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Abstract

Within this thesis, I use atomistic Molecular Dynamics simulation to elucidate the thermo-
mechanical properties of polyhedral oligomeric silsesquioxanes (POSS). These molecules have
unique and interesting properties due to their nanoscale size and organic-inorganic nature.
POSS species comprise a rigid silica core which is functionalised with organic moieties at the
vertices. These nanoparticles exhibit a wide range of behaviours and properties due to the
scope of viable functionalising groups. I largely focus here on the cubic Tg conformation,
which typically ranges from 1-10 nm in diameter.

For pure POSS systems, I use systematic simulation studies to characterise the sensitivity
of the glass transition temperature (Tg), an important macroscopic property, to molecu-
lar structure. For POSS species functionalised with eight flexible groups, I identify a key
molecular feature, namely, the breathing mode, as the degree of freedom that controls the
macroscopic T,. Due to their high degree of inter-molecular entanglement, these systems
exhibit very little molecular mobility. Thus, it is the molecular-level movements within the
functionalising groups that underpin the systemic change from a glassy state to rubbery
state. The influence of structural morphology in tetra functionalised Tg systems are also
studied. Here, I observe the adoption of richer packing arrangements and shifts in the T,
values due to alternative arrangements of the functionalising groups about the central core.
I also examine the spontaneous formation of crystalline structures from amorphous starting
configurations by systems of rigid POSS molecules.

Due to the versatility in their structure, POSS are frequently included as a component
in nanocomposite materials. Within this work, I have study POSS-polymer hybrids as both
blended and grafted nanocomposites. I use hydroxyl-terminated polybutadiene (HTPB) for
the polymer matrix and explain the observed changes in T, as a product of the molecular
behaviour and interactions. When grafted, POSS have a local anchoring effect on the dihe-
dral rotational freedom available to the C-C single bonds of the HTPB backbone. Thus, I
observe a significant increase in the T, for these systems. When blended, rigid POSS hybrids
exhibit significant phase separation, whereas flexible POSS species are much more dispersed
within a HTPB matrix. Both systems impart less specific impact on the dihedral rotation
of the HTPB matrix than is observed in the grafted systems. However, increases in T, are
consistently observed with increasing POSS concentration. Through the simulation of POSS
blended with a chemically similar but sterically different matrix, I further characterise the
mixing behaviours of POSS species as a function of their functionalising group.

These studies provide insight into the structure-property relationship for a variety of POSS
species as pure entities and nanocomposite hybrids, thus providing understanding for future
programmes of synthesis or nanocomposite design, as well as necessary target properties for
candidate coarse-grained models of POSS systems.
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Chapter 1

Introduction

The study of polyhedral oligomeric Silsesquioxane (POSS) has become popular within the
field of silica (SiO3) chemistry in recent times. These nanoparticles encompass a diverse
range of structures, material properties and molecular behaviours. The molecular formula
for this species is (RSiO3/5)s where R represents a given organic group. Within the field, a
wide variety of organic moieties have been shown to be viable R groups.[1] As such, numer-
ous hybrid organic-inorganic structures have been curated with specific characteristics, such
as the capacity to undergo polymerisation, exhibit particular optical properties or improve

mechanical properties.

Within this thesis, the cubic cage conformation of POSS has been studied. The compu-
tational technique of Molecular dynamics (MD) has been utilised to investigate the atomic
level interactions and behaviours of particular POSS species. In doing so, the molecular level
structure to macroscopic level properties relationships have been characterised. The glass
transition temperature (T,) has been the primary macroscale observation for this project.
The T, is an important consideration in the development of new materials.[2] By controlling
the T, of a material, properties such as the processing temperature, service temperature

and mechanical properties can be tailored as linked properties, such as viscosity, can be
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altered.[3] POSS have been incorporated within a multitude of materials to alter the T,.
For example, Z. Zhiyong et al have demonstrated that the physical blending octavinyl POSS
within polypropylene can result in an increase in T, but subsequent decrease in the me-
chanical modulus. [4] However, when this system undergoes reactive blending to produce a
crosslinked system, the T, decreases and the mechanical modulus increases. The observed di-
chotomy in material properties has been theorised to result from individual POSS molecules
or small cluster being able to diffuse past polymer chains, acting as a plasticiser and enabling

polymer segmental dynamics, where as larger clusters reduce the mobility in the polymers.

1.1 Aims and Objectives

Within this work, cubic POSS systems have been studied in a number of different envi-
ronments, including pure, polymer grafted and polymer blended. The principle motivation
behind this work has been to further elucidate the key molecular mechanisms that give rise
to the observed T, and or change to T, as a result of the addition of a particular POSS

species. The aims of the project have been as follows:

e To understand and characterise the molecular level features of POSS systems that give

rise to the observed T,.

e To investigate the sensitivity and tunability of T, as a product of the POSS molecular

structure.

e Characterise and elucidate the impact of POSS species on the occurrence of T, in

nanocomposites featuring a well defined grafted polymeric matrix.

e Understand the POSS-polymer interactions within blended systems to analyse the

kinetic and thermodynamic contributions to the observed macroscopic properties.
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1.2 Thesis Overview

The chapters within this thesis are outlined here:

Chapter 2 contains a literature review on the study of POSS systems. This covers the ex-
perimental study of POSS including the synthesis, characterisation and application of POSS
within polymer nanocomposite systems. In addition, the literature surrounding the study of
POSS through a variety of computational methods has been discussed.

Chapter 3 describes the methodologies, algorithms and MD approach to atomistic mod-
elling. The force-field used throughout this thesis and associated parameters are described.
Also, post processing routines have been provided to describe the methods of characterising
the systems.

Chapter 4 is the first results chapter and is dedicated to the modelling of pure POSS sys-
tem. First, the force-field validation procedure for POSS modelling are outlined. Then, a sys-
tematic study of octa-methacrylate functionalised POSS systems is discussed. POSS species
functionalised with rigid moieties are examined at higher temperatures. Tetra-functionalised
POSS species are then covered to investigate the effect of isomerism. Here, a key molecular
level feature has been identified that can be used to predict the T, of methacrylate function-
alised POSS systems.

in Chapter 5, grafted POSS-polymer nanocomposites are studied. Here, Hydroxyl-
terminated polybutadiene (HTPB) formulates the polymeric matrix. Within which, POSS
species have been physically grafted to the HTPB backbone. The molecular mechanism that
dictates the HTPB T, has been monitored and the impact of POSS on this feature has
been studied. A number of different POSS species have been studied at different grafting
locations.

in Chapter 6, POSS nanocomposite blended systems are studied. Here, HTPB formulates
the polymeric matrix. Within which, POSS species of varying R group have been simulated
at different concentrations. To contrast the highly entangled nature of HT'PB, studies of the

same POSS species have been considered with the chemically similar species of octatetraene.
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Phase separation behaviour, molecular packing and mobility and POSS-polymer interaction
are discussed.
Finally in chapter 7, conclusions from the project are discussed and recommendations for

future work are given.



Chapter 2

Literature review

Within the following section, I discuss the literature enveloping POSS systems in both pure
and nanocomposite systems. Section 2.1 introduces and discusses the field of nanocomposite
materials to give context for the applications of POSS. I then describe the chemistry of
POSS in section 2.2. Here, I discuss the structural properties, experimental properties and
synthesis of a selection of POSS species. Several publications on the computational studies
of these systems are also discussed in section 2.2.1. Following this, within section 2.3, I
review the inclusion of POSS within nanocomposite materials. In the same format as the
pure system POSS section, I first describe experimental observations and conclude with the

computational study of these systems in section 2.3.1.

2.1 Overview of Nanocomposite Materials

Traditional goods, such as metals and glasses, are now often substituted by highly functional
and superior materials in many industrial practices. This is, in part, due to the advance-
ment of polymeric materials and their composites.[5] Such materials are highly processable
and can exhibit preferential material characteristics, making plastics an attractive option.
Moreover, through the addition of fillers, the material properties of plastics can be further

designed to suit a specific need, broadening the array of possible applications.
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A variety of additives have been used to improve the properties of polymers. For exam-
ple, carbon black is often utilised as a reinforcing agent for the rubber in car tires and as a
black pigment.[6] Calcium carbonate is also commonly used in composite systems to reduce
the cost of production and improve the material processabilty of polyvinyl chloride (PVC),
and enhance the mechanical properties of polypropylene (PP).[7] These fillers may be con-
sidered components of macroscale composites as the particulates are typically in the range
of 1 - 10pum. For nanocomposites, I exclusively consider particles with at least one dimension
in the range of 1 - 100nm. Such additives include ZnO nanostructures, gold nanowires and

nanotubes. [8-10)]

By incorporating nanoparticles into polymeric materials, the mechanical, electronic, thermal
or optical properties of the original polymer may be improved without the loss of baseline
behaviour. This avoids the common trade-off encountered with macroscale composites.[11-
13] For instance, with a macroscale filler, improvement to the flame retardancy can lead
to a commensurate loss of toughness.[14] As nanoparticles have a very high surface area to
volume ratio, only a small fraction of the mass that would be required for a macro filler is
necessary for a nanocomposite. This generally allows the processability and properties of
the polymer to be retained in the final material with the additional benefit of the selected

nanoparticle functionality.

One prolific example is that of a polymer-clay type nanocomposite system that was de-
veloped in 1985 by A. Usuki et al. Their nylon 6-clay hybrid system initially consisted of 0.5
- 5%wt clay (montmorillonite) homogeneously dispersed within the nylon matrix, and was
shown to improve upon the mechanical and thermal properties of standard nylon.[15] This
material was further developed for the electronic, automotive and food industries.[16, 17]

Subsequently, full conferences have been dedicated to the subject of polymer clay nanocom-
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posites, and hundreds of articles have been published on such materials. In more recent years,
nanocomposite hydrogels have been of significant interest. By dispersing hectorite clay ho-
mogeneously in poly(N-isopropylacrylamide) gel to form a nanocomposite, K. Haraguchi
demonstrated an increase tensile strength with only a slight decrease in tensile modulus,
resulting in a more flexible and tougher material.[18] General motors have utilised clay poly-
olefin nanocomposites as step assistant components in Chevrolet Astro vehicles.[19] Toyota
have incorporated N6-Clays into the construction of timing belts for their thermal stability
and rigidity.[20] Also, there has been much literature on the application of clay polymer
nanocmposites in the biomedical field and in water management.[21, 22] For example, in a
recent study, hydrogels enriched with halloysite clay nanotubes have been utilised for the
delivery of the anti-microbial, gentamicin sulfate.[23] Nanocomposites are also widely used
in the food packaging industry as water vapour and oxygen barriers for transparent thin film

wrapping and protection of foodstuff such as fruit juice and processed meat.

The preparation considerations for a conventional polymer composite are fundamentally
different from those of a polymer nanocomposite. Properties such as the particle shape, size,
size distribution and dispersion are key considerations for a macroscopic filler.[24] Chemically
different filler particles, such as CaCOj3 and talc, of similar dimensions and distributions of-
ten produce similar composite material properties.[6] However, surface interactions between
filler and polymer give rise to the change in bulk material properties, which are influenced
by the size and distribution etc. As particle size is reduced, the relative impact of the inter-
actions occurring at the molecular level become more influential on the expected properties
of the composite. Such considerations include Van der Waals forces, molecular polarity and
hydrogen bonding.[25] Features such as the catalytic activity and electrical conductivity may
also be altered by manipulating the filler and polymer interactions at their interface. Such
changes can be achieved by chemically altering particles that exist on the nanoscale. As

nanoparticles have a high surface area to volume ratio, the relative distance between inter-
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face domains is much lower, meaning the relative amount of interfacial interaction is higher.
This feature is a key characteristic of nanocomposites.[12] Of course, fundamental param-
eters, such as the molecular shape and volume fraction must also be considered along side

the molecular structure and electronic effects.[26]

Within this project, I have undertaken a computational study of a unique 3-dimensional
nanoparticle with applications for nanocomposite materials. This nanofiller has a wide di-
versity of applications and properties due to the nature of its structure. The following
section will discuss these systems in the context of current research and their utilisation as

nanocomposites.

2.2 Chemistry of Polyhedral Oligomeric Silsesquiox-
anes (POSS)

Polyhedral Oligomeric Silsesquioxane (POSS) systems are inorganic-organic hybrid molecu-
lar structures. Their chemical formula is R,,(SiO, ;),, where n = 8, 10, 12 etc with cages of
the corresponding size being labelled 7},. The 'R’ group represents organic moieties which are
anchored at the vertices of a central inorganic silica core. 3D renderings of the Tg, Ty and
Ty caged POSS structures can be seen in figure 2.2.1. This type of molecular system may
also exist as a ladder like structure, i.e. as an unfolded net rather than a caged structure.
However, for this study, due to their prevalence and preferential formation during synthesis,
I have solely focused on the Tg cubic conformation. The organic R groups (denoted in blue
in figure 2.2.1) can be selected from a variety of available functional groups. Each vertex
may be occupied by the same type of moiety, or as is commonly observed, one or more of
the eight sites may be occupied by a unique group. These groups can be curated to exhibit
specific molecular traits. For example, a POSS system may be introduced into a polymeric

matrix as a cross-linking agent. To achieve this, two or more of the organic groups express
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polymerisable functional groups, such as acrylate or epoxy. In the same manner, POSS may
also be introduced as pendant groups where only a single vertex is functionalised with a
reactive group. Conversely, POSS may also be introduced as discrete molecules in a blend.
In this situation, the POSS contain nonreactive groups with selected steric or Coulombic

properties.[27]

Figure 2.2.1: Three of the possible cage conformations of POSS structures observed in
synthesised systems. From left to right, Tg, T19 and Ti5 POSS structures where yellow,
red and blue atoms correspond with silicon, oxygen and 'R’ groups respectively.

Due to the range of available POSS structures, there is great diversity in their observed
physical and chemical properties. Experimentally, many Tg POSS structures have been
characterised and analysed. To reduce this field to the scope of this review, I will select a
number of POSS structures with differing properties and discuss some of the methods by
which they have been characterised, studied and produced. Due to their prevalence in the
field of nanocomposites, I will discuss POSS both in the context of pure POSS systems and
when integrated into nanocomposite materials. I will focus on the study of pure POSS in

this section, and consider nanocomposite implenetation in section 2.3

I first consider TgHg POSS systems, the simplest form of POSS, where each of the eight
silicon vertices are functionalised with a single hydrogen atom. TgHg exists as a white solid

under standard conditions and was first discovered serendipitously in 1959 by Miiller et
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al.[28] As is common for the confirmation of the successful formation of a chemical com-
pounds, Nuclear Magnetic Resonance (NMR) spectroscopy has been instrumental in the
examination of POSS structural integrity, particularly 2°Si NMR. For example, Wang Yan
Nie et al characterised TgHg POSS before and after Silylation and polymerisation with
4,4’-Bis(4-allyloxybenzoyloxy)phenyl diene.[29] For the pure TgHg, from the ?Si NMR data
there is a single resonant peak at -83.1pmm, corresponding to the Si-H bond. For the
nanocomposite material, four separate absorption peaks at -64.85, -83.1 -941 and 108.47
ppm were obtained that correspond to Si-C, Si-H, Si-OH and Si-O-Si respectively. Here,
the latter three peaks are due to unreacted POSS vertices. As this reaction changes both
the functionalisation of the POSS species and induces the cross-linking of the newly formed
Tg(4,4’-Bis(4-allyloxybenzoyloxy)phenyl)s, some of the vertices do not undergo reaction. By
calculating the integrated area under the absorption peaks, it was determined that, on av-
erage, 6 of the 8 sites reacted successfully. In a similar paper by Qiang Li et al, TsMeg was
incorporated into a arylacetylene polymer through a Grignard reaction.[30] The precursor
TsMeg was characterised by 2?Si NMR and demonstrated a single peak at -65.97 ppm. This
value is in good agreement for the reported value of -64.85 for the Si-C bond by Wang Yan

Nie et al.

Crystallography and X-ray diffraction studies have also been utilised for the characterisa-
tion of POSS species. Such studies have compared the structural features of different POSS
structures. For the TgHg species, a number of crystallography techniques have been applied,
including powder and single crystal X-ray diffraction (XRD) and Neutron diffraction.[31]
The work carried out by Auf der Heyde et al is of particular interest.[32] This study identi-
fied, through single crystal XRD, that despite the high symmetry of the TgHg POSS species,
the system exhibits tetrahedral T), symmetry rather than the expected perfect octahedral
Oy, symmetry. This is due to the observed variance in the distance of separation between

adjacent Si atoms. On average, there is a separation of 3.74, and the standard deviation is
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determined to be 0.154A. Interestingly, this is believed to be due to the nature of the crys-
tal structure. Four intermolecular Si-O bonds preferentially form between molecular pairs,
forming an off-axis crystal packing structure. This results in POSS cages with a slightly
compressed structure in one of the three dimensions in the plane of the facets. Diffraction
studies have also been conducted on amorphous POSS systems.[33] Wide-angle X-ray scat-
tering (WAXD) has been used to identify the existence of amorphous propyl methacrylate
functionalised POSS in its pure form and when incorporated into propyl methyl methacry-

late matrices.

It is worth noting however, that while in a solution, the TgHg appears to exhibit octa-
hedral (Oy,) point symmetry. In a study by Martin Bartsch et al, the vibrational structure
of TgHg was investigated through IR and Raman Spectroscopy and applied for the produc-
tion of a force-field for the structure of zeolite A (Sodalite).[34] This work highlights that in
solution, 'H NMR, 2°Si NMR, IR spectroscopy techniques all indicate that TgHg structure
exhibits O, symmetry. To unite these bodies of work, Derek A. Wann et al have conducted
Gas-phase Electron diffraction studies on the TgHg structure.[35] This paper concludes that
when TgHg is unconstrained by a crystal lattice, the structure is does indeed exhibit Oy,
symmetry. Further IR-Raman study into the TgHg system has demonstrated that the POSS
silica cage exhibits a breathing mode, which is revealed through the inspection of a vibration

at 467 cm™!.[34]

Thermal analysis of TgHg has also been under-taken by a number of groups. However,
The process of analysing these systems can be complicated. Through thermogravametric
analysis (TGA), Wang Yan Nie et al demonstrate that TgHg readily sublimes into the gas
phase at temperatures over 473 K.[29] The higher order TsMeg POSS species begins to un-
dergo sublimation at 503 K to eventually completely evaporate at 523 K.[36] However, as

the percentage of organic character is increased within the molecular structure, using larger
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R groups, the thermal behaviour changes drastically. For instance, Tg(i-Bu)g is reported to
melt at 534 K and completely evaporate at 648 K under a Nitrogen atmosphere. This intro-
duction of a soft/fluid phase window for substantial R groups is a general feature. However,
when investigated under air, 74% of the overall mass of Tg(i-Bu)s is evaporated, the remain-
ing 26% being accounted for by a ceramic residue.[37] This remaining material is produced
as oxidation has occurred has alongside the sublimation, producing a carbon-containing sil-
ica sublimate. This divergent trend from sublimation behaviour continues as the 'R’ groups
become increasingly complex. As another example of this behaviour, Tg((CHz2)2-Ph)s has
been demonstrated to decompose at 623 K.[38] It should be noted that this trend is quite
apparent due to the consideration of high inorganic character POSS systems. As mentioned,
POSS systems cover a significant region of chemical space. Their thermal properties are

highly dependent on the nature of the incorporated 'R’.

A great deal of interest has been placed into the production of novel POSS structures with
unique properties. There are many reported synthetic pathways, each of which is unique to
the desired 'R’ group and or combination of 'R’ groups. These pathways can be separated
into two distinct categories; the spontaneous formation of Tg POSS and the chemical modi-
fication of existing Tg POSS. The first group of syntheses stem from hydrolysis-condensation
reaction schemes for chloro or alkoxy silanes.[39] An example reaction scheme of this nature
can be seen in figure 2.2.2.[40] This method of synthesis tends to produce a higher proportion
of Tg conformation in varying yields depending on the type of 'R’ group. Much research
has been carried on the optimisation of this synthetic pathway, however, there are no op-
timal universal conditions for all 'R’ groups. The hydrolysis method and solvent mixture,
for example, differ from system to system. This same methodology can be applied to the
production of TgR7R’ type POSS systems through ’'corner capping’. Here, the partially
condensed POSS (R7Si7O0¢(OHj)) or conjugate salt react with a silane group of differing 'R’

group.[41, 42] This method of producing non-symmetrical POSS molecules, is well estab-
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lished and has been applied to many system types where R groups include Ethyl, i-octyl or

cytosine moieties.

H
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Figure 2.2.2: reaction scheme for the formation of TgHg from the hydrolysis-condensation
reaction of trichlorosilane.[40]

The second group of reaction pathways involve the alteration of existing POSS molecules.
One of the most common implementations is through the hydrosilylation of the Si-H bond of
the TgHg POSS species.[43] A general reaction scheme for this method can be seen in figure
2.2.3. Hydrosilylation is often carried out with a Platinum catalyst and produces good yields
of the desired POSS species. However, there are potential draw backs in the production of
isomers at the a or § Carbon of the C=C double bond of the reacting species.[40] These
methods of Tg production are far from exhaustive, and a great many system-specific reaction

pathways exist that are highly dependent of the nature of the desired R group.

