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ABSTRACT: The results of realistic computer simulations of dense polymer melts filled with solid
nanoparticles are compared with results obtained for similar systems near planar solid surfaces and
with those of Monte Carlo calculations performed for single chains in the presence of spherical solid
obstacles. The polymer units at the interface with the filler particles are arranged in densely packed and
ordered shells analogous to those found near planar solid surfaces. The polymer chains, reduced in size
compared to the unfilled melt, are constituted of sequences of surface segments, totally contained in the
interface shell of a given particle, and of bridge segments, connecting different particles. Each chain
visits the interface shell of several filler particles, and each particle is in contact with many different
polymer chains, such that the filler particles behave as highly functional physical cross-links.

Introduction

Understanding the interface between polymer melts
and solids is of fundamental importance in all practical
applications where the properties of interest of polymer-
based materials are primarily regulated by the presence
of solid components. This is the case, for instance, of
industrially important systems such as composites,
lubricant films, adhesives, etc. Therefore, the polymer/
solid interface has been the subject of several simulation
studies in recent years (for a recent, comprehensive
review, see ref 1). Monte Carlo (MC) and Molecular
Dynamics (MD) simulations performed for various
model polymers near planar solid surfaces indicate that
molecular arrangements, conformations and dynamics
of the polymer are strongly perturbed with respect to
the isotropic bulk.22 In particular, it is found that (a)
the chain segments in contact with the surfaces are
arranged in densely packed and ordered layers, and this
perturbation of density and order extends into the liquid
two or three times the transverse diameter of the chains;
(b) the chain conformation is perturbed to a scale length
on the order of the root-mean-square (rms) radius of
gyration of the polymer, and chains with center of mass
at a distance from the surface less than the unperturbed
rms radius of gyration are flattened against the planar
surfaces like pancakes and present a substantial frac-
tion of trains of units running in the first densely packed
layer; (c) the component of the apparent diffusivity
perpendicular to the surfaces is substantially smaller
for chains in contact with the surfaces than for bulk
chains, while the parallel components are slightly
higher than in the bulk?® or are practically unchanged.?

A technologically important process where the polymer/
solid interface plays a major role is the reinforcement
of elastomers with solid fillers, giving extensively
utilized composite materials with enhanced mechanical
properties.® In the acceptable hypothesis that the poly-
mer/solid interface is not substantially changed in the
cross-linking step, this interface can be studied by
simulating filled polymer melts. When the filler par-
ticles are large spheres with volume fraction small
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enough to ensure that each polymer chain be in contact
with the surface of a single particle at most, the
molecular arrangements and conformations are obvi-
ously expected to be similar to those found in the
proximity of planar solid surfaces.>? However, with filler
particles of 10—100 nm diameter at a volume fraction
on the order of 30%, as in most real systems, the surface
shells of adjacent particles can be partly superimposed
and each chain is likely to visit the surface shells of
several particles. For instance, it may be easily checked
with simple Monte Carlo calculations that in a random
system of hard spheres of 30 nm diameter at a volume
fraction 30%, the average distance of a sphere surface
from the closest neighbor surface is as short as 1.6 nm.
The resulting overall picture of the molecular organiza-
tion in these composite systems is therefore quite
different from that near a single planar surface.

This paper presents the results of realistic computer
simulations of a dense polymer melt containing solid
nanoparticles. These are compared with results obtained
for similar dense systems near planar solid surfaces?
and with those of Monte Carlo calculations performed
for single chains in the presence of spherical solid
obstacles.*

