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As the scientific community develops the ability to create composites which incorporate nanoscopic filler
particles, the detailed atomic arrangement and atomic interactions become significant in determining the
composite properties. Nanoscopic fillers such as carbon nanotubes, polyhedral oligomeric silsesquioxane
(POSS), and layered silicates have already been successfully used to improve the thermal and mechanical
properties of polymers. On this length scale, details describing particle organization, interaction between
particles, and interactions between particle and matrix are needed to understand the behavior of the
composite.

In this thesis, we use atomistic simulations to investigate the detailed behavior of a blended octacyclopentyl
polyhedral oligomeric silsesquioxane (CpPOSS) / polyethylene (PE) nanocomposite. The model potential
employed to describe the atomic interactions in these systems is capable of reproducing the experimental
vibrational and crystal structures for the POSS well. The mechanical properties of an infinite crystal were
calculated. They are anisotropic with a Reuss average isotropic elastic modulus of 11.78 GPa.

Simulations of CpPOSS/PE composites revealed that the POSS had a stiffening effect on the polymer.
Simulations revealed that both PE and POSS dynamics as measured by translational and rotational
diffusivities decreased, the glass transition temperature increased, and both the density and modulus
increased with increasing POSS content. Micromechanical models were fit to the composite modulus
which allowed effective mechanical particle sizes to be determined.

The POSS was found to aggregate into small necklace structures which have internal ordering similar to the
crystal phase. The formation of crystallites was found to be energetically favorable in this system. A coarse
grained potential which accounts for both the attraction and orientation between particles was developed to
aid the further study of aggregation and crystallization in these composites.

The interface between the POSS and the polymer is found to consist of polymer chains aligned tangentially
to the POSS cage. This layer has increased mobility tangential to the surface of the particle and decreased
mobility in the radial direction. Though it is very thin, consisting of only 1 or 2 monolayers of polymer, due
to the small size of the POSS particle, the weight fraction of polymer in the interfacial region is as high as
43 % in the 25 weight percent CpPOSS/PE composite. These simulations reveal the formation of structure
on both the angstrom length scale in the polymer near the interface and the mesoscopic length scale
between the POSS particles.
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Chapter 1

Introduction

1.1 Polymer Nanocomposites

Interest in polymer nanocomposites has been driven by the desire to create

materials with novel sets of properties. The ability to control the nanostructure of the

material to achieve a tougher and stiffer composite, or a stiffer composite without

sacrificing the processibility of the polymer, or achieving a functional composite would

greatly impact polymer science. The behavior of these nanocomposites can be the result

of phenomena on several different length scales. The polymer/filler interface, the

dispersion state of the filler, the length scale of the filler in comparison to the length scale

of the polymer can all influence the material properties. Understanding the interplay

between these variables continues to be a difficult but worthwhile task.

It is important to understand that the specific atomic interactions between polymer

and filler are critical in determining the behavior of the composite. This can be seen

clearly in work by Starr et al. [1, 2]. In their simulations of a bead-spring polymer

surrounding a single nanoparticle, they have found that for an attractive polymer/particle

interaction there was an increase in the glass transition temperature of the polymer, while

for a repulsive polymer/particle interaction there was a decrease in the glass transition

temperature. The simulations considered very low loadings (below 5 volume percent) of

filler. An attractive interaction at the wall traps polymer near the surface and decreases its

mobility while the repulsive interaction actually increases the mobility of polymer chains

near the surface of the particle. This shows that the nature of the interactions across the

interface can change the effective behavior of the nanocomposite.

There is also experimental data that shows that the nanoparticle may influence the

dynamics of the polymer surrounding it. Mansencal et al. [3] have used solid-state NMR

to investigate the interface between polybutadiene, PB, and carbon black. In their studies,

the polybutadiene surrounding the carbon black had strongly reduced mobility and cannot

be detected as undergoing the glass transition. They also find that the 1,2-PB moiety is

more closely bound by the filler than is the 1,4-PB fraction. Interestingly, the differences
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between 1,2-PB and 1,4-PB show quite clearly that chemically specific interactions

within the interface are important in determining its properties.

The interfacial surface area in the system depends strongly on the dispersion state

of the system. Experimental work studying the interface between polymer and filler[3-5]

reveals this. Berriot et al. [4, 5] used NMR to study the interface between grafted

nanosilica particles and crosslinked ethylacrylate chains. Changes in the NMR signal

during the addition of strongly interacting particles were tied to changes in the material

dynamics in polymer matrix material surrounding them. However, the influence

depended not only on the surface characteristics but also on the dispersion characteristics

of the system. Agglomerated systems and dispersed systems were created with the same

volume fraction of filler and those which were aggregated had less interface and the

effect on the surrounding polymer was less significant.

There can also be significant structural changes in the polymer near the interface.

Factor et al. [6] used grazing incidence X-ray scattering to study an aromatic polyimide,

poly(pyromellitic dianhydride-oxydianiline) film deposited on a polished silicon surface.

The air/polymer surface showed significant ordering and when thermally treated at

temperatures above 3000 C, crystalline-like ordering was observed. However, the

polymer/silicon surface showed no signs of ordering.

The changes in molecular structure and ordering that occur near surfaces and

interfaces can have significant effects on the bulk properties of the composite. Shearing

molecularly thin films of cyclohexane, octamethylcyclotetrasiloxane, n-octance, n-

tetradecane and branched isoparaffin 2-methyloctadecane liquids between two mica

surfaces, Gee et al. [7] have shown the development of molecular ordering within these

thin films. As the film thickness was decreased, the liquids became more solid like with

viscosities which were as much as 105 times that of the bulk value and relaxation times

were more than ten orders of magnitude slower. The decreasing thickness made surface

structure much more important in determining the behavior of the material.

There have been several attempts to model generic polymer/filler interfaces in

coarse grained models[l, 2, 8-10], as well as atomistically detailed simulations of POSS

nanocomposites [11]. Vacatello has performed Monte Carlo simulations on simple bead

spring models of polymers interacting with large spherical particles [8]. Polymer chains
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near the surface of the spherical inclusion were found to adopt a modified configuration

and preferentially lie parallel to the surface of the particle. The polymer was found to

form densely packed and ordered shells around the particle analogous to those found near

planar solid surfaces [8].

Length scales can also play an important role in determining the behavior of the

nanocomposite. In the polymer filled nanocomposite, the relevant length scales are the

radius of gyration of the polymer chain, size of the monomer unit, and the length scale of

the particle filler. Small angle neutron scattering by Nakatani et al. [12, 13] on systems of

poly(dimethyl siloxane), PDMS, containing trimethylsilyl-treated polysilicate particles

have found that the particle presence influences the radius of gyration of the polymer.

There is a decrease in Rg when the polymer chains are smaller than the filler particles and

an increase in Rg when the polymer chains are much larger than the particles. These

results are supported by Monte Carlo simulations based on rotational isomeric state (RIS)

theory of PDMS and a rigid non-interacting filler particle by Yuan et al.[14].

Larger particles or even sheets can be formed through aggregation of

nanoparticles. Because of this, understanding the interactions between polymers and solid

surfaces can be quite relevant. A number of experiments [6, 7, 15] and simulations [14,

16-20] suggest that there are conformational changes and changes in the packing of the

polymer in the interfacial region as compared to the bulk. The polymer within the

interface tends to be aligned parallel to the solid surface and forms densely packed and

ordered layers. This is similar to the effects seen near the surface of the nanoparticle

discussed earlier.

Simulations by Jang et al. [17] using lattice Monte Carlo simulations of

polyethylene near surfaces reveals changes in the structure and mobility of polymer near

the surface of the solid wall, again similar to the effects seen near the surface of

nanoparticles. When the nanoparticle diameter is on the size of the polymer radius of

gyration, the added curvature of the nanoparticle's surface does not seem to change the

fundamental phenomena observed between flat walls and polymer. The reason for this is

probably due to the fact that the changes in dynamics and mobility occur on the monomer

length scale. As long as the curvature of the particle does not exceed this, i.e. the particle
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size is larger than the monomer size, then the effects near the particle and near the wall

should be similar.

Measurements of the solvation forces between mica surfaces and alkane chains by

Christenson et al. [15] have shown a preferential alignment of alkane chains parallel to

the surface of the mica surface. A thin layer of alkane chains was placed between two

mica surfaces and the force versus distance curve was obtained. Variation in the force

versus distance curve was found to vary up to a distance of 3 A from the mica surface

indicating that the interface did not extend past this distance. Vacatello [21] has

performed Monte Carlo simulations on a nanoslit filled with a bead spring model which

mimics the configuration of the mica experiments. In these simulations, there is an

oscillation in the curve of force versus the distance between the two surfaces. This

variation in force is tied to ordering of the polymer into layers within the nanoslit. This

seems to agree well with the experiments of Christenson et al. [15] described above.

We see that nanoparticles embedded in polymer can have significant effects on

the structure and properties of the polymer. The changes in polymer orientation, radius of

gyration, mobility, and density near the surface of the particle will be investigated in this

thesis for the particular case of octa cyclopentyl polyhedral oligomeric silsesquioxane

polyethylene system.

1.2 Polyhedral Oligomeric Silsesquioxane

The polyhedral oligomeric silsesquioxane (POSS) macromonomer[22, 23]

consists of an inorganic of silicon and oxygen core surrounded by organic groups on the

corners. The structure of a POSS macromonomer with cage structure of Si 8O12 is shown

in Figure 1-1. The crystal structures of octa-methylsilsesquioxane [24],

octasilsesquioxane [25], octacyclopentyl POSS [26], and several other POSS cages have

been determined [27, 28].

When creating polymer/POSS nanocomposites, the outer organic groups can be

chosen to promote compatibility between POSS and polymer. POSS may be incorporated

into a polymer either by chemically tethering it to the polymer backbone or by blending

the particles with the polymer matrix. POSS has been successfully copolymerized with

polysiloxane[29-3 1], poly(methyl methacrylate)[32], polynorbornene[33],
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polystyrene[34], polyethylene[35], and polyurethane [36-38]. POSS has also been

blended with amphiphilic poly(dimethylsiloxane) [39], epoxy [40], and poly(methyl

methacrylate) [41].

There are many possible applications for POSS. Tegou et al. [42] demonstrated

the ability to create POSS resists suitable for 157 nm lithography and had the potential

for sub 100 nm resolution patterns. POSS based resists offer the advantage higher glass

transition temperatures (increases of 10-40 degrees), inherent etch resistance to oxygen

plasma, and a well defined structure. Bleha et al. [43] are investigating the incorportation

of POSS into chitosan films as a means to control the mechanical properties and

permeability of the chitosan film. While success was limited in this goal, the study show

quite clearly that composite properties depend strongly on processing. With one set of

processing steps, the permeability increased, reversing the drying and crosslinking steps

led to a decrease in the permeability. Maitra et al. [44] are studying polyethylene oxide

functionalized polyhedral oligosilsesquioxanes and lithium salts. These materials may

provide solid polymer electrolytes for use as electrode separators and as binder materials

for composite cathodes in rechargeable lithium batteries.

The influence of POSS on the glass transition temperature of various polymers

depends heavily on the particular interactions between the filler and the homopolymer.

The glass transition temperature may either increase or decrease. For example, creating

the hybrid polymer with 2.4 mol % or less of the copolymer poly(hydroxystyrene-co-

vinylpyrrolidone-co-isobutylstyryl polyhedral oligosilsesquioxanes) and

poly(vinylpyrrolidone) or poly(acetoxystyrene) decreased the glass transition temperature

below that of the homopolymer by approximately 10 degrees [45]. In copolymer poly

(hydroxystyrene-co-vinylpyrrolidon-co-isobutylstyryl polyhedral oligosilsesquioxane),

the addition of an initial 0.8 mol percent POSS leads to a decrease in the glass transition

temperature but addition beyond that leads to a steadily increasing Tg. The explanation

for the specificity is due to the interactions between the POSS and polymer. If the POSS

acts to decrease the self-association between the homopolymers, then a decrease in Tg is

observed. If the POSS introduces any strong specific interactions, the Tg increases. With

increasing POSS content however, the formation of aggregates, crystallites, and occluded

polymer causes an increase in Tg by confining the polymer.
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Blends of poly(methyl methacrylate) and acrylic polyhedral oligomeric

silsesquioxanes showed clear plasticizing effects on the PMMA [46]. The glass transition

temperature and melt-state linear viscoelastic moduli decreased with the addition of

POSS to this system. While increases in the storage modulus at temperatures below 0' C

at loadings of 20 volume percent were attributed to phase separated domains of POSS

which behave like rigid fillers below their glass transition temperature.

The increase in the glass transition temperature seen in tethered POSS systems is

attributed to the fact that large masses have been attached to the polymer chain slowing

its dynamics and entangling the chains [41]. The addition of blended POSS to a system

that already has POSS tethered to the polymer chain decreases dynamics further because

associations between the blended POSS and tethered POSS cause a further slowdown in

polymer dynamics.

POSS polystyrene copolymers have shown lower viscosities [47] than the

homopolymer. Blends of copolymerized POSS poly(methyl methacrylate) with PMMA

and PS homopolymers showed increased fracture toughness [48]. This thesis focuses on

blended composites of cyclopentyl substituted POSS (CpPOSS, H4 5C4 oSisO 2 ) within a

polyethylene matrix.

In the same study [45], creating hybrid polymers with 2.4 mol % POSS and

poly(hydroxystyrene) increased the glass transition temperature by approximately 40

degrees. Haddad et al. [49] found that creating copolymers with less than 10 mol %

POSS and polystyrene decreased the glass transition temperature by approximately 10-20

degrees, but at higher loading the Tg increased. Xu et al. [50] found that creating

poly(vinylphenol-co-vinylpyrrolidone-co-isobutylstyryl polyhedral oligosilsesquioxane)

copolymers with differing POSS content showed a monotonic increase in Tg. In all cases,

increasing the loading of POSS leads to an increase in the glass transition temperature.

The tendency for POSS to aggregate into small crystalline domains has been

observed in numerous experiments [35, 37, 41, 51-53]. It is thought that these aggregates

play an important role in the increase of Tg with large POSS loading. Previous attempts

[54] to model chemically-tethered cyclohexyl and cyclopentyl POSS nanoparticles to

polynorbornene have indicated that well dispersed POSS particles could increase the
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polymer's glass transition temperature and increase the material stiffness without the

presence of aggregates.

Waddon et al. [52] have created composites of polyethylene and tethered

norbomene-cyclopentyl POSS which exhibit a two-phase crystalline structure consisting

of PE crystalline domains and POSS crystalline domains. Interestingly, upon melt

crystallization during cooling from 180 'C, the POSS particles aggregate first to form a

scaffold for subsequent PE crystallization. However, during solvent crystallization in

xylene, the PE crystallizes first to form a scaffold for subsequent POSS crystallization.

The size of POSS crystals was estimated using the Scherrer equation to have dimensions

of approximately 3 - 11 nm.

Studies on the mechanical behavior of the POSS also reveal the importance of the

choice of organic pendant groups. The tris(norbornenylethyl)-POSS copolymer with

isobutyl pendant groups shows a decrease in elastic moduli, toughness and yield strength

with increasing POSS content[55] irrespective of crosslinking density. This is attributed

to a decrease in the cohesive energy with increasing POSS content. Huang et al. have

found that by adding octa(aminophenyl)silsesquioxane to polyimide, they were able to

increase the glass transition of the composite as well as increase stiffness and toughness

of the composite[56]. Once again, this suggests that the choice of pendant groups has a

significant effect on the mechanical properties also.

Fu et al. [57] have studied the addition of grafted cyclopentyl POSS to

polystyrene-polybutadiene-polystyrene (SBS). Interestingly, they grafted the POSS to the

polymer chain after polymerization of the chain had already taken place instead of the

more common one-pot copolymerization techniques. In this way, they were able to create

well dispersed POSS composites with differing POSS content, but identical polymer

chain structure. Their dynamic mechanical analysis (DMA) results clearly indicate an

increase in the Tg of the polybutadiene block as the POSS filler content is increased from

0 to 20 wt %. The yield stress for the polymer decreases with increasing POSS content,

but the composite is significantly tougher. X-ray scattering indicated the presence of

some crystalline POSS domains within the composite.

