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ABSTRACT: Polyhedral oligomeric silsesquioxanes show promising applications as organic—inorganic
nanocomposite building blocks that can be used, for example, to enhance the properties of polymeric
materials. In this work radial distribution functions, potentials of mean force, and self-diffusion coefficients
are obtained from molecular dynamics simulations for polyhedral oligomeric silsesquioxane (POSS)
monomers dissolved in normal hexadecane in the temperature range 400—1000 K. The calculated
potentials of mean force show a marked dependence on temperature and on the organic substituents
tethered to the silsesquioxane cages. Selected simulation snapshots are used to elucidate the mechanism
by which two POSS monomers approach each other. The results obtained are compared to calculations
for the potentials of mean force between POSS monomers dissolved in poly(dimethylsiloxane) reported
in earlier work [Striolo, A.; McCabe, C.; Cummings, P. T.J. Phys. Chem. B 2005, 109, 14300]. Additionally,
from the simulated potentials of mean force we calculate osmotic second virial coefficients as a function
of temperature. Our results indicate that in both hexadecane and poly(dimethylsiloxane) the osmotic
second virial coefficient is negative for SigO12Hg monomers at all temperatures considered, while that for
Sig012(CHs)s monomers is negative at low temperatures and becomes positive as the temperature increases.
The theta temperature (i.e., the temperature at which the osmotic second virial coefficient equals zero)
is approximately 550 and 700 K for SigO12(CHj3)s in poly(dimethylsiloxane) and in normal hexadecane,

respectively.

1. Introduction

The mechanical properties of synthetic polymeric
materials can often be improved by the incorporation
of nanoscale particulates.™* Polyhedral oligomeric sil-
sesquioxanes (POSS)® attract significant interest as
nanoscale building blocks for synthesizing nanocompos-
ite materials (e.g., POSS molecules functionalized with
polymer, cross-linked, and alloyed with a polymer
matrix). POSS molecules are cages of silicon and oxygen
having the chemical formula SigOi2Rs, where R is an
organic group. A schematic representation of one POSS
monomer, SigO12Hsg, in which R is one hydrogen atom,
is provided in Figure 1. POSS chemistry is extremely
flexible; alcohols, chlorosilanes, epoxides, esters, iso-
cyanates, acrylates, silanes, etc.,8 have been substituted
onto the POSS cage. This flexibility suggests a wide
range of potential applications for POSS-based nano-
composites.”?

POSS monomers have been incorporated as fillers in
several polymers, including methacrylates, siloxanes,
styryls, and poly(propylene).1%11 The zero-shear-rate
viscosity of a polymer can be tuned by adding POSS
monomers as fillers. At low loading (10—20 wt % POSS)
the POSS monomers are well dispersed in the polymeric
matrix, and the viscosity of the filled polymer decreases;
as the loading increases (above 20—30 wt % POSS), the
POSS monomers form crystallites and the viscosity of
the system increases in a way consistent with classical
predictions for hard-sphere suspensions.!! To promote
uniform dispersions in the material, it is convenient to
chemically bind small amounts of POSS monomers to
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Figure 1. Schematic representation of one POSS monomer
of chemical composition SigO12Hs. Yellow, red, and white
spheres represent silicon, oxygen, and hydrogen atoms, re-
spectively. In the octafunctionalized POSS monomer consid-
ered in this work [SigO12(CHs)s] the hydrogen atoms are
substituted by methyl groups.

the polymer chains.!?2714 Enhanced properties of POSS-
based hybrid copolymers include increased thermal
stability, higher glass transition temperatures, in-
creased flame and heat resistance, and enhancement
in the modulus and melt strengths.1?

Despite the large body of experimental work on
POSS—polymer systems, neither the microstructure of
the copolymers nor the mechanism of reinforcement is
well understood. The changes in thermodynamic and
mechanical behavior can be attributed to the size of the
POSS monomer, the nature of the organic periphery,
the number of reactive functionalities, the concentration
and solubility of POSS monomers in the material, etc.
These and other factors determine whether POSS
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monomers are incorporated as isolated and uniformly
dispersed molecules, isolated phase-separated particles,
or matrix-bound aggregates.!®14 Understanding and
controlling the nanostructure of polymers containing
silsesquioxanes will enable us to design materials with
tailored properties for selected applications.!® In this
scenario, molecular simulations provide useful in-
sights.17~19 For example, we recently reported simula-
tion results for the potential of mean force and for the
diffusion coefficients of POSS monomers dissolved in a
melt of short poly(dimethylsiloxane) chains (PDMS).20
The POSS monomers we considered were SigO12Hg and
SigO12(CHg)s. Our results demonstrated that by substi-
tuting the organic group R on the POSS cage it is
possible to significantly alter the features of the pair
potential of mean force between POSS monomers. In
particular, we showed that the potential of mean force
between SigO12Hg monomers dissolved in PDMS is in
general significantly more attractive than that between
SigO12(CH3z)s. We also observed that the motion of
dissolved POSS monomers could be characterized by a
hopping mechanism.