Models and Methods

The systems simulated in this work consist of three dimen-
sionally periodic arrays of cubic cells containing N, polymer
chains and Ny filler particles. The chains are modeled as
unbranched sequences of 100 isodiametric units connected by
links of length o (i.e., o coincides with the transverse diameter
of the polymer chains), while the filler particles are modeled
as spherical entities with diameter or (Figure 1). The composi-
tion of the simulated systems is shown in Table 1 (systems
Miea and Myeb differ only for the initial placement of the filler
particles; see later). For all systems, (a) the isodiametric units
interact through a 12—6 Lennard-Jones potential E,, = ¢[(o/
rw)*? — 2(ofry)®], where ry, is the distance between the
interacting units; the minimum distance allowed between
units is ryumin = 0.700; (b) the filler particles interact with the
isodiametric units through the potential Ey = e[(o/ryf)'2 — 2(o!
ru)®], where ry is the distance of the given unit from the surface
of the particle and rysmin = 0.700; (C) the filler particles interact
with other filler particles through the potential E = ¢[(o/r#)*?
— 2(olry)®], where r is the distance between the surfaces of
the two interacting particles and rgmin = 0.700; (d) the
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Figure 1. Model polymer segments and filler particles and
definition of symbols.

Table 1. Composition of the Simulated Systems (Np =
Number of Polymer Chains of 100 Units; Nt = Number of
Spherical Filler Particles; or = Diameter of the Particles;

@ = Volume Fraction of Filler)

system cell edge Np Nt ot @
Mo 400 640 0 0
Mio 400 409 34 100 0.36
Maisa 400 409 9 160 0.36
Magb 400 409 9 160 0.36

distribution of angles between consecutive links in the same
chain is regulated by a bending potential of the form E(0) =
(H2)keb?.

All interactions are truncated at a distance 20, where they
are practically negligible. Calculations have been performed
with ¢/RT = 0.125 and ko/RT = 1.00 rad~2. If the chain units
are considered to be polymethylene isodiametric units (3.5
CHy, 0 = 0.45 nm, see ref 5), a force field with these values in
Ew and E(0) has been shown® to lead to models approximating
quite well conformational distribution and packing in polym-
ethylene melts.

System Mo (Table 1), containing no filler particles, repre-
sents the reference polymer melt, constituted by chains that
would correspond in the polymethylene case to 350 CH,
groups, with approximate density 890 kg/m?3. This system has
been initialized by placing the 640 molecules in the base cell
at random in such a way that the distance between any two
units is not smaller than ry,min. The system has been then
equilibrated in the canonical (NVT) ensemble by Monte Carlo
methods, using the reptation technique. At each step, a new
isodiametric unit was added to a randomly chosen chain end
(the newly generated bond angle being selected according to
the distribution dictated by the value of ky/RT), while the unit
at the opposite end of the same chain was deleted. The trial
configuration was immediately rejected when the new unit was
closer than ru,min to any other unit; otherwise, the total energy
change was evaluated and the new configuration was accepted
or rejected according to the outcome of a standard Boltzmann
test.

System Mo simulates the behavior of the reference polymer
melt in the presence of filler particles with diameter smaller
than twice the root-mean-square radius of gyration of the
chains (~6.50, see later). A total of 34 particles with o = 100
have been initially placed at random in the base cell in such
a way that the minimum distance of their surfaces was not
smaller than rgmin. Since the first layer of chain units in
contact with the filler surfaces is expected to be found at rys ~
o, the effective diameter of the filler particles is close to 110
and the volume fraction occupied by the filler (¢ in Table 1)
can be estimated to be on the order of 0.36. As a consequence,
the number of polymer chains was reduced to 409. The chains
have been added as before, with the additional condition that
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the minimum distance between polymer units and filler
surfaces was not smaller than rysmin. The system has been then
equilibrated using reptation for the chains and local displace-
ments for the filler particles. In the first case, the mechanism
was identical to that described for the My system, with the
additional constraint that the trial configuration was rejected
when the new terminal unit was closer than rysmin to the
surface of a filler particle. In the second case, the center of a
randomly selected particle was reallocated at random inside
a sphere of radius 0.20. After checking that no distances
smaller than the minimum allowed values were generated in
the process, the new position of the particle was accepted or
rejected on the basis of a Boltzmann test. The same methods
were utilized to initialize and equilibrate systems Mjsa and
Migb (Table 1), each containing in the base cell nine filler
particles with or = 160 (effective diameter ~170, ¢ ~ 0.36 as
in system Myp), that is with diameter greater than twice the
rms gyration radius of the chains.