R

Pt Catalyst
TgHg +  __/ — Tg((CHy),R)g

Figure 2.2.3: reaction scheme for the formation of TgRg from the hydrosilylation of TgHg

2.2.1 Computational Study of Pure POSS systems

The study of pure POSS systems has also been the subject of several different computational

studies, through methods including ab initio first principle calculations and classical tech-
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niques such as Molecular Dynamics (MD). The advent of computational research into these
species was most notable in the 2000s. An early paper by McCabe et al in 2004 states that
” Although much is known experimentally about the chemical synthesis of POSS derivatives
and their characterization, little theoretical understanding exists at the molecular level or
beyond.”.[44] To begin to develop and inform the production of possible novel POSS com-
pounds, this paper describes some of the early steps in understanding the electronic and
atomic level features required to achieve mesoscopic level representation of POSS systems.
With this goal in mind, the paper utilises Quantum, atomistic and Coarse-grained Clas-
sical techniques. Initially, the electronic properties of TgHg were characterised with first
principles density functional theory (DFT). This study notes that the lowest unoccupied
molecular orbital (LUMO) is positioned at the center of the POSS cage. From an electronic
perspective, this is quite interesting as the cage can readily become ionised and effectively
house an electron within itself. This has implications for the luminescence of the POSS
species. Restrained Hartree-Fock calculations were also used to inform how the POSS cage
structure changes when different R groups are implemented. It is noted that the rigidity of
the POSS cage enables its shape to be retained when different alky R groups are included.
To investigate the atomistic representation of POSS systems, the UFF, COMPASS and Ki-
effer force-fields were all implemented through molecular mechanics at a fixed temperature.
Each force-field represented a single TgHg molecule in good agreement with the first prin-
ciple techniques. MD was then utilised to investigate POSS representation in the solid and
gas phase, producing good XRD pattern predictions for crystal phases and consistent radial
distribution function (G(r)) analysis between force-fields. Course-grained methods are also
implemented in an initial investigation of the self-assembly of complex packing regimes in
mono and tetra-tethered POSS systems. This important study covers a wide range of com-

putational approaches to POSS systems and very much sets the tone for future work.

The McCabe group have since produced a number of publications in the field of POSS
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simulation. In the context of pure POSS systems, they has investigated the implementa-
tion of different force-fields for the representation of POSS species and have developed their
own set of parameters; the charge-transfer reactive force-field (CTR).[45] Here, the crystal
structure of TgHg and Tg(CHjs)g are simulated with different force-fields and compared to
single crystal XRD results. Infra-red specta and crystal melting behaviour are also modelled.
All force-fields are able to reproduce experimental crystal data for both systems, however,
the CTR force-field outperforms the others for the reproduction of experimental melting
behaviour of these POSS systems. A similar study was carried out by Wann et al.[35] Here,
plane-wave DF'T molecular dynamics have also been employed to characterise the TgsHg XRD
pattern. In another publication, McCabe et al utilised MD simulation in conjunction with
SAFT methodology to investigate the effect of molecular shape on particular thermodynamic
properties.[46] Here, Mono, Di and Tetra functionalised POSS systems were investigated. For
mono -tethered POSS, the liquid density was observed to decrease with an increasing linker

length and as the number of tethers was increased, the liquid density also decreased.

The Takako et al group has studied the formation pathway of Tg(CHs)g from the constituent
HSi(OH)3 precursor molecules.[47] DET methods were used to optimise the structure of the
reaction intermediates at the B3LYP level with the 6-31G(d) basis set. Overall, it is shown
that the production of Tg(CHs)g in this method is 48.3 kJmol™' exothermic. Keiffer et
al have carried out MD simulations of hexyl monofunctionalised POSS.[48] These simula-
tions contained 64 POSS molecules taking the crystal structure conformation from XRD
as the starting configuration. The performance of the force-field was characterised by the
maintenance of the crystal structure at finite temperature, and replication of IR spectra.
Through the implementation of a heating regime, the crystal structure was melted and the
liquid density was calculated and compare to that of previous work.[46] The melting tem-
perature is determined to be 430K, from observations where deviation from the lattice sites

are first noticed. As the simulation progresses, the single hexyl linkers are able to migrate
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and entangle, leading to the strong POSS-POSS interaction being over come, thus enabling
the translational migration of the molecules. The melting process has been quantified here

through POSS-POSS correlation and torsion angle distribution.

More recently, complex POSS systems have been simulated in their pure form. For ex-
ample, Neyertz et al have used MD to study three distinct octa-amino functionalised POSS
systems.[49] These species consist of propyl linkers extending from the POSS core, followed
by an amide group and a terminating cyclic component. POSS 1 is substituted with a
CgH5OH phenolic ring, POSS 2 features a pure CgHg aromatic ring and POSS 3 has a fully
hybridised CgHyy as shown in figure 2.2.4. This study utilised ab initio methods to optimise
the molecular structures and used 15,000 atoms during simulation. The simulation cells
were annealed at 700 K for 1000 ps. Following this, the systems were cooled at a rate of
-1 Kps~! to the target temperature of 298 K. Each production simulation was carried out
in the NPT ensemble at 298 K at 1 Bar for a run length of 5000 ps after high temperature
annealing. It is reported that the difference in 'R’ group has significant effect on the system
density and effective interaction potentials. From G(r) and predicted XRD patterns, these
systems are surmised to be amorphous. For the aromatic rings, the distance of separation
is measured to be as close as 2.94, where as the cyclohexyl group only get to within 4.9 A
of one another, suggesting there may be some preferential pi-stacking occurring. Alignment
of the aromatic rings is also determined to be preferentially parallel. The separation of the
POSS cage and functionalising rings is characteristic of strong 'R’ group interlocking. In
a later study by the same group, the Oy transport properties were analysed for the same
POSS systems.[50] This was achieved by superimposing an equally dense simulation box of
O5 onto the POSS systems and removing overlaps. The movement of the impregnated O,
was strongly reminiscent of the behaviour observed for small gas molecules moving through
a glassy polymer. This behaviour is denoted by infrequent jumping events into voids that

become available through the opening of channels. A recent publication from Hiroshi et al
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featured the utilisation of MD for the purpose of understanding the thermal expansion of
TgHg, Tgi-butylg and TgCyclopentyls.[51] The starting crystal structures for these systems
were taken from the CCDC and after simulation, the remaining crystal structures were in

good agreement with experimental data.

Figure 2.2.4: Chemical structure of the POSS groups studied by the Neyertz group.[49]

The crystal structure of POSS species have featured heavily within the computational
study of POSS, particularly the TgHg structure. This has provided an in depth under-
standing of the Tg cage behaviour and crystal thermomechanical properties. However, as is
evident within the literature, there is a lack of published material with a significant focus
on the amorphous phase of condensed POSS. This gap in the literature has been a partial

focus for the studies presented in this thesis.

Within this section I have solely focused on the simulation and experimental properties
of pure POSS systems. In the following section, I will discuss POSS species in the context

of nanocomposites both in silico and ez silico.
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2.3 POSS nanocomposites

In broad terms, POSS provide a means of introducing inorganic character into an organic
polymer matrix, fundamentally changing the macroscale properties through molecular level
change. The POSS cage is typically 5.5 A between opposite silicon atoms at the largest
distance along 3 planes, meaning the POSS structure exists on the same scale as polymer
molecules. This allows molecular level interactions to be designed, based on the molecu-
lar composition of both the POSS and the polymer. POSS systems may be incorporated
into a polymer matrix via a number of different mechanisms: co-polymerisation; pendant
grafting; physical blending; POSS-only polymerisation; or as non-reactive bystanders during

polymerisation.

The nature of resultant property changes in the baseline material is highly dependant on the
method of POSS incorporation. Thermomechanical properties are most affected through the
covalent introduction.[39] POSS incorporation has been demonstrated to change the tensile
modulus, electrical conductivity and the glass transition temperature (Ty) of polymeric sys-
tems among many other material properties.[52-54] The capacity for POSS incorporation
to achieve target material properties has also been exhibited for many different polymer

matrices, including methacrylates, polyimides and polyurethanes.[55-57]

In particular, methacrylate 'R’ group POSS structures have seen significant research. Such
systems have been incorporated into triblock coplymeric systems as pendant groups to pro-
duce materials with higher glass transition temperatures.[58] Propyl methacrylate function-
alised POSS have been physically blended into vinyl ester resins for the development of
thermally resistant materials.[59] When compared with a number of different composite
materials containing the same vinyl ester matrix, the POSS nanocomposite exhibited the
most improved properties. It was reported that the viscosity of the resin was predomi-

nantly unchanged, meaning the processability was maintained whilst the flame retardency
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was increased. On a molecular level, the degree of cross-linking was increased, lending to
an increase in the T,. Methacrylate functionalised POSS cages have seen a range of poten-
tial applications. Their incorporation as crosslinking agents into polyimide has enabled the
production of electrically isolating and thermally stable thin films. These materials have
potential uses as circuit board substrates or aerospace materials requiring thermal resis-
tance.[60] These systems have also been applied to dental health. Typical dental composites
are used to restore teeth by acting as an adhesive or cavity filler. H. Fong et al have inves-
tigated the effect of incorporating the bisphenol A-glycidyl methacrylate (bis-GMA) of the
commonly used -GMA/TEGDMA (triethylene glycol dimethacrylate) two part resin with
propyl methacrylate functionalised POSS.[61] At loadings of 10%, the POSS system showed
improved flexural strength and Young’s modulus after the system had undergone visible light
curing. In another study of the same system, at 5% POSS loading, the nanocomposite was

reported to have improved scratch resistance and hardness.[62]

The inclusion of non-reactive POSS substituents has also seen significant research. TgMeg
often features in research concerned with POSS structures being dispersed in polymer ma-
trices to form a blended nanocomposite material. A study conducted in 2001 by Fu et al
was the first to investigate a polypropylene matrix with dispersed TgMeg molecules.[63] This
study introduced TgMeg into the matrix at 10, 20 and 30%wt loadings and investigated the
crystallisation behaviour of the polymer matrix. At lower loadings, the POSS system act as
a nucleation site for the polypropylene improving the crystallisation rate. However at higher
loadings the crystallisation rate was curtailed due to the physical interruption of the crystal
growth mechanism. The same research group has also investigated the effect of blending
TgMeg with ethyl-propylene copolymer.[64] Interestingly, it was noted that above melt tem-
perature at 160° C, the addition of TgMeg POSS changed the material state from a melted
resin to a solid at 10%wt POSS. The glass transition temperature was also increased upon

the addition of the POSS and the formation of POSS crystals within the matrix was also
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tracked through XRD. In a broader study, A. Fina et al investigated the material properties
of polypropylene with TgMeg, Tgi-Bug and Tgi-Octg separately.[65] For the polypropylene-
TgMeg nanocomposite, the degree of POSS dispersion was comparatively low due to their
tendency to flocculate and form microcrystallites of 10-20 ym at 3% and 10% loadings. These
structures were identified through Scanning Electon Microscopy (SEM) and XRD analysis.
The Tgi-Bug functionalised system appears to involve much more compatible polymer-POSS
interactions as no crystallites are evident through SEM. However, Transmission Electron Mi-
croscopy (TEM) indicates the presence of nanocrystals on the length scale of 0.5 ym which
appear to behave as nucleating agents for the formation of spherulite regions within the
polypropylene. The Tgi-Octg crystallites could not be identified in this study, likely due to
the liquid nature of Tgi-Octg at the operating temperature, however the polymer spherulites
were still observed at 10% loading. Thermal behaviour of these systems was also investigated
and the results were quite diverse. For instance, the 10% TgMeg nanocomposite exhibited
no change in melting behaviour but the crystallisation temperature was increased slightly
from 114° C to 116° C. Conversely, The Tgi-Bug nanocomposite exhibited no difference in
the crystallisation temperature but the melting temperature was decreased from 165° C to
159° C. This study was therefore able to conclude that changes in material properties do
not simply scale with the length of the alkyl 'R’ group. Instead, it indicates that complex
mechanisms are at play, relating to the combined effects of each POSS and its host polymer

matrix.

2.3.1 Simulation of Nanocomposite POSS systems

POSS-polymer nanocomposites have also been the subject of computational study through
MD. These publications aim to elucidate the molecular mechanisms and interactions that
occur between POSS and polymer at the molecular level. Amongst the first to publish in
this field was Bharadwaj et al in 2000.[66] Here, a single polynorborene chain was simulated

with randomly distributed POSS pendant groups that were tethered by an ethyl chain at
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a concentration of 10%mol. Two different types of POSS structure were investigated. One
system was functionalised with 7 cyclopentyl groups and the second group was functionalised
with 7 cyclohexyl groups. These simulations were able to capture the experimentally deter-
mined T, for the pure polynorborene of 300 K and the POSS grafted systems of 370 and 350
K respectively. The packing and mobility of the POSS for each system was analysed and
determined to be different in each case. The cyclohexyl system was less efficiently packed
due to greater steric hinderance whilst the cyclopentyl system exhibited greater mobility.
Through the addition of either POSS, the movement of the polymer chain was inhibited
and the elastic properties were enhanced. In a joint computational and experimental study
conducted by Choi et al, the mechanism by which tethered POSS cages interact with epoxy
resin was investigated.[67] The computational component formed a comparatively small sec-
tion of this study, however, the nature of the tether being directly linked to the material
properties. Rigid POSS tethers produced a higher T, and elastic modulus, whereas flexible
tethers produced a lower Ty and elastic modulus with a higher fracture toughness. The
degree of molecular mobility was determined to be a contributing factor to the material

property change.

Patel et al have used MD simulation to characterise the behaviour of polystyrene and poly
methacrylate chains that have cyclopently, cyclohexyl, iso-butyl and phenyl substituted
POSS cages at 1, 4, 5 and 10% as pendant groups.[68] Smaller concentrations of POSS
raised the predicted T values for the styrene nanocomposite and lowered the T, for poly-
methacrylate nanocomposite. The phenyl substituted styrene systems exhibited the greatest
increase to T,. This behaviour was attributed to the efficient packing of the polymer around
the POSS cube due to the favourable interaction between the phenyl groups of the POSS
and the styrene backbone, effectively reducing the mobility of the backbone and reducing the
degrees of freedom available for dispersion of energy. In doing so, the molecular motion and

rubbery behaviour of the polymer matrix was restricted at higher temperatures; resulting in
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a higher T. Polymethacrylate is a significantly more polar molecule, so the degree of the

interaction with the non-polar 'R’ groups resulted in a smaller effect on the T,.

McCabe et al have also used MD to investigate POSS nanocomposites. These studies were
focused on the simulation of dispersed TgMeg in polydimethyl siloxane and n-hexadecane.[69,
70] The diffusion coefficient of each POSS system was found to be dependent on the nature of
the POSS functionalisation. Further, the effective POSS-POSS interaction was investigated
as a function of the temperature and functionalisation type. In a similar study, Capaldi et
al have studied the addition of octa-cyclopentyl functionalised POSS dispersed in polyethy-
lene.[71] Three different systems were studied of concentration 5%, 15% and 25% POSS
by weight. For the 15% and 25% systems, through radial distribution analysis, a strong
tendency for the POSS to aggregate was observed at 500 K. It is postulated that these struc-
tures represent initial stages of microcrystallites, however the time scale of the simulation
prevented the formation of full crystal structure, as the aggregates exhibited amorphous
structuring. The polymer molecules in these systems were noted as diffusing at a rate 33%
faster than the POSS molecules and aligning at the surface of the POSS aggregates tan-
gentially. Yani et al have used MD to study polyimide doped with 5%wt TgHg or 6, 11 or
20%wt Tgamino-phenylg POSS systems.[72] Here, the inclusion of TgHg showed a decrease in
T, whereas the Tgamino-phenylg systems showed an increase in T,. These systems achieved

crystalline packing and amorphous packing of POSS flocks respectively.

In more recent publications, Zhu et al have used MD to analyse the applicability of POSS
in solid polymer electrolytes.[73] Currently, polyethylene oxide has applications in this field.
When used in conjunction with a metal oxide, the -O- ether component of the polymer
enables the Lit to migrate through continuous coupling-decoupling. In turn, this produces
movement in the polymer matrix, driving the polymer to a crystalline state, resulting in

a loss of conductivity. The addition of POSS to these matrices has been demonstrated to



CHAPTER 2. LITERATURE REVIEW 26

improve the longevity of these materials by generating free volume within the nanocomposite
to encourage continuous ion exchange.[74] The exact types of POSS used in this simulation
work are highly complex and for clarification I encourage the reader to check the source for
reference. This work was able to predict that the grafted POSS species increased the T, and
inhibited the polymer crystallisation process. The resultant increase in polymer chain mo-
bility also enabled greater migration of Li* ions, producing a predicted higher conductivity.
Simulations of POSS in dental composites have also been conducted by Xie et al.[75] Here,
TgMeg and TgPhenyls POSS were introduced as pendant groups within a DGEBA/OSC
double-crosslinked epoxy resin at 6, 11, 16 and 20%wt. Interestingly, this was achieved by
first equilibriating the reactant molecules and conducting another simulation to break and
reform covalent bonds to form a cross-linked model.[76] For both POSS systems, the T, was
increased at all concentrations and 11%wt showed the greatest increase. The degree of epox-
ide mobility was most decreased for the 11%wt systems in both POSS species as calculated
by the mean-squared displacement. This study has identified that these chemically distinct
POSS systems are able to produce very similar differences in the material properties of the

studied epoxide system.

Kopesky et al published a rigorous publication regarding polymethyl metacrylate matri-
ces with separate tethered and un-tethered POSS species.[77] Within this study, the POSS
species were non-reactive and relatively small, such as Tgiso-butyls. Here, the thermorheo-
logical properties were explained through the description of the polymer entanglement and
POSS packing behaviour. The grafted systems exhibited reduced entanglement due to the
presence of POSS pendant groups, generating softer materials. The non-grafted systems
exhibited POSS crystallisation at concentrations as low as 1% Vol. Below, 5% Vol, the
non-tethered POSS molecules acted as a plasticizer. Beyond this concentration, the POSS
cubes acted as hard-sphere fillers. Kopesky et al have since followed up with publications

on polypropyl methacrylate of differing size with Tgpropyl-methacrylates POSS cubes.[78,
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79] From these works, it was observed that for both systems, the addition of Tgpropyl-
methacrylateg reduced the glass transition temperature until a critical concentration was
reached and the Tj-concentration curve plateaued off. Within the short and long chain
polymethyl methacrylate studies, Tspropyl-methacrylates was able to be well dispersed as
individual molecules until 10% loading where significant phase separation was observed. The
presence of POSS within these blends resulted in a higher proportion of free-space within the
structure, producing a lower T,. Through the agglomeration of POSS cages, the transition
temperature decreased due to the liberation of free-space within the blend. In more recent
years, a number of further publications have been released on the topic of blended POSS
systems, investigating the interplay of phase separation and inter-molecular interactions on

composite material properties. [80-83]

A. Striolo et al have published a number of articles on the atomistic simulation study of
blended POSS with hexadecane, hexane and poly(dimethylsiloxane) matricies.[69, 84, 85]
These works have primarily focused on small POSS species and their aggregation and trans-
portation behaviour. Effective potentials between POSS molecules have been determined
over a range of temperatures and POSS atomic site radial distributions have been calculated

with a view to developing coarse-grained models.

Q. Zhang et al have published an article on Tgiso-butylg polymethyl methacrylate (PMMA)
blended systems.[86] This work sought to understand the transport properties of diatomic
molecules (Oy and Nj) through the blend. At lower concentrations, the well distributed
POSS molecules acted as a plasticizer, producing a lower density system than the pure
PMMA. Interestingly, the mobility of PMMA increased with concentration of POSS. This
behaviour was due to an increase in amorphous PMMA regions, enabling a higher degree
of molecular mobility. The diatomic molecules also exhibited a higher degree of diffusivity

with Tgiso-butylg concentration up to 14.85%. In a very recent paper by Young et al, exper-
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imental, all-atom and coarse-grained simulation methods have been utilised to investigate
the glass transition temperature as a function of POSS structure. This study considered a
poly(2-vinylpyridine) matrix and variably functionalised aminophenyl POSS. The calculated
degree of hydrogen bonding between polymer and POSS was then hypothesised to be related

to the observed enhancement of the T,.

Within this chapter, I have reviewed many aspects of the published literature surrounding
POSS. This has included the chemical and physical properties, synthesis and the computa-
tional study of pure POSS systems. I have also covered POSS in nanocomposite materials
and the effect these systems have on polymer matrices. In the following results chapters,
I have studied a variety of POSS systems, in pure and nanocomposite environments. In
doing so, the POSS-POSS interaction and behaviour, as well as the POSS-polymer inter-
action, have been analysed. By studying pure POSS systems, the molecular mechanisms
that contribute to the observed macroscopic properties can be defined. This is important as
agglomeration and phase separation of POSS species has proved to be a common observa-
tion in nanocomposite systems. As such, studying pure POSS systems has a direct link to
their presence within nanocomposite systems in tandem with the successfully blended and
grafted nanocomposite systems. As discussed within this chapter, the computational study
of POSS species containing flexible R groups has been limited. Indeed, the computational
study of amorphous POSS is scarcely reported. This gap in the literature has motivated the
focus of this project on methacrylate functionalised POSS species. This variant of POSS
is readily available and has been the subject of many articles featuring POSS nanocom-
posites.[87-89] To compliment the study of these systems, different conformations of tetra
methacrylate functionalised POSS have also been studied to characterise the contribution
from the organisation of R groups can affect the molecular and macroscopic behaviour. The
use of methacrylate functionalised POSS has facilitated the study of blended and grafted

nanocomposite systems, thus enabling a diverse range of systems and properties to be charac-
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terised. This has resulted in the generation of novel insights into POSS systems and selected

nanocomposites.