In the current work we are interested in understand-
ing the effects of the chemistry of the polymeric solvent
on the thermodynamic and transport properties of
dissolved POSS monomers. To this end we dissolve the
silsesquioxanes in a melt of normal hexadecane (nCig)
and compare the results to those obtained for silsesqui-
oxanes in PDMS. The number of repeating units in one
hexadecane molecule (16) is equal to the number of
monomers in the PDMS chains used in our previous
work,2° and the system density is ~0.8 g/cm?, as in our
earlier work. The density chosen for our simulations is
similar to the specific gravity of nCig at room temper-
ature (0.773). Several differences can be identified
between nC1g and PDMS. The monomers that constitute
nCig chains are less bulky than those that constitute
PDMS chains; nCy¢ freezes at temperatures close to
room temperature, while PDMS is a rubbery polymer
in the temperature range 300—1000 K. Because of
inherent limitations in the algorithms used within
molecular dynamics, we cannot explore thermodynamic
conditions that are close to the solid state for nCsg; thus,
we restrict our study to the temperature range 400—
1000 K. As in our earlier simulations, we concentrate
on studying the properties of two representative POSS
monomers. The first consists of bare POSS (SigO2Hg)
while the second consists of octafunctionalized POSS in
which the hydrogen atoms are substituted by methyl
groups [SigO12(CHs)gl. Normal hexadecane is chemically
different from SigO12Hg, but we expect it to be compat-
ible with SigO12(CHgs)s. While POSS monomers, as well
as normal hexadecane, probably decompose at 1000 K
(the boiling point of nCy¢ is 560 K, and pyrolysis data
have been reported in the temperature range 673—723
K),2! our hypothetical results at 1000 K correspond to
what would be obtained in the absence of decomposition.
These simulations are representative of a thought
experiment in which the temperature is raised for a
short period of time, not sufficient for the materials to
decompose, but long enough to promote fast thermal
motion in the system.

The remainder of this paper is organized as follows:
in section II we present the simulation method and
details of the force fields used; in section III we discuss
our results for the effective pair potential of mean force
between POSS monomers and their diffusion coefficients
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when dissolved in normal hexadecane at 400, 600, and
1000 K. From the simulated pair potentials of mean
force we compute the osmotic second virial coefficients
for pair of POSS monomers dissolved in nCy6 and in
PDMS as a function of temperature. In the last section
of this paper we summarize our conclusions.

2. Simulation Details

Force Fields. POSS monomers are described by
implementing a force field originally developed to
reproduce the radial distribution function of liquid
PDMS.22 In this work the hydrogen atoms in the bare
POSS monomer are not involved in dispersive interac-
tions but are included in the calculation of short-range
potentials (bond stretch, bond angle, and torsional
constraints) that determine the structure of the POSS
cage. The methyl groups in the POSS monomers are
treated with a united-atom approach according to the
TraPPE force field.23

Atoms in the same POSS monomer interact with each
other via short-range potentials that account for bond
length, bond angles, and torsional constraints. Bond-
length fluctuations around the equilibrium separation
ro are subject to harmonic functional forms:

V(1) = ky(r — 1) (1)

Similarly, bond angle oscillations about the equilibrium
angle 6y are subject to harmonic constraints:

V,(0)=F, (0 — 0,7 (2)

Torsional angle fluctuations ¢ are subject to torsional
potentials with functional form

Vi(#) = c1[1 + cos(¢)] + cy[1 — cos(2¢)] +
5[l + cos(3¢)] (3)

In eqs 1-3 V3, V,, and V; are the bond, angle, and
torsional potentials, respectively; kb, ka, c1, co, and c3
are proportionality constants; r, 6, and ¢ are the
instantaneous bond length, bond angle, and torsional
angle, respectively.

In addition to intramolecular forces, Lennard-Jones
12—6 potentials describe nonbonded CH3—CHs, CH3—
0O, and CH3—Si dispersive interactions:

0 12 O;;i 6
u(rij) = 4eij[ r—J - r—J
ij ij

Lennard-Jones 9—6 potentials describe nonbonded Si—O
dispersive interactions:

o.:\9 0.:\6
ulr.)==«€¢12 L) 3 v
N U Ty

In eqs 4 and 5 the parameters ¢;; and o;; have the usual
meaning; r; is the distance between atoms i and ;.
Nonbonded interactions between atoms in the same
molecule are not accounted for unless the pairs of atoms
are separated by more than three bonds, consistent with
many formalisms including the TraPPE force field.23 We
recognize that the use of the 12—6 formalism to describe
nonbonded CH3—CHs, CH3—0, and CH3—Si dispersive
interactions is not consistent with the use of the 9—6
formalism to describe the nonbonded Si—O dispersive
interactions. This is a result of the different functional