In the case of the filled systems, a MC cycle is defined to
consists of 5 x 108 attempted reptation moves and 5 x 10°
randomly distributed attempted filler displacements. Ap-
proximately 1.0 x 107 (2.0%) and 1.2 x 107 (2.4%) reptation
moves were accepted per cycle in the My system and in the
Mie systems, respectively, while the fraction of accepted filler
displacements was 9.4% in the My, system and 6.4% in the
Mie systems. Since the number of chains in the Mg system is
1.5 times higher than in the filled systems, a MC cycle has
been defined in this case to consist of 7.5 x 10® attempted
reptation moves, with approximately 2.3 x 107 attempts
accepted (3.1%). Each calculation has been performed on a
dedicated PC equipped with a 450 MHz Pentium Il processor,
a cycle taking approximately 7 h for the filled systems and 9
h for the Mo system. As far as efficiency is concerned, the
reptation technique is found to be very efficient for the Mg
system, in which all units are displaced in 10 cycles (i.e., no
units are left having the same coordinates of any unit of the
same chain before the 10 cycles), with more than 95% of the
units displaced in five cycles. Because of the presence of the
filler, the efficiency is diminished in the Mg systems, where
95% of the units are displaced in 10 cycles and only 81% in
five cycles. Reptation is even less efficient in the Mo system,
where it takes five cycles to displace 62% of the units and 10
cycles to displace 81%. On the other hand, although the
fraction of accepted filler displacements was quite high in all
cases, the size of the particles is such that their mean square
displacement in five cycles is as low as 0.002¢2 in the My
system and even smaller in the Mis systems. In other words,
the filler particles are practically frozen in their initial
positions. It is concluded that the methods utilized in the
present calculations are intrinsically unable to investigate the
equilibrium behavior of the filler particles. Considering that
the purpose of this paper is to study the behavior of the
polymer in the presence of the filler, this is probably not a
severe problem for the My system, where the number of
particles is high enough so that chain segments can experience
several different local situations, representative of those found
in bigger systems. However, the results obtained with only
nine particles in the base cell may depend on the particular
arrangement assumed by these particles. Hence, two systems
with the same composition have been independently initialized
and equilibrated in this case (Misa and Maigh, respectively).
The results of these two calculations, showing minor and
scarcely significant differences only in the case of the chain
dimensions, have been averaged in the following section.

Starting from the initial configuration, the equilibration
process has been followed by monitoring various properties,
such as the radial distribution function of the polymer units
with respect to other polymer units or to the filler particles,
the mean square end to end distance and the mean square
radius of gyration of the polymer chains, etc. It was observed
that all the properties of interest reach a stationary value after
20 cycles for the Mo system and after approximately 40 cycles
in the other cases. The statistical samples utilized for evaluat-
ing the average values reported in the following section for
the various properties consist of 40 configurations obtained
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Figure 2. Radial distribution function of the polymer units
with respect to the filler particles (p, full symbols, left scale)
and the volume fraction of spherical shells not occupied by
filler particles (f,, open symbols, right scale) for cells of edge
400 as a function of the distance r of the shell from the center
of a filler particle.

at the end of cycles 51-90 for the My system, and of 50
configurations obtained at the end of alternate cycles from 52
to 150 for the filled systems. Calculations were long enough
that segments of adjacent chains could exchange their position
several times during the sampling cycles. Hence, one can
confidently assume that averages obtained from these MC
samples are representative of the equilibrium state of the
polymer in the systems under study. In the following section,
standard errors of the averages are explicitly indicated when
appropriate. In the plots, standard errors are comparable to
the vertical size of the data markers, or smaller.