In the following chapter, I present the simulation methodology I have used to conduct my
study into POSS systems. Then I move onto the results chapters for this thesis in which

comprise simulation studies of POSS systems and polymer-POSS nanocomposites.



Chapter 3

Computer Simulation Methodology

Within this chapter, I describe the method of Molecular Dynamics (MD) simulation and the
key principles that are associated with this technique. I also discuss some of the analysis

routines I have generated for the characterisation of POSS systems.

3.1 Molecular Dynamics Simulation

MD is a computational technique that allows me to describe and analyse the motion of
particles, atoms and molecules through time. The progression of such simulations is com-
monly referred to as the time evolution. MD Simulations are able to progress the behaviour
of many body systems in time by numerically and computationally solving integrals of the
Classical equations of motion shown in equation 3.1 and 3.2 where F; is the force acting on
particle ¢, —V,;U is the negative change in the potential energy, m; is the mass and a; is the

acceleration of particle 1.

Through this, 3-dimensional trajectories for each particle may be stored and analysed in, for

example, a time averaged manner. It should be noted that for very large systems or time

30
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scales, individual hypothetical particles may be used to represent many atoms or molecules
through a process called coarse-graining. In this work though, I focus solely on atomistic
simulations. The generic work flow for the production of a successful simulation is quite

ubiquitous and is shown in figure 3.1.1.

Starting ]
Parameters
(P, T, V, KE, etc) J

I Initial system
l configuration

-

h i

Calculate inter-
atom forces

New system !
configuration Move atoms and
r calculate new
velocities
¥ '
* timesteps f store

L observables

7

Output averaged
properties

.

Figure 3.1.1: A flow diagram to represent the general procedure undertaken during an MD
simulation where P, T, V and KE represent pressure, temperature, volume and kinetic energy
respectively

3.2 System Initialisation

Prior to an MD simulation taking place, a starting configuration of the system must be
constructed with initial velocities assigned to each atom. Starting positions are generally

systematically distributed in a 3D cubic lattice at a low density to ensure that overlaps do
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not occur, therby preventing the occurrence of unrealistic and potentially simulation break-
ing forces. Such starting configurations have become straightforward to generate through
Software such as Packmol and the solvation functionality of DL_FIELD.[90, 91| Initial ve-
locities can then be assigned. Typically, this is achieved by random allocation according to
a Maxwell-Boltzmann distribution (equation 3.3) with velocity scaling in accordance with
the user-requested temperature. Within this equation, fy;5(T) is the fraction of particles at

velocity v, m is the atomic mass, T is the temperature and kg is the Boltzmann constant.

funlT) = (QWZBT) o (3.3)

3.2.1 Force-Fields

With the starting configuration in place, it is necessary to identify a set of parameters for the
interactions occurring between atoms; this collection of parameters is known as a force-field
which enables the calculation of the overall potential energy. Due to the nature of atomistic
simulation, explicit molecules are common place, meaning multiple types of inter- and intra-
molecular interactions must be described. Within generic atomic force-fields, bonding, bond
angle, dihedral angle, Van Der Waals and Coulombic interactions are typically incorporated.
More complex and specialised force-fields may contain additional parameters, such as the

CHARMM force-field that contains a term to constrain out of plane bending.[92]

To model molecules with atomistic MD, covalent bonding must be represented. for every
bonded pair, there is an average bond length that depends on the nature of the chemical envi-
ronment. Considerations such as the types of atoms within the bond, their hybridisation and
their direct neighbours are taken into account when characterising the bond behaviour. To
model this type of intra-molecular interaction, two functional forms are commonly utilised,
the harmonic potential or the Morse potential. The harmonic function is the simplest (equa-

tion 3.4) where r;; is the distance of separation between atom i and j, 7o is the equilibrium
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bond length and k; is the force constant. Figure 3.2.1, presents the a shape of a harmonic
potential and illustrates the variables where the equilibrium bond length is 1.34 A. Alter-
natively, the Morse potential may be used, as shown in equation 3.5. Here, o describes the
bond stiffness and D, describes set the bond energy. In many cases, the Morse potential is

considered overly complex and an unnecessary use of computational resource.
Vbond(Tij) == kb(rij — 7”0)2 (34)

Vb(md(’f’ij) =D,(1- e—a(rij—m))Q (3.5)

(a) (b)

Figure 3.2.1: The form of the harmonic potential for a single bond (a). Illustration to depict
bonding interaction between two atoms.

In addition to covalent bonds, bond angles must be represented. This type of potential
effectively accounts for the arrangement of electron orbitals about the contributing atoms to
model the observed angle between these atoms. An equilibrium angle exists for any given
group. In simulation, fluctuation about this angle is determined by a potential. These bond
angles can be modelled using the same approach as bond lengths; through the harmonic
or Morse potential. Equation 3.6 describes the harmonic potential for bond angle where

is the measured bond angle, 6, is the equilibrium bond angle and k, is the force constant.
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Figure 3.2.2 illustrates the harmonic angle potential where 6, is 112.3°.

vansle — k(6 — 0p)>2 (3.6)

(a) (b)

Figure 3.2.2: The form of the harmonic potential for a bond angle (a). Illustration to depict
bond angle between three atoms and the associated terms.

A function to describe dihedral torsion, or twisting about a bond, is generally included
as a means to model molecular structure. In nature, a bond may be double or triple bonded,
thereby preventing dihedral rotation. Equally, the nature of the neighbouring groups may
influence the dihedral behaviour of a single bond. Typically, to model dihedral torsion, an
expanded Fourier series is used (equation 3.7) where ¢ is the dihedral angle and k¢ is the
dihedral force constant. Figure 3.2.3 illustrates equation 3.7 and the terms included within

the equation.

3
yihedral N 1A(1 — cos(ng)) (3.7)
n=1
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(a) (b)

Figure 3.2.3: The form of the quartic potential for a dihedral angle about a single bond (a).
Ilustration to depict dihedral structure between four atoms and the associated terms.

Inter-molecular and non-bonded interactions must also be considered. In an atomistic
molecular system, these include Van der Waals and Coulombic contributions. Van der Waals
forces account for three types of mid-range interaction, including induction (Debye) forces,
orientation (Keesom) forces and dispersion forces. Collectively, these forces act attractively
over a range of distances for any atomic pair. Debye forces arise in atomic pairs with a
permanent electron dipole inducing a dipole within another atomic pair, creating a mutual
attraction. Keesom forces arise due to the rotation and change in orientation of permanent
dipoles about one another. These forces are distinct from those acting between two orien-
tationally locked dipoles, which varies with :—31 where 1 is distance. Finally, and perhaps
most importantly, dispersion forces, or London forces, form a part of the Van der Waals
forces. This type of force is exhibited in non-polar and polar pairs of atoms. The moment
to moment change in electron density within the atomic electron shells generates a change
in the electic field, which has a polarizing effect on the distribution of electrons of other
atoms. The consequent generation of instantaneous dipole pairs across space leads to a net

attractive force.

All three of the VDW terms vary with = where r is distance.[93, 94] To model this type of

interaction, it is convenient to use the Lennard-Jones Type equation, as shown in equation
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3.8 and Figure 3.2.4, which incorporates the attractive = van der Waals forces in conjunc-

-
tion with a short-range repulsive r% contribution where € is the depth of potential well and
o is the distance of separation at which the inter-particle potential is 0. This repulsion effec-
tively represents the overlap of occupied electron orbitals between atoms in close proximity,

as described in the Pauli exclusion principle. The use of a T% repulsive term is principally

pragmatic, due to the computational efficiency of calculation as the square of the T% term.

12 6
04 04
1] 1]

Figure 3.2.4: 12-6 Van der Waals potential

Electrostatic forces are also typically considered for atomistic MD. electrostatic interac-
tions between charged particles can achieved through a standard Coulombic potential, as
illustrated in equation 3.9 and figure 3.9, where ¢; and ¢; represent the point charges of atom

i and j respectively. The form of this potential is shown in figure 3.2.5.

Veow = 14 (3.9)

ij




CHAPTER 3. COMPUTER SIMULATION METHODOLOGY 37

Figure 3.2.5: Form of Coulombic potential between atoms of opposite charge.

Within molecular systems, it is common for the atoms of a covalent bonds to be non
mirror images of one another, that is to say that the distribution of electrons within a bond
is likely to be polarized due to the difference in electronegativity. This generates regions
of higher electron density and lower electron density across a bond. This principle can be
expressed in MD through allocating partial charges to atoms to represent the dispersion of

electron density as electrons are not explicitly considered.

Throughout this thesis, I have principally used the polymer consistent force-field (PCFF)
developed by H. Sun et al for the purpose of simulating polycarbonates. The energetic and
electrostatic properties for this force-field were derived from ab initio HF /6-13G* calcula-

tions that have been scaled to fit experimental data for a number of organic compounds.[95]
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Equation 3.10 shows the functional form of the PCFF force-field.
Vir) = Z [kS(r — ro)? 4+ K5 (r — ro)® 4+ KS(r — ro)*]+

bonds

Z [k5(0 — 60)% + k5(0 — 60)* + k5 (6 — 6p) "]+

angles

Z [k4(1 — cosd) + k(1 — cos2¢) + kS(1 — cos3¢p)]+
dihedrals (3 10)

Sk (w - wn)+

1nversions

9 6
S (%) _3<&> Ly
— Tik Tij —  Tij
(4.4) (i5)

vdw Coul

As shown, the bonding and bond angle potentials use a quartic Fourier expansion of the

harmonic function. The dihedral potential also uses an expanded Fourier series potential.

In addition, PCFF incorporates an inversion potential. This type of potential are required

for functional groups that contain three atoms surrounding a central atom in a particular

arrangement. For example, in a trigonal planar arrangement, if the central atom is permitted

to pass through the trigonal plane, a new arrangement has formed. This potential imparts

a restriction on this type of transformation. Figure 3.2.6 illustrates the inversion harmonic

potential and origin of the w term within the equation. Van der Waals interactions have been

represented through the 9-6 Lennard Jones potential and Coulombic interactions through

the Coulombic potential.
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(a) (b)

Figure 3.2.6: The form of the harmonic potential for out-of-plane bending interaction (a).
[lustration to depict out-of-plane bending (b).

Within this work, the cross-terms from the original PCFF publication have been omitted.
This has been carried out as the parameterisation of these terms would have required signif-
icant effort and time as they are not supplied in the default implementation of DL_POLY.
For this project, the use of a force-field that was transferable enough to represent POSS
species in pure and nanocomposite context has been required. This has necessitated the use
of a general force-field capable of representing a variety of systems. In addition, the ligands
of POSS species are typically quite short and the POSS cage is very rigid. As such, there is
little variation in the bond lengths and bond angles. Thus, the necessity for cross-terms is

redundant.

In the series of tables given in appendix A, the force constants and equilibrium values
used for each potential in PCFF are provided. A key to understand the atom types has
been included in appendix A.1. Within the following section, the methods of progressing a

simulation through time is discussed.
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3.3 Integration Algorithm

MD simulation is founded on the ability to progress the system through time. This principally
involves the numerical integration of the Classical equations of motion. Through this, the
velocities, accelerations, positions etc at time ¢ are updated in the context of a discrete
forward step to time (t+At). This resultant updated configuration then becomes aligned with
a new time ¢ and the process to update to t + At is repeated iteratively over a given number
of timesteps. To do this efficiently and computationally, there are 3 common methods; the
Verlet, Leap-frog and velocity-Verlet algorithms. The Verlet method for progressing the
atomic positions in time is summarized in equation 3.11 where a is the acceleration, r is the

vector of the atomic position, t is the time and At is the timestep.[96]
r(t + At) = 2r(t) — r(t + At) + At*a(t) (3.11)

This method has been shown to achieve energy conservation, be time-reversible and nu-
merically stable. However, the algorithm omits the determination of velocities from the
calculation of the positions due to the nature of its derivation from a second-order differen-
tial equation. This presents a problem when calculating the Kinetic and Total energy, as
an extra equation is required, so reducing efficiency. To address this deficit, the Leap-frog

method was proposed (equations 3.12; 3.13 and 3.14).[97]

v(t+ %At) =v(t— %At) + At*a(t) (3.12)
r(t + At) =r(t) + Atv(t + %At) (3.13)
v(t) = %V(t + At) + v(t — At) (3.14)

With this method, the vector of atomic positions (r), accelerations (a), mid step velocities

v(t—2At) and full step velocities (v) are stored. The first step of this method is equation 3.12
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which generates the new mid step velocities to allow equation 3.14 to generate the current
velocities while equation 3.13 generates the next positions. The inclusion of the velocities
within the integration algorithm has practical benefits in simulation as they are often scaled

with temperature and the associated Kinetic energy.

The Velocity-Verlet algorithm, the most recent of these procedures, has demonstrated good
energy conservation and numerical stability.[98] Again it is an adaptation of the Verlet al-
gorithm that generates positions, accelerations and current velocities. In contrast to the
Leap-frog method, the updated positions (r(t + At)) are calculated (equation 3.16) before
the mid-point velocities (equation 3.15). Between these steps, the forces and accelerations
(a) are calculated and, finally, the new velocites (v(t+ At)), as shown in equation 3.17. The
Kinetic energy and Total energy can then be calculated.[99] As I am concerned with atomic
systems, I am solely concerned with translational motion, although the Velocity-Verlet algo-

rithm has been extended to account for the rotational motion of rigid bodies.

V({t+ 2A1) = v(t) + S A2a(t) (3.15)
2 2
r(t+ Af) = £(f) + Atv(t + 3 A1) (3.16)
v(t + At) = v(t+ %At) + %Ata(t +AY) (3.17)

For these simulations, I have primarily used the Velocity Verlet algorithm as implemented
within the MD software DL_POLY _4.[100] This general purpose MD package has been de-
veloped at the Daresbury Lab as part of the UK’s Collaborative Computational Project on
Molecular Simulation (CCP5) by W. Smith and I. T. Todorov and is free for academic use.
The package contains many features for MD simulation including a capacity to simulate
many different systems, such as metals, zeolites and organics and a variety of force-fields

and boundary conditions. To describe the interactions for these system, DI_.POLY_4 does
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not have its own force-field but is, instead, designed to allow the user to define their own
potentials. This may take the form of, for example, the GROMOS or Dreiding force-field,

however the user is able to impose additional parameters, such as rigid units.[101, 102]

DL_POLY 4 is written in FORTRAN and is fully modularised into subroutines. The pro-
gram is designed to be executed on a multi-core processor with distributed memory. This
particular version of DL_POLY utilises the Domain decomposition method for paralellisation
of the executed code. DL_POLY 4 is the successor to the MD package DL_POLY _Classic
which utilises a different method to exploit parallel programming. This form of DL_POLY

is still available as the method is more efficient for smaller system sizes.[103]

3.4 Partial Charge Calculation

To generate the partial charges for all of the atoms for each molecule, I have employed a
number of different computational techniques, including density functional theory (DFT)
and the calculation of restrained electrostatic potential (RESP) charges. Within this work,
the DFT methodology has been utilised to generate files that contain information regarding
the molecular orbitals, vibrational frequencies and cartesian eigen-vectors, known as .molden
files. To achieve this, I first start with a molecular structure that has been optimised with
PCFF. The Cartesian coordinates for the optimised structure are then passed to the ab initio
quantum chemistry program Orca where single point calculations are performed at the PBEO
level of theory with the D3BJ dispersion correction and def2-sVP basis set.[104] Of course,
ideally, a full geometry optimisation from DFT methodology would be undertaken. However,
some of the smallest molecular systems I have considered through this project are quite large
at the size of 104 atoms, and because DFT is generally recognised to scale with O(N?) where
N is the number of atoms or electrons, the method of pre-optimising with PCFF has been

used, essentially as a compromise to account for the available computational resources. The
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.molden file is then passed to the wavefunction analysis software Multiwfn to produce the
RESP charges.[105] This method of fitting RESP charges is quite appropriate in this case as
the flexible nature of the organic functional groups of the POSS system means there will be
degrees of chemical equivalency, for instance, the hydrogen atoms of a methyl group. The
RESP charges are calculated by considering many ESP fit conformations such as those from

the CHELPG scheme.[106, 107]

3.5 System observables

In order to quantify and measure the behaviour of a molecular system in the context of a
macroscale material, it is important for me to take measurements of both local behaviours
and multi-molecule thermomechanical properties. Also, from a practical point of view, it is
quite useful to monitor properties such as the Kinetic and Potential energy, pressure, tem-

perature etc to understand whether the simulation is progressing as intended.

The total kinetic energy is defined as the sum of the kinetic energy of each particle (equation
3.18) where N is the number of particles, v; is the vector describing the velocities in the x,
y and z directions and m is the atomic mass. As I am only concerned with an atomistic
system, I do not consider the rotation of any particle. This allows me to define the total

kinetic energy as it is in classical mechanics.

N 2
mv;
EKinetic = E 9 : (318)
i=1

The total potential energy describes the sum of all pair wise potentials within the system,
including all inter and intra-molecular potentials described in the force-field section. By
summing the total Kinetic and Potential Energy, I can calculate the Hamiltonian for the
whole system, which must be maintained when simulations are carried out in the NVE

ensemble. The equipartition function allows me to characterise the system temperature



CHAPTER 3. COMPUTER SIMULATION METHODOLOGY 44

from the time average total Kinetic Energy (equation 3.19) where K, is the Boltzmann

constant, 7' is the temperature and N is the number of particles.
3
< EKinetic >= §NKBT (319)

This measurement is crucial when simulating in the NVT ensemble as temperature must be
maintained. In this ensemble the pressure is free to fluctuate and can be calculated through

the Virial theorem,

N N
1
P=g | NEsT+) ) Fior, (3.20)
i=1 j<i

where P is the pressure, V' is the system volume, N is the number of particles, Kp is the
Boltzmann constant, T is the temperature, F; is the force vector for particle ¢ and r; is the
position vector for particle i. In many simulations, the Canonical ensemble (NVT) is used

where the number of particles (N), the volume (V) and temperature (T) remain constant.

3.6 Simulation procedure

MD has been the principle means of study for the thermomechanical properties of POSS
species. The MD simulation suite DL_POLY has been used throughout these studies.
DL_POLY is a parallel package that provides efficient implementation of MD methods within
a high performance computing (HPC) cluster. Production phase cooling sequences and
annealing procedures have been carried out in the Nose-Hoover isothermal-isobaric NPT
ensemble. Here, the number of particles (N), pressure (P) and temperature (T) are kept
constant, enabling the system volume to self-adjust. Periodic boundary conditions have also

been implemented.

As discussed in section 3.2.1, PCFF has primarily been used to describe the inter- and

intra-molecular interactions during simulation. Here, quartic harmonic functions are used to
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describe the bond and bond angle behaviour. Dihedral torsion is described through a quartic
harmonic cosine function. Van Der Waals interactions are represented through a Lennard-
Jones 9-6 potential. Coulombic interactions have been considered through the use of partial
charges and the Ewald summation method. Equation 3.10 provides the full functional form

of PCFF.

Simulation cells consist of a given number of molecules. This number changes depending
on the system being studied. The starting molecular structures have been designed in the
Biovia software Discovery Studios and optimised with the PCFF Force-field.[102] Packmol
has been used to populate the simulation cell with the given number of optimised structures.
Initially, low density systems are generated. In doing so, Packmol prevents molecules from
overlapping, which can potentially lead to non-physical, and simulation breaking, interac-
tions. Simulation cells are firstly annealed at high temperature. This has been carried out at
a starting temperature of 700 K, with 100 K decrements until 500 K. From here, the system
is cooled to 450 K and decremented by 10 K until the production phase begins at 400 K.
For each temperature, the simulation has been carried out for 500,000 timesteps, with a step
interval of 0.001 ps. The first 250,000 time steps have been used for structural equilibriation
in the canonical (NVT) ensemble. Long range interaction cutoff distance has been set to 12

A and Ewald precision set to 121076.

3.7 Practical Aspects

3.7.1 Periodic Boundary Condition

In real world experiments, the number of particles is usually of the order 10?3, which would
describe 12.01g of carbon. In MD studies, a simulation with a number of particles on this
scale would be far too computationally expensive to be viable - typical simulations are

considered large when of the scale 10°. If the simulation boundaries were to be hard and
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repulsive, then the particles near to the boundary would experience a significantly different
environment to those in the centre of the simulation box. To over come both of these
problems, periodic boundary conditions are often employed. Where a particle trajectory
leads it to travel across the boundary, its image would instead appear on the opposite side
of the simulation box; as if a replica of the simulation box had been adjacent to itself. This
boundary type gives the impression of repeated simulation cells in x, y and z positive and
negative axes. Figure 3.7.1 depicts a visual representation a system of Ty POSS subject to

periodic boundary condition.