(4)
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Table 1. Potential Parameters for the Molecular Models
Employed in This Work

bonds ro/A Ey/keal/(mol A2)
Si—0 1.64 350.12
Si—CHj 1.90 189.65
angles Oo/deg ke/kecal/(mol rad?)
Si—0-Si 146.46 14.14
0-Si—0 107.82 94.50
0O—-Si—CHjs 110.69 49.97
CH3;—CHy—CHy 114.00 62.09
CH;—CHy—CHy 114.00 62.09
dihedrals ci/kecal/mol  co/kecal/mol  cs/kcal/mol
Si—0—-Si—0 0.2250 0.0000 0.0000
Si—0—-Si—CH; 0.0000 0.0000 0.0100
CH3—CH,;—CHy—CHy 0.7054 —0.1355 1.5724
CH;—CHy—CHz—CHa 0.7054 —0.1355 1.5724
nonbonded .
interactions oilA €;i/keal/mol
Si—Si 4.29 0.1310
0-0 3.30 0.0800
Si—0 3.94 0.0772
CH3—CHj 3.75 0.1947
CHy—CHy 3.95 0.0974
CH3—CHy 3.85 0.1377
Si—CHj 3.83 0.1596
Si—CHy 3.93 0.1093
O—-CHjs; 3.38 0.1247
0O—-CH, 3.48 0.0854

forms for the nonbonded interactions in the force fields
for silsesquioxanes and for alkanes. In this work we
implement the force fields as they were originally
derived, and we use the method of Frischknecht and
Curro?? to address the treatment of cross interactions.
In a forthcoming paper?* we compare predictions for
melting temperature and crystal structure of POSS
crystals using several different force fields. In that work
we conclude that the force field used here offers a good
compromise between reliability and economy of compu-
tational time. However, we have not attempted to
evaluate systematically the effect of uncertainties in the
force fields on the calculated properties.

Normal hexadecane is simulated by implementing the
TraPPE force field for alkanes.?? CH3 and CH; groups
in the hydrocarbon chain are treated as united atoms,
and the hydrogen atoms are not treated explicitly. The
united atoms are linked through rigid bonds of length
0.154 nm. The fluctuations of bond angles and of
dihedral angles are constrained through harmonic
potentials of functional form analogous to those ex-
pressed by eqs 2 and 3.

Nonbonded interactions between united atoms are
treated within the Lennard-Jones 12—6 formalism,
reported in eq 4. Interactions between dissimilar united
atoms are described via Lennard-Jones 12—6 potentials
where the interaction parameters are obtained from the
interaction parameters of the similar united atoms
through the Lorentz—Berthelot mixing rules. Non-
bonded interactions between atoms in the same mol-
ecule are not accounted for unless the pairs of atoms
are separated by more than three bonds.

Nonbonded interactions between atoms belonging to
POSS and nCi; are treated according to the Lennard-
Jones 12—6 formalism expressed in eq 4 with the
appropriate choice of interaction parameters.

In Table 1 we report the parameters required to
implement the force fields used here to describe POSS
monomers and nCig chains.
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Simulation Algorithm. Classical molecular dynam-
ics simulations are employed to study the properties of
systems containing POSS monomers and nCis. The
systems considered are composed of five POSS mono-
mers and 122 nCi¢ chains diluted in a cubic simulation
box of size 4.0 nm. The total number of nC1¢ molecules
is chosen to achieve a total density in the systems of
~0.8 g/em3. The simulation box size is adequate for the
purposes of our studies, as discussed elsewhere.20

To integrate the equations of motion, we employ the
DL-POLY (version 2.14) simulation suite? in the ca-
nonical (NVT) ensemble.26 The temperature is controlled
using the Nosé-Hoover thermostat (time constant be-
tween 0.5 and 2 ps). The integration time is 1 fs at 400
K and 0.5 fs at higher temperatures. Rigid bonds are
maintained using the SHAKE algorithm.?” The initial
configurations are obtained using a Monte Carlo pro-
cedure developed to study colloid—polymer systems;28
the POSS monomers are placed in the simulation box
with one molecule located in the box center and the
other four along the box main diagonals. The nCig
chains are then grown within the simulation box using
periodic boundary conditions in all directions. The
building subroutine solely ensures that the connectivity
between different polymer segments is respected and
that different polymer segments do not overlap either
with each other or with the POSS monomers. The
complete interatomic potentials are switched on in the
subsequent simulation phases. The initial configura-
tions are relaxed at elevated temperatures (1000 K) for
500 ps. Relaxed configurations are then brought abruptly
to the temperatures of interest, and at each temperature
the first 500 ps of simulation data are discarded to allow
for complete equilibration. During the equilibration
phase, the velocities are rescaled every 2000 time steps.
The equilibration is considered sufficient when the total
energy reaches a plateau. The production phase lasts 4
ns at each temperature considered. No drift in the total
energy is observed during the production phase. One
system configuration is stored every 500 fs. These
configurations are used to compute the radial distribu-
tion function between the centers of mass of the POSS
monomers and the self-diffusion coefficients. From the
radial distribution function the effective potential of
mean force between pairs of POSS monomers is com-
puted according to2?

