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ABSTRACT: The influence of blending polyhedral oligomeric silsesquioxane substituted with cyclopentyl
rings (CpPOSS) into a polyethylene (PE) matrix was probed using atomistic simulations. Composites of
5, 15, and 25 wt % CpPOSS were simulated. Interactions between POSS particles were found to promote
organization of POSS within the polymer, where clear signs of aggregation were observed. Both particle
and polymer dynamics were monitored. Particular attention was given to the structure and dynamics of
the interface between particle and polymer. The interface was found to consist of a 3-5 Å thick shell in
which the structure of the matrix was altered from that of the bulk. In this region, the local polymer
backbone orientation is biased toward a configuration parallel to the particle surface. Dynamically, the
interface consists of a thick shell about 11 Å thick in which polymer mobility is damped in the direction
normal to and enhanced circumferentially to the surface of the CpPOSS particle. These results suggest
that the CpPOSS particles exert an influence on the matrix material which mimics the effects of a rigid
surface. A potential of mean force between CpPOSS particles in a polyethylene matrix at 500 K is derived
from these atomistic simulation results.

1. Introduction

Polyhedral oligomeric silsesquioxane (POSS) mol-
ecules1,2 consist of an inorganic cage of silicon and
oxygen surrounded by organic groups covalently bonded
to the silicon atoms. POSS may be incorporated into a
polymer either by chemical tethering to the polymer
backbone or by blending the particles with the polymer
matrix. POSS-tethered monomers have been success-
fully copolymerized with a wide variety of polymers
including polysiloxane,3-5 poly(methyl methacrylate),6
polynorbornene,7 polystyrene,8 polyethylene,9 and poly-
urethane.10-12 In chemically tethered POSS systems,
the incorporation of POSS into various polymers has
been linked to increases in glass transition tempera-
ture,13-15 lower viscosities,16 increased fracture tough-
ness,17 and improved thermal stability. In blends of
PMMA and acrylic polyhedral oligomeric silsesquiox-
anes, a decrease in the glass transition temperature and
melt-state linear visocelastic moduli was observed.18 The
structure of a POSS molecule with cage structure of
Si8O12 is shown in Figure 1. The organic groups can be
chosen to promote compatibility between POSS and
polymer. This paper focuses on blended composites of
cyclopentyl-substituted POSS (CpPOSS, H72C40Si8O12)
within a polyethylene (PE) matrix.

In polymer matrix composites, the POSS filler has
been found to aggregate into small crystalline do-
mains.11,19 However, the role of these domains in
determining the properties of the composite is not clear.
At issue is whether a composite morphology with
crystalline aggregates or a perfect molecular dispersion
of POSS is preferable for achieving different desired
properties. For example, experimental Fourier trans-
form infrared spectroscopy (FTIR) studies suggest that

it is not the size and rigidity of the POSS particle which
cause an increase in Tg for the matrix polymer but that
individual isolated particles serve effectively as cross-
links, thereby modifying the polymer dynamics.13 Previ-
ous attempts to model chemically tethered POSS nano-
particles have indicated that well-dispersed POSS
particles could increase the glass transition temperature
and improve mechanical properties without the pres-
ence of aggregates.20 Simulations of tethered structures
at a coarse-grained scale have shown that the linker
length and flexibility can greatly affect the properties
of the composite in these systems.21

In this paper we simulate blends of POSS in polymer,
without tethers. For a given volume fraction, as the size
of the filler is decreased and the dispersion is improved,
interfacial interactions between filler and matrix be-
come increasingly important in determining the proper-
ties of the composite. This paper focuses on the aggre-
gation behavior of the POSS in the polymer and on the
interface between nanoparticle and polymer, in an
attempt to quantify the effects of POSS on the sur-
rounding polymer matrix.

2. Simulation Details
Three systems were constructed: a 5 wt % CpPOSS/

PE composite comprising 6 CpPOSS particles and 158
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Figure 1. (a) Schematic of the silicate cage (R8Si8O12). (b)
Schematic of the cyclopentyl (C5H9) R groups used in this
study.