Figure 3.7.1: Depiction of two Ty POSS cubes within a blue cubic simulation cell exhibiting
the effects of the periodic boundary condition.

However, the use of periodic boundary conditions introduces new problems in that, when
calculating interaction potentials, one must restrict the calculations to particles that are in

range for the determination of non-bonded interactions. Without this restriction, a particle
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would interact with a repeat image of itself or multiple images of other particles. The
minimum image convention accounts for this problem by ensuring that particles only interact
with the closest image of the particles within the simulation box. This is achieved through
the introduction of a cut-off radius (r.) for the Van der Waals potentials. In this, after a
distance of typically 10A the cut off is introduced to prevent statistically insignificant forces
being calculated, and computational resource being wasted. This distance is calculated to be
where the potential reaches about 1% of the well-depth. To implement a the cutoff distance,
one must execute a check to determine if two particles are within the cutoff range. This
process saves computational resource in that the required number of potential and force
calculations is reduced, however, it still involves iteratively checking the distance for all
particle pairs within the system. This is another unnecessary computational cost which can
be circumvented through use of the Verlet Neighbour list. This involves generation of a list
of neighbouring particles at a distance of marginally larger than the cutoff radius. Particles
that reside at the limit of the cutoff are then still considered. After the force-loop has been
executed and the simulation has progressed for several hundred timesteps, the list can be
updated with the new particles that have moved into the proximity of the cutoff, and those

that have moved away can be replaced, so as to maintain efficiency.

3.7.2 Thermo and Barostats

Depending on the desired statistical ensemble that is being employed, different parame-
ters may need to be controlled. For instance, to model a Canonical Ensemble (NVT), the
temperature must be maintained by controlling the Kinetic energy of the system. Alterna-
tively, if the isothermal-isobaric ensemble (NPT) is desired then both the temperaure and
the pressure must be maintained, the latter being controlled by changes in the volume of
the simulation cell. The Berendsen thermostat is a simple implementation for temperature

control (equation 3.21) that can be implemented within the Verlet algorithm. [108] This
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requires calculation of

x(t) = |1+ f—Tt (% - 1)] (3.21)

Where At is the time step, T'(t) is the instantaneous temperature, T is the target temper-

ature and 77 is a user variable which controls the magnitude of temperature readjustment.
The value of x(¢) can be used within the velocity Verlet algorithm to scale the velocities
(as shown in equation 3.22) of the particles within the system to those more aligned to the
target temperature.

v;i(t + At) = xv;(t + At) (3.22)

The Berendsen Barostat method works by rescaling the simulation box x, y and z axes in a
analogous way to the thermostat, using the vairable M(t) calculated as
At 5
M(t)=|1—-—(FP— P())| . (3.23)

P

Here, the instantaneous pressure is P(t), the target pressure is Py and the user control pa-
rameter is 7p. The Nose-Hoover thermo-barostat has been developed with the equipartition

function in mind (equation 3.24).[109]

N
1 p? 3N +1
= — - kgT 3.24
¢ 0 ; S 5 FB (3.24)
ovi _ 7 .

In this equation 3.24, the first term in the sum describes the total Kinetic energy for the
particles in the system where f;, p; and m; are the ith particle force, momentum and mass
respectively. The second term is a constant that describes the target total Kinetic energy
for a system of given size and temperature where N is the number of particles, kg is the

Boltzmann constant and 7' is the target temperature. The second term is then subtracted



CHAPTER 3. COMPUTER SIMULATION METHODOLOGY 49

from the first and the result scaled by % where Q) is a user-controlled parameter.

3.8 Post Run Processing

Within this section, I highlight some of the key analysis methods and subroutines used
to characterise this molecular systems. For the purposes of this section, I describe this
analysis in context of Hydroxy-terminated polybutadiene (HTPB) polymer. Butadiene is
the polymerising monomer that produces HTPB. During the polymerisation process, each
joining butadiene unit can connect in one of three conformations, trans, cis or vinyl. The
molecular structure of butadiene and a common variant of HTPB, can be seen in figure
3.8.1. In this image I highlight the trans conformation in green, cis in pink and vinyl in
purple. This conformation is known as HTPB 311 as the unit cell has 3 trans, 1 cis and
1 vinyl. I have utilised this polymer as part of the current project as an extension to a
previous project relating to understanding the molecular mechanisms that lead to the low

glass transition temperature in HTPB.[110]

H H

HWLH Butadiene

HO H on  HTPB311

Figure 3.8.1: Molecular structure of butadiene (top) and HTPB 311 (bottom).

To start with, I need to describe a typical simulation, the data I am handling and its
layout. For a given temperature, simulations undergo 500 000 timesteps, the first half of
which are dedicated to equilibration in the NPT ensemble, while the second half yield data
for production in the NPT ensemble. Each time step is 1fs. Once a successful simulation

has been completed, DL_POLY provides a number of different output files with information
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relating to the system.

The STATIS (statistics) file is accumulated sequentially over the course of the simulation
according to a specified drop rate, for example every 200 timesteps. This file provides format-
ted data describing the instantaneous values for pressure, volume, temperature, total bond
energy, enthalpy etc. For isobaric-isothermal simulations, this file is used to calculate the
time-averaged volume for a system. From this, I can measure the specific volumes (cm?/g)

of a system. This then offers a route to identification of the glass transition (T,) temperature.

The T, of a material describes the temperature at which an amorphous liquid or viscous
rubbery material changes to form an amorphous glassy solid.[111] The process of producing
a glass typically involves cooling a liquid rapidly to reduce the molecular mobility. With a
sufficient cooling rate, the time required for structural relaxation is not met, resulting in a
non-equilibrated solid structure.[112] Within this work, I am able to use the specific volume
vs temperature relationship to predict T, as, during a cooling sequence, the specific volume
decreases due to thermal contraction. However, as the T, is reached, the rate of thermal
contraction decreases as the system becomes glassy. This produces two distinct regions with
different gradients, being a glassy range of temperatures and liquid/rubber range of tem-
peratures. On a specific volume vs temperature graph, I am able to identify the T, as the
temperature at which these regions intersect. Figure 3.8.2 shows an example of a specific
volume vs temperature graph and a fit of these data to a bi-linear form. The intersect of the
blue and red trend lines then identifies the temperature at which there is a change in phase

within the bulk material from plastic to glassy.

This method of T, prediction is ubiquitous within the field of molecular dynamics.[113,
114] However, there are associated uncertainties with this method. As shown in figure 3.8.2,

the Ty is predicted to be a specific value. However, the glass transition can be a process,
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rather than a sudden change at a given temperature. As the temperature must be inter-
preted, this can lead to differences in the experimental and modelled T values. In addition,
the gradient change observed for a given system may be quite small, meaning identification
of the intersect can be difficult. Also, fluctuation in the determined specific volume can
potentially lead to an inaccurate identification of T,. These uncertainties manifest in the bi-
linear plots for T, prediction. However, agreement in the region of glass transition provides

confidence in the model representation.

The T, is unique to each material and depends on a number of molecular level proper-
ties. For polymers, the dependence of T, on molecular mass has been well studied. In
general, the T, for polymers increases with molecular mass. This is due to the increase
in the proportion of chain components over end point components.[115] End point compo-
nents have a higher degree of translational and rotational freedom available, meaning that
more structural conformations can be taken. This is due to end point components having
less physical restraint compared to components within the polymer chain. This degree of
restraint is often described as free volume. During the cooling of a polymeric system, free
volume decreases until a critical temperature is met. At this temperature, all segmental
mobility is lost, resulting in the complete restriction of molecular conformation. This critical
temperature is the T, in polymeric systems. The relationship between T, and molecular

mass has been characterised by the Flory-Fox equation as,

K
Tg - Tg,oo - M—N, (326)
where T}, , is the T}, for a polymer of infinitely large molecular weight, My is the molecular
weight and K is a parameter that relates to the free volume.[116, 117] This equation has
been applied sufficiently to a number of different polymers, however it fails for polymers

with smaller My values.[118] Several alternative equations have been developed for specific
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polymer structures.[119]

Figure 3.8.2: A typical specific volume vs temperature graph. In this case, I show data from
the HTPB 311 system with PCFF description.

In Figure 3.8.2, I observe a linear increment of 10K between each data point. This is due
to the typical implementation of a cooling sequence to produce data for a range of temper-
atures. By sequentially passing the final configuration of each completed simulation to the
following temperature, I qualitatively imitate the cooling conditions present in differential
scanning calorimetry (DSC) instruments. Quantitatively, cooling rates are much faster in
simulation than in experiment, but this is compensated for by the smaller sample size and
idealised approach to thermalisation. This method maintains consistency between tempera-
tures and ensures that each starting configuration is near to the target specific density; for
which the thermalisation period will adjust for. Prior to the production of this data, the
system also goes through an annealing phase where high temperature simulations are con-
ducted which do not yield data. This approach is beneficial for the setup of representative
simulations as the systemic memory of the starting configuration is lost; so as not to have
any effect on the output data. This is very important for POSS systems in which molecular

mobility is very low, even above T\.

The application of the specific volume vs temperature relationship depends on the prin-
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ciple that a material contracts when cooled and expands when heated. This is measured
with the equation,
V

— = aAT 2
7 a (3.27)

where V' is the present volume, Vj is the starting volume, « is the thermal expansion coef-
ficient and AT is the change in temperature. In addition to predicting the T, for a given
system, one may also calculate the thermal expansion coefficient from simulation and ex-
perimental data, thus providing a method to assess the accuracy of a model. However,
unfortunately, it has not been feasible to use this method during the force-field assessment
phase of this project. Primarily, this has been due to the fact that "there is no experimental
value of the thermal expansion coefficient of POSS materials in the open literature”.[120]
Within the majority of POSS literature, they are used as nanofillers in blended systems,
rather than as pure systems. In addition, during the synthesis of POSS TgHsg, it is typical
for the product to comprise a mixture cage structures (e.g. TgHg, TsHg, TgHjo etc) and
ladder structures. As such, even if thermal expansion coefficient data was readily available,

it may not be applicable to the 100% POSS systems used within this thesis.

The HISTORY file contains the trajectory or time evolution of the system for the given
temperature. In the simplest form, this file contains stacks of indexed elements and the
associated Cartesian coordinates. Figure 3.8.3 shows the first 18 lines of a HISTORY file
for context. These files enable me to visualise the simulations and investigate, by post-
processing, molecular level properties and behaviours based on atomic positions. These files
are crucial for understanding how characteristic bulk level properties manifest from molecular

level details such as structure variance.
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CoM5 from polar transform - HISTORY - by Jacob

8 2 258 126 7542362
timestep 250000 258 @8 2 @.eelcea 250. 6a0o0e
68.0648846236 8.8 8.8
8.8 68.0648846236 8.e
8.8 8.8 68.06048846236
Cd 1 1 1 1

-6.447779829568739 15.167235821728627 7.891393379822038
Cd 2 1 1 1

9.61291677169879 -1.2880388889154583 -30.384323904877437
Cd 3 1 1 1

26.887793875912215 28.074897179282543 -208.27280330348792
Cd 4 1 1 1

8.137009053846997 -26.21139216184485 -1.7182583785686367
Cd 5 1 1 1

16.796756168398853 -1.8641706748312713 18.560130762117033
Cd 6 1 1 1

-28.51296396676751 -19.861117754916417 -11.884359461579137

Figure 3.8.3: The header section from a sample HISTORY file. The first line is a comment for
reference. from line 4-6 I see the cubic simulation cell dimensions and for each ’Cd’ element,
I have an associated index, and directly below each index has Cartesian coordinates

3.8.1 Radial Distribution function G(r)

The radial distribution function is a critical measure for understanding the packing and order
within a molecular system. In short, it reports the probability of an atom appearing at a
distance of separation from the subject atom. This is achieved by first selecting an atom or
atom type and constructing a sphere of radius r’. A second sphere is then constructed of
radius r+Ar. All atoms of interest within the interstitial region between the two spheres are
then counted. This process is then iterated over a range of values to sample the surrounding
area of an atom. In conjunction with this, the determined values are normalised by shell
volume and averaged over every configuration that forms part of the history file. The radial

distribution function can be represented with the following equation:

N-1 N

G(r) = m SN 6(r=1ro—ril) (3.28)

ro=1 i=2

where p is the density for the system at a shell radius of r with a shell thickness of dr. Figure
3.8.4 (left) shows a simple 2D array of atoms with the sampling section of the G(r) analysis

being carried out on the orange atom with the plotted G(r) values (right).
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(a) (b)

Figure 3.8.4: Left: A simple idealised crystal 2D arrangement of atoms to depict how the
sampling of space about the orange atom is carried out during the calculation of the radial
distribution function. Right: Radial distribution analysis for idealised hexagonal crystal
lattice at t=261s.[121]

The G(r) data is derived from the analysis of the centre of mass for each molecule in this
simulation cell. HTPB 311 molecules are linear and flexible, and exhibit movement in the
same way a chain might. Each chain link is rigid individually; this is due to the double bond
sections through the backbone of HTPB where rotational freedom is restricted. However,
the connection between links allows for the chain to be flexible on the macro-scale, as the sp?
hybridised sections between double bonds allow the HTPB molecule to flex. This behaviour
is seen during simulation and shown in figure 3.8.5. Here I show 8 of the 288 total molecules
within the simulation cell with hydrogen atoms omitted. I can see that the molecules are
heavily entangled with one another in a disordered manner. To add context to the G(r)
graph shown in figure 3.8.4, the centres of mass for the given molecules are also shown.
Because of this disorder, I do not observe characteristic peaks of ordered packing within the
G(r) (not shown). In this case, G(r) analysis does not provide a great deal of information
other than to confirm the observed disorder, however, in different systems I can use this

analysis to identify long-range and short-range packing features.
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Figure 3.8.5: A visualisation of 8 HTPB 311 molecules in a simulation containing 288
molecules. Carbon and Oxygen atoms are represented by blue and red lines respectively. For
clarity, the hydrogen atoms have been omitted. The orange spheres represent the calculated
centres of mass for the shown molecules.

3.8.2 Mean squared displacement

Mean squared displacement is a means to study the average displacement of a particle from
a given starting position over a range of time. This measure enables me to understand the
molecular mobility within a system and make observations on the nature of the system. For
example, if the MSD curve undergoes gradual flattening, I can attribute this to the particle

existing in a constrained environment. The MSD is calculated according to the following

equation:
1 Neonf Npogs
MSD(1) = — z(t+7) — z; ()2 3.29
()= N Nross 2o 2o loit+7) = o) (3.20)

where N,y and Nppgg describe the number of saved configurations and number of POSS

molecules respectively, x is the position of particle 7, ¢t is the time and 7 is a time interval for
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each measurement. FEach value of 7 is iterated over for all viable timestamped configurations

of the simulation.

3.8.3 Voronoi Analysis

As an additional form of structural analysis, I have used 3-dimensional Voronoi investigation.
This mathematical method is well studied and provides a number of useful insights such as
the number of near neighbours, directionality and molecular volume.[122] In a sample box
of molecules, [ first determine their centres of mass (CoM) and describe these coordinates as
pseudo particles. A cell for each of these pseudo particles is then constructed which contains
all of the volume closest to that particle in respect to all other pseudo particles. A simple
2D representation of this can be seen in figure 3.8.6. Here, a straight line is drawn between
particles G’ and 'F’ and a hashed bisecting line is passed through it, dividing the area
between these two particles equally. This process is then carried out for all near neighbours
and where two bisecting lines meet is the location of a vertex for the Voronoi polygon. In
3-dimensions, a straight line is still drawn between near neighbours, however instead of a
bisecting line, I form a bisecting area. Intersecting faces then form the 3D cell for each

particle.
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Figure 3.8.6: A simple 2D voronoi diagram where particles G’ and 'F’ have a connecting
and bisecting line

The aforementioned methodology is quite rudimentary as it fails to consider the shape
of a molecule if I focus solely on the CoM. Molecules may exist in a variety of conformations
and shapes; this is particularly true in polymeric systems. Instead, therefore, it may be
more appropriate to consider the backbone sites of each molecule and count near neighbours
to these as near molecules. This method generates a more accurate description for the
molecular volume, though, the development of this type of analysis is quite demanding.
Fortunately, the Voronoi diangram software "Pomelo’ is able to conduct this exact analysis.
I have employed this software to determine Voronoi properties of the systems as a function

of molecular structure.[123]

3.8.4 Moment of Inertia Tensor (MOI)

The moment of inertia can be used to describe molecular shape and, thus, rotation. This
property is calculated as the sum of the of the mass of each atom and the square distance
of the atom to the centre of mass. For this purpose I consider all molecular atoms to

describe how the mass of a molecule is distributed about the centre of mass to achieve an
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effective description of the molecule shape. The following equations describe the necessary

calculations to determine this symmetrical 3x3 matrix for the MOI.

Ia:a: Ia:y Ixz
I=11, I, I, (3.30)
[z:c [zy [zz
where,
N
Ly = mi(|lril?6:; — afa) (3.31)
k=1

and N = Number of atoms, k = index of atom, m; = the mass of atom k, 7, = (x1, z9, x3)
the vector of atom k to the centre of mass and ¢;; is the Kronecker delta. From this matrix,
3 eigen-values can then be calculated. These values are characteristic of the shape of the
molecule and the distribution of its mass. I can calculate these values for each molecule in
each configuration and track them over the course of the simulation, effectively generating
a history file for the MOI tensor. Figure 3.8.7 shows a plot of these eigen-values over the

course of an HTPB simulation at 200K.

Figure 3.8.7: The moment of inertia eigenvalues for an individual HTPB molecule in during
simulation at 200 K.
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3.8.5 Dihedral bond Rotation Analysis

This analysis routine was originally developed to investigate the molecular level behaviour
of HTPB molecules. HTPB 311 has a low T, compared to differing conformations of HTPB,
and the reason for this was under investigation. As mentioned above, HTPB molecules
are highly entangled, even at room temperature, so energy cannot be dissipated through
molecular translation; that therefore, is not the mechanism that gives rise to the unusually
low T. Free dihedral rotation about single bonds is maintained at low temperature, however,
allowing the molecules to remain flexible and the bulk material to remain in a plastic phase
at lower temperatures. To quantify this information, all dihedral angles within the molecules
were monitored and recorded over the course of the cooling sequence of simulation. Between
configurations, if the dihedral angle changed above a set threshold (60°) a 'rotation’ event
was noted for that bond. Whilst alternative threshold values could be employed, to achieve
qualitative equivalent information, I have utilised 60° throughout since it coincides with a
maximum in the dihedral potential and so any rotation beyond that value can be viewed as a
switch away from the local dihedral minimum. From this, molecular regions of high rotation
activity could be identified as shown in Figure 3.8.8. Here, the average number of rotations
per molecule of each single bond are plotted along the backbone of the HTPB 311 molecule.
Of course, the recorded frequency of rotations for a bond depends on the threshold angle
chosen. From a previous study focused on the analysis of the dihedral rotation of bonds
within HTPB molecules, I noted that the frequency of rotations scaled linearly for all bond

types across a range of threshold angles (from 0° to 180° at 10° increments).[110]
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Figure 3.8.8: A depiction of the HTPB 311 molecular back bone with the key rotation
"hotspots’ identified for a run at T=310 K. These values represent the average number of
rotations per molecule over the course of the simulation. These same data are depicted
graphically for all but the non-rotating single bonds.

Further-more, this type of analysis can also be applied to the prediction of the macroscale
property of the glass transition temperature in the same fashion as I have previously imple-
mented for synthetic volume. As shown in figure 3.8.9, by summing all dihedral rotations
for each temperature over the course of each simulation, bi-linear graphs can be achieved.
For HTPB, the intercepts of these lines prove to be an effective molecular-based measure of

T,. [110]
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Figure 3.8.9: By using the total number of rotations during simulation, the glass transition
temperature was predicted in good agreement with experimental results.

3.8.6 Molecular Rotation Autocorrelation

To characterise the molecular rotation during simulation, I have developed an analysis routine
to track the degree of molecular rotation as a time series. To do so, I first determine three
independent unit vectors that pass from the Centre of mass of each POSS through three
orthogonal faces as shown in figure 3.8.10. These unit vectors are selected by summing the
the position vectors of two opposite silicon atoms for the same POSS facet then dividing
by the magnitude of the vector. Following this, the dot product is then calculated for each
interval of the time series for each vector to produce a complete time autocorrelation function.

This data is then averaged for all molecules, as shown within the following equation:

Neonf Nposs
A(8t) = DY d(t)d(t + 6t) (3.32)
coanPOSS —0  i—1

where Ngonp and Npogg describe the number of saved configurations and number of POSS
molecules respectively and «; describes the unit vector for particle i. To compare the degree
of molecular rotation as a function of temperature, I then take the natural log of this data

and calculate the gradient of this now linear relationship.
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Figure 3.8.10: A rendering of T8 POSS with Hydrogen functionalising groups. The red,
green and blue axes within the POSS molecule represent the vectors chosen for the rotation
autocorrelation analysis.