W)
wp — nlg()] (6)

In eq 6 W(r) and g(r) are the potential of mean force
and the radial distribution function at a separation r
between the centers of mass of two POSS monomers,
respectively; % is the Boltzmann constant and T is the
absolute temperature. All the radial distribution func-
tions reported in this work were computed between the
centers of mass of the POSS monomers. While g(r)
depends on the relative orientation of the POSS mono-
mers, in our calculations we do not differentiate results
obtained at different POSS—POSS relative orientations,
and therefore we consider our results as an orientation-
averaged radial distribution function. The most favor-
able POSS—POSS orientations will simply occur more
often during the course of the simulation, and therefore
their contribution will be more significant than that of
least-favorable POSS—POSS relative orientations. To
ensure reliability of the results, we repeat the simula-
tions at least five times for each system. Therefore, the
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Figure 2. Radial distribution function and effective pair
potential of mean force (inset) between bare POSS monomers
dissolved in nCyg as a function of the distance between centers
of mass of the POSS monomers. Results are reported for T'=
400 K (black solid line). The gray dotted lines delimit the
statistical uncertainties of the results reported.

total production time was of at least 20 ns for each
temperature considered. At low temperatures longer
simulation runs are required.

From the effective pair potential of mean force
between macromolecules in solution it is possible to
compute the osmotic second virial coefficient, Bgg, ac-
cording to?°

By, = 2:1!/(‘:07"2{ 1- exp[% } dr (7)

The osmotic second virial coefficient is an experimen-
tally accessible quantity (see, for example, ref 30 and
references therein), and it provides macroscopic evi-
dence of effective interactions between macromolecules.
When By is positive, the effective molecule—molecule
interactions are repulsive. When Bgs is negative, the
effective molecule—molecule interactions are attractive.

To determine the diffusion coefficient D, we compute
the mean-square displacement, AR2, of the centers of
mass of the POSS monomers as a function of time and
fit the simulation results to the Einstein equation:

_1,. AR?
D=Glim ®

To construct the mean-square displacement, we consider
20 origins separated by 150 ps and average over the
trajectories recorded for the five POSS monomers
present in the system. In what follows we report the
average diffusion coefficients obtained in our simula-
tions.

Because we conduct our simulation in the NVT
ensemble, the pressure increases as the simulation
temperature increases. The density chosen guarantees
that at room temperature the pressure is approximately
atmospheric, but it increases to approximately 0.2 kbar
at 400 K, 1.5 kbar at 600 K, and 3.5 kbar at 1000 K. In
our discussion for the theta temperature we neglect
pressure effects on the osmotic second virial coefficient.

3. Results and Discussion

Radial Distribution Functions and Potentials of
Mean Force. In Figure 2 we report the radial distribu-
tion function and the potential of mean force (inset) for
bare POSS monomers in nCg at 400 K. The black solid
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lines represent the average results. The limit of uncer-
tainty is delimited by the gray dotted lines, obtained
by adding and subtracting the standard deviation to the
average at every center-to-center separation. Even
though the system simulated is fairly complicated and
characterized by long relaxation times (see results for
the diffusion coefficients), the results presented in this
work are reproducible. (The uncertainty corresponding
to the first attractive peak in the potential of mean force
is about 0.25kT and is larger than that observed at all
other center-to-center separations.) Results obtained at
higher temperatures are characterized by lower uncer-
tainty because the relaxation time decreases as the
temperature increases, and therefore statistical sam-
pling improves.

The results shown in Figure 2 indicate a strong short-
range attraction between bare POSS monomers in nCjg.
The first attractive peak in the radial distribution
function (and correspondingly the first attractive peak
in the potential of mean force), located at r = 0.75 nm,
is followed by a significant midrange repulsion that
corresponds to ~0.6kT at r = 1.05 nm. Because of the
small size of the nCi¢ monomers, it is likely that this
midrange repulsion is due to the presence of nCi6 chains
in the region that separates two approaching POSS
monomers, as was previously observed for the effective
pair interaction between spherical colloids dissolved in
solutions containing nonadsorbing polymers.28 Our re-
sults for the radial distribution function and for the
potential of mean force indicate that the effective
POSS—POSS interactions are long-ranged, and a se-
quence of attractive/repulsive peaks can be observed as
far as a center-to-center separation of ~1.75 nm.

To appreciate whether the results discussed in this
work depend on the concentration of silsesquioxane
monomers in the simulation box, we perform selected
simulations with two POSS monomers dissolved within
the simulation box and compare the results with those
obtained for five POSS monomers in the simulation box.
We maintain the number density of nCis chains equal
to that considered in the other cases (122 chains); thus,
the total density of the system is somewhat lower than
that considered in the rest of this work. In Figure 3 we
report the radial distribution function for bare (Figure
3A) and octamethylsilsesquioxane monomers (Figure
3B) dissolved in nCig when either two (black dotted
lines) or five (black solid lines) monomers are dissolved
in the simulation box. When bare POSS monomers are
considered (Figure 3A), our results are not distinguish-
able in the two cases. When octamethyl-POSS are
considered, the radial distribution function obtained
when two POSS monomers are dissolved in the simula-
tion box (black dotted line) maintains the features of
that obtained when five POSS monomers are dissolved
in the simulation box (black continuous line), but the
first attractive peak is less intense. However, we note
that the results obtained when two octamethyl-POSS
are dissolved in the system are within the statistical
uncertainty of the results obtained when five octa-
methyl-POSS are considered. Therefore, for both bare
and octamethylsilsesquioxanes the radial distribution
function at dilute concentrations (less than five POSS
monomers in the simulation box), and consequently the
pair potential of mean force, does not depend ap-
preciably on the number density of POSS monomers.
Because the statistical uncertainty is much larger when
only two POSS monomers are dissolved in the simula-
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Figure 3. Radial distribution function for POSS monomers
dissolved in nCy6 at 7'= 400 K: (A) bare POSS; (B) octamethyl-
POSS. Black continuous lines are for results obtained when
five POSS monomers are dissolved in the simulation box; black
dotted lines are for results obtained when two POSS monomers
are in the simulation box. The gray continuous lines in (B)
indicate the statistical uncertainty relative to the calculation
of the radial distribution function when five octamethyl-POSS
monomers are dissolved in the simulation box.
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Figure 4. Radial distribution function and effective pair
potential of mean force (inset) between POSS monomers
dissolved in nCqg at T'= 400 K. Black solid lines are for bare
POSS (SigO12Hg). Gray solid lines are for octamethyl-POSS
[SisO12(CHj3)s]. Statistical uncertainties are not reported for
clarity.

