mechanical reinforcement observed. .y ced density;p* = 0.85= po®
Similarly, we expect that the initial state of particle agglomera- reduced viscosity* = no3/e
tion must also play a corresponding role. _ reduced stress correlations, = oy(0%e)
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