Results and Discussion

The Filler/Polymer Interface: Packing of the
Chain Units. Adding filler particles to a polymer melt
is expected to modify molecular arrangements and
conformations of the polymer chains on a global scale,
and those of shorter segments of the polymer chains on
a more local scale. In particular, as found for polymer
melts near planar solid surfaces, chain units in contact
with the spherical filler particles are expected to be
arranged in densely packed shells. Figure 2 shows (full
symbols, left scale) the radial distribution function, p =
prlpa, Of the polymer units with respect to the filler
particles for systems Mjo and Mss. pr has been calculated
as the average number of polymer units found in a
spherical shell at a distance between r — 0.050 and r +
0.050 from the center of a filler particle, divided by the
volume of this shell. Therefore, for large values of r, pr
is expected to be coincident with the average density of
polymer units in the simulated systems, p, (= 0.640573),
such that p = 1. Starting from the surface of a filler
particle, p shows at least three well-developed maxima
separated by two intervening minima, the distance
between consecutive maxima or minima being ap-
proximately 0.80. Not unexpectedly, this behavior is
qualitatively similar to the corresponding behavior
found in a previous investigation of a polymer melt near
planar solid surfaces.? The differences observed in the
intensity of the maxima (much higher here than in ref
2), are simply due to the fact that the polymer is
obviously confined in the regions of the simulated
systems not occupied by the filler, where its average
density is coincident with the density in the reference
polymer melt (system Mp). On the other hand, the
overall behavior of the p curves in Figure 2 is quite
peculiar, since the curve for the Mjg systems shows a
monotonic decrease following the initial series of maxima
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Figure 3. Volume fraction of spherical shells not occupied

by filler particles, f,, for cells of edge 80s as a function of the
distance r of the shell from the center of a filler particle.
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and minima, while the curve for the Mjo system shows
at first a similar decrease and then a broad minimum
centered around r = 140. Also, the value of p, for r =
200 is seen to be approximately equal to the expected
value 0.64073 (i.e., p ~ 1) for the My system, but is
substantially lower for the Mg systems. For comparison,
curves of p for polymer melts in contact with planar solid
surfaces show only the initial series of maxima and
minima, these oscillations being rapidly damped such
that the value of p becomes equal to unity at relatively
short distances from the surface (<50).2

One could suspect that the peculiar behavior of p
revealed in Figure 2 is related to the particular ar-
rangements assumed by the filler particles in the three
performed simulations, such that repeating the simula-
tions with different arrangements would lead to differ-
ent results. Figure 3, plotting the volume fraction f, of
spherical shells not occupied by filler particles as a
function of r, clarifies that this is not the case. The f,
curves have been obtained by simulating a very large
number of configurations of a base cell of edge 80¢
containing 272 spherical particles in the case of the Mg
system and 72 such particles in the case of the Mjs
system, respectively. To evaluate f,, after introducing
the filler particles with the methods already described,
these have been assumed to be hard spheres with
diameter of + 1.60. The two curves shown in Figure 3
are practically coincident, when properly scaled. The
fraction of empty volume is obviously very high near
the surface of a filler particle. It shows then a decrease
up to a minimum located at approximately 1.40%, fol-
lowed by a maximum around 1.80¢. Since the f, curves
have been obtained for random distributions of filler
particles at the given density, it is concluded that the
similar behavior shown by p in Figure 2 is not related
to the particular arrangements assumed by the particles
in the systems investigated in this work but is a general
feature of these filled systems. In other words, when
the distribution of the space left empty by the filler
particles is properly taken into account, the behavior
of p is seen to be both qualitatively and quantitatively
very similar to the behavior observed in polymer melts
near planar solid surfaces.

Figure 3 requires a further comment. In fact, for all
filled systems, f, reaches the featureless asymptotic
limit at distances much higher than the value 200
corresponding to half the edge of the base cell utilized
in the simulations. In other words, when the cell edge
is 400, the distribution of the filler particles could be
not identical to the limiting distribution expected for
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Figure 4. Order parameter of chain segments comprising five
consecutive units (s; for a definition, see text) as a function of
the distance of their center of mass from the center of the
closest filler particle.