tion box, in the remainder of the work we consider five
POSS monomers.

In Figure 4 we compare the radial distribution func-
tion and the potential of mean force (inset) between bare
silsesquioxane cages, SigO12Hg (black solid lines), and
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between octamethyl-POSS silsesquioxane cages, SigO12-
(CHg)s (gray solid lines), in nCyg at 400 K. For clarity,
only the average values are reported. Statistical uncer-
tainty for both data sets is similar to that reported in
Figure 2.

The results obtained for bare and octamethyl-POSS
show several marked differences. The first attractive
peak between octafunctionalized silsesquioxanes is lo-
cated at r = 0.88 nm, while it is located at r = 0.75 nm
for bare silsesquioxanes. This shift to larger separations
for the first attractive peak in the radial distribution
function between octamethyl-POSS is expected because
the methyl groups are bulkier than the hydrogen atoms;
thus, the center-to-center distance corresponding to the
first attractive peak has to be larger than that observed
between bare silsesquioxanes in the same system. The
first attractive peak in the radial distribution function
is slightly less intense for octamethylsilsesquioxanes
than it is for bare silsesquioxanes. This result probably
indicates that SigO12(CH3)s monomers are more soluble
in nCy4 than SigO12Hg monomers are. We also note that
the first attractive peak for octafunctionalized silses-
quioxanes is significantly narrower compared to that
between bare silsesquioxanes. More interestingly, the
first attractive peak in the results shown in Figure 4
for octafunctionalized silsesquioxanes (gray solid line)
is followed by a shoulder at r = 1.05 nm, and then the
radial distribution function decreases monotonically to
unity. Our results do not provide evidence for a midrange
repulsion, even though some repulsion at » = 1.35 nm
could be within the statistical uncertainty of the results
here reported. In stark contrast, the results obtained
for bare silsesquioxanes (black curve in Figure 4)
indicate that a midrange repulsion is associated with
the strong attraction.

To better appreciate the physical reasons beyond the
features of both the radial distribution function and the
potential of mean force discussed in Figure 4 between
octafunctionalized POSS monomers in nCig, we report
in Figure 5 selected simulation snapshots for SigOig-
(CHj3)s monomers dissolved in nCig at 400 K. In the
snapshots reported in Figure 5 we do not show the nCy;
chains for clarity, and we only highlight two POSS
monomers as they approach each other. The sequence
of snapshots reported in Figure 5 suggests that as two
POSS monomers approach they change their relative
orientation. At relatively large center-to-center separa-
tions (r = 1.25 nm), a methyl group in the first POSS
monomer points toward a methyl group in the second
POSS monomer (corner-to-corner configuration). As the
distance between the centers of mass decreases (r = 1.15
nm), a methyl group of the first POSS monomer points
in the general direction of one oxygen atom in the second
POSS monomer (corner-to-side configuration). At shorter
separations (r = 0.95 nm), two methyl groups in the first
POSS monomer slide in contact with the second POSS
monomer (side-to-side configuration). Finally, in cor-
respondence to the observed center-to-center separation
of maximum attraction (r = 0.88 nm), we observe a
configuration in which a methyl group of the first POSS
monomer docks in the center of the face of the second
POSS monomer (face-to-face configuration). The se-
quence of simulation snapshots reported in Figure 5
leads us to conclude that the rearrangement of the
relative orientations between POSS monomers is re-
sponsible for the shoulder that follows the first peak in
the radial distribution function presented in Figure 4.
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Figure 5. Sequence of simulation snapshots that reproduces the mechanism by which two octafunctionalized POSS monomers
[SigO12(CHs)s] approach each other when they are dissolved in nCy6 at 400 K. Yellow and red spheres represent silicon and oxygen
atoms, respectively. White spheres represent methyl groups. The arrows indicate the effective pair potential of mean force that

corresponds to each of the snapshots represented.