Lamm et al. [58] have simulated the assembly of POSS-like nanostructures. Using

lattice Monte Carlo simulations on a coarse grained model of POSS, they were able to
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capture the increase in POSS particle spacing with increasing tether length. However,

these coarse-grained models cannot capture the interesting features seen in the POSS

systems because they lack the detailed interactions between filler and polymer which are

the very interactions that give POSS such interesting behavior.

All of these studies suggest that as the length scale of the filler decreases, the

interfacial interactions between filler and matrix become increasingly important in

determining the global properties of the composite. This thesis will explore in more detail

the interface, energetic interactions, and modifications in mechanical and thermal

properties that occur with the addition of cyclopentyl POSS in a polyethylene matrix.
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Figure 1-1: a) Schematic of the silicate cage. (R8 Si8 O12). b) Schematic of the

Cyclopentyl (C 5H 9) R-groups used in this study.
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Chapter 2

Mhodology

2.1 &hte Carlo

The Monte Carlo method is a stochastic method which generates configurations of a

given system within a particular ensemble. Producing a path through configuration space, it

provides no information on the trajectories or velocities of particles. The original formulation is

attributed to Metropolis et al. [1].

In atomistic simulations, one is interested in calculating the properties of a given potential

function within a certain ensemble. It can be shown that for a NVT ensemble, the probability, pi,

of finding the system in a particular configuration, i, is given by:

p = exp - (2.1)
k BT

where FN is the set of positions of the particles in the system, U is the potential energy function,

and k is Boltzmann's constant.

The average of a property can then be expressed as an integral over degrees of freedom

weighted by the probability of finding that state.

f dr-N exp U(F) (N

(A)=- B (2.2)

J dNexp kB
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where A is the property. For static properties, this average is equivalent to the time average over

a single trajectory.

Determining a given property of a system becomes a matter of integrating this function.

Only in very rare cases can this integral be evaluated analytically. Resorting to numerical

methods, one could randomly sample configurations, calculate the weight and average over the

weighted samples. This is inefficient since most of the configurations sampled would be high

energy states with low weights. A more efficient way to calculate this ensemble average would

be to generate configurations according to the weight exp{-/JU(i-)}. Using this scheme, one

samples more frequently those states that contribute most to the average. The property can then

be expressed as a simple average of the computed property over the generated states,

i N, N

(A)= - A (rN (2.3)
Nc i=1

where A is the property of interest, and Nc is the number of generated configurations. To sample

configurations according to this given weight, Metropolis developed the following algorithm:

1. given an initial configuration FN

2. calculate the energy of this state U, = U(rN

3. choose an atom at random and perturb it

4. calculate the energy of the perturbed configuration U, = U )

5. if(UJ - Ui) <0 accept the perturbation, otherwise accept configuration with a
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probability exp(-8(U -U)

6. calculate property A

7. go to 2.

In addition to the simple single atom displacement move, concerted rotation moves,

reptation moves, and molecule displacement/rotation moves were all employed to equilibrate

systems. The reptation move [2] is used to disconnect one monomer from the chain end and

reattach it to the other end of the chain. This produces a slithering motion of the polymer through

the melt. However, the reptation move can be inefficient at changing the internal degrees of

freedom for the polymer if long chains are used. The concerted rotation move [3] is used to

equilibrate internal segments of polymer chains. The algorithm works by selecting a 10 segment

portion of the backbone and displacing 4 of the segments. Molecular translation and rotation

were used to take entire molecules and simultaneously translate or rotate all atoms associated

with this molecule.

2.2 Molecular Dynamics

Molecular Dynamics is a technique for following the progression of a system of atoms or

molecules through phase space. From a given set of initial conditions and interatomic potentials,

one can generate the trajectories for particles. Properties can be calculated by averaging over the

trajectory:

A,= dtA(t) (2.4)

where A is the property of interest and T is the time. The key assumption in molecular dynamics

is that the movement of atoms can be treated using classical mechanics. If this equation of
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motion holds, then the same equations of motion that govern macroscopic objects may be used to

model the trajectories of atoms or molecules.

In fact, the motion of all but the lightest of atoms can be treated accurately by classical

mechanics even though the interactions between atoms, which is a product of the motion of

electrons, must be calculated using quantum mechanics. Luckily, the mass of a nuclei is on the

order of ten thousand times that of an electron. The position of the electron is highly non-

localized due to its high velocities and low mass and has a short relaxation time. In contrast, the

heavier nucleus has a highly localized position and requires much more time to reach its

equilibrium state than the electrons encircling it. The two motions can therefore be decoupled

and treated independently. This is known as the Born-Oppenheimer Principle. Quantum

mechanical calculations can be used to determine the energy of a given configuration of atoms

with equilibrated electrons [4]. By varying distances between atoms, a map of the potential

energy as a function of configuration can be developed and the motion of large systems of atoms

can be calculated without explicitly taking into account the electrons.

By treating the atoms as localized point masses and assuming their interactions are

captured in a potential function, one can use Newton's equations of motion to solve for the

trajectories of these particles. Recalling that the force on a particle can be written as the negative

gradient of the potential, one can then write the equations of motion in the following form:

d 2 a U( r N
M1 d 2 a (2.5)

dt2 B
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where mi and i. are the mass and position of atom I respectively, N is the number of atoms in the

simulation, FN = 2-''',N}, and U(FN) is the potential which can be expressed as a function

of all other atomic positions. This gives a set of N 2"d order non-linear ordinary differential

equations which can only be solved numerically. The corresponding Hamiltonian for this system

is given by:

N -2

H ±U(FN) (2.6)i2mi

where P, is the particle momentum.

The Hamiltonian in this case is equivalent to the total energy of the system. Therefore,

solving these equations produces a trajectory within an ensemble with a constant number of

particles, volume, and energy. This ensemble is termed the microcanonical ensemble (NVE).

If one would like to simulate other ensembles, changes must be made to the equations of motion.

To conduct simulations in an ensemble with a constant number of particles, volume, and

temperature (NVT) [5-7]. In this formulation, a heat bath is coupled to the equations of motion

allowing the transfer of energy to and from the system.

The Verlet algorithm is used to integrate equations of motion for a NVT system. The

equations of motion can be similarly modified to sample an ensemble with a constant number of

particles, pressure, and temperature (NPT) [8]. The Berendsen algorithm is used [7]. In this

formulation, the coupling between motion of the simulation cell is assumed to be weakly coupled

to the motion of the particles. This allows the two motions to be integrated separately. The

volume and positions of each particle are scaled at each time step in response to stress changes.
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A (t) = I - _, (6:(t) - a- )
3r

s (t + At)= As W)(2.7)

(t + At) = AF (t)

V(t + At)=(det A)V (t)

where A (t) is the scaling matrix, Tp is the time constant, &" is the desired stress tensor, a(t) is

the current stress tensor, At is the time step, T is the set of vectors defining the shape of the

simulation cell, r is the vector position of particle i, and V is the volume of the simulation cell.

This algorithm provides an over-damped response to pressure changes, thereby removing many

of the oscillations that would be found using the more rigorous ensemble techniques.

The stress tensor is calculated using the atomic virial [9]. Since periodic boundary

conditions are employed, the expression for the virial stress tensor is:

" = - - r" -() " +)," (2.8)

where V is the volume of the cell, pi" is the a component of the momentum of the it" particle, mi

is the mass of particle i, r" is the a component of the position of the it" particle, r" is the a

component of the position of the image of the jth particle which is closest to the it" particle, Fij is

the force on i due to jmin, and Ttail is the correction to the pressure due to the cutoff radius. The

force is defined as ( = -VF_ U(FN). The gradient is calculated keeping the separation between

all particles other then i and j constant. This does not presuppose pairwise additivity and is

applicable to many-body forces. The calculation of long range contributions to the virial stress

30



tensor and the acceleration can be time consuming. Often interactions beyond a given distance

are discarded. When a truncation is used in calculating the contribution of a set of interactions to

the pressure, the following correction must be added to the calculated stress:

" S= 27r 2 dUNB g 3rlr (2.9)
I-c"i .a3 P dr

where 5c, is the Kroniker delta which is zero if a # 8 and is equal to one if a = ,8, p is the

number density, g(r) is the radial distribution function, UNB is the long range potential, and rc is

the cutoff radius.

Assuming that the van der Waals interactions are truncated at rc and are described by a

12-6 Lennard-Jones potential and that the radial distribution function can be sufficiently

approximated as 1 in the region beyond rc, the equation for the tail correction becomes

1 6 7r 2 2 o 
2 

o -

45""f . p Ca- . (2.10)
3 3 r, 1r,

This correction was employed throughout this study. In order to facilitate the

computation of the van der Waals interactions, a list of the potential interacting pairs was

maintained. Termed a neighbor list, this technique was first used by Verlet [10]. For each atom a

list of particles within a distance d = r + r was maintained. When any particle has moved a

Sr
distance greater than -, the list is updated. Due to the constrained motion of particles in the

2

solid phase, this list is valid for a number of time steps.
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The link-cell method [11] was used to aid in the creation of neighbor lists. The simulation

cell is divided into rectangular compartments whose dimensions are slightly larger then the

cutoff distance. Then for a given mer only 27 adjacent compartments must be searched to find

neighbors. Since searching for these neighbors requires N2 work, the link-cell method greatly

reduces the computational time required to form the neighbor list.

Due to computational constraints, the particle number in atomistic simulations is severely

limited. Surface effects may negatively affect even the largest of simulations. In order to reduce

the surface effects, periodic boundary conditions were employed. Atoms or bonds which leave

one face of the simulation cell enter the opposite side.
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Chapter 3

Modeling Cyclopentyl POSS

The success or failure of a molecular simulation rests heavily on the description

of molecular interactions which are adopted for the particular system being studied.

Entire fields for the development of proper interatomic interactions have been developed

[1-12]. In most cases, potentials are derived that adequately describe the behavior of a

certain set of molecules or monomers, but may do a poor job at describing others even

when these molecules consist of the same elements. This occurs because the empirical

potential is an approximation to the complex energy surface of the molecule. Changes in

bonding, and or changes in the detailed electronic structure of the material may lead to

errors when using the potential on different molecules. Although there has been no

development of a potential to specifically describe polyhedral oligomeric silsesquioxane,

there have been potentials developed for polysilanes [13], polysiloxanes [14], and alkanes

[15]. However, their efficacy in describing the molecular properties of polyhedral

oligomeric silsesquioxane has not been shown. In the first part of this chapter, we

describe the validation of an atomic potential for the simulation of POSS structures by

demonstrating that the potential reproduces the vibrational spectra for hydrogenated

POSS, and reproduces the crystal structures of cyclopentyl and hydrogenated POSS.

This potential is then used to describe the energetic and mechanical properties of

the crystal. As will be described in Chapter 4, the anisotropic properties of the crystal are

particularly important in understanding the properties of POSS/polymer nanocomposites

due to the presence of small crystalline POSS domains within a variety of polymer

matrices. The cohesive energy and the energy required to disperse POSS within the

polymer are calculated. This provides clear evidence that there is an energetic driving

force towards crystallization in the POSS/polyethylene system.

We also calculate the activation energies for pendant ring rotation for POSS

which is perfectly dispersed within the polymer matrix and compare this to ring rotation

characteristics of POSS embedded within the crystal. The extra mobility for ring rotation

observed in the POSS/polymer system indicates that the rings in contact with polymer are
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more mobile than those in the crystal. However, the mobility in the polymer is no faster

than the dihedral angle relaxation in the polyethylene. This means that in this system, the

ring groups will not act to increase the mobility of the surrounding polymer.

This chapter serves to demonstrate that we can describe observed properties of the

POSS particle such as vibrational frequencies and crystal structures using the potential

force field presented in this thesis. We then take this molecular description and calculate

properties such as cohesive energies, stiffness, and ring dynamics for the cyclopentyl

POSS molecule. In Chapter 4, we will use several of these properties to help us

understand the behavior of the nanocomposite.

3.1 Model Potential

The POSS particles and polymer were modeled using an explicit atom force field

developed by Sun et al. [13-15]. The parameters for this forcefield were originally

developed for polysilanes [13], polysiloxanes [14], and alkanes [15]. These three sets of

parameters were developed with maximum transferability in mind. In Section 3.2 and 3.3,

we will show that they also describe the molecular interactions for the POSS structures

well. The functional form of this force field is given by

Eotl =( E1 k (b-b)" ] +( 2: H, (0 )
h n=2 0 n=2

+: V (1-cos~n#-# ))+j k (b-bo)(b* -b*)]
# n=1 II

+Z[k(b-bo)(0-0)]+Z (b-bo)Z k'cos(n#)
h,9 h #n=

3

+E (-0)E k,0 cos(no) + koo (0 -00)(0' - *) (3.1)
0,0 1 ~n=I ,0

+I k000(0-00) ( 0* -0*)cos#

9 9* 6

+zcei2(cr -3+
ij r r

where b is a bond length, 0 is a bond angle, b is a torsion angle, riJ is the distance between

atoms i and j, qi is the charge on atom i which is calculated using bond increments 6j1.
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This potential accounts for both intermolecular and intramolecular interactions. The force

field parameters used within this work are defined in Table 3-1 . Any terms which are not

found in Table 3-1 can be assumed to be zero.

A 6th order combination law as dictated by Sun's potential [13] was used to

calculate the interactions between unlike pairs of atoms:

0 K 6  )6J/ (3.2)
2

=2(a) , ~:~j (3.3)
The charge on each atom, qi, was determined using the bond increments, 64, given

within the forcefield as follows:

qj= Z S* (3.4)
J=all bonded atoms

Using the functional forms in Equation 3.1, the parameters in Table 3-1 were fit to

geometric and energetic properties calculated using ab initio calculations. The added

complexity of this forcefield, in the form of cross coupling terms, adds additional

flexibility to the forcefield that allows it to simultaneously match the energetics,

equilibrium geometries, vibrational spectra, and electrostatics for a wide range of

molecules. For example, the polysilane [13] potential terms can be used to describe

silane, methylsilane, ethylsilane, dimethylsilane, phenyldisilane, and numerous other

silane derivatives. In fact, it is precisely the ability of these potential terms to reproduce

the equilibrium geometries and vibrational spectra for the POSS molecule that we will

test in Section 3.2. The ability of the electrostatic and van der Waals interactions to

describe intermolecular interactions is tested in Section 3.3.
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Table 3-1. Force field parameters used to model the atoms in the system 113-151.