Chapter 4

Pure POSS

In chapters 2 and 3, I have discussed key articles from the field of POSS systems and de-
scribed the methodologies I have implemented throughout this work. Within this chapter, I
present results from the simulation of pure POSS systems. Firstly, in section 4.1, I present
the results from the validation steps required for the selection of an appropriate force-field
for the study of POSS. Following this, in section 4.2, I present results from the systematic
study of octa-functionalised POSS species with different but related morphologies. Here, I
describe and characterise the structure-property relationship for these species. In the same
fashion, I have also systematically investigated tetra-functionalised POSS in section 4.4 and
4.4.2. In contrast to the flexible groups discussed in these sections, I have also simulated

in-flexible POSS groups in section 4.3 to diversify my understanding of these systems.

Through the work carried out in this chapter, I aim to elucidate the important molecu-
lar features for the prediction of macro-scale properties. Firstly, I consider the capacity
to simulate POSS systems through the molecular dynamics method. I analyse the required
system size for the accurate representation of bulk behaviour through the methodical studies
of different POSS systems. I also characterise the sensitivity of my simulations to molecular

detail using systematic analyses of different POSS structures, and the reproducibility of the

64
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simulation results using multiple repeat runs of some systems. Through the inspection of
molecular level observations and behaviour, I aim to understand the macro-scale properties

from molecular level features.

4.1 Force-field Validation

Force-fields describe a set of parameters and equations to define the potential energy surface
for a given molecular system. Chemical diversity is represented through a series of atomic
classifications as a product of their environment within the simulation. For example, sp?
hybridised C=C carbon atoms may be categorised as C_2, and sp?® hybridised C-C carbon
categorised as C_3. Each classification describes distinct parameters, allowing the interac-
tions between different groups to be modelled. Many different force-fields are available for
MD simulation, with each targeted to a different region of chemical space through unique
equations and parameters. For example, the AMBER force-field is prevalent in the simula-

tion of peptides and DNA as this force-field was parameterised on such systems.[124-126]

Within this project, I have worked to ensure that my simulation models are as represen-
tative as possible. To do so, I have selected the most suitable force-field from a number of
options. As stated in section 2.2.1, previous MD based studies of POSS have largely used
the Compass force-field.[127] However, Compass is a propriety feature within the Materials
studios simulation suite of Biovia. I have investigated the efficacy of two different force-fields
available to the DL_POLY MD suite for the simulation of POSS, the Polymer Consistent
Force-field (PCFF) and the Consistent Valence Force-field (CVFF). PCFF was developed
by H. Sun et al in 1996 and is the predecessor to the Compass force-field which was later
released by the same group in 1998.[127, 128] PCFF and Compass utilise the same functional
form and are both second generation force-fields. PCFF was parameterised from the energy

surface of a range of molecular functional groups from HF/6-31G* level ab initio calcula-
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tions. These data were scaled to experimental values from the solid phase. Compass was
parameterised from the same ab initio data as PCFF with the addition of some functional
groups. However, non-bonding Van Der Waals parameters and dihedral terms were scaled
to experimental results from the condensed phase. CVFF was first developed in 1988 by
Dauber-Osguthorpe et al for general use with small molecules including peptides.[129] Of
the available force-fields, these were identified as the most suitable due to the inorganic-

organic nature of POSS.

To examine these force-fields, I have simulated two chemically distinct POSS systems; the
Tgvinyls (OVP) and Tgphen-ethyls POSS (OPEP) (Figure 4.1.1). These structures have
been selected due to the stark difference in their molecular and macroscale properties. From
the literature, the OVP system has a glass transition temperature (T,) of 411.1 K and OPEP
has a T, of 260.1 K.[130-132] This difference in T, provides a good target for investigating
the capabilities of each force-field. Both POSS species have been described with CVFF and
PCFF independently and simulated separately as pure entities. To investigate the impor-
tance of charge considerations, separate simulations have also been carried out with implicit
partial charges omitted. I now discuss the results from this investigation, beginning with the

OVP system.
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Figure 4.1.1: The molecular structure of Tgphen-ethyls (OPEP) and Octa Tgvinyls (OVP)
from left to right respectively. Seven of the eight functionalising groups have been omitted
for clarity. Red, white, grey and red spheres represent silicon, hydrogen, carbon and oxygen
atoms respectively.

4.1.1 Octa vinyl POSS (OVP) Simulation

As OVP and OPEP have very different T, values, I have used a broad cooling sequence that
ranges from 500 to 200 K for both systems (see section 3.7 for more information regarding
cooling sequences). All simulations have been carried out in the NPT ensemble with the run
lengths at each temperature step being 0.5 ns. Initial simulations were performed with 120
molecules of OVP, equal to 7200 atoms. This relatively small number of atoms was chosen
to permit short run times and rapid learning of MD practicalities. The simulations were

subsequently scaled up to assess reproducibility and system-size dependence.

In Figure 4.1.2, T present the calculated specific volume (cm?/g) for each temperature during
the cooling sequence with charge considerations included. Data from the PCFF simulations
are in blue and the CVFF data are in orange. Here, I plot bi-linear relationships for each
force-field where a change in gradient is observed. In doing so I identify the phase change
from a rubbery state (higher temperature) to a glassy state (lower temperature). For PCFF,

I predict a Ty of 400.3 K, in good agreement with the experimental value of 411 K. CVFF
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also predicts the T, well with a value of 399.1 K.

Figure 4.1.2: Change in specific volume (cm?/g) Vs Temperature (K) for 120 OVP molecules.
Green data points are derived from simulations featuring PCFF and blue feature CVFF. Both
groups have partial charge considerations included

However, the position and shape of these data are not in agreement. The PCFF data
describe a more easily identifiable bi-linear relationship, with the angle between the two trend
lines being much greater than that of the CVFF data set. This results in a lower margin
of error for T, prediction. A tighter fitting of the CVFF data is given in figure 4.1.3 to
clearly demonstrate the identified intersect. Each force-field also predicts different densities.
According to literature, OVP has a density of 0.93 g/cm3.[133] At close to standard conditions
(270 K), I see an under prediction of 0.47 g/cm?® for CVFF and a small over prediction of
0.08 g/cm? for PCFF.
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Figure 4.1.3: Specific volume vs Temperature relationships for 120 OVP molecules described
by CVFF with partial charges included.

I also consider the behaviour of equivalent systems where partial charges are not included.
Specific volume behaviour for these are shown in figure 4.1.4. Here, the PCFF representation
out-performs the CVFF, as I predict T, values of 387.5 and 299.1 K respectively. Again, the
PCFF data present a clear change in gradient and predict a T in better agreement with the
experimental value. Comparing to the previously presented systems, density is consistently
higher in systems where charges are included. The average difference in density between the
systems with and without charges is 0.064 and 0.054 g/cm? for PCFF and CVFF respectively.
Thus, the molecules are more closely packed when charges are considered. The vinyl ligands
and silicon atoms are highly polarised due to the electronegativity of the oxygen atoms. In
the calculation of partial charge, it was not uncommon to see silicon atoms with charges
greater than + 1. Thus, it is not unexpected that inclusion of partial charges is necessary

for the accurate representation of these systems.
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Figure 4.1.4: Specific volume vs Temperature relationships for 120 OVP molecules described
by PCFF (blue) and CVFF (orange) where charges have not been included.

Further simulations of OVP with a system size of 160 molecules have also been carried
out. In figure 4.1.5 I present the predicted T, for from the PCFF and CVFF force-fields
with partial charges included. Again, both methods predict Tys in good agreement with
the experimental value, being 389.5 K and 392.7 K respectively. Both data present similar
behaviour to that of the smaller systems in that the PCFF data intersect is much clearer

and consistently less dense that the CVFF data.

Figure 4.1.5: The specific volume vs temperature relationship and predicted T, value for
160 OVP molecules from PCFF (blue) and CVFF (orange) data. Partial charges have been
included.
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4.1.2 Octa phen-Ethyl POSS (OPEP) Simulation

Exploratory simulations of Tgphen-ethyls POSS (OPEP) have also been carried out. From
the literature, the experimental T, for OPEP is 260.1 K.[131, 132] For this larger molecule, I
first consider my smallest system size of 60 molecules (7200 atoms). In figure 4.1.6a I present
the predicted T, from PCFF and CVFF where partial charges have been included. PCFF
predicts a value of 297.3 K, which is a closer match to the experimental T,. CVFF-over
predicts with a value of 365.0 K. For these systems, the calculated densities are in better
agreement than was seen for the OVP systems. This suggests that PCFF has a higher
sensitivity to molecular structure as there is a differentiation between OVP and OPEP.
As shown in figure 4.1.6b, where partial charges have been omitted, PCFF and CVFF over
predict the T, by 4 54.1 K and + 80.3 K respectively. For both force-fields, then, significantly

closer alignment with experiment is achieved when charges are included.

(a) (b)

Figure 4.1.6: The specific volume vs temperature relationship and predicted T, value for
60 OPEP molecules from PCFF (blue) and CVFF (orange) data. Graph (a) is from data
simulations with charges and graph (b) has charges omitted.

70 molecules (8400 atoms) of OPEP have been simulated in the same fashion. The spe-
cific volume vs Temperature relationship for both force-fields can be seen in figure 4.1.7 with
partial charges included (left) and excluded (right). Where partial charges are included,
PCFF predicts a Ty of 303.7 K and CVFF of 350.0 K. Again, both force-fields over-predict
the T,, with PCFF performing somewhat better. This over-prediction of T is also observed

where charges are excluded. Here, as shown in figure 4.1.7b, PCFF predicts a value of 311.9K
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and CVFF 350.5 K.

From these initial exploratory simulations, I conclude the inclusion of charges is required
for the representative simulation of POSS. All simulations discussed for the remainder of
this section therefore will include partial charges. Due to its consistently better agreement
with experimental T, in both OPEP and OVP systems, and the less ambiguous tempera-
tures at which the bi-linear plots intersect, I have identified that, of those available, PCFF

is the force-field of choice for POSS simulation.

(a) (b)

Figure 4.1.7: The specific volume vs temperature relationship and predicted T, value for
70 OPEP molecules from PCFF (blue) and CVFF (orange) data. Graph (a) is from data
simulations with charges and graph (b) has charges omitted.

4.2 Study of POSS Systems with Eight Flexible Func-
tional Groups

Having identified the PCFF force-field with partial charges as appropriate for modelling
POSS systems, I now employ this in the context of single component, octa-functionalised
POSS systems. In this, I initially assess the sensitivity of simulation results to molecular
details, before going on to probe a range of system variables and, so, go beyond the specific
volume-temperature based characterisation listed to date. In this, I directly address my aim

of relating molecular level features to bulk properties.
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To assess the sensitivity of my simulations to subtle molecular difference, I have simulated
Tgphen-propyls POSS (OPPP) and compared the outputs with those of my OPEP simu-
lations. The molecular structure of OPPP can be seen in figure 4.2.1. To the best of my
knowledge, this structure does not appear in the experimental literature. For both OPEP
and OPPP, I have simulated 15,000 and 25,000 atom systems. Here, the cooling sequences
have been altered to the range of 160 - 370 K to reflect the experimental T, value of 260.1

K for OPEP.

Figure 4.2.1: The chemical structure of the Tgphen-propyls POSS (OPPP). Seven of the
Eight functionalising groups have been omitted for clarity. Yellow, White, grey and red
spheres represent silicon, hydrogen, carbon and oxygen atoms respectively.

In figure 4.2.2, T present specific volume data cooling sequence performed with 96 and
156 molecules of OPEP. As shown, these predict values of 253.0 and 279.9 K respectively.
Both results are in better agreement with the experimental value of 260.1 K than the 60
molecule OPEP system which gave 303.7 K. However, the larger system over-predicts the
T, by 19.8 K, and the densities of these systems are not in perfect agreement. In table 4.1,

I present the predicted T, values for all OVP and OPEP systems covered in this chapter.
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(a) (b)

Figure 4.2.2: The specific volume vs temperature relationship for OPEP at 96 (left) 156
(right) molecules.

Molecular structure | Number of Molecules | Specific Volume T, (K)
120 400.3
OVP 160 389.4
Molecular structure | Number of Molecules | Specific Volume T, (K)
60 297.3
70 303.7
OPEP 96 253
156 279.9

Table 4.1: The predicted T, for all OVP and OPEP systems from the specific volume method.

For the OPPP structure, I have simulated 83 and 138 molecule systems. Here, fits to
specific volume data predict T values of 272.8 and 273.1 K respectively (figure 4.2.3). These
results are in excellent agreement with one another in terms of T, and system density. These
predictions demonstrate that PCFF is sensitive to slight differences in molecular structure for
POSS systems. The OPPP molecular structure has a higher proportion of organic character

compared to OPEP, which would intuitively result in a lower T\.
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(a) (b)

Figure 4.2.3: The specific volume vs temperature relationship for OPPP at 83 (left) and 138
(right) molecules.

The increase in T, with organic character lead me to consider the molecular level be-
haviour. By monitoring the molecular trajectory data, I identified that these systems were
conformationally locked at all temperatures.[134] That is to say that the there was no move-
ment en masse or significant molecular slippage between these POSS molecules. To quantify
this, Mean Square displacement (MSD) analysis has been carried out on molecualar centers
of mass for temperatures above and below T,. In figure 4.2.4, I present the MSD analysis
for the 156 and 138 molecule systems of OPEP and OPPP, respectively. For both systems,
MSD increases on average with temperature. However, for all temperatures, I see very little
mobility with CoM displacements below 1 A over 0.25 ns. From this, I determined that the
glass transition observed in these systems is not related to molecular translational degrees
of freedom. This suggests that a different molecular mechanism must be attributed to the

arrival of T,.
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(a) (b)
Figure 4.2.4: MSD analysis for 156 OPEP molecules (left) and 138 OPPP molecules (right).

To examine this further, I have considered the change in molecular shape as a function of
temperature. For this, shown in figure 4.2.5, T have calculated the moment of inertia (MOI)
tensor to describe the overall shape of each molecule. This procedure is covered in section
3.8.4. Here, as an example, I present the eigen-values from the MOI tensor for one particular
OPEP molecule at 200, 260 and 320 K from the cooling sequence. From this data, below
(200 K) and at T, (260 K), the overall shape of the molecule does not change as the aver-
ages of each of the eigen-values remain fixed. Above Tg, however, the MOI data shows that
the molecule is able to change shape much more, with some significant long lived changed.
Since these molecules are immobile, such changes represent configurational changes within

the organic functional groups.

Whilst these configurational changes can be detected at the molecular level, they only lead
to a small adjustment to average MOI eigenvalues. Indeed, distribution of all eigenvalues
show no significant or consistent temperature variation. Thus, despite their ability to re-
producibly exhibit a glass transition which appears to be sensitive to molecular detail, the
POSS molecule in these systems are severely constrained - each one has its position and

shape impaired by a cage which is established at much higher temperatures than T,.
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(a) 200 K

(b) 260 K (c) 320 K

Figure 4.2.5: eigen-values from the calculation of the moment of inertia for the same OPEP
molecule at 200, 260, 320 K.

While the mean eigen-values remain fixed, and different for each molecule, I have identi-
fied that the degree of fluctuation about the mean increases with temperature. To quantify
this, I have calculated the standard deviation for each MOI eigenvalue and averaged over all
molecules. For example, the average MOI standard deviation for all OPEP molecules at 200,
260 and 320 K is 476.8, 589.4 and 824.4 Dau/A2 respectively. In figure 4.2.6, I present the
MOI timeline for one of the 138 OPPP molecules. Again, particularly between 200 and 260
K, the overall structure of the molecule is maintained, but fluctuation about that structure
increases. Here at 200, 260 and 320 K, the average standard deviation in the MOI eigen-
values are 619.0, 798.6 and 1165.1 D&L/A2 respectively.

This upward trend in MOI fluctuation with temperature is a feature which I have observed

in simulations of OPEP, OPPP, Tgpropyl-methacrylateg and Tgpropyl-methacrylateymethyly
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etc. I therefore assert that it is a generic property of flexible POSS species, which is sensitive

to detail of functional group chemistry

(a) 200 K

(b) 260 K (c) 320 K

Figure 4.2.6: eigen-values from the calculation of the moment of inertia for the same OPPP
molecule at 200, 260, 320 K.

To describe these fluctuations in the moment of inertia, I now introduce the term ”breath-
ing mode” to characterise the associated molecular behaviour. Within this, the overall struc-
ture and shape of each POSS is upheld, however, the local movement of bonded atoms within
the functionalising groups manifest in the the observed breathing mode. As these systems
are so conformationally constrained,I am able to utilise the breathing mode as a quantifiable
molecular feature, and to relate it to macroscale properties. To this end, in figure 4.2.7, I
present the average standard deviation in the MOI eigen-values as a function of temperature
for the OPEP and OPPP systems. For both systems, clear bilinear plots result. From which
a single temperature is identifiable at which the linear gradient of breathing mode fluctua-

tions changes discontinuously. Further, these temperatures map very closely to the T, value
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previously reported for these systems. For 156 molecules of OPEP, the discontinuity is at
277.2 K, in agreement with the experimental T value of 260.1 K. Similarly, in Figure 4.2.7b,
for 138 molecules of OPPP, I obtain 273.1 K, which is in agreement with Ty results from the

specific volume method shown in figure 4.2.3.

(a) MOI data from 156 OPEP molecules. (b) MOI data from 138 OPPP molecules.

Figure 4.2.7: The predicted T, for 156 molecules of OPEP (left) and 138 molecules of
OPPP (right) from the average standard deviation in the moment of inertia as a function of
temperature.

To investigate the structural properties of the systems, I also have conducted radial
distribution analysis (G(r)). The G(r) methodology is covered in section 3.8.1. Through
the MOI standard deviation analysis, I consider the behaviour of each molecule without
reference. Through G(r) analysis, I consider the packing and arrangement of molecules in
reference to one another. In figure 4.2.8, I present the G(r) data for the OPEP (left) and
OPPP (right) at 220 and 280 K. For both systems, the shapes of the G(r) curves are very
similar at both temperatures. The main features, such as peak and trough locations are
independent of temperature, but do vary between OPEP and OPPP. The main temperature
effect observed in figure 4.2.8 is that the G(r) curves are less smooth at lower temperatures.
This is due to the fluctuation type movement of the centers of mass within the mobility-
free structures. Not withstanding their lack of mobility, both systems have G(r) plots of the
dampened oscillatory form associated with spherical bodies in amorphous arrangement. Both
have central void regions of 9 A, indicative of steric repulsion between the functionalised silica

cages. The OPPP system exhibits a clear first peak, corresponding to a nearest neighbour
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shell, centered on 13 A but spread over several Angstroms. For OPEP, the first peak is
less well defined, however, and the G(r) data becomes amorphous beyond 17 A. I return to
the significance and reproducibility of G(r) curves in flexible POSS systems in a following

section.

(a) G(r) OPEP at 220 K. (b) G(r) OPPP at 220 K.

(c) G(r) OPEP at 280 K (d) OPPP at 280 K

Figure 4.2.8: G(r) analysis for 156 OPEP (left) and 188 OPPP (right) systems at 220 and
280 K. These analyses are based on the centre of mass.

Throughout this work, I have worked to ensure that our systems are equilibrated. In figure
4.2.9, I present the G(r) analysis for OPEP and OPPP at 390 K. As shown, the G(r) shape
for each system is maintained throughout the cooling sequence indicating that the system
has reached a steady state in a higher temperature and the inter-molecular arrangement does
not change throughout the cooling sequence. In addition, in figure 4.2.9, the G(r) curves
are smooth, suggesting that the molecules are able to fluctuate in position about a mean

position over the course of the simulation.
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(a) OPEP at 390 K (b) OPPP at 390 K

Figure 4.2.9: G(r) analysis for 156 OPEP (left) and 188 OPPP (right) systems at 390 K.
These analyses are based on the centre of mass.

In this section, octa phen-linker POSS structures have been used to elucidate of a key
molecular feature of POSS species, namely the breathing mode. To further investigate this
feature, I have conducted a systematic analysis of octa functionalised methacrylate based

POSS systems, as discussed in the following section.

4.2.1 Methacrylate Functionalised POSS Systematic Analysis

Within the previous section, all functionalising groups have been non-polar. Here, I inves-
tigate the behaviour of methacrylate functionalised POSS to diversify my understanding to
include systems with polar functionalising groups. From the literature, the experimental
T, value of Tgpropyl-methacrylates has been reported as 218.2 and 231.2 K from different
studies.[33, 135] In-house DSC analysis of Tgpropyl-methacrylates has been performed by
Dr. Ronak Jananai and results have been discussed in private communication. I determine
the T, for this system to be 220 K. However, I note that change in the cooling rate can
affect the observed T, in experiment. The molecular structure and DSC plot can be seen in

figure 4.2.10 where the plateau between 223.2 and 213.2 K marks a change in the material

property.
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(a) (b)

Figure 4.2.10: (a) The molecular structure and (b) DSC results for Tgpropyl-methacrylates
obtained by a colleague Dr. Ronak Janani

In figure 4.2.10a, I have illustrated the propyl linker length version of methacrylate fuc-
tionalised POSS. Within this section, I conduct a systematic analysis of methacrylate func-
tionalised POSS through the use of different linker length (C'Hs),, where n = 2, 3, 4, 5 and
6. Throughout this work I describe each linker length with the aliphatic naming convention,
where ethyl is Co Hy and propyl is C3 Hg etc. Also, for all systems, just as before, two groups

of simulations have been carried out, one with 15,000 atoms and the other with 25,000 atoms.