6700 Macromolecules 2005, 38, 6700-6709

10.1021/ma050380e CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/29/2005



pentacontane (C50H102) chains, a 15 wt % CpPOSS/PE
composite comprising 20 CpPOSS particles and 158
pentacontane chains, and a 25 wt % CpPOSS/PE system
comprising 60 CpPOSS particles and 167 pentacontane
chains. The pentacontane chains were used as models
for polyethylene, referred to hereafter as PE for simplic-
ity. The POSS particles and PE were modeled using an
explicit atom force field developed by Sun et al.22-24 The
force field was initially developed for use with polysi-
loxane and alkanes, but lattice dynamics calculations
of crystal structure and normal mode vibrational fre-
quencies indicate that this force field captures both the
intramolecular bonding and intermolecular packing of
CpPOSS.25 The functional form of this force field is given
by

where b is a bond length, θ is a bond angle, φ is a torsion
angle, rij is the distance between atoms i and j, and qi
is the charge on atom i which is calculated using bond
increments δij. This potential accounts for both inter-
molecular and intramolecular interactions. The force
field parameters used within this work are taken from
Sun et al.22-24

The silicate cage of the POSS particles used in this
work is relatively rigid with a cubelike shape having
an edge length (Si to Si distance) of 3.16 Å. The length
of the cube’s edge increases to 7.45 Å when the excluded
volume of the constituent atoms is taken into account.
The radius of gyration of the PE, unperturbed by the
presence of the POSS particles, is estimated to be
around 10.9 Å. Monte Carlo calculations for polymer
chains that are longer than the filler show increases in
the radius of gyration with the addition of the filler.26

For a particle much larger than the radius of gyration,
the polymer might flatten near the surface of the
particle as it does near walls.27,28 In this work, the ratio
of chain size to particle size is on the order of one while
the ratio of the particle size to the constituent polymer
bead is somewhat larger.

Molecular dynamics simulations were performed us-
ing the velocity Verlet algorithm29 with an integration
time step of 1 fs. The pressure within the simulation
cell was maintained at the target value by rescaling the
volume of the cell using the approach of Berendsen et

al.30 with a barostat constant of 100 ps. The temperature
was controlled using the Berendsen thermostat with a
thermostat constant of 10 ps.

Initial structures were generated by placing POSS
particles randomly within the simulation cell. PE chains
were introduced into the system by randomly picking a
starting point for the chain and inserting additional
monomers with fixed bond lengths, fixed bond angles,
and random dihedral angles, with an acceptance criteria
based on the energy of the inserted molecule. The
system was then equilibrated using a Metropolis Monte
Carlo algorithm31 with single atom displacement moves
applied to all atoms and reptation moves and concerted
rotation moves applied to polymer chains.

Each structure was then subjected to the following
simulation schedule: (i) 100 ps simulation at 500 K,
holding the number of atoms, volume, and temperature
constant (NVT ensemble); (ii) 5 ns simulation at 500 K,
holding the number of atoms, pressure, and temperature
constant (NPT ensemble); (iii) 2 ns simulation during
which the temperature was ramped from 500 to 300 K
in steps of 1 × 10-4 K every 1 fs; (iv) 10 ns at 300 K,
holding the number of atoms, stress tensor, and tem-
perature constant (NσT ensemble). In each case, the set
point pressure was atmospheric. The intent of this
protocol was to observe the behavior of the composites
at 500 and 300 K, with the cooling segment allowing
for an equilibrated structure to be constructed at 300
K. For each system, the entire schedule requires over
500 CPU hours parallelized over eight Pentium III 1.2
GHz machines. The simulation segment (i) allows the
atomic velocities to equilibrate before the simulation cell
size is allowed to fluctuate. The system densities were
0.82 ( 0.01, 0.84 ( 0.01, and 0.87 ( 0.01 g/cm3 at 500
K and 0.91 ( 0.01, 0.93 ( 0.01, and 0.96 ( 0.01 g/cm3

at 300 K for composites of 5, 15, and 25 wt %,
respectively.

In addition, simulations of CpPOSS crystals were
performed at 300 K in the NσT ensemble using the
initial structures based on X-ray crystallography per-
formed by Bassindale et al.32 These simulations used
the same algorithms and time constants as the com-
posite simulations. Results of simulations on POSS
crystals using lattice dynamics are presented else-
where.25

3. Results

The incorporation of POSS molecules within the
polymer matrix alters the material behavior at different
microstructural length scales. First, global structural
and dynamical features of the composites are presented,
indicating the degree to which particles are attracted
to one another and how mobile they are within the
composite. Second, more detailed local calculations are
presented to reveal the structural changes that occur
in the matrix material in the immediate vicinity of the
surrounding CpPOSS particles. In addition, changes in
the mobility of the surrounding matrix material are also
presented. Finally, a potential of mean force between
POSS particles embedded in a polymer matrix is derived
from the atomistic calculations.