Atom Type
Definitions

Si Generic silicon atom with four bonds to non hydrogen atoms
attached

0 Generic oxygen atom with two bonds attached
C Generic sp3 carbon atom with four bonds attached
H Generic hydrogen

Quartic Bond
i j Ref bo(A) k2 k3 k4 0

(kcal/mol/ A2) (kcal/mol/ A3) (kcal/mol/ A4) (electrons)
Si C [13] 1.899 189.65 -279.42 307.51 0.135
Si H [13] 1.478 202.78 -305.36 280.27 0.126
0 Si [14] 1.640 350.1232 -517.3424 673.7067 -0.2225
C C [15] 1.530 299.6700 -501.7700 679.8100 0.0000

C H [15] 1.101 345.0000 -691.8900 844.6000 -0.0530
Quartic Angle

i j k Ref 0o(deg) H2  H3  H4
(kcal/mol/rad2) (kcal/mol/rad) (kcal/mol/rad4 )

H 0 Si [14] 122.8 23.7764 -19.8152 9.6331
Si 0 Si [14] 159.0 8.5000 -13.4188 -4.1785
C Si 0 [14] 114.9 23.0218 -31.3993 24.9814
H Si 0 [14] 107.4 57.6643 -10.6506 4.6274
0 Si 0 [14] 110.7 70.3069 -6.9375 0.0000
Si C H [13] 112.04 28.7700 -13.950 0.0000
Si C C [13] 112.67 39.5200 -7.4400 0.0000
C C C [15] 112.67 39.5160 -7.4430 -9.5583
C C H [15] 110.77 41.4530 -10.6040 5.1290
H C H [15] 107.66 39.6410 -12.9210 -2.4318

Torsion
i j k 1 Ref VI V2  V 3

(kcal/mol) (kcal/rnol) (kcal/mol)
Si 0 Si C [14] 0.000 0.000 -0.010
Si 0 Si H [14] 0.000 0.000 -0.010
Si 0 Si 0 [14] -0.225 0.000 -0.010
* 0 Si * [14] 0.000 0.000 -0.010
* Si C * [13] 0.000 0.000 -0.070
C C C C [15] 0.000 0.0514 -0.1430
C C C H [15] 0.0000 0.0316 -0.1681
H C C H [15] -0.1432 0.0617 -0.1530
* C C * [15] 0.000 0.000 -0.1530
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Nonbond (LJ-9-6)
Ref a (A) , (kcal/mol)

Si [14] 4.290 0.131
0 [14] 3.300 0.080
C [15] 3.854 0.0620
H [15] 2.878 0.0230

Cross Terms Bond-Bond and Bond-Angle

i j k Ref kbb kbo kbo
(i-j/j-k) i-j/i-j-k j-k/i-j-k

C C H [15] 3.3872 20.7540 11.4210
H C H [15] 5.3316 18.1030 18.1030
C C C [15] 0.000 8.0160 8.0160
Si C H [13] 0.000 18.28 16.69
Si 0 Si [14] 41.1143 28.6686 28.6686
0 Si 0 [14] 41.1143 23.4380 23.4380
H Si 0 [14] 11.6183 6.4278 20.5669
C Si 0 [14] 5.4896 6.4278 20.5669

Cross Terms Angle-Angle and Bond-Torsion
i j k I Ref i-j-k/j-k-l k b (i-j/i-j-k-I) K b (k-l/i--k-l)

ki k2  k3 k, k2  k3
C C C C -0.1729 -0.0732 0.0000 0.0000 0.0000 0.0000 0.0000
C C C H [15] -1.3199 0.2486 0.2422 -0.0925 0.0814 0.0591 0.2219

_H C C H [15] -0.4825 0.2130 0.3120 0.0777 0.2130 0.3120 0.0777
Middle Bond-Torsion

i j k I Ref k b (j-k/i-j-k-I)
kC k2 k3

C C C C [15] -17.7870 -7.1877 0.0000
C C C H [15] -14.8790 -3.6581 -0.3138
H C C H [15] -14.2610 -0.5322 -0.4864

Cross Terms Angle-Torsion
i j k I Ref k' (i-j-k/i-j-k-) k'* (j-k-1/i-j-k-1) k000

k, k2 k3 k , k i-j-k/
i-j-k-I/
j-k-I

C C C C [15] 0.3886 -0.3139 0.1389 0.3113 0.4516 -0.1988 -16.1640
H C C H [15] -0.8085 0.5569 -0.2466 -0.8085 0.5569 -0.2466 -12.5640
C C C H [15] -0.2454 0.0000 -0.1136 0.3113 0.4516 -0.1988 0.0000
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3.2 Vibrational Frequencies

Since this force field was not originally developed to study POSS molecules, it

was necessary to test the ability of the force field to reproduce experimentally observable

properties for these molecules. Specifically the equilibrium geometry and the vibrational

spectra of octasilsesquioxane were determined. The equilibrium geometry, which is

simply the average length of bonds and measure of bond angle for the equilibrated

molecule, are reported in Section 3.3. Good agreement between these calculated and

experimental properties for a molecule indicates that the force field being used to

describe the molecule is capturing the intramolecular interactions between the various

elements in the system.

The vibrational spectra and symmetries for each mode for octasilsesquioxane

were determined experimentally by Marcolli et al. [16] using both infrared and Raman

spectroscopy. For comparison, we calculated the vibrational spectra of a single

octasilsesquioxane molecule in a vacuum. Using a lattice dynamics code developed by

Lacks and Rutledge [17], the energy of the octasilsesquioxane was minimized with

respect to its geometry and then a normal mode analysis was conducted on the molecule.

These calculations were conducted at the gamma point using vibrational frequencies

calculated using quantum mechanics for the oscillators. Using the computed

eigenvectors, the symmetry of each vibrational type was identified and matched with

experimentally determined data.

A comparison between the computed vibrational frequencies and those

determined experimentally can be found in Table 3-2 and Table 3-3. Experimental

frequencies determined via Raman spectroscopy differ from the calculated values by a

root mean squared error of 39 cm'. Frequencies determined via infrared spectroscopy

differ from the calculated values by 42 cm'. This indicates a reasonable agreement

between experimental and calculated data for calculations based on the fit potentials

employed in this study. Although one can resolve narrow differences in wave number

experimentally, computational methods that are not based on quantum mechanics rarely

can capture the vibrational spectra with more accuracy.

Looking more closely at the calculated values, one finds that most of the error can

be attributed to the representation of the O-Si-H bond angle. If one neglects frequencies
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related to bending of this bond angle, shown in Table 3-2 and Table 3-3 in italics, then

differences between calculated and experimental frequencies from Raman spectroscopy

give a root mean squared error of 8 cm-' and differences between calculated and

experimental frequencies from infrared spectroscopy give a root mean squared error of

1.2 cm- . This excellent agreement indicates that the rigidity of the silicon oxygen

bonding within the cubic cage is captured with great accuracy via the adopted force field.

This is of particular importance when in Chapter 4 we study the mechanical properties of

composites consisting of CpPOSS filled polyethylene since it will affect the elasticity of

the filler molecule.
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Table 3-2. Computed and experimentally determined Raman spectra[16 for

octasilsesquioxane. Modes involving bending of O-Si-H bond angles are shown in italics.

Raman Calculated
Experiment Modes Vibrational

cm-1  cm-1  Type
2302 2242.8 Si-H
2296 2242.8 Si-H
2286 2242.8 Si-H
1117 1111.3 Si-O-Si
932 973.44 O-Si-H
897 973.44 O-Si-H
883 973.44 O-Si-H
697 687.84 Si-O-Si
610 613.62 Si-O-Si
580 566.3 O-Si-O
456 446.28 O-Si-O
414 410.03 O-Si-O
423 410.03 O-Si-O
352 349.68 O-Si-O
171 174.65 O-Si-O
84 85.895 O-Si-O

Table 3-3. Computed and experimentally determined Infrared Spectra[16 for

octasilsesquioxane. Modes involving bending of O-Si-H bond angles are shown in italics.

IR Calculated
Experiment Modes Vibrational

cm-1  cm-1  Type
2277 2242.8 Si-H
1141 1111.3 Si-O-Si
881 973.44 O-Si-H
566 566.3 O-Si-O
465 466.4 O-Si-O
399 397.39 O-Si-O
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3.3 Crystal Structures

It is not only necessary to show that the intermolecular interactions within a given

molecule are correctly represented by the model potential, but one must also demonstrate

that the model potential captures the intramolecular interactions. This can be

demonstrated by comparing the minimum free energy crystal structure for the molecule

using the given potential and that determined experimentally for the same molecule.

Good agreement between these indicates a good representation of the intermolecular

interactions for the molecule.

Interest in the crystal structure of polyhedral oligomeric silsesquioxane crystal

structures dates back to 1960 with early studies by Larsson[18-20]. Larsson [19]

determined the crystal structure for octasilsesquioxane, (HSiO .5)8 via x-ray diffraction

using Cu-K radiation. The density for the crystal structure was found to be 1.91 g cm-3.

The unit cell contains three molecules and has either an R3 or R3 space group. The

crystal parameters can be found in Table 3-4.

The crystal structure for octacyclopentylsilsesquioxane, Table 3-4, was recently

determined via x-ray diffraction at 120K by Bassindale et al.[21]. Crystals were formed

from a mixture of octacyclopentylsilsesquioxane, dichloromethane, and acetone. The

resulting octacyclopentylsilsesquioxane crystal had a density of 1.33 g cm-3 and

decomposed at less than 400' C without melting. The data for

octacyclopentylsilsesquioxane at 120K show that the R groups are all ordered and that

they do not rotate at this temperature.

One difficulty in studying the crystal structure of POSS molecules is that the

presence of an R group rotational degree of freedom sometimes leads to a phase

transition as the temperature is cooled and the available thermal energy falls below the

transition energy[18-20]. A rapid and reversible phase transition in (n-C 3H7 SiO1.5 )8 was

observed at a temperature of -1 C and may be attributable to R group rotational freedom

[20]. (n-C 3H7SiO.5)8 transitions from a triclinic unit cell at temperatures below -I 0C to a

hexagonal form at higher temperatures. However, no transitions were noted for

octasilsesquioxane or octacyclopentylsilsesquioxane. The x-ray data could not be used to

distinguish between rotating R groups and stationary groups which were disordered.
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Octasilsesquioxane is a distinct member of the POSS structures because it lacks a

rotational degree of freedom for the R groups.

Simulations of the crystal structure of octasilsesquioxane and

octacyclopentylsilsesquioxane were studied using a lattice dynamics code developed by

Rutledge and Lacks[17]. The initial crystal structure for octasilsesquioxane was built

using atomic coordinates taken from Larsson[19], Figure 3-1 , and from Bassindale et

al.[21] for Octacyclopentylsilsesquioxane, Figure 3-2. Calculations were conducted over

a uniformly distributed k-mesh with 64 total points using frequencies for the oscillators

calculated using quantum mechanics.

The lattice dynamics code was used to minimize the free energy of the

octasilsesquioxane and octacyclopentylsilsesquioxane structures at 300K and 120K

respectively with respect to atomic coordinates and crystal cell parameters. The cell

parameters for the minimized structure can be found in Table 3.4. There is less than 5%

difference between the calculated and experimental cell parameters for

octasilsesquioxane, Table 3-5, and less than 6.4% for those of

octacyclopentylsilsesquioxane, Table 3-6. This indicates a relatively good representation

of the intermolecular forces in the system.

The equilibrium geometry for octacyclopentylsilsesquioxane is reported in Table

3-7 and compared to experimental data from Bassindale et al. [21]. This again tests the

intramolecular interaction terms within the potential and demonstrates that the potential

reproduces the shape and size of this molecule.
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Table 3-4 - Experimental crystal structures for various POSS molecules.

Cornpound Octasilsesquioxane[ 19] Octacyclopentylsilsesquioxane[2 1]

Empirical formula H8O1 2 Si8  C4 oH72012 Si8
Mr [g/mol] 424.74 969.70
T [K] Room Temperature 120
Crystal System Hexagonal Triclinic

Space Group R3 or R 3 P I
a[A] 9.13(1) 9.9936(6)

b [A] 10.1401(8)
c [A] 15.35(1) 12.1205(8)

X [0] 90 98.333(6)

P [0] 90 92.328(5)

y [] 120 95.545(2)

Table 3-5. Computed minimum free energy cell parameters for octasilsesquioxane.

Computed Experimental[1 9] Error
a [A] 9.04 9.13(1) 1.0%
b [A] 9.13 9.13(1) 0.03%
c [A] 15.77 15.35(1) 2.7%

c [0] 90 90 0%

P [0] 90 90 0%

y [0] 125.8 120 4.8 %
Volume [A] 1054 1108 4.9%

44



Table 3-6. Computed minimum free energy cell parameters for

octacyclopentylsilsesquioxane.

Computed Experimental [21] Error

a [A] 10.39 9.9936(6) 3.9 %

b[A] 10.37 10.1401(8) 2.3%
C [A] 11.80 12.1205(8) 2.6%

a [ 92.0 98.333(6) 6.4 %

P [0] 89.0 92.328(5) 3.9 %

Y[] 92.9 95.545(2) 2.8 %
Volume A 1268 1206 5.0%

Table 3-7. Computed and experimental equilibrium Si-O bond length and O-Si-O and O-Si-

C bond angles for octacyclopentylsilsesquioxane.

Computed Experimental Error
[21]

Si-O [A] 1.66 1.62 2.4 %
O-Si-O [0] 108.5 108.9 0.4%

O-Si-C 0 110.4 110.0 0.4%
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Figure 3-1. Crystal Structure of Octasilsesquioxane.
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Figure 3-2. Crystal Structure of Octacyclopentylsilsesquioxane.
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3.4 Mechanical Properties

When determining the behavior of composites, it is essential to characterize fully

both the filler and the matrix. The lack of both experimental and computational data on

the mechanical properties of POSS structures prevents one from analyzing the properties

of polymer/POSS composites using micromechanical models because the elastic

properties of the filler (the POSS in this case) are required by these models. The

anisotropy of the crystal makes experimental determination of the stiffness tensor

particularly difficult. Given that the octacyclopentylsilsesquioxane triclinic unit cell has a

P1 symmetry group, there is only a center of inversion as a symmetry operation. For the

triclinic unit cell, the stiffness tensor may have 21 independent elastic constants.

The mechanical properties of octacyclopentylsilsesquioxane were determined

using molecular dynamics. The crystal structures shown in Table 4-1 were used as initial

configurations. Systems were then equilibrated for 500 ps in the NaT ensemble giving

the equilibrated cell shape tensor, h. Six simulations were run applying a single non-zero

component of the stress tensor to the equilibrated crystal cell. In each of the simulations,

one of the components axx, axy, axz, yy, ay, and czz was set to 50 MPa while the other 5

were set to zero. Using the perturbed cell shape tensor, h, the strain in the crystal was

obtained using the Parinello-Rahman formula[22] as follows:

E = _(h' -'Gh-' -I)
2 \ " 0 (3.5)

G=hh

where c is the strain tensor. By using the applied stress tensor and the resultant strain

tensor, each of these six simulations gives a single row of the compliance tensor, Sij:

6i = So-. (3.6)

Here we are using a Voigt notation to write the stress and strain tensors as 6 component

vectors such that

{o} =[o-X o-, 0- o-, o- .a (3.7)

{'}=[7 Y. r, V7 y, Y (3.8)

By inverting the compliance tensor, one can obtain the stiffness tensor, C. The

resultant stiffness tensor is as follows:
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16.6 5.3 6.2 3.1 -0.7 -5.2

20.3 5.9 0.9 -4.1 -0.7

18.1 1.2 0.5 0.2

C~i= 7.5 0.3 -1.2

9.4 3.3

7.7

where all of the terms have units of GPa and the tensor is symmetric such that C,, = C .

Notice that the full fourth order stiffness tensor Cijk has 81 components but the symmetry

conditions, C,1i, = C fikI = Cok , reduces this to 36 independent components and the

symmetry C,,k, = C,,,, reduces it to 21 independent components. Depending on the

symmetry of the unit cell, the stiffness tensor can possess additional symmetry. For

example, a triclinic unit cell all 21 components are independent.

C11  C 12  C13  C 14  C 15  C16

C22 C2 3 C24 C25 C26

C"*""C =C r'iclinic C3  34  35  C36

C4 4 C
4 5 C46

C 5 5 C 5 6

C 6 6

For an orthorhombic system there are 9 independent components.

C11 C12 C13  0 0 0

C22 C 0 0 0

C otihorhomic 33  0 0 0
C44  0 0

C55  0

C
6 6

For an isotropic system there are only two independent components.
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C11 C12 C12  0 0 0

C11 C12  0 0 0

CII 0 0 0

1
C o" op = c -c0 0

-(c 1 -c12 ) 0
2

-(c 1 -c1 9 )
2

As stated earlier, the cyclopentyl POSS crystal possesses P1 symmetry and has a

triclinic unit cell. This allows for a full 21 independent elastic constants. The results show

that there are several non-zero shear coupling terms such as c16 , c2 5, and several others.

This indicates that upon the application of shear stress, the unit cell expands along one of

the principal axes. The Reuss average isotropic bulk and shear moduli were calculated

from the anisotropic compliance tensor using the following formula:

K- =[ 1 [ S 2 2 + S +2(S 12 ± 3 ±S3+)S

1 4 3 (3.9)
G- = - S1 + S + S33 -(S1 2 + S13 + S23 )+- ( S44 + 55 + S6 (

15 L 4 _

Isotropic approximations for familiar values like the Young's Modulus and the

shear modulus can be found in Table 3-8. Given that polymer moduli vary on the order of

5 MPa to 2 GPa, the modulus of the CpPOSS crystal is on the order of 10 times, when the

matrix is glassy or semicrystalline, to 1000 times, when matrix is rubbery, stiffer than the

polymer. This suggests that the POSS when in the form of crystalline aggregates is not

necessarily "rigid" in comparison to the polymer and its stiffness must be taken into

account in micromechanical models describing the influence of POSS additives on the

mechanical properties of composites depending on the polymer in which it is

incorporated. For the stiffer glassy polymers, the POSS stiffness must be accounted for.