In figure 4.2.11, I present the predicted T, obtained with the specific volume vs temperature
relationship and the standard deviation in the MOI method for both 83 and 138 molecule
system sizes of Tgpropyl-methacrylateg. For the specific volume method, I predict T, values
of 258.2 and 259.1 K, respectively. While these T are in good agreement with one another,
they are significantly higher than the experimental value of 218.2 K. This disagreement is
also present for the predicted T, through the standard deviation in the MOI method. Here,
I predict a T, of 274.3 and 268.1 K for the 83 and 138 molecule systems, respectively (figures

4.2.11c and 4.2.11d). Again I see little variation between the predicted T, values obtained
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with different system sizes. Based on this evidence, it may be the case that PCFF is unable
to generate the same degree of representivity as I have observed for the previous non-polar

systems.

Within this work, I have used static partial charges to model Coulombic interactions. As
POSS systems have diverse structures and distributions of charge, it is possible, therefore,
that this loss in representivity is due to the absence of charge dynamics in the model. The
use of dynamic charges is computationally more expensive as charges are calculated at each
timestep based on the local environment during simulation. This represents intramolecular
polarizability within POSS species, which may be an influential factor for some systems. Fur-
ther, as POSS molecular weight is increased by use of longer (and more flexible) R groups,

the degree of this reduced representivity will diminish.

(a) 83 molecules (b) 138 molecules

(c) 83 molecules (d) 138 molecules

Figure 4.2.11: The predicted T, for 83 (left) and 138 (right) molecules of Tgpropyl-
methacrylateg from the specific volume vs temperature relationship and SD in the MOI
method.
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In Figure 4.2.12 I present the predicted T, values obtained over a range of linker lengths
from the specific volume and MOI method. The error bars given here have been determined
from intercepts of the +1 and -1 standard deviation fit lines obtained from each of the two
phases. The observed trtend of T, with linker length is consistent with the calculated error
estimates. Figure 4.2.12a and figure 4.2.12b present the predicted T, from 15,000 and 25,000
atom systems, respectively. Here, I maintained the system size in terms of atoms by changing

the number of molecules present.

(a) 15,000 atoms (b) 25,000 atoms

Figure 4.2.12: The predicted T, for methacrylate functionalised POSS systems with different
linker lengths from the specific volume method (blue) from 15,000 (left) and 25,000 (right)
atom simulations.

For the 15,000 atom systems, from the standard deviation of MOI method, the predicted
T, decreases with increasing linker length. This downward trend is very distinct from 275 to
265 K from ethyl to hexyl linker length. This trend is also observed for the specific volume
method, however I see a higher degree of deviation in the trend line. For all linker lengths,

the MOI method predicts a higher T, than the specific volume method.

For the 25,000 atom systems, I also observe a decrease in T, with increasing linker length.
Here, I see good agreement between the two methods for predicted T value. From the stan-
dard deviation in the MOI method, the trend resembles an asymptotic curve. The addition

of aliphatic character produces a softer material, however, this trend may form a plateau
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with greater linker lengths beyond hexyl.

In figure 4.2.13, I summarise the MSD measurements for each methacrylate functionalised
system at 160, 250 and 350 K. As shown, for all temperatures, there is very little mobility

within each system as the molecules are positionally locked.

(a) 160 K

(b) 250 K (c) 350 K

Figure 4.2.13: The MSD for each methacrylate funtionalised POSS system at 160, 250 and
350 K.
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(a) Tgethyl-methacrylateg (b) Tgpropyl-methacrylates

(c) Tgbutyl-methacrylateg (d) Tgpentyl-methacrylateg

(e) Tghexyl-methacrylateg

Figure 4.2.14: The G(r) analysis of methacrylate functionalised POSS systems at 280 K at
a system size of 25,000 atoms.

To ensure that the systems are equilibrated, in figure 4.2.15, I present the G(r) analysis
for all methacrylate functionalised systems at 390 K, which is well above the predicted
T, value for these systems. Similarly to the results shown in figure 4.2.9, these graphs
demonstrate similar curve structures to their lower temperature counter parts (figure 4.2.14).
This indicates that the molecular arrangement is not changing over the course of the cooling
sequence. In addition, the smoother curves indicate greater fluctuation of POSS centers of

mass about a mean equilibrium position. This observation of smoother G(r) curves at higher
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temperatures has been observed for all flexible POSS systems.

(a) Tgethyl-methacrylates G(r) at 390 K (b) Tgpropyl-methacrylates G(r) at 390 K

(c) Tgbutyl-methacrylates G(r) at 390 K (d) Tgpentyl-methacrylategs G(r) at 390 K

(e) Tshexyl-methacrylateg G(r) at 390 K

Figure 4.2.15: The G(r) analysis of methacrylate functionalised POSS systems at 390 K at
a system size of 25,000 atoms.

In figure 4.2.14, I present the G(r) data for the five octa-methacrylate functionalised
POSS systems at T = 280 K. For all systems, I see the characteristic initial rise from 8 A
due to the steric hindrance of the silica core. While a first peak is identifiable for short
linker systems, these graphs demonstrate an incremental flattening in the G(r) with increas-

ing linker length. This progressive flattening is indicative of a trend in the molecular shape
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adopted. I propose that the available permutations of structural conformations available to
the longer linker lengths enables shape polydispersity to arise. That is to say that a longer
linker may be more curled up or extended out. In combination with entanglement between
functionalising groups from neighbouring POSS molecules, this leads to the possibility of
more and less closely packed POSS. Some POSS molecules may maintain coiled ligands close

to the POSS cube where-as other molecules may have more penetrating, extended ligands.

I have therefore used more sophisticated Voronoi analysis to determine the number of near
neighbours within each system. The Voronoi methodology is covered in section 3.8.3. In
figure 4.2.16, I present the average number of near neighbours for the largest Tgpropyl-
methacrylateg system. Here, I have constructed Voronoi tessellation diagrams for each
molecule at all temperatures. For each tessellation, I have then averaged the number of
facets to determine the number of near neighbours. I present Voronoi near neighbour data
obtained using two different methods. The red circles represent data from tessellations con-
structed from the hydrogen atom stripped skeletal structure of each molecule. These provide
a more complex and fine grain representation of each molecule since they capture entangle-
ment behaviours. The blue squares are from tessellations derived from the center of mass
of each molecule, thereby providing a simpler representation. Figure 4.2.16 shows that, for
all temperatures considered, the average number of neighbours, calculated from molecular
centers of mass is 15. This is higher than both the rhombic dodecahedron value of 12, and
the value of 14 seen in simulations of hard spheres.[136] Thus, the soft halo of the POSS
molecules leads to them having more neighbours. As shown in figure 4.2.16, the H-stripped
representations consistently have a higher number of near neighbours. This is due to the
more complex topology of the tessellation and inter-digitation of the functionalising groups.
As the functionalising groups are permitted to be extended from the silica core, the tessel-
lation is able to identify a higher number of facets with more distant molecules. The lack

of thermal dependence in these data is entirely consistent with my previous observations
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of very low molecular mobility. A basic analysis of G(r) profiles allows the number of near
neighbours to be estimated from the area under the first peak.[136] For the ethyl and butyl
data presented in figure 4.2.14, this yields values of 10.4 and 10.0. However, such calculations

are not feasible for the very flat G(r) profiles obtained for the larger linker lengths.

Figure 4.2.16: The average number of molecular near neighbours for the pure Tgpropyl-
methacrylates system. molecular skeletal (H-stripped) voronoi tessellations are shown in red
and the center of Mass tessellations are shown in blue.

In figure 4.2.17, I present the average number of near neighbours for each linker length
from the center of mass and H-stripped Voronoi tessellations. The standard deviation and
average values have been determined over all temperatures. From the center of mass data
points, I see that the mean value of near neighbours is between 15 and 15.25, consistently
above the value for rigid sphere models. The standard deviation for all linker lengths is also
very low. For the H-stripped tessellations the average number of near neighbours increases
from 18.6 to 21.8 for ethyl to hexyl respectively. This increase demonstrates the greater
capacity for inter-digitation within larger POSS systems as more separated molecules become
recognised by the Voronoi analysis. In addition, the standard deviation is greater for the

larger systems, meaning that there is increased variance with temperature.
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(a) (b)

Figure 4.2.17: The number of near neighbours for Tgalkyl-methacrylateg molecules from the
center of mass (left) and H-stripped skeletal structure (right) of each molecule. The alkyl
linker lengths are denoted in the abscissa

In addition, I have investigated how the functionalising groups are organised around
the core of the molecule. To do this, I have measured the distance between the center of
mass calculated for the whole molecule and that of the silica core only. In so doing, I have
compared the observed molecular morphology to that of the perfectly symmetrical version of
the molecule. Figure 4.2.18a presents the mean distance of separation between the silica core
and whole molecule center of mass for every molecule at 160, 250 and 360 K. As linker length
is increased, the average distance of separation increases linearly from 0.6 to 1.3 from ethyl to
hexyl respectively. There is very little variation of their mean value with temperature. The
spread of these values is shown in figure 4.2.18b. At higher temperatures there is a higher
value in the standard deviation of the mean distance of separation. This is particularly true
of longer linker lengths which present more variance than the shorter lengths above T, (350
K). There is a slight upward trend in the spread of these values with linker length below T,
(160 and 250 K). However there is a clear capacity for the longer groups to exhibit greater

variance in molecular morphology.
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(a) (b)

Figure 4.2.18: The average distance of separation (left) and standard deviation (right) be-
tween the center of mass for the whole molecule and the Silica core only for methacrylate
functionalised POSS species of different linker lengths.

Given the very low molecular mobilities observed in the flexible POSS systems presented
in sections 4.1 and 4.2, it is necessary to question how representative the simulations are, and
whether their finding are reproducible. To this end, I have performed repeats of the sample
preparation process using Tgpropyl-methacrylates. These replicated systems have the same
number of molecules as the original Tgpropyl-methacrylateg simulation, however the starting
conformation is unique in each case. To determine whether my results are reproducible, I
have used G(r) analysis comparatively between the replicated systems and original data.
These data are given in figure 4.2.19. As shown, these values follow a very similar shape in
the G(r) analysis. All systems exhibit an initial rise at 8 A to a maximum between 12 and
16 A, followed by a plateau with some fluctuation. Thus the spread between these 7 repeat

runs is less than the variation between systems observable from figure 4.2.14
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Figure 4.2.19: The G(r) analysis for the original Tgpropyl-methacrylateg system and repli-
cated Tgpropyl-methacrylateg systems at 310 K.

In addition, I have used MSD analysis comparatively for the original and replicated
systems. Thus, in figure 4.2.20 I present the MSD for the replicated systems alongside
the MSD of the original Tgpropyl-methacrylateg system. As shown, the values are in good

agreement with one another.
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(a) 310 K (b) 320 K

(c) 330 K (d) 340 K

(e) 350 K (f) 350 K
(g) 370 K

Figure 4.2.20: The MSD for the original Tgpropyl-methacrylates data and replicant
Tgpropyl-methacrylateg data at 310, 320, 330, 340, 350, 360 and 370 K.
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4.3 Study of POSS Systems with Fixed Molecular Shape

To complement the just presented study of POSS functionalised with flexible organic moi-
eties, I have also examined more rigid POSS species, including TgsHg and Tgtert-butyls.
The molecular structure of these systems are shown in figure 4.3.1. Due to their much re-
duced tendency to entangle and have interdigitating halo regions, these systems provide a
useful comparison to further elucidate the relationship between functionalising group and

macroscopic properties.
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(a) TBHS (b) Tgt@’f’t—butylg

Figure 4.3.1: Molecular structure of TgHg (a) and Tgtert-butylg (b).

As discussed in Section 4.1 and 4.2, flexible octa-functionalised POSS species exhibit
very little molecular mobility above and below the T,. For the TsHg and Tgtert-butyls
systems, as demonstrated in figure 4.3.2, there is also very little molecular mobility within

the temperature range that was the focus of the previous section (160-360 K).
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(a) TsHg (b) Tgtert-butylg

Figure 4.3.2: The mean squared displacement for TgHg and Tgtert-butylgs over a range of
temperatures.

However, these systems do not exhibit bi-linear relationships in either their specific vol-
ume vs temperature method and the moment of inertia eigen-value standard deviation data.
Indeed, due to to their rigidity and symmetrical nature these POSS consistently have three
very close MOI eigenvalues, rather than the spread of values seen in figure 4.2.5. To highlight
the difference in molecular shape between flexible and rigid POSS species, In table 4.3.3 1
present the average normalised eigenvalues for Tgtert-butylg and TgHg from simulations at
200, 260 and 320 K. This table shows that at all three temperatures, the spread between the
eigenvalues is very small, indicating consistently near spherical shape. The larger Tgtert-
butylg system has slightly greater spread, suggesting slightly more diversity of molecular
shape. Further, in contrast to the large functionalised POSS systems, the G(r) analysis for
these systems is very distinct as shown in figure 4.3.3. These graphs present systems with
strong, long range ordering. Indeed, visualisations confirm that these systems show near
crystalline packing when prepared using exactly the same annealing sequence as was used

for the flexible POSS species, as shown in figure 4.3.4.
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Tgt—butylg

normalised eigen-values (Da/A?) | 200 K 260 K 320 K

eigenvalue 1 0.3119 0.3123 0.3139

eigenvalue 2 0.3374 0.3367 0.3345

eigenvalue 3 0.3506 0.3510 0.3517

spread 0.0386 0.0387 0.0378

TgHg

normalised eigen-values (Da/A?) | 200 K 260 K 320 K
eigenvalue 1 0.327251 0.326432 0.325702
eigenvalue 2 0.33334  0.333337 0.333337
eigenvalue 3 0.339409 0.340231 0.340961
spread 0.012157 0.013798 0.015259

Table 4.2: The normalised eigenvalues from the average moment of inertia values for the
Tgtert-butyls and TgHg systems at a range of temperatures.

(a) (b)
Figure 4.3.3: The G(r) analysis for TgHg (left) and Tgtert-butylg (right) at 310 K
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(a) TsHg (b) Tgtert-butylg

Figure 4.3.4: Configuartion visualisations from the simulation of TgHg (left) and Tgtert-
butylg at 310 K

This spontaneous formation of highly ordered systems from initially disordered configu-
rations prompted us to investigate into these systems at significantly higher temperature. As
mentioned in 2.2, experimentally, TgHg begins to undergo sublimation at 473 K. Thus I have
investigated Tgmethylg, Tgtert-butylg and Tgiso-butylg in the temperature range 600 - 800
K. The molecular structure of these systems is given in figure 4.3.5. For this, I have used a
cooling sequence across this range, with a temperature decrement of 20 K. Initial annealing
runs were conducted at 900 and 850 K for 0.5 ns each before each cooling sequence. The
system size was set at 30,000 atoms. In figure 4.3.6, the mobility of Tsmethyls molecules
over the course of the cooling sequence is presented. As shown, at 680 K and above, there is
a great deal of molecular mobility. Below this temperature, however, the mobility is reduced

to the level observed at the lower temperature cooling sequence range.
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Figure 4.3.5: The molecular structure of in-flexible POSS structures
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Figure 4.3.6: The MSD analysis for Tgmethylg at high temperature

Interestingly, through the use of G(r) analysis, I have again identified the formation of
a near-perfect crystalline phase from liquid. Figure 4.3.7 presents these results. As shown,
at 740 K, these molecules behave similarly to a liquid of spherical species with diffusive
mobility. At 640 K, the system has organised to a crystalline phase. Thus, these systems

exhibit a crystallisation temperature (T.) rather than a glass-transition temperature.

(a) (b)
Figure 4.3.7: The G(r) analysis of Tgmethylg at 640 K (left) and 740 K (right)

To characterise the T, for this system I have studied the rotational freedom of each
molecule over the course of each simulation. Here, I have used the rotation autocorellation
function covered in section 3.8.6. The gradient of the natural log for the rotation autocorel-

lation is shown in figure 4.3.8. Here, the capacity for Tgmethylg molecules to rotate begins
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at 660 K, where there is a slight displacement from 0 in the natural log gradient. These data

also strongly correlate with the G(r) analysis for crystal formation.

Figure 4.3.8: The calculated gradient for the natural log of the rotation autocorellation for
each molecule of Tgmethylg at a high temperature

In addition, I have studied the higher order Tgtert-butylg structure at high temperature.
Interestingly, despite the higher proportion of organic character, the T, for this system
appears at a much higher temperature. In figure 4.3.9, I present the MSD analysis for the
Tgtert-butylg system at high temperature. Here, all temperatures below 800 K exhibit very

little mobility.
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Figure 4.3.9: The MSD analysis for Tgtert-butylg at high temperature

For this system, the crystal phase is observable at much higher temperature than Tgmethylg
POSS. In figure 4.3.10, the G(r) analysis for this system is presented at 740 and 780 K. Again,
the system passes from a freely diffusive fluid state, exhibiting spherical fluid type packing,

to a highly ordered crystal phase over the course of the cooling sequence.

(a) (b)
Figure 4.3.10: The G(r) analysis of Tstert-butyls at 740 K (left) and 780 K (right)

Again, I am able to characterise this transition from the molecular rotation as I did
for the Tgmethylg system. These results are shown in figure 4.3.11. Below 760 K, these
molecules do not rotate, presumably due to their confinement within the crystal structure.

At 760 K, the system enters a fluid state, permitting the molecules to translate and rotate.
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Figure 4.3.11: The calculated gradient for the natural log of the rotation autocorellation for
each molecule of Tgtert-butylg at a high temperature

As a final demonstration of the importance in functionalising group selection, I have
investigated the behaviour of Tgiso-butyls POSS at high temperature. Despite the molec-
ular formula being identical to the Tgtert-butylg system, these systems have very different
behaviour. In figure 4.3.12, I present the MSD analysis for this system at high temperature.

As shown, the mobility of this system is well maintained throughout this cooling sequence.

Figure 4.3.12: The MSD analysis for Tgiso-butylg at high temperature

The rotation autocorrelation analysis for this system is also indicative of a fluid system
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where the natural log gradient follows a negative linear relationship with temperature as

shown in figure 4.3.13.

Figure 4.3.13: The calculated gradient for the natural log of the rotation autocorellation for
each molecule of Tgiso-butylg at a high temperature

Finally, for this system I have utilised G(r) analysis for this system as shown in figure
4.3.14. Here, I present the G(r) analysis for Tgiso-butyls at 600 and 740 K. At both tem-
peratures, I observe that the G(r) is very similar, indicating that the state of matter has not
changed. Partnered with the observed mobility and rotational freedom, I can conclude that

this system maintains a liquid state throughout this cooling sequence.

(a) (b)
Figure 4.3.14: The G(r) analysis for Tgiso-butyls at 600 K (right) and 740 K (left)
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4.4 Heterogeneously Functionalised POSS Systems

4.4.1 Systematic study of Heterogeneous POSS

Within the previous section of this Chapter, we have focused on fully functionalised POSS
systems with a singular functionalising moiety. From this, we have demonstrated a link be-
tween molecular shape and glass transition through the characterisation of molecular packing
and mobility. We now investigate how chemical variation within the molecular structure can

change the macroscale properties and molecular level behaviour of POSS systems.

For this, we have constructed a range of POSS variants featuring different functionalis-
ing groups. The chosen moieties reflect those discussed in the previous section. Here, we
construct arrangements in which four of the eight vertices have been functionalised with
different organic groups. We have organised the morphologies for these molecules into two
categories, the Shuttlecock (SC) and Tetra (Tet) conformations as shown in figure 4.4.1.
The remaining structures have been functionalised with hydrogen or a short aliphatic group.

Collectively, we shall refer to these POSS systems as heterogeneously functionalised POSS.
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Figure 4.4.1: The molecular structures of the SC (Left) and Tet (Right) Heterogeneous POSS
configurations.

We have conducted a systematic study of these species to investigate the change in
macroscopic properties with molecular level changes. We use the alkyl methacrylate func-
tional group with different linker lengths as the repeating motif. Initially, the remaining
vertices have been functionalised with methyl groups. In both the SC and TET conforma-
tion, we have simulated these POSS systems with linker lengths from propyl to hexyl at a
system size of 30,000 atoms.

We will first discuss results from the simulation of heterogeneous Tgpropyl-methacrylate,methyly
systems in the SC and TET conformation. These molecular structures are given in figure

4.4.2.
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Figure 4.4.2: The molecular structures of heterogeneous Tgpropyl-methacrylateymethyly.
Both the SC (Left) and TET (Right) configurations are displayed.

Similarly to the octa-functionalised POSS demonstrated in section 4.2.1, the SC and
TET morphologies exhibit very little molecular mobility. In figure 4.4.3, we present the MSD
analysis for the SC and TET Tgpropyl-methacrylatey;methyl, over a range of temperatures.
As shown, throughout this cooling sequence, these systems exhibit very little movement.