much larger systems. Therefore, one could speculate
that the base cells utilized in the simulations are too
small to be truly representative of infinite systems and
that the results reported in this section may be affected
by the imposed fictitious periodicity. To clarify this
point, the calculation of f, has been also performed with
the same methods for smaller cells of edge 400. The
resulting curves, shown in Figure 2 (open symbols, right
scale), are practically indistinguishable up to r = 200
from those shown in Figure 3. It is concluded that the
influence of the 400 periodicity imposed in the simula-
tions of the Mjp and Mjs systems is negligible for
properties with characteristic length shorter than 20c.
On the other hand, simulating larger base cells would
require equilibrating systems containing an extremely
large number of polymer units (more than 325 000 for
a cell edge 800). Although calculations of this Kind are
not unfeasible today, the computer time required for the
equilibration and sampling would be in the latter case
at least eight times higher. Since the molecular ar-
rangements and conformations of the polymer molecules
are likely to be very well approximated in the 400 base
cells adopted in this work, simulating such exceptionally
large systems is not worth the effort.

The Filler/Polymer Interface: Order Param-
eters of the Chain Segments. Figure 2 evidences that
the interface between filler particles and polymer melt
is characterized by the presence of several consecutive
high density layers of polymer units, separated by layers
with lower density. Such high densities, specially high
in the first layer, are necessarily associated with ori-
entational correlations among spatially neighboring
chain segments and/or among these segments and the
surface of the filler particles. This is shown in Figure
4, plotting the order parameter of chain segments
comprising five consecutive units as a function of the
distance of their center of mass from the closest filler
particle. The order parameter, s, is defined to be (3[dos?z0
—1)/2, with 7 the angle between the end-to-end vector
of a segment (i.e., the vector from unit i to uniti + 4 of
the same chain) and the vector radius of the filler
particle through the center of mass of the segment; s is
1 for segments perfectly aligned along the vector radius,
0 for random disorder, and —0.5 for segments aligned
perpendicular to the vector radius, respectively. Figure
4 indicates that segments in contact with the filler tend
to run mainly parallel to the filler surface. Of course,
the value of s for segments with center of mass at less
than o from the surfaces is negative for obvious geo-
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Figure 5. Mean square displacement of the center of mass
of the chains as a function of the number of Monte Carlo cycles.

metrical reasons. However, the average value found for
s in the first high-density layers, i.e., for distances of
the segments from the filler surface less than 1.5—2¢,
is very low, indicating in all cases a strong additional
tendency of chain segments in contact with the filler
particles to run parallel to their surfaces. It is interest-
ing to note that the behavior of the order parameter at
high values of r is somehow opposite to that observed
for p in Figure 2. In particular, s shows a monotonic
increase from r = 110 to r = 200 in the case of the M1
systems, while a broad maximum is found for r between
8o and 140 for the Mo system, followed by a barely
discernible minimum in the 15—180 region. By analogy
with the results shown in Figures 2 and 3, it is likely
that the curve for the M systems would show a
behavior similar to that for the M;o system, if extended
to distances higher than 200. Features of this kind are
not observed for polymer melts near planar solid
surfaces, where the orientational distribution of the
chain segments becomes isotropic at less than 5¢ from
the surfaces.? Even after a detailed exam, they cannot
be explained on the basis of single and well-defined
effects. For instance, approximately 50% of the chain
segments giving a high positive contribution (>0.5) to
the order parameter at r between 8o and 140 for the
M1 system belong to chains that are not in contact with
the given particle. Therefore, these features appear to
be related to the general topology of filled systems
having particle size and density comparable to those
simulated here.

Mobility of the Polymer Chains. Since the filler
particles are practically frozen in their initial positions
and since the polymer segments in contact with their
surfaces are well packed and ordered, the filler particles
can be considered equivalent to highly functional physi-
cal cross-links. At variance with chemical cross-links,
where the polymer chains are linked by chemically
stable bonds, these physical cross-links cannot prohibit
the diffusion of the polymer chains. However, even in
the absence of strong attractive interactions between
filler and polymer, they can slow considerably the
diffusion in filled polymer melts. Figure 5 plots the
mean square displacement of the center of mass of the
chains as a function of the number of Monte Carlo cycles
for all simulated systems. It is seen that the diffusion
coefficient is strongly reduced in the presence of filler,
being in the M6 systems approximately half and in the
Mjo system five times smaller than in the unfilled melt.
Hence, for a given volume fraction of filler, smaller
particles are more efficient in reducing the mobility of
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Figure 6. Plot of Ry,?/no? vs n, with R,2 the mean square
distance of units belonging to the same chain and separated
by n links.

the polymer chains (for an explanation, see the end of
this section). However, one obviously expects that upon
decreasing more and more the size of the particles, the
diffusion coefficient passes through a minimum and
then increases up to the point where the diameter of
the particles is on the order of o.