Also the order of magnitude of c11 falls in the range of that determined experimentally for

many other organic crystals reported in Table 3-9. Although the CpPOSS cage is quite

rigid as seen by the computed and experimental vibrational spectra, the interactions

between stiff cages is mediated by the compliant pendant organic groups. The strong

interactions between ions which result in high moduli in ionic crystals are much stiffer
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than the van der Waals interactions and the octapole interactions between the silicon-

oxygen cages. Because of this, the molecular crystal is always more compliant than the

ionic atomic crystal, Table 3-9.

Table 3-8: Isotropic approximations for cyclopentyl POSS crystal elastic properties.

Term Value

Bulk Modulus, KR 7.5 [GPa]

Elastic Modulus, ER 11.78 [GPa]

Poisson's Ratio, VR 0.24

Shear Modulus, GR 4.75 [GPa]

Table 3-9: Experimental elastic constants for other organic crystals.

Organic Crystal C11  C22  C33  C44  C55  C6 6  C12  C13  C23  C35

[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [GPa]

Urea [23] 21.7 21.7 53.2 6.26 6.26 0.45 8.9 24.0 24.0

Hexamethylenetetramine 15 7 3

[24]

pentacrythritol[25] 40.5 13.9 2.74 2.52 26.6 10.5

Rescorcinol[26] 8.6 28.8 19.5 3.26 4.35 4.00 9.5 7.5 19.1

n-dinitrobenzene 10.7 11.3 20.3 4.37 2.04 5.31 6.30 1.95 3.19

[27]

durene[28] 9.08 10 10 1.84 2.17 7.27 7.75 2.57 3.19 -0.13
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3.5 CpPOSS Cohesive Energy

The cohesive energy of the crystal was found at 200K, 250K, and 300K. The

larger the cohesive energy, the stronger the interactions between molecules within the

crystal and the more stable the crystal. Additionally, since the mesostructure of the

nanocomposite can play a significant role in determining its properties, it is important to

understand the energetics of CpPOSS crystallization within the composite. Aggregation

and the formation of crystallites within the nanocomposite is driven by energetic

interactions between the CpPOSS molecules, between the CpPOSS molecules and the

polymer, and entropic penalties for aggregation. The energetic driving force for

crystallization within the POSS/Polyethylene composite may be assessed by directly

comparing the energy of a CpPOSS particle within a crystal and that of a CpPOSS

particle embedded in the polyethylene matrix.

The cohesive energy, Ucohesive, is determined by the following equation:

Uohesive LJSstcrn -MUU (3. 10)

where Usysten is the total energy of the simulated system, and U';"""'n is the energy of

each molecule in vacuum. Simulations were carried out on a) an infinite CpPOSS crystal,

b) a single CpPOSS molecule in a vacuum, and c) a single CpPOSS molecule embedded

within a polymer. Each simulation was run for 3 nanoseconds in the N-T ensemble and

the energy of the CpPOSS molecule was averaged over the last 2 nanoseconds of the run.

The system energy, Usystem, in equation 3.10 is the energy of the infinite crystal. The

energy of individual isolated POSS molecules is taken from system b) a single CpPOSS

molecule in a vacuum. The resulting cohesive energy is reported in Table 3-10. This term

is also converted into a cohesive energy density, 6, by taking the square root of the

cohesive energy density divided by the volume of the unit cell as follows:

-_ U'"O ' (3.11)
V

51



where V is the volume of the simulation cell. This volume is given by the determinant of

the system shape matrix, h. The experimentally determined cohesive energy density for

several other material systems is given in Table 3-11.

In addition, the energetic penalty for dispersing the CpPOSS into the polymer was

determined by subtracting the energy of the CpPOSS molecule in system c, the

CpPOSS/PE system, and the energy of a CpPOSS in system a, the CpPOSS crystal. The

energy required for dispersion, Udispersion, is given by:

~UPOSS U TPOSS
U/jsperso, - crysf - UtI 1iSJ),rSe (3.12)

where Upos is the energy of a CpPOSS molecule in a perfect crystal, and U" is

the energy of a CpPOSS molecule perfectly dispersed in a polyethylene matrix. This

quantity is reported in Table 3-12. It is much more difficult to define an energy density

for the dispersed molecule simply because the volume for a single molecule is ill defined.

The boundary defining the volume enclosed by a given atom can be arbitrarily chosen as

the van der Waals radii, the repulsive part of the van der Waals interaction, or any other

arbitrary value. This problem is discussed in more detail in Chapter 4.

In order to determine whether the POSS will aggregate within the polymer matrix

it is necessary to know both the energetic driving force for aggregation and crystallization

and the entropic penalty for dispersing the POSS. Table 3-12 shows that it is clearly

energetically favorable for crystallization to occur. However, this data is not sufficient to

predict aggregation. Since it is entropically favorable for the CpPOSS to be in the

dispersed state, the energetic driving force is necessary for crystallization. Simulations of

CpPOSS/PE composites will later show that the aggregated state is preferred in this

system.

As a very rough estimate, we can approximate the entropy of dispersion by

treating the nanoparticles as an ideal gas. In this case the change in entropy between two

states at constant temperature is given by:

V
AS=Nklin- (3.13)

where N is the number of atoms, k is the Boltzmann's constant, Vf is the final volume,

and Vi is the initial volume. The final state is the crystalline state, and the initial state is

the dispersed state. The volume of the crystal is approximately 36 times the volume of a
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5 wt % dispersed nanocomposite. In this case, the entropy of the crystal is lower than the

entropy of the dispersed state by 0.029 kJ/mol. This is significantly smaller than the order

100 kJ/mol differences in internal energy between these two states.
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Figure 3-3: CpPOSS in a vacuum.

Figure 3-4: Single CpPOSS embedded within a Polyethylene matrix.

.........

54



Table 3-10: CpPOSS cohesive energy at various temperatures.

Simulation Set 300 K 250K 200 K

Ucohesive [kJ/mol] -1.0(6) x10 3  -1.4(4) x10 3  -3 .8(4)x10'

6 [cal/cc]/ 2  38.1 42.9 51.5

Table 3-11: Experimentally determined Hildebrand solubility parameters [291.

Material 8 [cal/cc]" 2

Polystyrene 34-42

Nylon 6.6 56

Polybutadiene 29-35

Polyethylene 30-39

Table 3-12: Energy

polyethylene.

difference between crystallized CpPOSS and CpPOSS dispersed in

Simulation Set 300K 250K 200K

Udispersion [kJ/mol] -6.0(6)x 102 -1.0(4)x 103 -1.4(4)x 1 03
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3.6 Ring Dynamics

We are also interested in the dynamics of the cyclopentyl R groups because these

interact directly with the polymer surrounding the POSS cage. The fast dynamics and

flexibility of the ring group have even been associated with a decrease in the glass

transition temperature of the blended POSS polymer composites[30]. Understanding the

difference in dynamics between the ring group and segmental mobility of the polymer

backbone will help us to understand the effects of incorporating POSS into the polymer.

In polymers where the ring group rotation is faster than segmental motion within the

polymer, it is expected that the polymer in contact with the ring group will have increased

dynamics. If the ring group rotation and POSS mobility is much slower than the

segmental motion within the polymer, then the surface of the POSS may act much like a

flat static wall in the presence of the more mobile polymer.

The rotational dynamics of the cyclopentyl ring groups were determined by

monitoring the dihedral angle formed between the silicon-oxygen-carbon-carbon atoms.

The following dihedral angle autocorrelation function, 4DACF (t), was calculated:

= (cos(#0(t)). cos(# (0))) - (cos( (0O)))2

(cos2 (0 (0))) - (cos (# (0)))2

where # is the dihedral angle, and t is the time. The following three systems were

studied a) a single CpPOSS particle in a vacuum, b) an infinite CpPOSS crystal, and c)

CpPOSS dispersed in a polyethylene matrix. The resulting curves can be seen in Figure

3-5, 3-6, and 3-7.

The relaxation time for each of these dihedral angle autocorrelation functions was

determined by fitting a William-Watts stretched exponential[31] to each curve using a

least squares method.

ODACF exp (3.15)
TDACF
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Assuming an Arrhenius relation between the DACF relaxation time and the temperature,

an activation energy for ring rotation was determined as follows:

TDACF = xpE(-E, (3.16)

T, RT

where Ea is the activation energy, t is a constant, R is the gas constant, and T is the

temperature. The results can be found in Table 3-8.

In a vacuum, the rotational relaxation of the ring groups is quite fast. It is

significantly faster than the relaxation of the segments along the polymer backbone.

When placed into the polymer matrix, the relaxation times decrease and the activation

energy of 13 kJ/mol approaches the activation energy for dihedral angle rotation along

the backbone of the polymer chain. In the crystal, the ring rotation is very slow.

The change in ring dynamics depends significantly on the material surrounding

the particle. In a polyethylene matrix, we find that the ring group rotation is no faster than

the segmental motion along the polymer backbone. In a polymer with slower segmental

mobility, due perhaps to ring groups, or bulky side groups, it is presumed that the ring

group mobility would be faster than the polymer segmental mobility. In Chapter 4, it will

be shown that blending the CpPOSS to short chains of polyethylene actually increases the

glass transition temperature. The common plasticizing effect of blended POSS is not seen

in the computational studies. This may be due in part to the fact that the ring group

rotation does not contribute additional mobility to the system in which it is added.
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Figure 3-5: Figure illustrating the dihedral angle that is being monitored. The dihedral

angle being monitored is indicated by the arrow.

Figure 3-6: Dihedral angle autocorrelation functions for a single CpPOSS particle in a

vacuum.
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Figure 3-7: Dihedral angle relaxation times for CpPOSS in a vacuum.
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Figure 3-9: Dihedral angle autocorrelation functions for a PE/CpPOSS composite.
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Table 3-13: Activation energies for ring group rotation in CpPOSS.
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System Activation Energy for Ring Rotation

[kJ/mol]

Isolated CpPOSS 2.7

CpPOSS dispersed in PE 13.5



3.7 Discussion

In this chapter, we have demonstrated that the force field developed by Sun et al.

[13-15] adequately describes the intermolecular and intramolecular interactions in the

POSS molecule. The ability of this forcefield to reproduce the crystal structures and

vibrational spectra for the POSS molecule indicate that we have captured the rigidity of

the molecule and intramolecular interactions well. However, calculations of the elastic

moduli of the CpPOSS crystal reveal that the rigidity of the central silicon-oxygen cage

within the CpPOSS molecule does not translate into high stiffness for the CpPOSS

crystal. The interactions between the flexible organic cyclopentyl R-groups add

compliance to the crystal and the measured stiffness is on the order of 15 GPa. This is not

terribly stiff compared to the polymers they are blended with which have elastic moduli

on the order of 1 - 2 GPa. Note that the calculated elastic modulus was for a crystal of

CpPOSS and not for a single molecule embedded within a polymer. In Chapter 4, we will

examine the enhancement of moduli that occurs with the addition of CpPOSS to the

polyethylene matrix. These properties will be used in Chapter 4 to use micromechanical

models to describe the change in mechanical properties of the CpPOSS/PE blends.

Comparing the energy of the crystalline POSS to that of a POSS molecule

perfectly dispersed in the polymer, one finds that there is an energetic driving force

towards crystallization of the CpPOSS in the CpPOSS/PE composite system. In Chapter

4, we will show how this energetic driving force leads to aggregation within the

simulated CpPOSS/PE composites. In fact, the presence of crystallites of POSS within

POSS/polymer has been observed[32-34]. In the case of tethered POSS, the chemical

constraint forces the POSS to crystallize into raft like structures[32, 35-41]. Due to the

presence of these highly organized and crystallized POSS domains, the mechanical

properties and energetics of the POSS crystal are critical to understanding the behavior of

the nanocomposites themselves.

A decrease in the glass transition temperature has been observed with the addition

of small amounts of POSS in a polymer[34, 42]. This decrease may be attributed to a

plasticization of the polymer by the POSS particle. In this chapter, we have shown that
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the mobility of the ring groups in the polymer is on the same order of magnitude as

segmental motion within the polymer chain. In Chapter 4, we will also show that the

mobility of the CpPOSS particles is actually slower than the mobility of the PE chains

studied in our simulations. This means that the blended POSS will not act to enhance the

mobility of our system, and the CpPOSS/PE system we study is perhaps analogous to the

tethered POSS systems. In the tethered systems, the addition of large immobile POSS

structures into the system leads to increases in the glass transition temperature and

decreases in polymer mobility due to confinement effects.
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Chapter 4

CpPOSS/Polyethylene Nano-composites

In recent years, there has been significant interest in polyhedral oligomeric

silsesquioxane polymer composites since the cost of production has decreased

significantly and these molecules have been found to modify a number of important

properties. The addition of tethered POSS has been linked to increases in the glass

transition temperature as the added POSS slows the dynamics of the polymer chain to

which it is attached [1-4]. Blends of acrylic polyhedral oligomeric silsesquioxane and

polymethyl methacrylate show a clear decrease in the glass transition temperature [4].

POSS polystyrene copolymers have shown lower viscosities [5] than the homopolymer.

Blends of copolymerized POSS poly(methyl methacrylate) with PMMA and PS

homopolymers showed increased fracture toughness [6]. POSS may be incorporated into

a polyrer either by chemically tethering it to the polymer backbone or by blending the

particles with the polymer matrix. POSS has been successfully copolymerized with

polysiloxane[7-9], poly(methyl methacrylate)[ 10], polynorbornene[ 1 1], polystyrene[ 12],

polyethylene[13], and polyurethane [14-16]. POSS has also been blended with

amphiphilic poly(dimethylsiloxane) [17], epoxy [18], and poly(methyl methacrylate) [4,

19]. In this chapter, molecules of CpPOSS are blended at different concentrations into a

matrix consisting of pentacontane (C5 oH 0 2) chains. In this system, the polymer mobility

is found to decrease, there is a slight increase in the glass transition temperature, and

there is an enhancement of the elastic moduli.

4.1 Description of Simulations

Three system compositions were studied: a 5 weight percent CpPOSS/PE

composite comprising 6 CpPOSS particles and 158 pentacontane (C5 oH 1 02, denoted

hereafter as C50) chains, a 15 weight percent CpPOSS/PE composite comprising 20

CpPOSS particles and 158 C50 chains, and a 25 weight percent CpPOSS/PE system

comprising 60 CpPOSS particles and 167 C50 chains. As described in Chapter 3, the

POSS particles and polymer were modeled using an explicit atom force field developed

by Sun et al. [20-22].
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CpPOSS/PE composites are created by first randomly placing CpPOSS particles

within a representative volume element. The CpPOSS particles are given a random

rotation and displacement within the cell. The new position of the particle is accepted or

rejected based on a Monte Carlo acceptance criteria based on the energy of inserting the

particle into the system. This prevents particles from overlapping in non-physical ways. If

the particle insertion is rejected, then the particle is given a new displacement and

rotation and insertion is attempted once again.

After all of the CpPOSS particles have been placed within the simulation cell, the

polymer is added to the system. Specifically, pentacontane chains were introduced into

the system by first randomly selecting 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

systems were then equilibrated using a Metropolis Monte Carlo algorithm with single

atom displacement moves applied to all atoms, and reptation moves and concerted

rotation moves applied to polymer chains.

Each structure, Table 4-1, was then subjected to the following simulation

schedule: i) 100 ps simulation at 500K, holding the number of atoms, volume, and

temperature constant (NVT ensemble); ii) 5 ns simulation at 500K, holding the number of

atoms, pressure, and temperature constant (NPT ensemble); iii) 2ns simulation during

which the temperature was ramped from 500K to 300K in steps of I x 104 K every I fs;

iv) 10 ns at 300K, holding the number of atoms, stress tensor and temperature constant

(Nc-T ensemble). In each case, the set point pressure was atmospheric. The intent of this

protocol was to observe the behavior of the composites at 500K and 300K, with the

cooling segment allowing for an equilibrated structure to be constructed at 300K. The

simulation segment (i) allows the atomic velocities to equilibrate before the simulation

cell size is allowed to fluctuate. The system densities were 0.80(1) g/cm 3, 0.82(1) g/cm 3 ,

0.84(1) g/cm 3, and 0.87(1) g/cm 3 at 500K, 0.88(1) g/cm 3, 0.90(1) g/cm 3, 0.93(1) g/cm 3,

and 0.96(1) g/cm 3 at 300K, 0.93(1) g/cm 3, 0.94(1) g/cm 3, 0.97(1) g/cm 3, 0.99(1) g/cm 3 at

200K for composites of 0 wt%, 5 wt%, 15 wt%, and 25 wt% respectively.