3.1. Characterization of the Composite.
3.1.1 Aggregation. Crystallization of POSS particles
has been seen experimentally and can play an important
role in determining the properties of the final composite.
Significant aggregation increases the effective particle
size and thereby also decreases the fraction of interfacial
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material in the composite. Aggregation also alters the
effective properties of the filler inclusion. To study
aggregation within these composites, the evolution of
structure within the composite was monitored over the
time scales accessible within these simulations. Even
in simulations as short as 10 ns, changes in structure
could be observed that indicate increased ordering of
particles. Figure 2 shows snapshots of the 25 wt %
system after completing stage ii (500 K) and at the end
of stage iv (300 K). POSS particles are initially distrib-
uted randomly within the matrix at 500 K. During the
5 ns NPT simulation at 500 K, particle aggregation
occurs, but without any internal structure developing.
Upon cooling to 300 K, the particles further aggregate
within the polymer matrix, with the aggregates now
developing an identifiable internal structure.

The aggregate structure was quantified by calculating
the radial distribution function between the centers of

mass of POSS particles and all silicon atoms within the
system belonging to other POSS particles:

where rbi
P is the center of mass of POSS particle i, rbj

Si is
the position of silicon atom j, V is the volume of the
simulation cell, NSi is the number of silicon atoms in
the system, and NP is the number of POSS particles in
the system. The only silicon atoms present within the
system are located on the cage of the POSS particles.
Therefore, this function shows on average how neigh-
boring POSS particles are arranged around any given
POSS particle.

Figure 3a displays the radial distribution function at
500 K for the 15 and 25 wt % systems. The structure
exhibits only a weak, fluidlike, short-range ordering of
silicon atoms at this temperature. This indicates that
at 500 K there is no discernible coordination of the
CpPOSS particles within the systems. When the system
is cooled to 300 K (Figure 3b), the appearance of sharp
peaks in the radial distribution function indicates a
specific organization of neighboring POSS particles. The
peaks are present for distances less than 15 Å (which
is the maximum distance between silicon atoms within
nearest-neighbor POSS particles). These peaks cor-
respond to the peaks present in the radial distribution
function for a CpPOSS crystal, as also shown in Figure

Figure 2. Snapshot of (a) system after equilibration at 500
K for a 25 wt % CpPOSS/PE system with a box length of 66.9
Å and (b) system after cooling to 300 K with a box length of
64.6 Å. CpPOSS particles are dark gray, and PE chains are
thin gray lines.

Figure 3. (a) Radial distribution function, gP,A(R), of 15 and
25 wt % CpPOSS/PE composite at 500 K. The inset illustrates
the measurement of R from the center of the POSS particle.
(b) Radial distribution function, gP,A(R), of CpPOSS crystal,
15% CpPOSS/PE composite, and 25 wt % CpPOSS/PE com-
posite at 300 K.
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3b. This suggests a clear ordering of neighboring POSS
particles into the structural arrangement of the type
found in the crystal phase, wherein the organic pendant
group of each POSS is aligned with a face of the
neighboring silicon-oxygen cage. However, the simula-
tion time scale (10 ns) precludes the formation of well-
organized crystals. Instead, multiple POSS particles
align with one another in an irregular network. The
presence of crystalline domains within POSS/polymer
composites has been observed in experiments.11 The
ordered aggregates observed in these simulations are
most likely the precursors to the crystallites observed
experimentally. Unfortunately, the simulation time
scales are too short to observe the assembly of well-
formed crystallites. Data from the 5 wt % composite is
not shown in Figure 3b because the CpPOSS particles,
being more dilute in that system, did not exhibit
aggregation on the time scale of the simulation.