Conformational Distribution of the Polymer
Chains. The presence of the filler particles also modifies
the conformational distribution of the polymer chains
with respect to the unfilled melt. This is shown in Figure
6, plotting for all systems simulated in this work the
values of R,%/nc? vs n, with R,2 the mean square
distance of units belonging to the same chain and
separated by n links. The curve for the Mg system is in
excellent agreement with the results of previous simula-
tions.2 In particular, Rp?/ng? with n = 99 is found for
this system to be equal to 2.62 + 0.02, slightly higher
(as expected) than the corresponding value 2.57 + 0.02
obtained for shorter chains of 50 units in ref 2. If the
model units are assumed to correspond to polymethyl-
ene isodiametric units (3.5 CHy, 0 = 0.45 nm, lc_¢c =
0.154 nm) and the centers of units 1 and 100 of the
model chains are considered to be separated by 345 C—-C
bonds, the characteristic ratio of the simulated polymer
would be approximately 6.4. Figure 6 also shows that
the mean square end-to-end distance in the presence of
filler is always smaller than in the unperturbed melt.
In particular, Ry?/no? with n = 99 is 2.46 £+ 0.02 and
2.42 £+ 0.02 for the Myp and Mg systems, respectively.
It is worth noting that the mean square radius of
gyration follows exactly the same trend, being 42.42 +
0.2402 for the My system, 40.20 £ 0.2202 for the My
system and 40.01 + 0.21¢? for the Mg systems, respec-
tively. Therefore, the ratio of the mean square end-to-
end distance to the mean square radius of gyration is
always very close to the value 6 expected for Gaussian
coils. Last, it is seen that the dimensions of the chains
are reduced with respect to the unfilled melt both on
the global and on the local scale, in the sense that also
chain segments consisting of 10—20 links are on the
average shorter than the corresponding segments in the
unfilled melt.

A decrease of chain dimensions in the neighborhood
of relatively large particles was not unexpected, since
the same behavior has been observed in ref 2 for similar
chains with center of mass close to planar solid surfaces.
Such a decrease has been also predicted theoretically,*”
and found in recent SANS experiments® on filled
polymer melts with particles having approximately the
same size of the polymer molecules. In particular, it is
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interesting to compare the results reported in this
section with those obtained by Yuan et al.# from Monte
Carlo calculations on single poly(dimethylsiloxane)
(PDMS) chains generated in the presence of fixed
impenetrable spherical obstacles. With due care to the
obvious differences, some of the systems studied in ref
4 can be considered analogous to those simulated in the
present work. For instance, the unperturbed character-
istic ratio of the PDMS chains of 200 skeletal bonds
studied in ref 4 was 6.4 (at 400 K), coincidentally equal
to the value calculated for the chains simulated in the
present work by assuming polymethylene isodiametric
units (see before). Keeping on with this assumption (i.e.,
taking ¢ = 0.45 nm), the rms radius of gyration of the
chains simulated here would correspond to 2.8 nm, with
the radius of the spherical particles close to 2.5 nm for
the My system and to 3.8 nm for the Mjg systems. For
comparison, the rms radius of gyration of the PDMS
chains was approximately 2.4 nm, while the radius of
the spherical obstacles was 2.0 and 4.0 nm. It is then
seen that in both calculations the spherical particles are
slightly smaller than the chains in one case, and much
bigger in the other case. The calculations of ref 4
indicate an opposite trend in these two cases. That is,
the dimensions of the chains were found to increase
quite strongly with increasing volume fraction of the
filler when the radius of the particles was 2.0 nm, and
to decrease when this radius was 4.0 nm. As shown in
Figure 6, this is in contrast with the results of the
present simulations, always indicating a decrease of
chain dimensions in the presence of filler. The origin of
this discrepancy may be related to a number of different
factors. First of all, the range of filler volume fraction
examined in ref 4 for particles with radius 2.0 nm had
to be restricted to 0—7.5%, because the method used for
sampling the configuration space was inadequate at
higher filler content. Since the volume fraction of the
filler is as high as 36% in the systems simulated here,
one can still make the hypothesis that, increasing the
filler content, the initial rise of the chain dimensions is
followed by a maximum and then by a subsequent
decrease (a behavior of this kind is indicated by the
SANS experiments of ref 8). On the other hand, the
overall setup of the calculations performed in ref 4 is
quite peculiar, since for computational convenience the
chain was started at the center of a spherical cavity with
radius at least equal to the radius of the spherical
obstacles, giving rise to a situation infrequent in real
systems, specially with small filler particles at high
volume fractions. It is apparent that single chain
calculations of this kind could be better performed in
the framework of a reptation scheme, allowing one to
sample efficiently systems with much higher filler
volume fraction and with filler particles distributed
completely at random. However, these calculations
would be scarcely beneficial, not only because they are
intrinsically unable to take into account the packing
effects evidenced in Figure 2 but also because it is well-
known that in dilute polymer solutions the polymer
chains tend to avoid solid surfaces.®° Therefore, prop-
erties deduced from single chain calculations may be
strongly different from those in systems where the
polymer has the proper density.