Molecular dynamics simulations were performed using the velocity Verlet

algorithm [23] with an integration time step of I fs. The pressure within the simulation
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cell was maintained at the target value by rescaling the volume of the cell using the

approach of Berendsen et al. [24] with a barostat constant of 100 ps. The temperature was

controlled using the Berendsen thermostat with a thermostat constant of 10 ps. The

details of the algorithms used can be found in Chapter 2.

Table 4-1: Initial Structure Description.

Weight Number Number of Number of Generation Generation
Percent of Chains Monomers Per POSS Density Temperature
POSS Chain particles [g/cm 3] [K]
5 158 50 6 0.55 500
15 158 50 20 0.55 500
25 143 50 60 0.55 500

4.2 Length Scales

The connections between physical properties and length scale can be significant

in polymer systems. Namely the connections between filler particle size and radius of

gyration have been shown to play a key role in the properties of polymer

nanocomposites[25-32]. In the following sections, we will characterize several important

length scales in the system: the average separation between particles, the radius of

gyration of the polymer chain, and the filler particle size.

4.2.1 Average Particle Separation

The average particle separation is important for several reasons. If particles are

separated by less than the radius of gyration of the polymer chain, then the

conformational space of the polymer in the surrounding cavities will be affected

throughout the composite by the presence of the particles. Second, comparing the average

separation between particles to the distances traveled by particles during the simulations

will indicate how much of the composite's phase space has been explored during the

course of the simulations.

We quantify the average separation of particles in the system first by using the

concentration of particles. Given the number of particles, N, within a certain volume, V,

one can obtain the average separation between particles, ds 1,, by taking the cube root of

the total volume divided by the number of particles in that volume:
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d - (v) (4.1)
N

Note that this equation assumes that the particles are well dispersed in the matrix.

In Section 4-7, we will show that this is not true for the 15 and 25 weight percent

systems. The resulting average separation distances at 500K, 300K, and 200K for the

POSS composites are given in Tables 4-2, 4-3, and 4-4 respectively. The next section will

show that the polymer radius of gyration is approximately 1 nm. The diameter of the

particle, from base of R-group to R-group is approximately 1.4 nm. At 25 weight percent,

the average separation between particles is approaching the radius of gyration of the

polymer and the diameter of the POSS particles themselves assuming that the particles

are perfectly dispersed.
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Table 4-2: Theoretical average separation between particles at 500K for various systems assuming
perfect dispersion.

Weight Percent POSS V) Nposs
[nrn] [A]

5 235 6 34.0
15 255 20 23.3
25 296 60 17.0

Table 4-3: Theoretical average separation between particles
perfect dispersion.

at 300K for various systems assuming

Weight Percent POSS ( Nposs de(is
[ nm [A]

5 212 6 32.8
15 232 20 22.6
25 269 60 16.5

Table 4-4: Theoretical average separation between particles
perfect dispersion.

at 200K for various systems assuming

Weight Percent POSS (V) Nposs
[ nm] [A]

5 204 6 32.4
15 221 20 22.3
25 254 60 16.2

However, this measure is not the only relevant length scale in the problem. The

calculation of mean separation based on concentration, d&s,, does not account for the

mesoscopic structure that may develop. The distance between a given CpPOSS particle

and its nearest neighbor is also relevant when studying aggregation phenomena and

interpreting the aggregation data presented in later sections within this chapter. In a case

with a heterogeneous distribution of particles, these two measures may give very

different answers. What is termed here as the average distance to the nearest neighbor,

dPNN, approaches 10 Angstroms for particles which are in crystal registry. The difference

between dPNN and 10 Angstroms is the distance over which a particle must travel in order

to enter into crystal registry with its nearest neighbor.
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The actual average nearest neighbor distance was evaluated by averaging the

computed minimum distance between each particle and all of its neighbors as follows:

dPNin{inm _cm)

d iinK ~, -C (4.2)
Nposs i1j1.~g,#

where dPNN is the average particle separation, Nposs is the number of POSS particles,

"' is the center of mass of POSS particle i, and the average is taken over the trajectory.

Results for this calculation at 500K, 300K, and 200K are given in Table 4-5.

As the concentration increases, CPNN decreases as one would expect. So we can

see that for the concentrations of 15 and 25 weight percent, the particles need to travel

only 2 to 3 Angstroms before they are in a position where crystal registry with their

neighbor is possible. However at 5 weight percent the CpPOSS particle must travel

approximately 10 Angstroms to reach its nearest neighboring particle. The values of

dIPNN can be compared to the dispersed values, dis,. The lower values of dPNN indicate

that the particles are not perfectly dispersed on a simple cubic lattice. We will show later

that the particles have aggregated to some degree and it is this aggregation that reduces

the nearest neighbor distances between particles.

Table 4-5: Average minimum particle spacing at 300K and 500K computed from simulated systems.

d flls di, s
Weight Percent POSS [Angstroms] [Angstroms]

T = 300K T = 500K
5 20.0 20.5
15 12.9 13.5
25 10.3 12.0

4.3 Radius of Gyration

The radius of gyration is a measure of the size of the polymer chain. The radius of

gyration, Rg, was calculated using the following formula:
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Z m
i=1

where Na is the number of atoms in the chain, mi is the mass of atom i, ri is the position

of atom i, and j-"ai is the position of the center of mass of the chain. The results can be

found in Table 4-6. As shown in Section 4.2.1, the distance between particles is

approaching the radius of gyration of the polymer chains. However, there is no change in

the radius of gyration of the polymer with increasing CpPOSS content.

Table 4-6. Radius of gyration for polymer chains within the CpPOSS/PE composite.

Composition [weight Rg [A] Rg [A] Rg [A]
% POSS] T = 200K T = 300K T = 500K
0 10.7(1) 10.9(2) 10.2(2)
5 11.4(1) 11.2(3) 10.2(3)
15 10.6(2) 10.8(2) 10.1(2)
25 10.7(2) 10.6(3) 10.2(2)

4.4 Diffusion

Understanding the effects of increasing CpPOSS concentration on mobility of

both the polymer and of the particles is critical to understanding how CpPOSS acts to

reinforce the matrix and alter the properties of the composite. These effects are

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,

(Ar (t)2) (t) - (0) )(4.4)

of atoms within the system and using this 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:

im -= 6D . (4.5)
t4o dt
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The mean squared displacement of the carbon atoms along the backbone of the

polymer chain is given in Figure 4-1. The calculated diffusion coefficients in Table 4-7

reveal that the mobility of the polymer decreases with increasing CpPOSS concentration.

The calculated diffusion coefficients of 5.0x10-6 cm2 sI to 6.5x10-6 cm2 sI at 500K

compare well with the experimental value of 6.1 x10-6 cm 2 s- reported by Pearson et al.

[33] for C50 at 500K.

To measure the translational mobility of POSS particles, the mean squared

displacement of the silicon atoms within the system was monitored, the results of which

are given in Figure 4-2. The calculated diffusion coefficients in Table 4-8 reveal that the

diffusion of the silicon atoms is approximately 1.5 times slower than that of the polymer.

Table 4-8 also displays a drop in mobility at 25 weight percent CpPOSS. The diffusion

coefficients could not be calculated accurately at 300K due to the slow motion of the

CpPOSS particles at that temperature.

In these simulations the CpPOSS mobility is shown to be lower than that of the

polymer. In many experimental systems, blending POSS into the polymer has a

plasticizing effect. The plasticizing effect is probably due to the fact that in the

experimental systems, the POSS molecule is more mobile than the polymer adding free

volume and inducing increases in dynamics of the polymer. In the simulations, the

CpPOSS acts to retard the motion of the polyethylene. As shown in Chapter 3, the

rotational mobility of the ring groups for the POSS blended into the polymer is no greater

than the dihedral angle rotation along the polymer backbone. The slower dynamics of the

POSS leads to decreases in mobility for the matrix polymer.
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Figure 4-1. Mean squared displacement (MSD) of carbon atoms in the polymer at 500K and 300K.

1102

10'

102 103
Time [ps]

Figure 4-2. Mean squared displacement of Silicon atoms at 500K and 300K.
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Table 4-7. Diffusion coefficients (x106 D [cm 2 s-11) for polymer backbone atoms.

Composition 300K 500K
[weight % POSS]

-5 0.39 6.5
15 0.47 6.0
25 0.44 5.3

4.5 Rotational Diffusion

The rotational diffusion constants can be calculated from the long time behavior

of the following function [34]:

D,0, = lim I((t)-0 (0)) (4.6)
t-+- 4t

where Drot is the rotational diffusion constant, AO(t) is the angle of rotation of molecular

reference frame, t is the time, and the average is taken over initial positions. The

rotational diffusion constant, DL,, can then be calculated from the slope of this function

at long times. If we take 0(0) = 0, i.e. we take the initial orientation as the reference

frame, then we can relate Drot to 0(t). By attaching a unit vector to the Si-O bond vector,

b, we can calculate a rotational diffusion constant by calculating the following

equivalent function:

D,-,, = fimn -()(0) .(4.7)
t-+- 4t

Therefore some information concerning the rotation of the CpPOSS particle can

be obtained by using information from the bond autocorrelation function for the Si-O

bond vector. One should keep in mind that this assumes that the Si-O bond rotates with

the molecular reference frame. In this case, the relatively rigid silicon oxygen cage does

rotate with the molecular reference frame as can be seen from molecular trajectories. The

bond autocorrelation data for the composites can be found in Figure 4-3. A decaying

exponential was fit to the data and used to obtain estimates of the rotational diffusion

coefficients found in Table 4-8.

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
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same attractive interactions between particles that leads to the aggregation mentioned

earlier. At 5 wt%, these attractions appear to be sufficiently minor that the POSS particles

may be deemed dilute and non-interacting. It is evident from this data that the CpPOSS

acts to decrease the mobility of the polymer, which is consistent with the increases in Tg

seen in the tethered POSS nanocomposites.

Figure 4-3. Bond autocorrelation function (BACF) for Si-O bonds at 500K for 5, 15, and 25 wt %
CpPOSS/PE composite.
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Table 4-8. Diffusion coefficients for silicon atoms at 500K.

Composition [weight % D (x10 6 [cm 2 s-]) Trot [ps]
POSS]

5 1.5 403
15 2.1 453
25 2.0 617
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4.6 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 size of each filler inclusion, and thereby decreases the surface

area between particle and matrix in the composite. In order 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 4-4 and Figure 4-5 show snapshots of the 25 wt % system after completing stage

(ii) (500K) and at the end of stage (iv) (300K), respectively. POSS particles are initially

distributed randomly within the matrix at 500K, but during the 5ns NPT simulation at

500K, particle aggregation occurs, but without any internal structure developing. Upon

cooling to 300K, 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:

V Np, NsF

g,,(R) = (Z3(R - s (4.8)
NsiNp i=1 j=

where i'. is the center of mass of POSS particle i, and F§s 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 neighboring POSS particles are arranged around any given POSS

particle.

Figure 4-7 displays the radial distribution function at 500K for the 15 and 25 wt%

systems. The structure exhibits only a weak, fluid like, short range ordering of silicon

atoms at this temperature. This indicates that at 500K, there is no discernable

orientational organization of the CpPOSS particles within the systems. When the system

is cooled to 300K, Figure 4-8 and 200K, Figure 4-9, the appearance of sharp peaks in the
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radial distribution function indicates a specific organization of neighboring POSS

particles. The peaks are present for distances less than 15 A (which is the maximum

distance between silicon atoms within nearest neighbor POSS particles). These peaks

correspond to the peaks present in the radial distribution function for a CpPOSS crystal,

as also shown in Figure 4-8. This suggests a clear ordering of neighboring POSS particles

into the structural arrangement of the type found in the crystal phase. However, the

simulation 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 extensively in

experiments [15]. 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 4-8 because the CpPOSS particles, being

more dilute in that system, did not exhibit aggregation on the time scale of the simulation.
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Figure 4-4. Snapshot of initial configuration for a 25 weight percent CpPOSS/PE system.

Figure 4-5. Snapshot of system after equilibration at 500K and cooling to 300K.
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Figure 4-6: Snapshot of cluster within the 25 weight percent sample at 300K.

Figure 4-7. Radial distribution function, gp-A(R), of 15 and 25 wt % CpPOSS/PE composite at 500K.
The inset illustrates the measurement of R from the center of the POSS particle.
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Figure 4-8. Radial distribution function, gPA(R), of CpPOSS crystal, 15 wt%
and 25 wt % CpPOSS/PE composite at 300K.
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Figure 4-9. Radial distribution function, gPA(R), of
CpPOSS/PE composite at 200K.
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4.7 Cluster Analysis

Two methods were used to perform cluster analysis. The first was based solely on

a proximity condition. Two particles were considered part of the same cluster if the

separation distance between the centers of mass, R,,, was less than some critical value,

RclusterP,P'

The second method selects based on both a proximity condition and an alignment

condition. The proximity condition is identical to that found in the first method. The

alignment condition measures the angle of separation between the principal axis of each

POSS particle. For each pair of molecules the principal axes, {e,e 2 ,e }, were

calculated. For each possible pair of principal axes for these two molecules, an alignment

parameter, $f",k is calculated as follows:

"Cluster = min cos- e " e)] 2,[ -cos-' (e -e k)] (4.9)

where i and j denote the principal axes being compared, m and k are the POSS particle

numbers each ranging from 1 to Nposs. The three minimum values of " for k 1,3

and m = 1,3, are taken for each pair of particles and the maximum of these three values,

Cluste, is used to determine clustering. If the value of Clu""e is less than a critical value,

C#lstr then the two particles are considered to be part of the same aggregate. The value

of ".t varies between 0 and -2
4

When analyzing the results of this analysis, it is important to determine the

probability that two randomly placed molecules will pass the alignment condition. If we

imagine having a single vector in 3d space, vj, and we introduce a new randomly oriented

vector, v2, the probability that the angle between them will be 0, assuming we consider

only the line vector and do not assign a direction along this line, is given by

p(O)= sin 0, 0 < 0 < -
2

P(O)=1 -cosO . (4.10)
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Therefore the probability that these two angles will have a score that is less than

# is given by

P($) =I- Cos ,' 0: . (4.11)

There are three principal axes for each particle, therefore the probability that one

axis on particle I will have a score less than # when compared to an axis on particle 2 is

three times equation (4.11). In order for the alignment condition to be satisfied, all three

axes on particle 1 must have an axis on particle 2 which produces a score below $. The

joint probability that axes 1, 2, and 3 on particle 1 will each have a corresponding axis on

particle 2 which gives a score below $ is then given by

P(0) =9 ( 1-cos J)2 (4.12)

The number of particles within a given distance, r, from another particle can be

approximated as

N(r)4=rr Nposs (4.13)
3 V

Given the number of particles in the system within a distance r from any particle,

N(r) the number of clusters of at least size 2 that will randomly form is given by

Nc2 = NossN(r)P($). (4.14)

The number of clusters of at least size C3 is given by

Nc, = Nc2 [2N(r)P()]. (4.15)

We can see from the expectation numbers calculated in Table 4-9, that there is a

miniscule probability that any of the systems will register the presence of a cluster at any

given time step. However this probability will grow linearly with simulated time.

The proximity and orientation method was used to calculate the number of

clusters in each of the samples in Table 4-10 using a cutoff distance r = 12 A and a 0 =

100. The clusters are identified by the number of molecules within a given cluster. For

example, a C2 cluster has 2 CpPOSS molecules within it and a CIO cluster has 10

CpPOSS molecules within it. This analysis reveals that 65 percent of the CpPOSS in the

15 weight percent CpPOSS/PE composite is part of a cluster. Similarly, 38 percent of the

25 weight percent CpPOSS/PE composite is clustered. The presence of these large
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clusters occurring within a randomly distributed system are miniscule and their presences

confirms the aggregation tendency seen within the radial distribution data in Section 4.7.

Table 4-9: Number of clusters formed, Nc,1, of size greater than or equal to n that in a system with a
given the number of POSS particles and assuming all particles are randomly oriented.