To appreciate the effect of the polymeric solvent on
the features of effective POSS—POSS potential of mean
force, we compare in Figure 6 the radial distribution
function and potential of mean force (inset) between
bare (Figure 6a) and octamethyl-POSS monomers (Fig-
ure 6b) dissolved either in nCig (black solid lines) or in
PDMS (gray solid lines) at 7' = 400 K (data for POSS
in PDMS are taken from ref 20).

Several interesting differences can be observed. Let
us focus on bare silsesquioxanes (Figure 6a). As dis-
cussed earlier (see Figure 2), results for the pair
potential of mean force indicate an oscillatory behavior
between attractive and repulsive regions in nCsg (black
solid lines). When the bare silsesquioxanes are dissolved
in PDMS, the effective pair potential of mean force is
still oscillating between attractive and repulsive regions,
but the oscillations are less frequent. We speculate that
this different behavior is due to the fact that nCys is a
macromolecule whose building blocks are less bulky
compared to those that constitute PDMS. Therefore, it
is conceivable that nCig monomers form structured
layers between the interacting silsesquioxane mono-
mers. These layers may be responsible for the oscilla-
tions observed in the effective pair potential. [We
observe that the distance between two consecutive
peaks, ~0.5 nm, is of the same order of magnitude of
the Lennard-Jones size parameters used to describe Si—
CHjs and Si—CHs interactions (see Table 1).] Interest-
ingly, the effective short-range attraction between pairs
of bare silsesquioxanes is stronger in PDMS than in
nCig. This result is coupled with the observation that
the midrange repulsion is stronger when bare silses-
quioxanes are dissolved in nCis than when they are
dissolved in PDMS.

When octamethylsilsesquioxanes are considered (Fig-
ure 6b), the results obtained in the two solvents are very

different. As mentioned earlier (see Figures 4 and 5),
the radial distribution function and the effective pair
potential of mean force between silsesquioxanes in nCig
(black solid lines) are characterized by a strong short-
range attraction followed by a shoulder in the radial
distribution function. The detailed analysis of simula-
tion snapshots (see Figure 5) indicates that this behav-
ior is due to the relative rearrangement of silsesqui-
oxanes monomers as they approach each other. When
the octamethylsilsesquioxanes are dissolved in PDMS,
our results show a weak midrange repulsion that follows
a significant short-range attraction. In addition, we note
that the effective short-range attraction between the
dissolved silsesquioxanes is stronger when they are
dissolved in nCig than when they are dissolved in
PDMS. This latter result is probably due to the fact that
octamethylsilsesquioxanes [SigO12(CHz3)g] are chemically
similar to PDMS; thus, they easily dissolve in it.

We now consider the effect of temperature on the
radial distribution function and on the effective pair
potentials of mean force between silsesquioxanes in
nCig. In Figures 7 and 8 we report the radial distribu-
tion function and the potential of mean force for bare
and octamethyl-POSS monomers in nCyg, respectively,
as a function of temperature. In analogy with our results
for bare silsesquioxanes in PDMS,?° the results reported
in Figure 7 indicate that the radial distribution function
between bare silsesquioxanes in nCi¢ does not depend
appreciably on temperature. Our results indicate that
by raising the temperature from 400 K (black solid lines)
to 600 K (gray solid lines) and 1000 K (black dotted
lines) the first attractive peak in the radial distribution
function becomes slightly less intense, the first midrange
repulsive peak becomes weaker, and the second attrac-
tive peak becomes less intense. While these results are
expected because as the temperature increases the
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Figure 6. Radial distribution function and effective pair
potential of mean force (inset) between bare silsesquioxanes
[SisO12Hg] (a) and between octamethyl-POSS [SigO12(CHs)s] (b).
Black solid lines are for results obtained for POSS monomers
dissolved in nCi6. Gray solid lines are for results obtained for
POSS monomers dissolved in PDMS. Results for POSS mono-
mers in PDMS are from ref 20. Statistical uncertainties are
not reported for clarity.
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Figure 7. Radial distribution function and effective pair
potential of mean force (inset) between bare POSS monomers,
SigO12Hs, dissolved in nCyg as a function of temperature. Black
solid lines are for results obtained at 7' = 400 K. Gray solid
lines are for results obtained at 7'= 600 K. Black dotted lines
are for results obtained at T'= 1000 K. Statistical uncertainties
are not reported for clarity.

thermal fluctuations of the system increase, it should
be noted that the listed differences are barely distin-
guishable when one considers the statistical uncertainty
of our calculations. Because qualitatively similar results
were obtained for bare silsesquioxanes dissolved in
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Figure 8. As in Figure 7, but for octamethyl-POSS [SigO12-
(CH3)3] in nCm.

PDMS,20 we conclude that the effective attraction
between bare silsesquioxane monomers dissolved in
polymers may be too strong to be manipulated simply
by adjusting the temperature (i.e., changing the tem-
perature does not change the simulated g(r) between
bare POSS monomers in either nCig or PDMS). This
observation may have important technological implica-
tions in the manufacture of polymeric systems contain-
ing silsesquioxanes. In fact, this may be advantageous,
as, for example, the clustering of carbon nanoparticles
in synthetic rubber polymer is thought to impart
strength to the nanocomposite.