Topology of the Simulated Systems. Figure 7 is
a partial snapshot of a configuration of system Mjgb at
thermal equilibrium. The size of the filler particles (with
the exception of the one in the lower right corner) has
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Figure 7. Partial snapshot of a configuration of the Mgh
system at thermal equilibrium. The size of the filler particles
(except the one in the lower right corner) has been reduced;
chain units in white are at a distance from the surface of a
filler particle less than 2o.

been reduced in order to show the spatial arrangements
of some selected chains (chosen to avoid superimposi-
tions in the figure) with respect to the particles. The
chain units in white are at a distance from the surface
of a filler particle less than 2¢. It is seen that each chain
visits the surface of several particles, and is practically
constituted by a sequence of surface segments, i.e., chain
segments running in the surface shell of a given particle,
and bridge segments, i.e., chain segments connecting
two different particles. In the case of the Mg systems,
33% of the units are contained in these surface shells
of width 20, and the average lengths of the surface and
bridge segments are 4.5 and 11 units, respectively. One
expects that in the My system, where the particles are
smaller and more abundant, the surface segments are
possibly a little shorter, while the bridge segments are
much shorter. Also, since the overall surface of the
particles is higher, more polymer units are expected to
be in the surface shells. In fact, 51% of the units are in
the surface shells in the Mjo system, and the average
lengths of the surface and bridge segments are 3.9 and
5.4 units, respectively. For comparison, the average
length of surface segments with all units within 2o from
a planar solid surface was found to be 5.1 in ref 2. It is
also found that each chain visits on the average the
surface shell of 4.9 filler particles in the My system and
of 2.7 particles in the Mjs systems. Conversely, the
number of different chains visiting the surface shell of
a given particle is approximately 60 for the Mg system
and 120 for the Mjg systems. One can see that both
values are practically coincident with the total number
of contacts per particle (4.9Np/Nf = 59 and 2.7Np/N¢ =
123). It is also interesting to mention that in the case
of the Mjo system many units belong to the surface layer
of two or more different filler particles. In particular,
the fraction of surface units belonging to the surface
shells of two different particles turns out to be only 2%
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in the Mjs systems, while it is as high as 12% in the
Mio system, showing that the surface shells of adjacent
filler particles are largely superimposed in the latter
case. The observations that the Mjo system contains a
larger proportion of surface units, and that each chain
visits the surface shells of many more filler particles in
the Mjo system than in the My systems, are obviously
in line with the behavior of the diffusion coefficient,
much lower in the Mo system than in the Mj¢ systems
(Figure 5). Of course, all the numerical results reported
here are strictly related to those particular systems that
have been simulated. Changing the chain length, the
size of the filler particles or their density would change
most of them. More simulations are undoubtedly needed
in order to clarify in full the behavior of these complex
systems. Nonetheless, the general picture emerging
from Figure 7 and from the other results reported in
this paper represents a significant progress in this
direction.