Number of POSS Particles Cluster type Expectation Number

6 C2  1.3x10-3
C3  7x10-7

20 C2  2.1x10-2

C3  4.6x10 5

60 C2  0.16
C 3  8x10-3

Table 4-10. Number of clusters and cluster characterization in CpPOSS/PE composites.

Composition [wt% CpPOSS] Number of Clusters of Given Type
5 0
15 3 C2 clusters

1 C3 cluster
1 C4 cluster

25 5 C2 clusters

1 C3 cluster
1 C10 cluster
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4.8 Potential of Mean Force

The importance of aggregation (and possibly crystallization) of these CpPOSS

particles within the matrix on determining the properties of the composite is significant.

Increases in aggregation lead to decreases in interfacial area. In order to understand fully

the aggregation 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 inter-

particle potential of mean force, based on data taken from these atomistic simulations,

which can be used for subsequent mesoscopic modeling.

We assume a mesoscopic model which treats CpPOSS particles as interacting

spheres. Given a particular functional form, the interaction parameters for the potential f

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, g,,, as

follows:

V N, N, .

g,,(R)= 2 Z 3(R +P1i§-P)). (4.16)

Figure 4-10 shows gpp for 15 and 25 weight percent CpPOSS composites. The

potential of mean force, W(r), was then calculated by inversion of the Boltzman

distribution:

W(R) = -kT ln (g,,(R)) (4.17)

where k is the Boltzmann constant, and T is the temperature in Kelvin. A single potential

of mean force was calculated based on the average gpy(r) for the 15 and 25 weight

percent CpPOSS composites as shown in Figure 4-11. Strictly speaking, this potential is

only valid at 500 K and does not capture 3-body correlations, which become

progressively more important at higher concentrations. Note also that equation 4.17

follows directly from U(R)= -kTln(P(R)) since pg(R)dR gives the probability of finding
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a particle at a distance R given there is a particle at the origin where p is the number

density. The number density and dR leads to a constant difference between W(R) and

U(R).

Functions of the Lennard Jones 9-6 type and a 5 th order polynomial were each fit

to the data in Figure 4-11 using a non-linear least squares fit. The 12-6 potential was also

tried, but with less satisfactory results. Of these, the 9-6 potential was found to yield the

best fit. The functions and parameters are given in Table 4-11.

Table 4-11: Potential of mean force model equations and parameters.

Equation Parameters

aX +bx4 +cx3 +dx2 +ex +f x 13.49 a= -0.0168 kJ/mol/A5

W(x)3= b= 1.1818 kJ/mol/A 4

0 x > 1 3.49 c = -33.1535 kJ/mol/A 3

d = 462.328 kJ/mol/A 2

e = -320.27 kJ/mol/A'
f= 8810.1 kJ/mol

9 6~ -= 1.605 A
W(x) = C2 - - 3 L-- ,= 11.78 kJ/mol

x x
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Figure 4-10. Radial distribution function, gpP(r), for CpPOSS/PE systems at 500K.
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Figure 4-11. Potential of mean force for CpPOSS/PE systems at 500K.
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4.9 Potential of Mean Force with Angular Dependence

Although the potential of mean force as a function of the distance between

CpPOSS molecule centers of mass, Rpp, captures the attraction between CpPOSS

particles, it lacks the details necessary to capture the orientation that develops within

aggregates of CpPOSS. In order to capture the aggregation effects, one must introduce a

variable that accounts for orientation between neighboring particles. We introduce a

variable 0 which is defined as follows:

0
js = a'"uste (4.18)

Theta is basically the largest angle between any two of the principal axes of the

moment of inertia tensor for two CpPOSS molecules. The normalized probability

distribution, p(Rpy,0) is calculated as follows:

, (R R ,0)
p (Rp, 0)= C P P'P - (4.19)

(R,,-Sr) R3 r sin0

where p(R',0) is a histogram of Rpp and 0 values, 6r is the histogram bin width. The

terms in the denominator are used to normalize for the volume and angle dependence of

the histograms. The constant C is chosen so that the integration of the probability

distribution over the entire phase space is equal to one. The results at 300K for the 25

weight percent and 15 weight percent composites are shown in Figure 4-12 and Figure 4-

13 respectively. The increased probability at distances, Rpp, less than 12 A indicates the

attraction between CpPOSS centers. The increase probability for angles, 0, less than 10

degrees indicates that there is a preferred orientation when neighboring particles are close

together.
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Figure 4-12. CpPOSS center and orientation probability distribution function for the 25 weight
percent sample at 300K.
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4.10 Glass Transition Temperature

The addition of tethered POSS has been linked to increases in the glass transition

temperature as the added POSS slows the dynamics of the polymer chain [1-4]. Blending

non-crystallizable POSS has been found to decrease the glass transition temperature [4].

Understanding the mechanisms for changes in Tg would help to engineer composites with

a set of desired properties.

Each composition was cooled from 500K to 100K during a 10 ns molecular

dynamics simulation in the NPT ensemble. The temperature was ramped down after each

time step at a rate of 4x10 5 K/fs. The specific volume is plotted versus the temperature in

Figure 4-14. The glass transition temperature can be estimated by determining where the

curve changes slope. Two lines were fit to each composition. One line was fit using the

specific volume data at the low temperatures of 100 K to 180 K and the other line was fit

to the high temperature specific volume data from 330 K to 500K. The resulting glass

transition temperatures can be found in Table 4-12.

From Table 4-12, we can see that there is an increase in the value of the glass

transition temperature with loading above 15 wt% CpPOSS. This agrees with the overall

decrease in the polymer and POSS mobility observed with increasing POSS content in

these systems. The increase in glass transition temperature may be associated with either

a strong interaction between polymer and POSS, or it can be explained via a confinement

type effect. The less mobile POSS are spread through the polymer matrix and, assuming a

perfect dispersion, are separated by distances on the order of the radius of gyration of the

polymer at 15 and 25 weight percent. The increased confinement caused by their inertia

could increase the Tg for the composite as a whole. It will be shown in Chapter 5 that the

polymer interactions with the cyclopentyl ring groups are very similar to those between

polymer chains.
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Figure 4-14: Specific volume versus temperature for 0, 5, 15, and 25 weight percent CpPOSS/PE

composites.
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Table 4-12: Glass transition temperatures for 0, 5, 15, and 25 weight percent CpPOSS/PE

composites.

Composition [weight %] Tg [K]

0 242(6)

5 238(8)
15 250(5)
25 254(8)
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4.11 Estimates of Effective Modulus for a Composite

Ultimately, one would like to determine the mechanical properties of a composite

from the mechanical properties of the constituent components. In a composite with large

filler particles, this requires knowledge of the properties of the matrix, the filler, and the

bonding conditions at the boundary between the two. In this section, the Mori-Tanaka

models will be presented which describe composite behavior based on the properties of

the constituent materials. Note that as the size of the filler decreases to molecular

dimensions, the thickness and properties of the interface between the filler and the matrix

play an increasing role which is not accounted for in this model.

In the Mori-Tanaka method [35], the composite is treated as if each of the

inclusions is placed within an infinite matrix which is subjected to the average strain field

in the far field. These inclusions are assumed to be perfectly bonded to the matrix. The

effective stiffness of the composite, Ceffective, is given by:

Cftv =C I+(vfLf)(I +vf (S -I)Lf) (4.20)

where C is the stiffness tensor of the matrix material, vf is the volume fraction of filler, S

is the Eshelby tensor, and I is the fourth rank identity tensor. Lf is the localization tensor

defined by:

Lf =- (C -C,)S+C,, (C -C,.) (4.21)

where Cf is the stiffness tensor of the filler material.

When the model is applied to a matrix with non-interacting spherical inclusions

distributed in a matrix, the equations reduce to the following:
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Kff = K + vfK. (KfKil)
K a,(I -v )(K - Km)

3Km

" 3K, +4pu

P+ P, + Vf(f m (4.22)
P.+A, (I - vf)(pf-pI)

6(K,+2pm)
'" 5(3K, +4p,)

E = 
9 KefpgefSff3K±+P

where vf is the volume fraction of filler, Keff, Kf, and K,, are the effective bulk modulus

for the composite, filler, and matrix, respectively; and plet, tf, and m
t,, are the effective

shear modulus of the composite, filler and matrix, respectively and Eety is the effective

Young's modulus of the composite.

One can see in Figure 4-15 that as the ratio of filler modulus to matrix modulus

increases, the effective modulus of the composite also increases. The Guth Gold model

has a phenomenological term for interacting particles and deviates from the Mori-Tanaka

effective properties as the volume fraction increases.
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Figure 4-15: Effective composite modulus versus volume fraction for several ratios of filler modulus
to matrix modulus.
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4.12 Elastic Moduli

The elastic moduli may be determined using direct methods. Assuming that we

have captured a large enough representative volume element, the elastic behavior of the

polymer nanocomposite is expected to be isotropic. As described in Chapter 3, this

allows for only two independent elastic constants. Using this information, we can obtain

the elastic moduli and the Poisson's ratio of the composite from a single uniaxial tension

simulation. Simulations were run using configurations extracted from the glass transition

temperature calculations at 200K. These equilibrated structures were then deformed using

constant true strain deformation rates of 1 x 10 9 per second along the x axis while ayy and

azz are maintained at atmospheric pressure using the Berendsen barostat described in

Chapter 2. Snapshots of the 15 weight percent CpPOSS/PE composite during

deformation are shown in Figure 4-16. One can see from Figure 4-16 a and b that during

deformation at these low temperatures there is little change in the positions of the

CpPOSS cages. The stress strain data for these simulations is shown in Figure 4-17. The

resulting elastic moduli are shown in Table 4-13. One notices that there is an increasing

modulus with increasing CpPOSS content. As shown in Chapter 3, the CpPOSS crystal

is stiffer than the polymer. However, the POSS in these composites is initially dispersed.

In Section 4.7, we will show that aggregates do form to a limited degree but they occur

between small groups of POSS and do not form neat crystalline domains within the

polymer matrix. Using the moduli obtained from these simulations, we can attempt to

estimate the "effective mechanical properties" of the POSS molecules. By this, we mean

a pair of parameters, volume and moduli which describe the influence of the addition of

CpPOSS in the polyethylene matrix according to continuum theories of mechanics of

particle-filled composites.

The representative volume elements used in this study include between 6 and 60

POSS particles. This raises the possibility that due to the small size of the cell, there may

be an anisotropic response due to the arrangement of the POSS within the cell. In order to

test for this, the 25 weight percent structure was deformed along the x, y and z axis at the

same rates as described above. The resulting elastic moduli were 1.81(8) GPa, 1.74(5)

GPa, and 1.77(6) GPa along the x, y, and z axis respectively. Since the 25 weight percent

96



sample is expected to be the most anisotropic due to the structure of the POSS within the

cell, the relative insensitivity of the modulus along these three directions indicates that

the representative volume is large enough to capture an isotropic response.

Table 4-13 Elastic Moduli of CpPOSS/PE composite at 200K.

Composition Elastic Moduli Normalize Modulus Poisson Ratio
[weight % POSS] [GPa] E/Ematrix v

0 1.55(8) 1 0.38
5 1.60(9) 1.03 0.39
15 1.67(7) 1.08 0.38
25 1.81(8) 1.17 0.35
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Figure 4-16: a) Undeformed 15 weight percent CpPOSS/PE composite. b) 15 weight percent
CpPOSS/PE composite deformed to 10 % true strain.
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Figure 4-17: Axial stress versus strain for 0, 5, 15, 25 weight percent CpPOSS/PE composites. Each
curve is shifted up by 50 MPa for clarity.
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Figure 4-18: Stress components ay, and az versus strain for 5 weight percent CpPOSS/PE composite.
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4.12.1 Guth Gold Model

Here, the effective mechanical size of the POSS particle will be estimated by

fitting a micromechanical model to the calculated elastic moduli. In this case, we apply

the Guth-Gold model[36] which has the following form:

Effective = Etri 1+ 2.5vf +14.1v) (4.23)

where vf is the volume fraction of filler, Enatrix is the modulus of the matrix material, and

Eeffective is the effective modulus of the composite. The Guth-Gold model assumes that the

filler particles are rigid spherical inclusions within the matrix material and that the

inclusions are perfectly bonded to the matrix. The quadratic term accounts for

interactions between particles with increasing volume fraction.

In order to apply this equation to the composite CpPOSS/PE systems, one must

determine the volume fraction of the CpPOSS particles. In the case of a large filler

particle with a well defined density, one can use the following conversion formula:

Vf= Pf (4.24)
Wf ±(1-w1 )-

where wf is the weight fraction of the filler, pf is the density of the filler, and pm is the

density of the matrix material. However, a single CpPOSS molecule does not have a well

defined density which therefore precludes the use of this conversion. A more detailed

explanation of this is given in Chapter 5 Section 5-1. Instead, we use the detailed

knowledge that we have about the system, such as the number of CpPOSS molecules in

the system, to directly compute the volume fraction of the filler. We assume that each

particle is spherical and relate the volume fraction to the particle dimensions using the

following equation:

4
7rR'N,

vf = 3 (4.25)
V

where Rp is the effective radius of the CpPOSS molecule, NP is the number of CpPOSS

molecules, and V is the total volume of the system. Given that Np and V are known, we

can recast the Guth-Gold equation, which gives effective composite modulus as a

function of volume fraction of filler, into an equation relating the effective modulus to the

effective radius of the CpPOSS particle as follows:
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fEaive = tf Iv E, 1+ R + 25.07r (L- R .(4.26)

This equation was then fit to the data in Table 4-13 using the least squares method

to give the effective radius of the CpPOSS particles in our simulations. The effective

radius is found to be 4.45 A. This indicates that the effective mechanical radius of the

POSS is approximately the radius of the inner silicon-oxygen cage which is 4.62 A

including the van der Waals radius. The resulting fit can be found in Figure 4-19. The

CH 2 groups on the organic cyclopentyl pendant groups interact with the polyethylene

CH 2 groups with the same interaction energies as the CH2 groups in the polyethylene

interact with themselves. Because of this, the flexible nature of the organic groups, and

the fact that their relaxation times are similar to those of the dihedral angles within the

polymer backbone, the organic groups do not contribute to the stiffening of the

composite. Instead, only the rigid silicon-oxygen cage contributes. However, this

indicates that the interactions between the POSS and polymer lead to a well bonded

interface which is an assumption in all of the micromechanical models employed in this

thesis.

Figure 4-19: Effective modulus versus CpPOSS content and Guth-Gold model fit.
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4.12.2 Mori-Tanaka Model

In Section 4.6.1, we fit the Guth-Gold model to the calculated elastic moduli as a

function of weight percent. The Guth-Gold model assumes that the modulus of the filler

is infinite and provides a prediction for the composite modulus as a function of matrix

modulus and filler volume fraction. We know from Chapter 3 that the modulus of the

CpPOSS crystal is on the order of 10 times stiffer than the polyethylene matrix. Given

that the POSS particles begin to crystallize into aggregates with increasing filler volume

fraction, the assumption of a rigid filler may not be valid for volume fractions greater

than 15 wt %. Therefore, a model which accounts for both the volume fraction and elastic

modulus of the filler particle is needed.

Here we present the Mori-Tanaka model [35] which gives an estimate of the

effective modulus as a function of volume fraction and material properties as follows:

Kff = K n + vfK(Kf - Kn, )
'"K, i+ a,(I - vf )( Kf - Kin)

a, 3K Ia = "K,
3Kn + Pn(4.27)

vfp,, (pf - p1)

pn + ,(1 - Vf )(fip -p,,)

6(K, + 2p,)

5(3K,, +4p,,)

where Kerf, Kf, and Km are the effective bulk modulus for the composite, filler, and

matrix, respectively; and pef, pt, and pm are the effective shear modulus of the composite,

filler and matrix, respectively. Note that the Mori-Tanaka model assumes perfect bonding

between matrix and filler.

We will apply this model to the CpPOSS/PE composite system in several

different ways. First, we will assume that we have a crystallite embedded within the

polyethylene matrix and use the moduli calculated in Chapter 3 for the perfect crystal to

predict the effective modulus as a function of weight percent filler. Second, we will use
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the Mori-Tanaka model to find the set of parameters, volume fraction and moduli, which

fit the calculated composite moduli.