In contrast with the results obtained for bare silses-
quioxanes, the results reported in Figure 8 for the radial
distribution function and effective pair potential of mean
force between octamethylsilsesquioxane monomers
[SigO12(CHg)g] dissolved in nCi¢ show a pronounced
dependence on temperature. The features of the radial
distribution function obtained at 400 K (black solid
lines) were discussed earlier in the text (see Figure 5).
We note that the shoulder in both the radial distribution
function and the effective pair potential of mean force
becomes less pronounced as the temperature increases
to 600 K (gray solid lines), and it eventually disappears
at T'= 1000 K (black dotted lines). We also note that as
the temperature increases the first attractive peak in
the radial distribution function becomes less intense and
that a weak midrange repulsion, which is not clearly
observed at low temperatures, is seen at 7' = 1000 K
(black dotted lines). These observations reflect the
expected behavior of the POSS—polymer systems be-
cause as the temperature increases the molecular
thermal motion also increases, and the behavior of the
dissolved silsesquioxanes becomes isotropic.

Osmotic Second Virial Coefficient. We report in
Figure 9 the osmotic second virial coefficient calculated
from numerical integration of eq 7 using the simulated
results for the effective pair potentials of mean force.
The data shown in Figure 9 will facilitate comparison
between our simulations and experimental results.
Unfortunately, however, we are not aware of experi-
mental data that would allow such comparison. We
report osmotic second virial coefficients Bgg for POSS
monomers in nCg (Figure 9a) and in PDMS (Figure 9b)
as a function of temperature. Data for the effective pair
potential of mean force between POSS monomers in
PDMS are from our earlier publication.?° As shown in
eq 7, the calculation of the osmotic second virial coef-
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Figure 9. Osmotic second virial coefficient, Bs2, computed
from simulated pair potentials of mean force (see eq 7) as a
function of temperature: (a) results obtained for POSS mono-
mers dissolved in nCig; (b) results obtained for POSS mono-
mers dissolved in PDMS. In both panels, diamonds are for
results obtained for bare POSS (SisO12Hg) and squares are for
results obtained for octamethyl-POSS [SisO12(CHs)sl. Only
representative statistical uncertainties are reported for clarity.
The solid error bars refer to results for SigO12Hg. The dashed
error bars refer to results for SigO9(CHs)s.

ficients By involves the integration of pair potentials
of mean force as a function of the distance between the
interacting molecules. As a consequence, small differ-
ences in the pair potentials of mean force may result in
large differences in the computed osmotic second virial
coefficients. Negative values for Bog provide macroscopic
evidence for an effective attraction between molecules
in solution, while positive values for Bss provide evi-
dence for an effective repulsion between molecules in
solution. A solvent is “good” for a specific solute when
By, is positive, and it is “poor” when the By is negative.
It is in general possible to change the solvent quality
by changing the temperature. In nonassociating systems
By generally increases as the temperature increases;
thus, a solvent could be “poor” at low temperatures and
“good” at high temperatures. The temperature at which
Bgs equals zero is the theta temperature for that specific
solvent—solute system.

Despite the large statistical uncertainties, several
interesting features can be observed in the results
shown in Figure 9. At low temperatures the osmotic
second virial coefficient is predominantly negative for
both SigO12Hg and SigO12(CHgs)s in either nCig (Figure
9a) or PDMS (Figure 9b), thus indicating an effective
attraction between the silsesquioxanes. Interestingly,
at low temperatures By is more negative for SigOio-
(CHg)s than it is for SigOi9Hg, thus indicating that
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octamethylsilsesquioxanes are effectively more strongly
attracted to each other than bare silsesquioxanes are.
This result is unexpected because the first attractive
peak in the radial distribution function between octam-
ethyl-POSS monomers in nCy¢ at 400 K is weaker than
that between bare POSS monomers (see Figure 4).
However, we note that the simulated potential of mean
force between SigO12(CHjs)s monomers in nCig at 400 K
does not show repulsive regions whereas that between
SigO12Hg monomers does. As a consequence, the numer-
ical integration of the potential of mean force by eq 7
yields an effectively stronger attraction between SigO12-
(CH3)s monomers than that between SigOi12Hs. This
stronger attraction results in more negative values for
Bgs. Similar reasoning explains the difference observed
for Byy between bare and octamethyl-POSS monomers
at 300 K in PDMS.

As the temperature increases, Beg for SigO12Hg in both
nCi¢ (diamonds in Figure 9a) and PDMS (diamonds in
Figure 9b) remains negative. It is interesting to note
that By for SigO19Hg in nCy6 (diamonds in Figure 9a)
increases very little as the temperature increases from
400 to 1000 K, while B22 for SigolgHg in PDMS (dia-
monds in Figure 9b) increases slightly as the temper-
ature increases from 300 to 400 K, but then decreases
as the temperature increases from 400 to 1000 K. This
behavior, typical for systems containing associating
molecules,?! is unexpected and may be an indication of
strong association between bare silsesquioxanes in
PDMS primarily due to solvent effects.