3.1.2. Mobility. Understanding the effects of increas-
ing CpPOSS concentration on mobility of both the
polymer and the particles is critical to understanding
how CpPOSS acts to either reinforce or, alternatively,
plasticize the matrix and alter the properties of the
composite. These effects were determined by calculating
the translational dynamics of the polymer and the
translational and rotational dynamics of the CpPOSS
particles. The translational dynamics were determined
by measuring the mean-squared displacement

of atoms within the system and using these data to
calculate a diffusion coefficient, D, for that set of atoms.
The diffusion coefficient is obtained from the limiting
behavior of the mean-squared displacement using the
familiar Einstein relation:

The mean-squared displacement of the carbon atoms
along the backbone of the polymer chain is given in
Figure 4. The calculated diffusion coefficients in Table
1 reveal that the mobility of the polymer decreases with
increasing CpPOSS concentration, at least for the data
at 500 K; the data at 300 K are within the margin of
error. The slope of the mean-squared displacement in
the log-log plot in Figure 4 is ≈0.7, which indicates that

the diffusion coefficients most probably are not repre-
sentative of Fickian diffusion for the polymer chains.
However, the calculated range of diffusion coefficients
of 5.0 × 10-6-6.5 × 10-6 cm2 s-1 at 500 K compare well
with the experimental value of 6.1 × 10-6 cm2 s-1

extrapolated from data reported by Pearson et al.33 for
C50H102 at 500 K.

To measure the translational mobility of POSS par-
ticles, the mean-squared displacement of the silicon
atoms within the system was monitored, the results of
which are given in Figure 5. The slope of the mean-
squared displacement of the silicon atoms in Figure 5
is one, indicating that motion is in the Fickian diffusion
regime in this case. The calculated diffusion coefficients
in Table 2 reveal that the diffusion of the silicon atoms
is ≈1.5 times slower than that of the polymer. Table 2
also displays a drop in mobility at 25 wt % CpPOSS.
The diffusion coefficients could not be calculated ac-
curately at 300 K due to the slow motion of the CpPOSS
particles at that temperature.

The rotational motion of the CpPOSS particles within
the composite was determined by monitoring the reori-
entation of Si-O bonds within the system. These bonds
are found only within the cage of the CpPOSS molecule,
and a change in orientation of these bonds is directly
related to the rotation of the CpPOSS cage. The auto-
correlation function of the bond vector bBi

was computed for the Si-O bonds and is shown in

Figure 4. Mean-squared displacement (MSD) of carbon atoms
in polymer at 500 and 300 K.
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Figure 5. Mean-squared displacement of silicon atoms at 500
and 300 K.

Table 1. Diffusion Coefficients (×106 D [cm2 s-1]) for
Polymer Backbone Atomsa

composition
[wt % POSS] 300 K 500 K

0 0.44(3) 6.4(1)
5 0.43(2) 6.5(1)

15 0.44(4) 6.0(1)
25 0.40(8) 5.0(3)

a The error in the last significant figure is given in parentheses.

Table 2. Diffusion Coefficients for Silicon Atoms at 500 K
and Rotational Relaxation Time for POSSa

composition
[wt % POSS]

D
(×106 [cm2 s-1]) τrot [ps]

5 4(1) 403
15 4.0(8) 453
25 3.0(1) 617

a The error in the last significant figure is given in parentheses.

BACF(t) ) 〈bi(t+τ) bi(τ)〉 (5)
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Figure 6. From exponential fits to the data in Figure 6,
the relaxation times for the composites shown in Table
2 were obtained. The rotational relaxation time in-
creases by 50% as the concentration of CpPOSS is
increased from 5 wt % to 25 wt %.

The decrease in the mobility of the POSS particles
with increasing concentration, in particular as the
concentration is increased from 15 wt % to 25 wt %, may
be due to the same attractive interactions between
particles that leads to the aggregation discussed earlier.
At 5 wt %, these attractions appear to be sufficiently
minor that the POSS particles may be deemed dilute
and noninteracting.

3.2. Characterization of the Interface. Because
the silicon-oxygen cages of the POSS molecules are
relatively rigid, the interfacial region can be clearly
identified with the organic component immediately
adjacent to the cage. This includes both matrix polymer
and pendant R groups of the POSS molecules. Here we
define interfacial material to be the region of matrix
material adjacent to the CpPOSS particle where the
structure and/or properties differ from those of the bulk
matrix material. Significantly, the measured thickness
of the interface depends on the particular structural
feature or the property used to define the interface. In
the following sections, the interface is characterized
using both structural (the orientational order param-
eter) and dynamical (diffusivity) measures.