We use the estimates of elastic moduli for the crystal which were determined in

Chapter 3 for material properties of the filler. By using these properties, we are assuming

that there are crystallites embedded within the polyethylene matrix. Since the density of

the crystallites is well defined, one can use the common conversion formula from

Equation 4.22 to estimate the volume fraction from the weight fraction. The ambiguity in

assigning a volume to a single molecule decreases as the crystallite grows larger. The

uncertainty in volume can be thought of as an uncertainty in where the surface of the

molecule lies. As the enclosed volume increases, the uncertainty in the surface becomes

less significant. This is discussed in more detail in Chapter 5. Figure 4-19 shows the

effective modulus as a function of CpPOSS weight percent using the Mori-Tanaka fit

combined with the weight fraction to volume fraction conversion given in Equation 4.21.

Although there is some ambiguity, knowledge of the atomic structure does give us

some bounding values for the size of the particle. By using this information we can obtain

bounds on the set of effective modulus/effective particle radius parameters which

represent the mechanical behavior of the system and reflect the physical reality. The

centers of silicon atoms within the CpPOSS cage are separated by 3.16 A along any edge

of the cube. The volume of the CpPOSS cage, calculated using the centers of the silicon

atoms to define the cage, is found to be 31.56 A3. If we account for the van der Waals

radius of the silicon, 4.29 A, at the outer edges of the cube, the enclosed volume is 413.5

A3 and the effective particle radius is 4.62 A. This defines the largest possible size of the

POSS cube. The LJ potential for the silicon atoms has its minimum at the van der Waals

radius so a neighboring atom may prefer to sit at this distance from the silicon. The LJ

potential has a value of zero at 3.74 A. This can be used as a hard sphere radius since an

atom would have to have significant amounts of energy to approach closer than this

distance. Using this hard sphere radius, the effective size of the POSS cage is found to be

4.28 A. These two cases serve as bounds on the physical size of the cage and illustrate

that there is significant ambiguity in the size of the POSS molecule. For comparison, the

effective particle size of the crystalline phase of CpPOSS can be found. For the crystal,

the total volume of the unit cell is well defined and can be used to unambiguously define
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the effective particle size. Using the total volume of crystalline CpPOSS, 1268 A3, the

effective particle size within the crystal is 6.71 A.

Figure 4-20 illustrates the conversion from weight percent to volume fraction for

the case of small crystalline POSS domains within a composite, dispersed particles which

have the size of the hards sphere radius of the cage, and dispersed particles which have

the size of the van der Waals radius of the cage. We can see that the additional volume

enclosed between CpPOSS particles in the crystal leads to a higher volume fraction for a

given weight percent of POSS.

We can also combine these estimates of particle size with estimates of particle

modulus. The modulus can be approximated by finding the force required to stretch the

POSS cage. This is done by applying forces to the silicon atoms in the system and

measuring their displacements. The calculation of modulus requires an estimate of the

normal area which leads to different moduli with different assumptions about the size of

the cage. The cage has a modulus of 380 GPa assuming the HS particle and

approximately 100 GPa for the VW particle. Figure 4-21 illustrates the predicated

modulus for a composite made of crystalline CpPOSS aggregates, dispersed HS particles

and dispersed VW particles. We can see that the simulated data falls between the HS and

VW particle predictions.
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Figure 4-20: Conversion from weight fraction to volume fraction assuming a) particles are small
CpPOSS crystallites, b) particles are dispersed CpPOSS with effective radius equal to their center to
center distance, HS, and c) particles are dispersed CpPOSS with effective radius encompassing the
van der Waals radius of the cage, VW.
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Figure 4-21: Effective modulus versus CpPOSS content assuming a) particles are small CpPOSS
crystallites, b) particles are dispersed CpPOSS with effective radius equal to their center to center
distance, HS, and c) particles are dispersed CpPOSS with effective radius encompassing the van der
Waals radius of the cage, VW.
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We can see in Figure 4-21, that the Mori-Tanaka formula does not fit the

calculated data using the material properties for the crystallite and for the polymer. There

are several possible explanations. The effective modulus of the single isolated CpPOSS

molecule could be different than that of the crystalline CpPOSS due to the different

interactions between the CpPOSS molecule and the PE versus interactions between

CpPOSS and other CpPOSS molecules. We have shown that the CpPOSS exhibits some

aggregation at higher weight fractions, but that these aggregates are not neat crystalline

domains. Also, the conversion between weight percent and volume fraction is

ambiguously defined and depending on this definition, the effect of the filler is either

enhanced or diminished. In this case, the simulations are not consistent with the picture of

a conventional composite of large POSS crystallites embedded within a PE matrix.

Since both the moduli and volume fraction have some ambiguity, we have used

the simulated data to extract a set of parameters, effective radius, and effective modulus,

which when taken together give a good fit to the simulated composite elastic moduli,

Figure 4-22. These parameters can be found in Table 4-14. Figure 4-22 illustrates how

the effective particle radius varies as a function for CpPOSS modulus. The following

equation was fit to the data in Figure 4-22:

Rffective - ECPoss +b (4.28)

where Reffective is the effective particle radius, Ecpposs is the effective CpPOSS modulus,

and a and b are the fit parameters. The best fit results from a = 4.70(8) GPa A and b =

4.29(l) A. From this fit, we see that the limiting value as the modulus of the filler

approaches infinity is 4.29 A.
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Table 4-14: Effective radius and modulus pairs which when used together in the Mori-Tanaka
formula give a good fit to the simulated elastic moduli for the CpPOSS/PE composite.

Set Effective Radius [A] Effective Modulus [GPa]
-1 4.60 15
2 4.47 25
3 4.42 35
4 4.39 45

Figure 4-22: Fit of Mori-Tanaka model to the simulated elastic moduli for the CpPOSS/PE
composites.
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Figure 4-23: Family of Mori-Tanaka parameters, CpPOSS modulus and particle radius, which fit
the simulated elastic moduli for the CpPOSS/PE composite. The dashed lines show the upper and
lower bounds on the effective particle radius based on the physical size of the inner silicon oxygen
cage. The cross is the smallest effective radius and effective modulus of a crystalline CpPOSS
particle.

7
Mori-Tanaka

+ Fit
6.5

U,

56
CU

45-

(D

.5-

w- - - - - - - - - - - - - - - - - -

0 5 10 15 20 25 30 35
CpPOSS Modulus [GPa]

108



4.13 Discussion

In Section 4.2, we have shown that in this system the radius of gyration is on the

order of the size of the particle. No significant changes in the radius of gyration occur

with the addition of the CpPOSS. Simulations [25-32] reveal that when the filler particle

is much smaller than the radius of gyration of the particle, the polymer radius of gyration

increases, whereas if the particle is larger, then the radius of gyration of the polymer

increases. In this case, the two length scales are similar and nothing happens to the radius

of gyration.

In this chapter, we have also found aggregation of CpPOSS particles in systems

with initially random dispersions. During 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 suggest a strong tendency for crystallization. In Chapter 3, we found that there

was a strong energetic driving force towards crystallization in the polyethylene system.

These composite simulations clearly illustrate that there exists a thermodynamic driving

force favoring the organization of initially well-dispersed CpPOSS particles within this

polyethylene matrix.

Cluster analysis reveals the presence of both small and large clusters and

demonstrates that it is highly unlikely that they could have so much internal orientation

randomly. The attraction between particles and their tendency to form oriented groups is

captured in a potential of mean force which can be used in coarse grained simulations to

determine the properties of larger clusters of POSS over longer time frames.

The plasticizing effect of blended amorphous POSS in PMMA has been observed

[4, 19]. In these systems, the plasticizer introduces additional free volume into the

system, and increases the dynamics of the polymer leading to decreases in Tg and

decreases in the shear modulus. The systems simulated here differ due to the relaxation

time scales for the various components and the packing of the polymer around the POSS.

Notably diffusivity of the polymer chain decreases with increasing CpPOSS

content. Clearly the POSS is not plasticizing this system. The reasons for this become

clear when we compare the mobility of the polymer chain to that of the POSS. The POSS

in this case is slower as seen in Section 4.3. Even though the particle itself is less mobile

109



than the polymer, there is still the chance that the pendant groups have high mobility

which is transferred to the polymer thereby increasing the polymer segmental motion.

This also does not happen in the current CpPOSS/PE system. We have shown in Chapter

3 that the ring rotation in the polymer has the same activation energy and same relaxation

times as the dihedral angle rotation along the polymer backbone. Because of this, the ring

groups cannot act to enhance the mobility of the polymer.

The decreasing mobility of the POSS and polymer with increasing CpPOSS

content is also reflected in the increasing glass transition temperature seen in Section 4.5.

The glass transition temperature increases above the PE Tg by approximately 12 degrees

with the addition of 25 weight percent CpPOSS to the PE. This behavior along with the

slowing dynamics is seen in the tethered POSS composites. The reason being that the

tethered has slower dynamics and acts to slow the dynamics of the polymer. The

difference in relaxation time scales in this system creates a similar scenario. Note that the

Tg estimated by this simulation method is dependent on cooling rate. With increasing

rate, there is an increase in the Tg value.

There is also an increase in the modulus of the composite with increasing POSS

content in addition to increases in density. This data was used to extract the effective

mechanical size of the CpPOSS particle. Using the Guth-Gold model, the effective rigid

diameter of the CpPOSS particle was found to be approximately 4.45 A consistent with

the cage radius of the POSS. This consistency with the Guth-Gold model implies the

POSS is essentially acting as a rigid filler (of size equal to the POSS cage) well bonded to

the matrix through the interactions between the pendant groups and the matrix polymer.

As seen in Chapter 3, CpPOSS crystals are far from rigid and for a glassy polymer

may be only 10 times stiffer than the polymer. The Mori-Tanaka equation was used with

the effective modulus of the crystal from Chapter 3 to predict the increases in modulus

that would occur if the POSS had taken the form of large crystallized particles within the

PE matrix. The effective modulus calculated with these parameters is stiffer than the

response seen in the composite system. The apparent conflict between the higher

modulus for crystallized POSS filler particles versus the lower predicted modulus

considering the POSS to be dispersed rigid particles lies in the weight fraction to

effective volume fraction conversion. The volume fraction for a specific weight percent is
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higher in the crystal phase than in the dispersed phase for this composite system. The

modulus of the crystallized POSS is dramatically lower than the dispersed POSS cages,

however the increased volume negates this effect and the crystallized particles in fact

may give much higher stiffness in the composite. Aggregation in the simulations

consisted of necklace type structures as opposed to well formed crystals.

The Mori-Tanaka equations were used to extract the effective properties of the

CpPOSS filler. Though the size of the particle is theoretically determined by the atom

configurations of the system which are known, there is significant ambiguity in the

assignment of volume to single atoms and molecules. This ambiguity prevents us from

defining with certainty the effective volume fraction of the POSS. Instead, we have

determined a family of effective sizes and moduli which when used together describe the

simulated behavior of the CpPOSS. Bounds on the effective size of the CpPOSS cage

were calculated from the van der Waals parameters for the corner silicon atoms. These

bounds are used to define a set of effective sizes and moduli which are consistent with the

general dimensions of the POSS cage. In the composite systems, there exists a broad

range of structures. There are dispersed POSS and groups of POSS particles interacting

with one another. The calculated effective parameters are an average over these different

structures and can be expected to vary as a function of mesostructure in the material.
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Chapter 5

Interfaces

By using nanometer sized particles as fillers in polymers, one hopes to achieve

more significant and/or otherwise unachievable enhancements in properties while using

less of the filler. Due to the small size of the particle, there will be a large surface area

between the particle and the polymer. Because of this larger surface area, interactions

between particle and matrix at this interface may alter the properties of the composite in

ways that are not seen in traditional fillers.

In this system, the interface theoretically would consist of a thin layer of polymer

surrounding the CpPOSS particle in which the properties of the polymer are different

than the bulk matrix material. In this chapter, we will try to quantify the size of this

region and find the degree to which the CpPOSS particle influences its neighboring

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 static structural, thermodynamic, and dynamical

measures.

5.1 Density Fluctuations Near the Particle

The influence of the filler on the surrounding matrix depends on the surface

between the two. In the case of CpPOSS, the surface is irregularly shaped. Because the

irregular shape may create pockets of unoccupied space increasing the free volume in the

system. In order to assess this, the accessible surface as a function of probe particle size is

shown in Figure 5-1. The van der Waals surface is created by assigning all of space that

is within 1 van der Waals radius from each atom to the molecule. The geometry of the

ring groups is evident and one can even see features of the internal cage. However,

interacting polymer is limited in its ability to sample the surface of the CpPOSS molecule

by the size of the monomer units.

In Figure 5-lb thru Figure 5-Id, the surface accessible to a probe atom of radius

3, 4, and 5 A is shown. These surfaces are generated by taking a probe atom of a given

size and rolling it over the molecule to find how close an atom of a given size can
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approach the molecule. One can see from Figure 5-1c that for small probe particles of

radius 3 A, the probe particle can inhabit regions between the ring groups. As the probe

particle becomes larger, the volume captured by the CpPOSS particle increases and the

surface becomes smoother. The cavity between the ring groups disappears.

We found in Chapters 3 and 4 that there is some ambiguity in assigning a volume

to a single molecule. Here we see clearly that the volume of the molecule depends on

what it interacts with and an arbitrary partitioning of space between the two. This

ambiguity is then propagated to the effective properties such as effective modulus that are

calculated using these volumes.

In Figure 5-2, we display the radial distribution function, gP-, calculated between

the center of mass of the CpPOSS and all other atoms in a system consisting of a single

CpPOSS molecule embedded within a polyethylene matrix.

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:

V Np N, ,

(R)= NAN 5(R - -P (5.1)

where i.' is the center of mass of POSS particle i, and i' is the position of atom j of

type A, V is the volume of the simulation cell, NA is the number of atoms of type A, and

NP is the number of POSS particles in the system. Figure 5-2 shows that the silicon atoms

in the cage of the CpPOSS are located at a distance of 2.5 A from the center of the

CpPOSS molecule. The cyclopentyl ring group extends from 4.5 to 7 A from the center.

But most interestingly, the polymer can occupy the region between the cyclopentyl ring

groups. The polymer is found at distances as small as 5 A from the center of the CpPOSS

molecule.

Figure 5-2 also illustrates that the polymer surrounding the POSS has regions of

more and less dense material as a function of distance from the center of the POSS. This

can be seen in the peaks and troughs in the radial distribution function. These peaks are

similar to those seen in liquids where there may be shells of neighboring particles. The

order in this radial distribution function persists for several monolayers.
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We can see from the earlier surface plots that as the size of the monomer

increases, the penetration of the polymer into the cavities between R-groups decreases.

One can surmise that these increases in free volume near the surface of the molecule may

influence both the dynamics of the ring groups and of the polymer near the surface of the

POSS.

Figure 5-3 illustrates that as the temperature increases, less polymer can be found

within the cavities between the cyclopentyl ring groups. Ordering in the layers of

polymer surrounding the polymer also decreases to approximately two monolayers as

evidenced by the two liquid like peaks in the radial distribution function.

Figure 5-1: a) Van der Waals surface for the CpPOSS particle. Solvent accessible surface for particle
with radius b) 3.0 A, c) 3.0 A, d) 4.0 A, e) 5.0 A.
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b) R= 3.0

c)R= 3.0
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d) R = 4.0

e) R = 5.0
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Figure 5-2: Radial distribution function between POSS centers of mass and all atoms
300K.
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Figure 5-3: Comparison of radial distribution function between CpPOSS center
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5.2 Structural Measures of Interface Thickness

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, j,

connecting the two carbon atoms bonded to carbon atom i as follows:

= _ (5.2)

A vector, p ,, can then be formed from the center of i, to the center of mass of the

CpPOSS particle, i, as follows:

+ = -(5.3)
2

The variation in structure was monitored using the following radial orientation

order parameter, which measures the second Legendre coefficient for -i as a function of

radial distance from the center of a POSS molecule:

I N(712 Np, 3 COS2 9 IPV
Y(R) = E I ( p -3 R) (5.4)

(NCH2N, i= j= 2

where NcH is the number of polymer CH 2 groups within the system, and 0P is the angle

between the local chain direction, j,, and the radial vector, p . This function, which is

an average over all i and j, takes a value of -0.5 when all vectors j. are circumferential to

the particle, 1.0 when all i, are radially oriented, and 0.0 when the vector pairs i7, and

p are randomly oriented with respect to one another.