Results for Bgs computed for SigO12(CHjs)s in either
nCyg (squares in Figure 9a) or PDMS (squares in Figure
9b) show the expected behavior for macromolecules
dissolved in nonassociating solvents. The osmotic second
virial coefficient is negative at low temperatures (indi-
cating an effective attraction between the silsesqui-
oxanes, thus characterizing the solvents as “poor”) but
becomes positive as the temperature increases (indicat-
ing an effective repulsion between the silsesquioxanes,
thus characterizing the solvents as “good”). The theta
temperature for SigO12(CHjs)g is estimated via interpola-
tion of the simulation results to be approximately 550
K in PDMS and 700 K in nCjs.

Self-Diffusion Coefficient. Our results for the
mean-square displacement of the centers of mass of both
bare and octamethyl-POSS in nCy¢ (data not shown for
the sake of brevity) indicate that the mean-square
displacement is a linear function of time; thus, it is
possible to apply eq 8 to estimate the self-diffusion
coefficients for silsesquioxanes in nCig. In Figure 10 we
report the self-diffusion coefficients for bare (diamonds)
and octamethylsilsesquioxane monomers (squares) in
nCyg as a function of temperature. In the inset of Figure
10 we report the logarithmic plot of the self-diffusion
coefficients as a function of the inverse of the absolute
temperature. We note that the self-diffusion coefficient
for both bare and octamethylsilsesquioxanes increases
as the temperature increases according to a functional
dependence of the Arrhenius type:

D = D, exp(—E/kT) 9

Ineq9, Dy is a constant and E4 is the activation energy.
Our best estimates for Dy and E are reported in Table
2. Because of the low number of data sets, we do not
attempt an evaluation of the statistical uncertainty on
these results. Analysis of the individual trajectories did
not show evidence of the hopping mechanism that
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Figure 10. Self-diffusion coefficient for bare (squares) and
octamethyl-POSS monomers (diamonds) dissolved in nCy6 as
a function of temperature. The inset is for the Arrhenius plot
in which the natural logarithm of the self-diffusion coefficient
is represented as a function of the inverse of the absolute
temperature.

Table 2. Parameters Dy and Ex Obtained by Fitting Eq 9
to the Diffusion Coefficient Data Shown in Figure 10

POSS In(Dy) Eu/k/K
SigO19Hg 2.5 842
SigO12(CHg)s 1.8 874

characterizes the diffusion of silsesquioxane monomers
dissolved in PDMS.2° To observe a hopping mechanism,
it is required that small solute molecules are dissolved
within a labyrinth of rigid polymer molecules.?? The
different diffusion mechanism is probably a consequence
of the morphology of normal hexadecane, which is more
flexible than PDMS, and therefore not able to trap the
POSS cages in regions of low density within the
polymeric matrix.

We also note that the simulated self-diffusion coef-
ficients for silsesquioxanes in nCig are slightly larger
than those obtained in PDMS. This result is consistent
with the different diffusive mechanism observed; the
hopping mechanism in PDMS is presumably slower but
could also be due to the higher viscosity of PDMS
compared to that of nCy¢. It is in fact expected that the
diffusivity of a solute decreases as the viscosity of the
solvent increases.

4, Summary

We have used canonical (NVT) molecular dynamics
simulations to compute the thermodynamic and trans-
port properties of polyhedral oligomeric silsesquioxane
(POSS) monomers dissolved in normal hexadecane at
400, 600, and 1000 K. The POSS monomers considered
are either bare (hydrogen-terminated) or octafunction-
alized. In the octafunctionalized POSS monomers the
hydrogen atoms of the bare POSS monomers are
substituted by methyl groups.

We have reported molecular simulation data for the
radial distribution function and for the effective poten-
tial of mean force between pairs of POSS monomers.
Our simulations demonstrate that it is possible to tailor
the effective POSS—POSS interactions by changing the
system temperature and, more effectively, by substitut-
ing the hydrogen atoms in the bare silsesquioxane
monomers with appropriate functional groups. The
effective pair potentials of mean force are used to
calculate the osmotic second virial coefficients for POSS
monomers in normal hexadecane and in poly(dimeth-
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ylsiloxane) as a function of temperature. The calculated
osmotic second virial coefficients for SigO;2Hg are nega-
tive both in normal hexadecane and in poly(dimethyl-
siloxane) at all temperatures considered, indicating that
both solvents are “poor” for this silsesquioxane mono-
mer. The calculated osmotic second virial coefficients
for SigO12(CHs)g in both solvents are negative at low
temperatures (below 500 K) but become positive as the
temperature increases (above 600—700 K, depending on
the solvent), suggesting that both solvents become
“good” solvents at high temperatures. The theta tem-
perature, the temperature at which the osmotic second
virial coefficient equals zero, is approximately 550 K for
octamethyl-POSS in poly(dimethylsiloxane) and 700 K
for octamethyl-POSS in normal hexadecane. We also
report self-diffusion coefficients evaluated for bare and
octamethylsilsesquioxane monomers dissolved in nor-
mal hexadecane. Our results indicate that the self-
diffusion coefficients increase as temperature increases,
following a temperature dependence of the Arrhenius

type.
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