3.2.1. Orientational Order within the Interface.
The alignment and organization of polymeric material
near the surface of the CpPOSS particle may have
strong effects on the rheology of the melt and on the
stiffness of the solid composite. The structure of the
polymer was determined by monitoring the orientation
of the polymer backbone relative to the radial direction
of the CpPOSS particle. The orientation of a segment
of the backbone is measured by the vector, νbi, connecting
the two carbon atoms bonded to carbon atom i as
follows:

A vector, Fbi,j, can then be formed from the center of
νbi to the center of mass of the CpPOSS particle, rbj

P, as
follows:

The variation in structure was monitored using the
following radial orientation order parameter, which
measures the second Legendre coefficient for νbi as a
function of radial distance from the center of a POSS
molecule:

where NCH2 is the number of polymer CH2 groups within
the system, and θi,j

Fv is the angle between the local
chain direction, νbi, and the radial vector, Fbi,j. This
function, which is an average over all i and j, takes a
value of -0.5 when all vectors νbi are circumferential to
the particle, 1.0 when all νbi are radially oriented, and
0.0 when the vector pairs νbi and Fbi,j are randomly
oriented with respect to one another.

Figures 7 and 8 show the results of applying eq 8 to
systems with 5, 15, and 25 wt % CpPOSS/PE composites
at 500 and 300 K, respectively. At distances very far
from the CpPOSS particle, γRO is approximately zero,
indicating randomly oriented chains, as one would
expect for an amorphous material. In all cases, as the

Figure 6. Bond autocorrelation function (BACF) for Si-O
bonds at 500 K for 5, 15, and 25 wt % CpPOSS/PE composite.

νbi ) rbi-1 - rbi+1 (6)

Fbi,j ) [rbi-1 + rbi+1

2 ] - rbj
P (7)

Figure 7. Radial orientation order parameter at 500 K for 5,
15, and 25 wt % CpPOSS/PE composite as a function of
distance from the center of a POSS particle. Fitted curve is
the negative of a decaying stretched exponential fit to data at
all concentrations.

Figure 8. Radial orientation order parameter at 300 K for 5,
15, and 25 wt % CpPOSS/PE composite as a function of
distance from the center of a POSS particle. Fitted curve is
the negative of a decaying stretched exponential fit to data at
all concentrations.
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distance R is decreased, the value of γRO(R) also
decreases, indicating that the presence of the particle
induces circumferential alignment of the polymer chains.
The outermost extent of the interface was determined
by fitting a stretched exponential to the γRO data and
obtaining the distance, R, at which γRO(R) is equal to
10% of the maximum deviation of γRO from its far field
value. At 500 K structural deviations from bulk matrix
orientation can be observed up to 13.3 ( 0.2 Å from the
center of mass of the CpPOSS particle. At 300 K the
structural differences extend 11.7 ( 0.7 Å from the
center of mass of the CpPOSS particle. These calcula-
tions also show that the POSS cage excludes polymer
out to a distance of ≈5 Å. The quoted range of influence
includes both this excluded distance as well as the
interfacial width. Given these ranges of influence of the
particles on the polymer orientation, the number frac-
tion of monomers located within the interface runs as
high as 24% at 300 K and 43% at 500 K for the 25 wt %
composite. The values are reported in Table 3.

3.2.2. Polymer Dynamics within the Interface.
The structural differences observed in the interface
suggest that there might also be differences in the
dynamics of the polymer in this region. It has previously
been shown that attractive interactions between particle
and polymer act to decrease the dynamics of polymer
within some region surrounding the particle.28 If this
were true, it would explain the decrease in the overall
mobility of the polymer within the composite described
earlier.

The atomic mobility was monitored as a function of
distance away from the center of the CpPOSS particle.
The mean-squared displacement, MSD(R,∆t), of poly-
mer carbon atoms which were originally a distance R
from the center of the CpPOSS particle after a time ∆t
has elapsed is given by

where N(R,t) is the number of polymer carbon atoms at
a distance R from the center of the CpPOSS particle at
time t, rbi(t) is the position of atom i at time t, rbj

P(t) is
the position of the center of mass of CpPOSS particle j,
and NC is the number of polymer carbon atoms in the
system. Figures 9 and 10 show MSD(R,∆t) calculated
at 500 and 300 K, respectively, for a system with 5 wt
% POSS. The lack of variation in the mean-squared
displacement of atoms as a function of distance from
the center of the CpPOSS particle indicates that the

overall motion of the polymer backbone is not affected
by the presence of the CpPOSS particle. The same
behavior is observed in the 15 and 25 wt % CpPOSS
composites. It is important to note that when ∆t is large,
this calculation averages the mobility experienced by a
polymer atom as it diffuses and explores regions more
or less remote from the CpPOSS particle. As a conse-
quence, we estimate that this function has limited
resolving power at 500 K since the polymer backbone
is displaced by an average 8.2 Å over 40 ps (12 Å over
120 ps). However, at 300 K the polymer backbone moves
an average of only about 2.8 Å over 40 ps (3.7 Å over
120 ps) so the resolution should be adequate.