This behaviour has been observed for all heterogeneously functionalised POSS systems.

(a) (b)

Figure 4.4.3: The MSD analysis for Tgpropyl-methacrylateymethyly in the SC (left) and
TET (right) morphologies at a range of temperatures.

As shown in figures 4.4.4a and 4.4.4b, from the specific volume temperature method,
we predict Tgs of 258.3 K and 271.7 K for the SC and Tet conformations respectively.
This difference indicates the relevance of structural parameters on the macroscale properties

of these systems. In figures 4.4.4c and 4.4.4d, we also provide the data for the standard
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deviation in the MOI(T) relationships for the same systems. From this method, we predict
T, values of 267.6 and 269.6 K for the SC and Tet systems. These values are in good
agreement with those data using the former method as both fall within a 10 K range of the

V(T) calculated values.

(a) Tgpropyl-methacrylategymethyly SC (b) Tgpropyl-methacrylateymethyly TET

(c) Tgpropyl-methacrylateymethyly SC (d) Tgpropyl-methacrylateymethyly Tet

Figure 4.4.4: The specific volume temperature, and MOI SD temperature relationships for
the SC (left) and TET (right) conformations of Tgpropyl-methacrylateymethyly hetero func-
tionalised POSS

In Figures 4.4.5a and 4.4.5b, we present the predicted T, for hetero SC and TET func-
tionalised POSS as a function of linker length. For the SC systems, The V(T) and MOI(T)
predicted T values are in good agreement. However, unlike the octa-functionalised system,
we do not observe a linear trend with linker length. From Propyl to Butyl linker, we iden-
tify an increase of 30 K for the V(T) method and 25 K for the MOI(T) method. The T,
then trends downward with increasing linker length until the hexyl length which has similar

predicted T, values to the propyl length. This sudden rise and fall in predicted T, is not
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observed for the Tet systems. Again, the predicted T, for the V(T) and standard deviation
in MOI(T) methods are in agreement. The predicted T values decrease from 269.9 to 259.1
K from propyl to hexyl linker length from the standard deviation in MOI method. A down-
ward trend is also observed from the standard deviation in the MOI(T) method, however

there is an increase in the T, from Butyl to Pentyl.

(a) SC Hetero POSS (b) TET Hetero POSS

Figure 4.4.5: The predicted T, for SC (left) and TET (right) Tglinker-methacrylate,methyl,
POSS with different linker lengths. Tgs are predicted using the specific volume temperature
relationship (blue) and standard deviation in the MOI method (red).

These results demonstrate that divergence in molecular configuration has an acute ef-
fect on macroscale properties. To investigate the nature of this difference, we have carried
out two different methods for calculating the G(r). Typically, for an atomistic molecular
system, the G(r) is taken from the centre of mass which, in an octa functionalised POSS
molecule, is at the centre of the the POSS cube. However, intrinsically for the SC system, the
mass is distributed asymmetrically. This results in the centre of mass residing closer to the
methacrylate functionalised facet on average. This provides an opportunity to investigate
how the position of the POSS cages relate to one another, as well as the overall molecules.
In figure 4.4.6, we present the G(r) analyses for the the center of mass of the whole molecule
(blue) and the Silica core independently (orange) for Tgpropyl-methacrylateymethyly and
Tsbutyl-methacrylateymethyly SC and TET systems at 310 K. For both SC systems (figures

4.4.6a and 4.4.6¢), the G(r) plot is sensitive to the point of reference. Where the silicon
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atoms have been considered only (orange), the first peak is a sudden sharp rise to a G(r)
value of 2 at 9 A followed by a comparatively flat amorphous behaviour. This suggests the
formation of dimeric couplings within the first coordination sphere. As this peak occurs at
a small distance, we can infer that the methyl functionalised facet of the molecule are pref-
erentially stacking face to face. For the TET conformation, the ’all atom” and ’Si only’ plots
agree far more closely. This slight difference is due to the mobility within the methacrylate
functional groups producing micro-differences in the positioning of the centers of mass. Fig-
ures 4.4.6¢ and 4.4.6d display the same G(r) plot but for the Tgbutyl-methacrylateymethyly
hetero functionalised POSS. For both the SC and Tet conformations, we see the same data

trend as those seen for the hetero Tgpropyl-methacrylateymethyl, POSS.

(a) TgPropyl-methacrylateyMethyly SC (b) TgPropyl-methacrylateyMethyly TET

(¢) TgButyl-methacrylatesMethyly SC (d) TgButyl-methacrylatesMethyly TET

Figure 4.4.6: The G(r) analysis for Tgpropyl-methacrylateymethyly and Tgbutyl-
methacrylateymethyly in the SC (left) and Tet (right) morphologies at 310 K. The blue
G(r) is from the center of mass of every atom, and the red line is from the center of mass
from the Si atoms only.

To assess reproducibility, we have again carried out G(r) analyses on two additional



CHAPTER 4. PURE POSS 110

replica systems for the TgPropyl-methacrylate;Methyl, and Tgbutyl-methacrylate,;Methyl,
SC and TET systems. Each replica system has the same number of molecules and force-
field descriptions with the starting configurations randomly seeded. Annealing of the system
under went the same routine as previously described, but the cooling sequence was restricted
to a final temperature of 260 K. This range has been used as we know from visualisations,
MSD data and G(r) analysis that these molecules do not undergo translational movement
en masse. In figure 4.4.7, I can see that for both the all atom and Si only G(r) calculation,
the replica data is in good agreement with the original G(r) for plots for the SC and Tet

system.

() ()

Figure 4.4.7: The G(r) analysis of Tgbutyl-methacrylateymethyly and replicas at 310 K in
the SC (top) and TET (bottom). These G(r) analyses are taken from all atoms (left) and
the silicon atoms only (right).

In figure 4.4.8, We have used G(r) analysis to analyse six replica Tgpropyl-methacrylatesmethyly
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systems in addition to the original G(r) data presented in figure 4.4.6. Here, for the SC mor-
phology, the replica data are in good agreement with the original G(r) data. Also, the trend
seen in the Tgbutyl-methacrylatesmethyly Si atom only G(r) that these molecules preferen-
tially form dimeric clusters at short range is also present in the Tgpropyl-methacrylatesmethyly
SC morphology. Conversely, the Tgpropyl-methacrylate;methyl, TET morphology show sim-
ilar behaviour when only Si atoms are considered. However, when all atoms are considered,

the Tgpropyl-methacrylateymethyly systems produce a flat G(r) relationship.

(c) (d)

Figure 4.4.8: The G(r) analysis of Tgpropyl-methacrylateymethyly and replicas at 310 K in
the SC (top) and TET (bottom). These G(r) analyses are taken from all atoms (left) and
the silicon atom cubes only (right).
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4.4.2 Heterogeneous POSS with Alternative Counter Groups

To further investigate the nature of heterogeneously functionalised POSS, we have simulated
heterogeneous butyl-methacrylate functionalised POSS with alternative counter groups in
the SC morphology. That is to say that we have used different groups to the methyl group
discussed in the previous section. Specifically, We have studied the use of hydrogen and
tert-butyl as counter functionalisng groups, as shown in figure 4.4.9. These groups have
been selected due to their different steric properties. From hydrogen to tert-butyl, we are
systematically increasing the degree of shielding for the silica core of the POSS cube. These
systems have been simulated at the same size (30,000 atoms) and with the same cooling

sequence as the previous heterogeneous POSS system.

Figure 4.4.9: The molecular structure for hetero SC butyl-methacrylate functionalised POSS
where 'R’ represents H, Methyl or tert-butyl as counter functionalising groups.

In figure 4.4.10, we present the predicted Tgs for these systems from the specific volume

temperature method and standard deviation in the MOI method. For all systems, the pre-
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dicted Tgs from these methodologies are in good agreement. For the hydrogen, methyl and
tert-butyl systems, from the specific volume temperature method, we predict Tgs of 275.7,
288.2 and 276.1 K respectively. The standard deviation in the MOI methodology follows
a similar pattern with 271.3, 293.5 and 286.1 K being predicted respectively. As methyl is
the intermediate steric structure, it is interesting to observe this system has the highest pre-
dicted Tg. This trend in predicted Tgs suggests different molecular level behaviours between
systems. For both the methyl and tert butyl systems, the degree of fluctuation in the MOI
is much greater than the hydrogen functionalised system. As discussed in section 4.3, TgHg
systems demonstrate very little compressiblity and variance in the moment of inertia. This
phenomenon is exhibited here despite the inclusion of butyl-methacrylate functional groups

as demonstrated in figures 4.4.10a and 4.4.10b.
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(a) Tgbutyl-methacrylate,Hy (b) Tsbutyl-methacrylatesHy
(c) Tgbutyl-methacrylategMethyly (d) Tsbutyl-methacrylatesMethyly
(e) Tsbutyl-methacrylatest-butyly (f) Tsbutyl-methacrylates ¢-butyls

Figure 4.4.10: The predicted Tgs for hetero SC butyl-methacrylate functionalised POSS with
hydrogen, methyl and tert butyl counter functionalising groups. The left column contains
results from the specific volume Temperature relationship and the right column contains the
standard deviation in MOI Temperature relationship results.

The G(r) analyses for these systems are equally interesting and varied, as shown in figure
4.4.11. For the TgButyl-methacrylate,H, system shown in figure 4.4.11a, for the all atom
data (blue), the G(r) data depicts a well dispersed system. However, for the silicon atoms

only data (orange), the G(r) is very different. Here, there is a strong shoulder peak at 8 A
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prior to the larger peak at 11 A. This is due to POSS cubes preferentially packing at the
hydrogen functionalised facet, similarly to the Tgpropyl-methacrylateymethyl, G(r) shown
in figure 4.4.6a. As mentioned, the Tgbutyl-methacrylate;Methyl, system (figure 4.4.11b)
exhibits the same packing behaviour as described for the Tgpropyl-methacrylate;methyly
system. By changing the methyl group to a hydrogen, we observe a much more significant

change in the organisation of these molecules than if we were to alter the linker length.

The TgButyl-methacrylate,t-butyly system Si only G(r) greatly resembles the all atom G(r).
tert-butyl and butyl-methacrylate functional groups are fundamentally different in nature,
both chemically and in terms of mobility. However, this observation implies that the centre
of mass of these POSS molecules is much closer to the middle of the POSS core. We may
infer from this that the butyl-methacrylate functional groups are well distributed on the

butyl-methacrylate fuctionalised side of the molecule.
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(a) TgButyl-methacrylatesHy (b) TgButyl-methacrylateyMethyly

(¢) TgButyl-methacrylate,t-butyly

Figure 4.4.11: G(r) analysis for the hetero SC butyl-methacrylate functionalised POSS with
hydrogen, methyl and tert butyl counter functionalising groups. The blue line displays the
data where all atoms have been considered for the determination of the center of mass, and
the orange line is solely from Si atoms.

We have also conducted Voronoi analysis for each of these systems. As mentioned in
the previous section, through this analysis we are able to calculate average number of near
neighbours, the area and volume of the 3D voronoi tessellation images. In figure 4.4.12, we
provide these data for the H-stripped TgButyl-methacrylate,H, SC system. As expected, for
these condensed systems, the area and volume increase linearly as a function of temperature.
The same trends are also observed for the methyl and tert-butyl systems. Due to the the
entangled nature of these systems, the number of near neighbours for this system remains
relatively constant at approximately 16.5 molecules on average with a standard deviation of

0.042 for all temperatures considered.
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(c)

Figure 4.4.12: The area, number of near neighbours and volume for TgButyl-methacrylate,Hy
SC system determined for a H-stripped atomic system.

These data become quite interesting when we consider the the number of near neigh-
bours for all three systems, as shown in figure 4.4.13. for the hydrogen, methyl and tert
butyl systems, there are 16.5 £+ 0.042, 18.9 4+ 0.14 and 17.5 + 0.082 near neighbours on
average respectively. Once again, we observe the peculiar trend in these species that the
methyl functionalised system does not follow an obvious trend, as the highest number of
near neighbours is exhibited by the methyl functionalised system. This data suggests that
the methyl system is able to inter-digitate with the surrounding molecules to a higher degree

than the other systems.
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(a) All atom center of mass (b) Si only center of mass

Figure 4.4.13: The average number of near neighbours for hetero butyl-methacrylate func-
tionalised systems with hydrogen (red), Methyl (green) and ¢-butyl (blue) as measured from
the center of mass (left) and hydrogen stripped skeletal structure.

We have also carried out this analysis for the TgButyl-methacrylate;Methyl, TET hetero
morphology. From this, we see another significant difference in behaviour. In figure 4.4.14,
we show the Voronoi area and volume which follow the same trend as the previous systems.
However, the average number of near neighbours is 20.5 with a standard deviation value
of 0.08 across the range of temperatures. This is the highest value observed for the hetero
functionalised systems. These divergences in the number of near neighbours demonstrate
the importance of structural morphology when considering the capacity for inter-molecule

penetration.
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()

Figure 4.4.14: The area, number of near neighbours and volume for the TgButyl-
methacrylate,counter-group, TET POSS system determined for a H-stripped atomic system.

To further demonstrate this, in figure 4.4.15 we present renderings of the TgButyl-
methacrylate,t-butyly Voronoi tessellation images from the H-stripped structures of selected
individual molecules. These images reinforce the notion that the TET morphology is able
to more easily interdigitate with the surrounding molecules. As shown, the TET conforma-
tions are typically splayed outward from the silica core, thus enabling contact with further
afield molecules. The SC conformations, conversely, demonstrate tighter clustering of their

functional groups on an individual molecule basis.
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(a) TgButyl-methacrylatest-butyly SC (b) TgButyl-methacrylateyMethyly TET

Figure 4.4.15: Renderings from a selection of voronoi tessellations for TgButyl-
methacrylatesMethyl, in the SC (left) and TET (right) morphology at 310 K.

4.5 Discussion

Within this chapter, I have presented results from the simulation of several pure POSS
systems. These have included different system sizes, molecular morphologies and cooling
regimes. I now discuss these results in context of the literature surrounding pure POSS

systems.

Some of the earliest simulation work on pure POSS has been carried out by McCabe et
al. These studies have investigated the molecular level features of POSS, including the inter-
nal bond lengths and bond angles of the POSS cage.[44] In addition, the crystal structures
of small POSS structures such as TgHg and Tgmethylg have been studied.[45] Here, starting
configurations were taken from XRD data at a system size of 2,688 atoms. These structures
were equilibrated at 100 and 300 K respectively, and then passed through a warming sequence
of 100 K intervals for 0.1ns per temperature step until melting was observed. The capacity
for each of the tested force-fields to replicate the melting behaviour for each system has been
measured. In a separate study, Keiffer et al have investigated a mono-hexyl functionalised
POSS structure..[48] This study starts with a crystalline structure and passes it through

a warming and cooling sequence to produce a molten state Here, the melting transition is
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identified through the specific volume temperature relationship and quantitative analysis of
molecular level behaviour including MSD. In a similar study Abe et al have investigated the
thermal expansion behaviour of several POSS structures including Tgmethylg, Tgi-butylg
and Tgcyclopentyls.[51] For this study, crystal structures of each system at a system size of
4,992 atoms were subjected to a warming sequence to very high temperatures. The volume

expansion as a product of temperature was determined to be unique for each structure.

These studies form the majority within the literature that are concerned with pure POSS
systems. Each study is principally examining crystal structures of POSS. The derivation
of melting properties and crystal integrity have been overarching themes across these pa-
pers. Within this Chapter, I have also considered crystal structures of POSS. However,
rather than starting with crystal structures, I have observed their spontaneous formation
for a number of small POSS species. For POSS systems with more flexible functionalising
groups, cooling resulted in amorphous glassy structures. Here, I have characterised crystal
formation of in-flexible POSS structures through a number of methods. Due to their the
absence of entanglement and shape change due to functionalising group fluctuation, these
structures exhibit high temperature crystallisation. I have been able to describe the crystal
formation through G(r) analysis. Here, distinct and characteristic peaks have been identi-
fied and ascribed to the crystal structure. In addition, at high temperature in the molten
state, I have characterised the crystal transition temperature for Tgmethylg and Tgt-butylg
through msd analysis and the rotation autocorrelation function as described in section 4.3.
The capacity for my simulations to capture this alternative behaviour lends credibility to
the effectiveness of the models and methodology employed here. To date, I am not aware of
previous simulation studies reporting on POSS crystal structure formation from disordered

beginnings in a pure system.

The study of pure and amorphous POSS systems have been reported on to a much lesser
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degree. Work carried out by Neyertz et al has studied the amino functionalised POSS in the
pure and amorphous state at a system size of 15,000 atoms.[49] Here, this group have inves-
tigated how macro-scale properties and molecular observations change as a function of the
functionalising group. Three distinct POSS systems have been investigated; their molecular
structure is given in figure 2.2.4. After annealing at high temperature, these systems are
studied at 298 K at 1 Bar in the NPT ensemble for a run length of 5ns. The systems are de-
termined to be amorphous through predicted XRD and G(r) analysis. Effective interaction
potentials between the POSS species are described through observations of the behaviour of
the functionalising groups. Strong functionalising group entanglement is attributed to the
POSS distance of separation. This study is the first in a number of publications from this
group concerned with the application of POSS species for POSS-polymer based gas separa-
tion.[137-139]

The Neyertz study is similar to the work carried out in section 4.2.1, in that, macro-scale
and molecular level observations have been characterised in terms of their functionalising
groups. However, there are some crucial differences. Firstly, my simulations have, at their
largest, consisted of 25,000 atoms. Within my work, I have also used production level sim-
ulations over a range of temperatures which cover two states of matter, glassy and rubbery.
This has allowed us to consider the temperature dependant observations with changes in the
functionalising groups. I have worked to characterise the molecular level features that lead
to the observed glass transition temperature through a number of techniques. The nature
of the change in functionalising group is also different as I have altered the linear aliphatic
content whereas the Neyertz study has primarily considered the change as a result from the

introduction of aromaticity within a cyclic system.

In table 4.3, I present all predicted Tg values for the octa-methacrylate functionalised POSS

systems at all system sizes. This study demonstrates the sensitivity of simulation systems
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to molecular level change in terms of the impact on maco-scale properties. To characterise
these systems, I have also used MSD analysis to quantify the lack of mobility observed within
these systems above and below the Tg. Radial distribution function analysis has been used
to describe the largely amorphous nature of these systems. Inter-molecular interdigitation
between functionalising groups has been quantified through the Voronoi analysis of these sys-
tems. Finally, I have identified a molecular level descriptor, namely the breathing mode, that
can be used to identify the glass transition temperature for each system in good agreement
with the specific volume method of prediction. This systematic analysis has considered many
different aspects of the behaviour of octa-functionalised POSS molecules in a pure state. To
the best of my knowledge, the analysis of temperature dependant observables has not pre-
viously been reported for pure POSS systems. By demonstrating that the breathing mode
is the molecular feature that controls the glass transition temperature, I am providing clear
understanding for to experimentalist researchers on the key feature to consider for control-
ling the Tg of pure POSS systems. Further, the identification of this single-molecule degree
of freedom as central to determining the glass transition in these systems, explains why very
little system size dependence is seen in my simulations of these systems. As discussed in
section 2.3, POSS species often undergo phase separation in polymer matrices. In order to

control these domains of pure POSS, consideration of the breathing mode will be crucial.
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15,000 atoms
Molecular structure Specific Volume Tg (K) | SD MOI Tg (K)

TgEthyl-Methacrylateg 268.7 275.5

TgPropyl-Methacrylateg 258.2 274.3
TgButyl-Methacrylateg 247.8 270.1
TgPentyl-Methacrylateg 262.5 266.1
TgHexyl-Methacrylateg 254.2 263

25,000 atoms
Molecular structure Specific Volume Tg (K) | SD MOI Tg (K)

TgEthyl-Methacrylateg 281.4 283.7
TgPropyl-Methacrylateg 259.1 269.1
TgButyl-Methacrylateg 263.9 263.5
TgPentyl-Methacrylateg 261.8 260.8
TgHexyl-Methacrylateg 260.1 264.4

Table 4.3: The predicted Tg for all octa-methacrylate functionalised POSS species from the
specific volume method and Standard deviation in the moment of inertia method.

In order to bolster my understanding of the contribution from molecular morphology
to the observed molecular behaviour and macro-scale properties, I have investigated funda-
mentally different conformations of the cubic Tg POSS conformation in the form of tetra-
functionalised POSS species. Tetra conformations have appeared in the experimental liter-
ature, however, much less frequently than the octa-functionalised counter-parts.[140, 141]
Tetra-functionalised POSS have been studied through computational methods by Glotzer
et al in 2005.[142] To date, this is the only publication I have been able to identify that
considers tetra-functionalised systems. Within this study, ab inito calculations have been
used to generate a coarse-grained model for SC TgR4H4 POSS where 'R’ represents poly-
mer chains. The model simplifies the POSS cage to 8 united atoms. Through stochastic
molecular dynamics, the formation of unique packing arrangements can be observed as a
function of the 'R’ groups. In addition, the nature of the implicit solvent, the temperature
and POSS concentration have all been demonstrated to impact on the observed packing and
arrangement of the POSS molecules. The order-disorder transition is measured as a sudden
change in the interaction energies between the functionalising groups and the POSS cubes.