Figures 5-4 and 5-5 show the results of applying equation (5.4) to systems with 5, 15, and

25 wt % CpPOSS/PE composites at 500K and 300K, respectively. At distances very far

from the CpPOSS particle, YRO is approximately zero, indicating randomly oriented

chains, as one would expect for an amorphous material. In all cases, as the distance R is
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decreased, the value of YRO (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 YRO data and obtaining

the distance, R, at which YRO (R) is equal to 10% of the maximum deviation of YRO from

its far field value. At 500K structural deviations from bulk matrix orientation can be

observed up to 13.3±0.2 A from the center of mass of the CpPOSS particle. At 300K the

structural differences extend 11.7±0.7 A from the center of mass of the CpPOSS particle.
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Figure 5-4. Local structure calculation at 500K for 5, 15, and 25 weight percent Cyclopentyl
POSS/PE composite.
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Figure 5-5. Local structure calculation at 300K for 5,15, and 25 weight percent Cyclopentyl
POSS/PE composite.
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5.3 Dynamical Measures of Interfacial Thickness

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[1]. 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, At), of

polymer carbon atoms which were originally a distance R from the center of the CpPOSS

particle after a time At has elapsed is given by:

I Np N,,

MSD(R, At) = K (E I F (t+ At)- F(t) 2 1(R- I|(t) -- (t)
(N(R, t) j=1 j= (.5

N1, N(

N(R, t)= Z E (R R-|IF,(t) - -P(t)|
j=1 i=1

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, -(t) is the position of atom i at time t, < (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 5-6 and 5-7 show MSD(R, At) calculated at 500K

and 300K, respectively, for a system with 5 weight percent 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 At 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 consequence, we

estimate that this function has very little resolving power at 500K since the polymer

backbone is displaced by an average 8.2 A over 40 ps (12 A over 120 ps). However, at
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300K the polymer backbone moves an average of only about 2.8 A over 40 ps (3.7 A

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.

125



Figure 5-6. Local Mean Squared Displacement 500K for 5wt% CpPOSS/PE composite.
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5.4 Radial and Circumferential Dynamics within the Interface

The structural alignment 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 further resolved into

components of motion in the radial, MSD,(R, At), and circumferential, MSD,(R, At),

directions, as follows:

Ni= (t + At) - (t)]|8 (R-| (t) - F (t)|
NJ, N,, _P ] 2

MSD, (R, At) = 1 1 (6 t -DU(t )] . (5.6)
N(R, t) j= =1(

I Np N(,

MSD, (R, At) = j- -bi(Vt- 4(t2N(Rt)

Notice that the function representing the mobility in the radial direction measures

the mean squared displacement in a single dimension while the circumferential mobility

measures two-dimensional displacement in a plane. In order to compare the radial and

circumferential mobilities, the circumferential mobility is multiplied by a factor of /2 in

equation (5.6). This assumes that motion in the plane is isotropic and can be broken down

into independent motion along two perpendicular axes within that plane. Far from the

CpPOSS particle, MSDr should be comparable to MSDC.

Figures 5-8 and 5-9 show the component mean squared displacements for both

radial and circumferential motion at 500K and 300K respectively. These figures reveal

decreased mobility in the direction normal to the surface of the CpPOSS. To

compensate, an increase in mobility in the circumferential direction is observed. 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.
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Figure 5-8. Normal Local Mean Squared Displacement 500K.
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5.5 Radius of Gyration Near the CpPOSS

In Section 4-2, there is no significant change in the radius of gyration of the

polymer chains with increasing CpPOSS content. In systems of freely jointed chains

interacting with walls, changes in the radius of gyration of the polymer near the surface

have been observed[2].

The radius of gyration of the polymer was calculated as a function of distance of

the chain center of mass from the center of mass of the CpPOSS particle as follows:

RgS(r-r -rcm )

Rg (r)= (5.7)

j=1 i=1

where Rgi is the radius of gyration of polymer chain i calculated using Equation 4.3. The

results are shown in Figure 5-10. We can see only slight increases of less than 6 percent

in the value of the radius of gyration as distance between polymer center of mass and

POSS center of mass decreases. The increase does agree with the structural differences

reported in Section 5.2. The elongation of the chain near the surface of the particle leads

to the slight increase in the radius of gyration. One can also see that a polymer with

center of mass near the surface of the CpPOSS particle has half of its configurational

space blocked by the presence of the particle. The radius of gyration would have to

increase near the surface.
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Figure 5-10: Normalized radius of gyration for polymer chains as a function of distance from the
center of the CpPOSS molecule.
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5.6 Fraction of Polymer found within the Interface

One of the advantages of using nanoparticles over traditional micron sized

particle fillers is that the nanocomposite has a tremendous amount of interface between

filler and polymer. Even when the interface is extremely thin, i.e. on the order of 1 or 2

Angstroms, the volume fraction of polymer within the interface can be extremely large.

The data in Section 5.2 suggests that the polymer within 13.2 A at 500K and 11.7 A at

300K of the center of the CpPOSS particle has modified properties. The volume fraction

of polymer in the interface was determined by determining the weight fraction of

polymer that was within this distance from any CpPOSS particle. The results, shown in

Table 5-1, reveal that significant fractions of polymer can be found within the interface

between the CpPOSS and polymer even though the interface may be only a monolayer

thick. The fraction of polymer located within the interface runs as high as 24% at 300K,

and 43% at 500K for the 25 wt% composite. Because of this, the slight changes in the

structural or dynamic measures reported in Sections 5-2 through 5-6 can have significant

effects on the properties of the composite.

This data also shows that the volume fraction of polymer in the interface drops

significantly with even small amounts of aggregation. Assuming that all particles are

dispersed in the polymer matrix and their separation distances are larger than the twice

distance to the outer edge of the interface, then the volume fraction of polymer in the

interface scales linearly with weight fraction of CpPOSS. In Figure 5-11, we have plotted

the extrapolated values of polymer weight fraction in the interface as well as the actual

values. We can see that at the higher loadings, the weight fraction of polymer in the

interface decreases. This drop off is an indication of aggregation. As shown in Figure 5-

12, when CpPOSS particles come in close contact with one another, they may either

share interface, or there may be no polymer between them. If they crystallize, which has

been shown in Chapter 4 to happen in this system, then no polymer is located between

the CpPOSS particles causing the volume fraction of polymer in the interface to decrease.

In experimental system, even small amounts of aggregation will drive the

interfacial volume down significantly. In micron scaled fillers, this interfacial volume

will be insignificant.
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Table 5-1: Weight percent of polymer found within 13.2 A at 500K and 11.7 A at 300K.

Composition [weight % 300K 500K
POSS]
5 6.8(2) 10.8(6)
15 16.7(3) 27(2)
25 24.4(3) 43(2)

Figure 5-11: Simulated and extrapolated weight Percent of polymer found within the interface.
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5.7 Discussion

Due to 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. 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 a volume fraction of interfacial matrix

polymer of 54%. Instead, we determined only 43% of the polymer was in the interface.

We were able to show both that the POSS particles interact and that they aggregate.

Nevertheless, this reduction in interfacial matrix polymer volume 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 due to additional aggregation of the POSS particles.

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 interface 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 different from polymer/polymer interactions and therefore the influence of

the particle on polymer dynamics, as measured by a scalar diffusivity as a function of

distance from the particle, appears to be negligible. However, the anisotropy of these

dynamics are significantly 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

reptation type 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
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molecule. 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 molecular species. The aligned layer would

also present anisotropic mechanical behavior with more compliant shear modulus near

the surface of the particle and enhanced modulus.

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 a decrease 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 decreased

dynamics must be attributable to the confinement 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 decreasing POSS particle mobility with

increasing concentration.
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Chapter 6

Conclusions and Future Direction

Interest in polymer nanocomposites has been driven by the desire to create

materials with novel sets of properties. The ability to control the nanostructure of the

material to achieve a tougher and stiffer composite, or a stiffer composite without

sacrificing the processibility of the polymer, or achieving a functional composite would

greatly impact polymer science. The behavior of these nanocomposites can be the result

of phenomena on several different length scales. The polymer/filler interface, the

dispersion state of the filler, the length scale of the filler in comparison to the length scale

of the polymer can all influence the material properties. In this thesis, we attempt to

understand the interplay between these variables in a cyclopentyl polyhedral oligomeric

silsesquioxane polyethylene nanocomposite.

We have used atomistic simulations to investigate the properties of Cyclopentyl

POSS (CpPOSS)/ polyethylene (PE) blended composites. We have shown that the force

field developed by Sun et al. for polysilanes [13], polysiloxanes [14], and alkanes [15]

adequately describes the intermolecular and intramolecular interactions in the CpPOSS

molecule. This was demonstrated through simulations of vibrational spectra as well as

crystal structure which were found to be in excellent agreement with reported data. Using

this force field, we were able to determine properties for the constituent phases and for

the composite as well as map out property variations in the interface between CpPOSS

and polymer.

The addition of CpPOSS to the C50 chains is shown to decrease the mobility of

the polymer. The CpPOSS acts as a stiffening agent, decreasing the mobility of Cso

polymer and CpPOSS, and increasing the glass transition temperature of the composite.

The glass transition temperature increases above the pure PE Tg by approximately 12

degrees with the addition of 25 weight percent CpPOSS to the PE.

Interestingly, a number of POSS/polymer blends have been experimentally

observed to exhibit a decrease in the glass transition temperature[4, 5] with the addition

of POSS. In these systems, the POSS acts as a plasticizer, introducing additional free

volume into the system and increasing the dynamics of the polymer leading to the
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observed decreases in Tg and decreases in shear modulus. The systems simulated here

differ due to the relaxation time scales for the various components and the packing of the

polymer around the POSS. Notably diffusivity of the C50 polymer chain decreases with

increasing CpPOSS content. Clearly the POSS is not plasticizing the nanocomposite

system studied in this thesis. Increases in Tg along with the slowing dynamics is seen

experimentally in the tethered POSS/polynorbornene composites[6]. The reason being

that the tethered POSS has slower dynamics and acts to slow the dynamics of the

polymer.

We have also found aggregation of CpPOSS particles in the PE/CpPOSS systems

with initially random dispersions. Over the simulation time period (17 ns), 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 suggest a strong tendency for crystallization. The

observation of aggregation is supported by calculations showing that there is a strong

energetic driving force towards crystallization of the CpPOSS in the

CpPOSS/polyethylene composite system. These composite simulations clearly illustrate

that there exists a thermodynamic driving force favoring the organization of initially

well-dispersed CpPOSS particles within this polyethylene matrix.

Cluster analysis reveals the presence of both small and large clusters. Clusters

were quantified in terms of proximity of particles as well as relative orientational

ordering of particles. The attraction between particles and their tendency to form oriented

groups is captured in a potential of mean force which can be used in coarse grained

simulations to determine the properties of larger clusters of POSS over longer time

frames.

Calculations of the moduli of the CpPOSS crystal reveal that the high stiffness of

the central silicon-oxygen cage within the CpPOSS molecule does not translate into high

stiffness for the CpPOSS crystal. The interactions between the flexible organic

cyclopentyl R-groups add compliance to the crystal and the measured modulus is on the

order of 15 GPa. Compared to a glassy or semicrystalline polymer modulus of 1 - 2 GPa,

these particles are only 1 order of magnitude stiffer.
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Blending the CpPOSS into the polymer lead to increases in the effective modulus

of the composite. Micromechanical models such as the Mori-Tanaka model are often

used to describe effective composite properties in terms of the constituent properties and

the volume fraction of filler. When the filler dimension approaches the nanometer length

scale, the volume of the molecule cannot be precisely determined. There is ambiguity in

how the size of a molecule is defined. Therefore in both simulation and experiment, the

known weight fraction of filler added to a composite cannot be uniquely converted into a

volume fraction. Assumptions must be made about the geometry of the filler molecule in

order to convert from weight fraction to volume fraction.

Using the effective composite behavior, two questions were posed. Given

information about the filler, i.e. the stiffness of the silicon oxygen cage and several

approximations for the size of the molecule, how does the predicted composite behavior

compare to the simulated behavior? The answer outlined in Chapter 4, suggests that the

stiffening is due to the rigidity of the silicon-oxygen cage and the organic pendant groups

do not add to the rigidity of the composite. The second question, given the simulated

composite moduli, what are the effective properties, both size and moduli, of the filler

molecule? Due to the uncertainty in the definition of volume at this length scale, we show

that the best one can do is to obtain a range of effective sizes which each have a unique

corresponding effective modulus. These pairs of properties then describe the behavior of

the filler.

The effective modulus for a PE/CpPOSS composite that contains crystalline

inclusions is higher than that for a PE/CpPOSS composite with the same weight percent

of CpPOSS and perfectly dispersed POSS cages. The crystallized POSS filler particles

display a lower modulus than the dispersed POSS particles, but the volume fraction for a

specific weight percent is higher in the crystal phase than in the dispersed phase for this

composite system. This leads to higher effective moduli when the domains are

aggregated crystalline domains versus perfectly dispersed POSS cages. Although

aggregation was seen in the simulations, we observe the formation of necklace type

structures as opposed to well formed crystals.

Due to the large surface to volume ratio for the nanoscopic CpPOSS particles,

there is a significant volume fraction of interfacial matrix polymer within a well
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dispersed system. 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 interface size decreases with

decreasing temperature, the degree of alignment within the interface 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 different from the polymer to polymer intermolecular interactions and

therefore the influence of the particle on polymer dynamics, as measured by a scalar

diffusivity as a function of distance from the particle, appears to be negligible. However,

the anisotropy of these dynamics are significantly altered. In the vicinity of the particle,

the mean squared displacement increases in the direction parallel to the surface of the

CpPOSS particle, whereas 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 reptation type 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 a

small guest molecule. 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 molecular species. The aligned layer

would also present anisotropic mechanical behavior with more compliant shear modulus

near the surface of the particle and enhanced modulus.

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. 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 a decrease 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 decreased

dynamics must be attributable to the confinement effect on the polymer from multiple
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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 decreasing POSS particle mobility with

increasing concentration.

These simulations reveal that as the dimensions of the filler approach the

nanoscopic length scale, it is important to consider not only the size and geometry of the

filler but also the energetic interactions between filler and matrix. As shown in this thesis,

the geometry and energetics can drive aggregation and crystallization of the filler within

the matrix and lead to changes in the structure and properties of material in the interface.

It is also important to realize that as the dimensions of a filler approach the molecular

dimensions, continuum level concepts such as volume fraction of filler become

ambiguous. The assumptions that are used to define these quantities can significantly

alter the results.

Given the wide range of POSS chemistry available, it would be quite informative

to repeat these types of simulations for different POSS and polymer chemistry. Most

importantly, one could map out the energetic driving forces for crystallization and

aggregation as a function of both polymer and POSS chemistry. This would allow

scientists to rationally select composites based on the most probable resulting

morphologies. In addition, large scale deformation of these nanocomposites introduces

several interesting problems. The anisotropy of the polymer near the surface of the

particle may affect the way they accommodate large deformation. The bonding between

POSS and polymer in the system studied (CpPOSS/PE) is quite good since the organic

pendant groups have the same chemistry as the polymer. Debonding of particles is

difficult and may require the same amount of energy as forming voids in the polymer

itself. However, with different pendant groups or different polymers, the bonding

between polymer and POSS may not be so strong.

Due to the fast dynamics of the polymer in these simulations, we have seen a

response in a blended POSS polymer composite that differs from the experimental

literature. However, moving to a polymer with a different chemistry and larger molecular

weight will decrease polymer mobility making the POSS more of a plasticizer in the

system. By studying a variety of chemistries and molecular weights, one may be able to

140



determine which chemistries are most likely to produce desired mechanical behavior for

POSS polymer nanocomposites.

Also, by using the coarse grained potentials developed in this work and by

calculating similar potentials for other POSS polymer chemistry, one can study the

formation of mesostructure in these composites. We have shown clearly that the

mesostructure of the POSS can have significant effects on the mechanical properties of

the composite. Understanding the relation between chemistry and mesostructure will help

to guide the development of new POSS polymer composites.
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