The lack of a change in mobility in the interfacial
region indicates a neutral interaction between the
CpPOSS particles and the polymer. This also suggests
that the change in the overall mobility of the polymer
is due to a dampening of mobility throughout the matrix
due to the presence of the particles and not simply to
localized changes in polymer mobility near the surface
of the particle.

3.2.3. Radial and Circumferential Dynamics of
Polymer within the Interface. The structural align-
ment of the backbone does imply however that there
should be some anisotropy in the polymer dynamics
near the surface of the particle. To monitor this, the
mean-squared displacements described above were fur-
ther resolved into components of motion in the radial,
MSDr(R,∆t), and circumferential, MSDc(R,∆t), direc-

Table 3. Weight Percent of Polymer Found within the
Interfacea

composition
[wt % POSS] 300 K 500 K

5 6.8(2) 10.8(6)
15 16.7(3) 27(2)
25 24.4(3) 43(2)

a The error in the last significant figure is given in parentheses.

MSD(R,∆t) ) 〈 1

N(R,t)
∑
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P(t)|)〉

N(R,t) ) ∑
j)1
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δ(R - |rbi(t) - rbj
P(t)|) (9)

Figure 9. Local mean-squared displacement at 500 K for a 5
wt % CpPOSS/PE composite.

Figure 10. Local mean-squared displacement at 300 K for a
5 wt % CpPOSS/PE composite.

Macromolecules, Vol. 38, No. 15, 2005 Blends of POSS and Polyethylene 6705



tions, as follows:

Notice that the function representing the mobility in the
radial direction measures the mean-squared displace-
ment in a single dimension while the circumferential
mobility measures two-dimensional displacement in a
plane. To compare the radial and circumferential mo-
bilities, the circumferential mobility is multiplied by a
factor of 1/2 in eq 10. This assumes that motion in the
plane is isotropic and can be broken down into inde-
pendent motion along two perpendicular axes within
that plane. Far from the CpPOSS particle, MSDr should
be comparable to MSDc.

Figures 11 and 12 show the component mean-squared
displacements for both radial and circumferential mo-

tion of the 5 wt % case at 500 and 300 K, respectively.
These figures reveal a decrease in mobility in the
direction normal to the surface of the CpPOSS and an
increase in mobility in the circumferential direction. On
the basis of a 10% deviation from its far field value at
80 ps, the radial mobility is decreased out to a distance
of approximately 18.4 Å at 500 K and 14.3 Å at 300 K.
Similar results were obtained for the 15 and 25 wt %
systems. The observed changes in the motion of the
polymer near the surface of the particle seem to be due
to the structural alignment of the backbone with the
particle surface. The interfacial dynamics are modified
within a shell of polymer comprising the first two
neighbor shells (approximately 11 Å) around the par-
ticle. A similar influence out to the second neighbor shell
was also suggested by the intermediate scattering
function data of Starr et al.,34 but in that case it must
be remembered that the neighbor shells correspond to
“monomers” rather than atoms. This would suggest a
discrepancy in length scale between the two results,
which we believe to be indicative of a breakdown of the
coarse-graining approximation for length scales com-
parable to the size of the coarse-grained bead itself.

3.3. Potential of Mean Force. The importance of
aggregation (and possibly crystallization) of these Cp-
POSS particles within the matrix on determining the
properties of the composite is significant. Increases in
aggregation lead to decreases in interfacial area and
lessen the importance of specific particle/polymer in-
teractions on the structure and dynamics of the polymer
within the interface. To understand fully the aggrega-
tion and crystallization of CpPOSS particles, it is
necessary to conduct simulations on large numbers of
CpPOSS particles over long simulated time periods in
order to observe the assembly of well-formed crystals.
Such simulations are not practical using atomistic level
simulations. This practical limitation could be overcome
using coarse-grained approximations. In anticipation of
this, we derive here an effective interparticle potential
of mean force, based on data taken from these atomistic
simulations, which can be used for subsequent meso-
scopic modeling.