Conclusions

Although filled polymers are utilized in several in-
dustrially important applications and have been exten-
sively investigated from the experimental point of view
in the past century, realistic computer models of filled
polymer melts with proper densities of both filler and
polymer have not been presented up to now. This is due,
at least in part, to the fact that the filler particles are
much larger than the transverse dimension of the
polymer chains. Studies of this kind, requiring the
explicit representation of a very large number of poly-
mer units, were practically unfeasible with the limited
computing power available before the last two decades.
Therefore, literature simulations have been limited to
systems in which the polymer chains are represented
as random walks on simple lattices with no multiple
occupancy of the lattice nodes.*~14 Though very useful
to clarify the general aspects of the problem, these
lattice models are obviously not well suited for inves-
tigating crucial properties such as packing and order
at the polymer/filler interface. The models utilized here
are realistic in the sense that the lattice approximation
is avoided, and that the conformational distribution of
the simulated chains is similar to that of real polymers.
The principal results of the simulations performed in
this paper, i.e., with filler particles of size comparable
to the polymer chains, may be shortly summarized as
follows: (a) The polymer units at the interface with the
filler particles are arranged in densely packed and
ordered shells analogous to the layers found near planar
solid surfaces; the thickness of these shells is ap-
proximately twice the transverse diameter of the poly-
mer chains, (b) Even in the absence of specific interac-
tions with the polymer, the filler particles behave as
highly functional physical cross-links, reducing the
overall mobility of the polymer chains with respect to
the unfilled melt; for a given volume fraction of filler,
this effect is more pronounced when the particles are
smaller. (c) The conformational distribution of the
polymer is strongly perturbed by the presence of the
filler both on the global and on the local scale; in
particular, the average dimension of chain segments
comprising more than a few units is reduced when
compared to the unfilled melt in all three simulations
performed. (d) The polymer chains can be thought as
constituted by sequences of surface segments, totally
contained in the interface shell of a given particle, and
of bridge segments, connecting different particles; each
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chain visits the interface shell of several filler particles,
and each particle is in contact with many different
polymer chains. (e) For the particular systems that have
been simulated, the fractions of polymer units in the
interface shells are 51% and 33% for the Mo and Mg
systems, respectively; in the same order, the average
lengths of surface segments are 3.9 and 4.5 units, the
average lengths of bridge segments are 5.4 and 11 units,
each chain visits on the average the surface shell of 4.9
and 2.7 filler particles, and the numbers of different
chains visiting the surface shell of a given particle are
as high as 60 and 120.

One could obviously comment that the filler particles
simulated here are relatively small and that the chains
are too short with respect to real polymer/filler systems.
Unfortunately, a base cell with only 10 spherical
particles of diameter 20 nm at a volume fraction of filler
0.3 should also contain more than 10°% polymer units.
Also, the reptation method, as well as all other known
equilibration methods, is extremely slow for dense
systems of chains longer than 100—200 units. In conclu-
sion, simulations of properly scaled systems are pres-
ently out of reach. On the other hand, increasing both
the size of the particles and the length of the polymer
chains should not change dramatically the overall
picture emerging from the present calculations. As far
as the interactions are concerned, the calculations
presented in this paper are not meant to simulate the
behavior of a specific polymer/filler system, and their
results, mainly determined by topology and entropy,
should be of general validity. For instance, the structure
and order of the interface shells and the conformations
of the polymer chains are not expected to be substan-
tially altered in the presence of (moderate) preferential
interactions between polymer and filler. The picture can
be quite different, however, when strong polymer/filler
interactions are localized in specific parts of the (co)-
polymer chains, or when the filler particles show a
pronounced tendency to self-aggregate in the melt.
Systems of this kind deserve special attention, and
should be individually simulated using appropriate
methods.
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