We assume a mesoscopic model which treats CpPOSS
particles as interacting spheres. Given a particular
functional form, the interaction parameters for the
potential of mean force between particles embedded in
a polymer matrix at a specific temperature can be found
by inverting the observed radial distribution function.
The radial distribution function was calculated between
the centers of mass of CpPOSS particles, gP,P, as follows:

Figure 13a shows gP,P for 15 and 25 wt % CpPOSS/PE
composites at 500 K. The potential of mean force, W(r),
was then calculated by inversion of the Boltzmann
distribution:

where k is Boltzmann’s constant and T is the absolute
temperature in kelvin. A single potential of mean force
was calculated on the basis of the average gP,P(r) for the
15 and 25 wt % CpPOSS composites, as shown in Figure
13b. Strictly speaking, since this potential was derived
at 500 K, it is only valid at 500 K. The potential also

Figure 11. Radial mean-squared displacement as a function
of distance from a POSS particle (solid line) and circumfer-
ential mean-squared displacement as a function of distance
from a POSS particle (dotted line) at 500 K for a 5 wt %
CpPOSS/PE composite.

Figure 12. Radial mean-squared displacement as a function
of distance from a POSS particle (solid line) and circumfer-
ential mean-squared displacement as a function of distance
from a POSS particle (dotted line) at 300 K for a 5 wt %
CpPOSS/PE composite.
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does not capture three-body correlations, which become
progressively more important at higher concentrations.

Functions of the Lennard Jones 9-6 type and a fifth-
order polynomial were each fit to the data in Figure 13b
using a nonlinear least-squares fit. A Lennard-Jones
12-6 type was also tried, but with less satisfactory
results. Of these, the polynomial fit was found to yield
the best fit. The functions and parameters are given in
Table 4.

4. Discussion
In these systems, the CpPOSS particles are initially

distributed randomly within the system. During the
short time scales of the simulation, irregular aggregates
form. Though the simulations cannot be carried out for
long enough times to observe directly the formation of
large crystals, the relatively quick organization of
neighboring CpPOSS particles suggests a strong ten-
dency for crystallization. These simulations clearly
illustrate that there exists a thermodynamic driving
force favoring the organization of initially well-dispersed

CpPOSS particles within this polyethylene matrix. The
changes in local orientation of the polymer in the
vicinity of the particle are similar to those observed near
a wall.35 The relative importance of these configuration
changes clearly depends on the degree of aggregation
of CpPOSS particles. Therefore, characterization of this
type of composite requires knowledge of not only the
POSS particle type and polymer but also the degree of
aggregation of particles within the system.

Because of the large surface-to-volume ratio for the
nanoscopic CpPOSS particles, there is a significant
volume fraction of interfacial matrix polymer within a
well-dispersed system. However, this volume fraction
becomes less important as the particles aggregate. As
shown in Figure 14, the interface extends around the
aggregate; with increasing aggregation there is a de-
crease in the exposed CpPOSS surface area. In the
absence of aggregation, and in systems in which the
particles do not interact, one would expect the volume
fraction of interfacial matrix polymer to increase in
direct proportion to the wt % of POSS. Extrapolation of
the data from the 5 wt % composite to 25 wt % in this
way would imply the number fraction of interfacial
matrix polymer should be 54%. Instead, we determined
43% of the monomers were in the interface (Table 3),
and the POSS particles were also shown to interact and
aggregate. Nevertheless, this reduction in interfacial
matrix polymer number fraction is, in our view, modest;
we speculate that, had we the liberty to simulate for
longer times, this reduction would have been more
significant.

These simulations reveal that the polymer within the
interface adopts a configuration to accommodate the
CpPOSS particle by aligning the polymer backbone
tangent to the surface of the CpPOSS particle. While
the extent of the interface decreases with decreasing
temperature, the degree of alignment within the inter-

Table 4. Potential of Mean Force Model Equations and Parameters

equation parameters

W(x) ) {ax5 + bx4 + cx3 + dx2 + ex1 + f x e13.49
0 x > 13.49

a ) -0.0168 kJ/(mol Å5)
b ) 1.1818 kJ/(mol Å4)
c ) -33.1535 kJ/(mol Å3)
d ) 462.328 kJ/(mol Å2)
e ) -320.27 kJ/(mol Å1)
f ) 8810.1 kJ/mol

W(x) ) ε[2(σx)9
- 3(σx)6] σ ) 1.605 Å

ε ) 11.78 kJ/mol

Figure 13. (a) CpPOSS center of mass to CpPOSS center of
mass radial distribution function for 15 and 25 wt % CpPOSS/
PE composites at 500 K. (b) Potential of mean force for
CpPOSS/PE composite at 500 K.

Figure 14. Schematic of small POSS particle aggregate, white
squares, within a polymer matrix, dark gray, with an interface
of modified polymer surrounding the POSS particles, light
gray. The POSS particle center-to-center separation is given
by Lp, and the interface thickness is Li.
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face increases. The interactions between the CpPOSS
particle and the polymer are governed primarily by the
interactions of the cyclopentyl ring groups and the
polymer. These interactions are not significantly differ-
ent from polymer/polymer interactions, and therefore
the influence of the particle on polymer dynamics, as
measured by a local scalar diffusivity as a function of
distance from the particle, appears to be negligible.
However, the anisotropy of these dynamics is signifi-
cantly altered. In the vicinity of the particle, the mean-
squared displacement increases in the direction parallel
to the surface of the CpPOSS particle, while it decreases
in the direction perpendicular to that surface. The
anisotropy in dynamics can be attributed to structural
alignment near the particle: the polymer can move
more easily in the direction of its backbone (i.e.,
tangential to the particle) through a reptative motion
than it can perpendicular to the backbone (i.e., radial
to the particle). One might expect the anisotropy in
diffusivity observed for the interfacial polymer matrix
material to be reflected also in the anisotropic diffusion
of small guest molecules. Since the mobility of the
polymer is enhanced in the tangential direction, the
diffusion of small molecules could also be enhanced in
this direction. Therefore, percolation of this aligned
layer throughout the entire composite could provide a
path for significantly increased diffusion of small mo-
lecular species.

The interfacial properties observed within these
composite systems are influenced most directly by the
geometry of the inclusion and the fact that its movement
is slower than that of the polymer. As noted earlier, the
CpPOSS particle diffuses at a rate 1.5 times slower than
the polymer. We observed a decrease in the diffusion
rate of both the polymer and of the CpPOSS, as well as
an increase in the rotational relaxation time of CpPOSS,
with increasing CpPOSS content. Since there is no
decrease in the mobility of the polymer within the
interface as compared to the bulk polymer, the de-
creased dynamics must be attributable to the confine-
ment effect on the polymer from multiple CpPOSS
particles. The particles are attracted to one another, and
these aggregates not only serve to confine the motion
of the polymer but also to hinder the movement of the
POSS particles themselves. This is seen in the decreas-
ing POSS particle mobility with increasing concentra-
tion.

5. Conclusion

The addition of CpPOSS affects the polymer matrix
in several important ways. There is a decrease in the
mobility of the polymer within the composite with
increasing CpPOSS content due to confinement effects.
Aggregates of CpPOSS with clear internal ordering form
during the simulations of initially dispersed particles.
There exists a layer of polymer surrounding each
CpPOSS particle in which the polymer backbone is
oriented tangentially to the surface of the particle. In
this layer, the polymer exhibits preferential motion
tangential to the surface of the particle, which may
influence the diffusion of small molecule guest species
near the surface of the particle. Although significant
fractions of the polymer can be found within the
interfacial region in all the simulations performed here,
the fraction of polymer located within this interfacial
region is dependent on the organization of the CpPOSS
particles; aggregation reduces the volume fraction of

interfacial matrix polymer. The combined results of each
of these effects may help to explain how the properties
of the composite as a whole are dependent on the size
and amount of CpPOSS aggregation. These results
illustrate that phenomena on multiple length scales,
from the angstrom length scale interfacial interactions
between particles and polymer to the nanometer and
micron length scale CpPOSS aggregation, can govern
the behavior of these nanocomposite structures.
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Note Added in Proof: A recent manuscript by
Striolo, McCabe and Cummings36 describes molecular
simulations of hydrogen- and methyl-functionalized
POSS blended with poly(dimethylsiloxane).
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