This is a very interesting paper and demonstrates that SC tetra-functionalised POSS are
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able to form unique packing arrangements within suitable implicit solvents.

Within my atomistic study of unsolvated tetra-functionalised POSS, I have investigated how
molecular morphology can change the macro-scale properties and molecular level behaviour.
In table 4.4, I present the predicted Tg values for tetra methacrylate-functionalised POSS
species in the SC and TET morphology from the specific volume method and standard de-
viation in the MOI method. Here, there is a clear dependence on the morphology in respect
to the predicted Tg. This is particularly evident for the TgButyl-MethacrylatesMethyly sys-
tems, where the SC morphology predicts Tg values +28.8 and 4+28.2 K greater than TET
morphology for the specific volume and MOI method respectively. As I have for the octa-
functionalised POSS systems, I have characterised the temperature dependent relationships

between macro-scale properties and molecular level features.

Shuttlecock (SC) Morphology

Molecular structure Specific Volume Tg (K) | SD MOI Tg (K)
TgPropyl-Methacrylate;Methyl, 258.3 267.6
TgButyl-Methacrylate; Methyl, 288.2 292.6
TgPentyl-Methacrylate;Methyl, 280 283.7
TgHexyl-Methacrylate; Methyl, 255.5 269.9

Tetra (TET) Morphology

Molecular structure Specific Volume Tg (K) SD MOI Tg (K)
TgPropyl-Methacrylate;Methyl, 271.7 269.6
TsButyl-Methacrylate,Methyl, 259.4 264.4
TgPentyl-MethacrylatesMethyl, 254.3 272.9
TgHexyl-Methacrylate; Methyl, 249 259.1

Table 4.4: The predicted Tg for all Tetra-methacrylate functionalised POSS species from
the specific volume method and Standard deviation in the moment of inertia method.

Within this chapter, I have presented results from the atomistic simulation of POSS
species as pure entities. I have conducted molecular level analyses relating to the organisa-
tion, mobility and interactions of individual molecules. Through this, I have identified that
within the temperature range of 130-400 K, POSS molecules exhibit no movement en masse.

In systems with long and flexible functionalising groups, this is due to the inter-molecular en-
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tanglement between functionalising groups. I have demonstrated that the breathing-mode of
these molecules is the principal molecular feature controlling the Tg for these systems. This
has been demonstrated for POSS systems of different morphologies as I have covered both
octa- and tetra-functionalised POSS. For in-flexible POSS structures, I have demonstrated
the formation of highly ordered crystalline species from disordered starting configurations,
and discussed the characterisation of their formation at high temperatures. Within this
chapter, for a diverse range of structures and morphologies, I have attributed molecular level

features to the observed macro-scale properties and material behaviours.



Chapter 5

Polymer-POSS Grafted

Nanocomposites

As discussed in Chapter 2, POSS species are often incorporated into polymer matrices to
form polymer nanocomposites. In addition to much experimental work, there have been
a number of simulation studies on such systems which were reviewed in section 2.3.1. A
fundamental choice when developing POSS nanocomposites is that between a blended and
grafted approach. These approaches are different in the mechanism of interaction between
POSS and polymer matrix. A blended system has dispersed POSS molecules within the ma-
trix without covalent bonding between them. A grafted system has explicitly bonded POSS
molecules along the polymer backbone to form pendant groups. Within chapters 4 and 5, I
therefore undertake systematic simulation studies to explore the molecular level implications
of this choice, with the aim of gaining insight as to what underpins the resultant differences

observed at the macroscopic level.
Within this chapter, I present results from simulations of Polymer-POSS grafted systems.

I have selected several POSS structures and investigated the molecular differences between

these systems and examined the mechanisms that lead to the observed T, when each is

127
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grafted to a known polymer matrix. This baseline polymer is hydroxy-terminated polybuta-
diene (HTPB), a system which my research group has previously investigated in the context
of binder materials.[110] This work is described and revisited in the context of the PCFF
force-field within this section. The remainder of the current chapter then sets out the molec-
ular behaviour observed in chemically grafted POSS-HTPB systems. In Chapter 6, I discuss

equivalent simulations carried out on non-grafted POSS + HTPB systems.

5.1 Pure HTPB 311 Study

The selected polymer matrix for this study is hydroxy-terminated polybutadiene (HTPB).
These materials have a range of desirable properties, including a low T, and good envi-
ronmental resilience. Because of this, HTPB has seen a variety of applications such as
binders and thin film coatings.[143, 144] The nature of the HTPB molecule enables the
macroscopic behaviour to be influenced directly by the microstructure.[110, 145] Control
over the microstructure is typically characterised by the ratio of isomeric trans, cis and vinyl
conformers within the backbone. Microstructures containing high percentage cis polybuta-
dienes exhibit high resilience and abrasion resilience. In comparison, high trans content leads

to higher tensile strength and high vinyl content polymers have high tread strength.[146, 147]

In a joint experimental and computational study, my group has previously investigated
the molecular mechanisms that govern the glass-transition in HTPB.[110] Within this work,
a number of HTPB microstructures (i.e. cis:trans:vinyl ratios) were systematically studied.
Their experimentally observed and computationally predicted T, values were then compared.
The suffix attached to HTPB molecules pertains to the conformer ratio (trans:cis:vinyl) of
the monomer units that make up the repeating unit of the polymer main chain. The molec-
ular structure of HTPB 311, for example, can be seen in figure 5.1.1. A number of different

HTPB microstructures, including HTPB 109 and HTPB 401, were investigated to broaden
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the scope of my study.

Figure 5.1.1: The Chemical structure of HTPB 311 repeat unit

Using the analysis routine covered in section 3.8.5, I calculated the average number of di-
hedral rotations over a threshold of 60° for each molecule over the course of each simulation.
This dihedral rotation data was then compared with other observables relating to the glass
transition. From this data, rotational ’hotspots’ along the molecular backbone were identi-
fied as the key molecular features for these systems that give rise to the observed macroscale
behaviour. In particular, the single C-C bonds adjacent to the trans C=C double bonds
displayed by far the greatest number of rotations at temperatures above Tg. The presence
of this particular group was identified as being critical for the maintenance of the rubbery
behaviour of HTPB 311 at lower temperatures. Good agreement was also observed between
the experimental and simulation-predicted T, of 191 K for HTPB 311 as determined by a
rotation-counting method. In the same study, the alternative microstructure HTPB 109,
which contains a much higher ratio of the vinyl conformation, was also investigated. The
higher T, displayed by HTPB 109 was demonstrated to result from the far fewer instances
of the in-chain C-C bonds adjacent to the C=C double bond of the trans groups. Again,
this result was reflected by experimental and computational methods. Finally, this study

showed little variation with polymer length beyond 10 butadiene units.

With this work in mind, I decided to utilise the HTPB 311 system for the polymer ma-

trix of my POSS-polymer nanocomposite study, as the previous work provided fundamental
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understanding of its molecular behaviour. Our previous study utilised the Dreiding force-
field. In a similar fashion to PCFF, Dreiding is a general purpose force-field designed for

application within organic and biological systems.[148]

In order to bridge these pieces of work, I have conducted simulations of 10-monomer chains
of pure HTPB 311 with PCFF at a systems size of 30,000 atoms. In figure 5.1.2, I provide the
specific volume vs temperature relationship for these systems where the Dreiding and PCFF
data are shown on the top and bottom bi-linear plots respectively. The Dreiding study did
not include the 300 - 350 K temperature range that has been the standard throughout this
study. Nevertheless, I see some good agreement between the two force-field regimes. How-
ever, as stated in our paper simulation results from volume vs temperature do not predict

T, values in accord with the experimental value of 197K. [110]

Figure 5.1.2: The specific volume vs Temperature relationship of pure HTPB 311 indepen-
dently observed with Dreiding (top - red, green blue) and PCFF (bottom - purple, cyan,
orange).

In figures 5.1.3a and 5.1.3b, I present the equivalent Dreiding and PCFF bilinear plots
and T, predictions for the same HTPB 311 systems using the number of Dihedral rotations
approach. From these data, the Dreiding force-field out performs the PCFF system for

predicting Tg. However, for both force-fields, I observe that the number of rotations about
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the C-C single bonds adjacent to trans C=C double bonds exhibit the same qualitative
transition. From this I conclude that the PCFF force-field is able to capture the key molecular
mechanisms utilised by HTPB 311.

(a) Dihedral Rotation per molecule Tempera-  (b) Dihedral Rotation per molecule Tempera-
ture relationship for HTPB 311 with Dreiding  ture relationship for HTPB 311 with PCFF
force-field

Figure 5.1.3

In figure 5.1.4, the average number of dihedral rotations per molecule are presented for
each of the C-C bonds adjacent to the trans C=C bonds within the HTPB 311 backbone.
This data corresponds to the initial Dreiding simulations at 200K. Figure 5.1.5 provides an
alternative representation of the same data as shown in figure 5.1.4 where with the bond index
relating to the C-C bonds tracks from left to right. Figure 5.1.5 also shows the equivalent data
from the PCFF force-field at 200K. From this, I see the same trends in availability of dihedral
rotation along the HTPB backbone, demonstrating that dihedral rotation availability is
upheld across force-fields. The Dihedral rotations of C-C bonds midway between double
bonds are not included here. This is because, as shown in the previous study, these barely
contribute to the molecular motion, even above Tg. Chain motion is dominated by crank-
shaft motion involving co-operative rotation of pairs of single-bonds, but the mid-way C-C

bond cannot pair up in this fashion.
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Figure 5.1.4: Molecular structure of a decemer of HTPB 311 with a bubble plot overlaid to
depict the number of dihedral rotations about the C-C single bond per molecule. Data has
been produced with the Dreiding force-field

Figure 5.1.5: The number of dihedral rotations per molecule for each C-C bond adjactent
to C=C bonds along the backbone of the HTPB 311 molecule. This image relates to figure
5.1.4 as the bond index relates to those seen in this figure. Data provided are derived from
simulations at 200 K with Drieding and PCFF force-fields.

The trends in C-C dihedral rotational freedom across the molecule can be ascribed to
the proximal intra-molecular chemical environment. For example, from C-C bond index
1 to 4, I observe a gradual decrease in dihedral freedom as the index moves further into
the increasingly restrained molecular body. Index 4 and 5 are local minimum due to their
immediate proximity to the rotationally constrained vinyl group. At C-C index 6, I see a

local maximum, demonstrating the capacity for the trans adjacent C-C to exhibit dihedral
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rotation. For PCFF, this degree of rotational availability is maintained from index 6 to 11.
Dreiding and PCFF exhibit the same availability for the trans section from index 9 to 11,
with another local minimum surrounding the middle cis section at index 7 and 8 (Dreiding).
Again, for both force-field regimes, I see local minimum at index 12 and 13 where the second
vinyl group is situated. Index 14 and 15 are local maxima due to their proximity to the
vinyl group. For the Dreiding regime, index 16 has very little rotational freedom. This is
due to an error in the original molecular morphology for this system. It is on this basis that
I assert the molecular level features observed in the Dreiding simulations are upheld in the

PCFF simulations.

To utilise decemer representations of HTPB 311 in the study of grafted POSS-polymer
nanocomposites, | have undertaken literature research to determine reasonable basis for the
nature and positioning of a grafted unit. A number of different reaction mechanisms are
available to the HTPB species. However, based on findings from the literature, I suggest
that addition polymerisation would be the most viable route for the introduction of POSS
groups. For example, Chang-Tay et al have demonstrated that HTPB can be functionalised
with methyl methacrylate molecules at the a position of a trans monomer within an HTPB
oligomer.[149] Given that I have covered many different methyl methacrylate functionalised
POSS species in Chapter 4, I have therefore utilised this mechanism and molecular system
as the basis for my grafted systems. Figures 5.1.6 provides a visual representation for this
graft site along the HTPB 311 backbone at the a carbon position. To investigate how the
number of grafted POSS ligands effects the macroscopic properties, I have also introduced
a second grafting site, again based on the a position of a trans monomer (Figure 5.1.7).
Within this work, these two graft sites are used either independently, or together. For the
following systems I refer to these grafting sites as site 1 and site 2, respectively. To maintain
consistency thoughout my work, I have used the propyl linker length within the methacry-

late molecular bridge between HTPB and POSS except for the largest hexyl methacrylate
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functionalised POSS grafted system where I have used a hexyl methacrylate linker. The

remaining functionalisation sites of the POSS cube have been treated as separate entities.

Figure 5.1.6: HTPB 311 repeat unit with identified graft site 1

Figure 5.1.7: Whole HTPB 311 molecule with identified graft sites 1 and 2 from left to right.

5.2 Simulation of HTPB with Small Pendant Groups

We have simulated a number of different grafted systems. The smallest grafted pendant
group I have studied is the Adamantane structure and the largest is the hexyl methacrylate
functionalised POSS. Due to the the presence of a linker from the POSS cube to HTPB

backbone, a suitable formula to describe the cube in this context would be, for example,
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TgH;. This is an alteration to the TgHg descriptions I have used in previous chapters.

Within this section I will discuss the predicted T, values for the smallest grafted systems.

5.2.1 HTPB grafted with Adamantane

We have investigated the addition of adamantane groups to the HTPB 311 molecule. The
molecular structure of adamantane can be seen in figure 5.2.1. This structure provides useful
comparison with the TgH; grafted systems as it is of similar dimensions and near-cubic in
proportions. The moment of inertia of adamantane is significantly smaller than that of
POSS, although their molecular radii are similar. These simulations provide insight into the
significance of the molecular structure, shape and composition of the pendant group. The
Adamantane structures have been grafted to the HTPB molecule in the same fashion as the

POSS cubes via a propyl methacrylate linker at graft site 1 and 2.

Figure 5.2.1: The molecular structure of adamantane, CioH1g

Figure 5.2.2 depicts the specific volume vs temperature relationship for HTPB molecules
grafted with one and two Adamantane structures. At all temperatures, the two grafted
system has higher density than the 1 grafted system. Both systems are significantly less

dense than the equivalent TgHg POSS equivalent grafted structures, shown in figure 5.2.5.
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From this approach, I predict a T, of 246.6 K for the single grafted structure. For the double

grafted system, I see a decrease of 14.1 K in the T, to a value of 232.5 K.

(a) 1 grafting adamantane structure at site 1 (b) 2 grafting adamantane structures

Figure 5.2.2: Specific volume Temperature relationship for HTPB molecules grafted with 1
(left) and 2 (right) Adamantane structures.

The dihedral rotation approach for T, prediction has also been utilised for these systems
as shown in figure 5.2.3. For this method, I predict Tgs of 247 and 247.8 K for single and
double grafted systems respectively. Again, I observe an increase for both systems from the
pure HTPB predicted value. For the double grafted system, I see that the availability of

dihedral rotations is very similar to that of the single grafted system.

(a) 1 grafting adamantane structure in position (b) 2 grafting adamantane structures
1

Figure 5.2.3: Total number of dihedral rotations to Temperature relationship for HTPB
molecules grafted with 1 (left) and 2 (right) Adamantane structures.

Through the use of Voronoi Analysis, I determine that these molecules are highly inter-

penetrating. In figure 5.2.4, I present the number of near neighbours for HTPB-Adamantane
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grafted systems as determined through the Voronoi analysis of the centre of mass and
hydrogen-stripped molecular structure. From the centre of mass reference, I determine 15.5
and 15.6 near neighbours on average respectively. From the H-stripped molecular structure
reference, for both systems, the number of near neighbours is greatly increased to 23 at 130
K with a gradual decrease with temperature to a minimum of 22.0 and 22.3 K at 400 K
respectively. Here, as the full molecules are considered, this large number suggests that the

molecules are extended and well inter-digitated with one another.

(a) 1 graft HTPB-Adamantane CoM (b) 1 graft HTPB-Adamantane H-Stripped

(c) 2 graft HTPB-Adamantane CoM (d) 2 graft HTPB-Adamantane H-Stripped

Figure 5.2.4: The average number of the near neighbours for singularly (top) and doubly
grafted (bottom) HTPB-Adamantane systems. These values have been determined through
the Voronoi analyis from the center of mass (left) and the hydrogen-Stripped molecular
structure (right).
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5.2.2 HTPB grafted with TgH

In figure 5.2.5, I present the relationship between the specific volume and the temperature
for HTPB systems grafted with one and two TgH; POSS cubes. From this data, I predict
T, values of 256.1 and 263.1 K respectively. These values are between 23 and 30 K higher
than that predicted for the pure HTPB system. In addition, the doubly grafted system is
considerably more dense than the single grafted system. I also observe a flatter relationship in
the 2-grafted system as the TgHg character is increasingly expressed. As demonstrated in the
pure TgHg simulations covered in Chapter 4, these systems have very little compressibility,

resulting in very linear specific volume vs temperature relationships.

(a) 1 grafting TgsH7 POSS cube in position 1 (b) 2 grafting TgH7 POSS cubes

Figure 5.2.5: Specific volume Temperature relationship for HTPB molecules grafted with 1
(left) and 2 (right) TsH7; POSS cubes.

Figure 5.2.6 describes the total number of rotations for all TgHg grafted molecules. From
this method, I predict a T, of 250.6 and 256.4 K for each system respectively. Both of
these results are consistent with the specific volume method with a 20 K increase from the
pure HTPB system. These data demonstrate that the addition of a second TgH7 cube has
a reductive effect on the availability of molecular dihedral rotations at higher temperatures.
This suggests that the pendant groups behave as anchors for the C-C trans groups, preventing
the rotations observed in the pure HTPB system. Unlike the specific volume approach, very

clean bilinear character is obtained with this observable.
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(a) One TgH7 POSS cube grafted in position (b) Two grafting TgH7 POSS
one

Figure 5.2.6: The total number of dihedral rotations observed in HTPB TgH7 grafted systems
at varying temperatures.

5.3 Simulation of HTPB with Large POSS Pendant
Groups

In addition to adamantane and TgH7 grafted systems, I have studied the addition of larger
POSS species to the HTPB backbone. Here, I present results from HTPB grafted with

Tgt-butyl; and Tghexyl-Methacrylate; independently.

5.3.1 HTPB grafted with Tgt-Butyl;

In figure 5.3.1, the specific volume vs temperature relationship for Tg¢-Butyl; grafted systems
are shown. For the singularly grafted system, the Tgt-Butyl; is grafted at position 2. Refer
to figure 5.1.7 for the position of the grafting site. Here, I predict T, values of 270.2 and
256.8 K for the singular and doubly grafted systems respectively. Similarly to the TgHz
grafted systems, these plots have a very linear relationship, indicating that the system is

very in-compressible.



CHAPTER 5. POLYMER-POSS GRAFTED NANOCOMPOSITES 140

(a) One grafting Tgt-butyly POSS cube in po- (b) Two grafting Tgt-butyl; POSS cubes
sition two

Figure 5.3.1: Specific volume Temperature relationship for HTPB molecules grafted with 1
(left) and 2 (right) Tst-butyl; POSS cubes

Figure 5.3.2 presents the predicted T, from the dihedral rotation method for the same
systems. From this method, I predict T, values of 254.7 and 258.0 K for the single and double
grafted systems respectively. For the single grafted system, the predicted T, values are not
in agreement with one another. However, for the doubly grafted system, the predicted T,

are within 1.2 K of one another.

(a) (b)

Figure 5.3.2: The total number of dihedral rotations per molecules observed in HTPB Tgt-
butyl; grafted systems at varying temperatures

5.3.2 HTPB grafted with Tgshexyl-Methacrylate;

The largest system that I have studied consists of a singularly grafted hexyl-methacrylate
functionalised POSS at position 1. In addition, the usually propyl-methacrylate linker be-

tween POSS and HTPB chain has been substituted with a polymerised hexyl-methacrylate
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segment. By including this species, I increase the scope of the systems I have studied.
Through the inclusion of hexyl-methacrylate groups, I consider a system that has signif-
icantly more potential to interact with the HTPB sections of the molecules, which may
influence the macro-scale properties. I have chosen to only consider the addition of a single
Tghexyl-Methacrylate; grafting body as the number of atoms per molecule is quite large,
and I would have had a very small number of molecules within the simulation cell in a double

grafted system.

In figure 5.3.3 I present the predicted T, from the specific volume vs temperature rela-
tionship for Tghexyl-Methacrylate; grafted HTPB. Here, I predict a value of 247.1 K. This

value is the lowest observed for this method across the POSS grafted systems.

Figure 5.3.3: The specific volume vs Temperature relationship for Tghexyl-Methacrylate;
grafted HTPB.

In addition, I have predicted the T, from the number of dihedral rotations per molecule
method. Here, I predict a value of 245.8 K. This value is in good agreement with the specific

volume method and is also the lowest recorded value for POSS grafts through this method.
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Figure 5.3.4: The predicted T, for Tghexyl-Methacrylate; grafted HTPB for the relationship
between the number of dihedral rotations per molecule and temperature.

5.4 HTPB Backbone Analysis in Grafted Systems

In the same way that I have analysed the dihedral rotational freedom of the individual C-C
bonds within pure HTPB, as shown in figure 5.1.5, I have also studied this feature for the
grafted systems discussed in section 5.2 and 5.3. The methodology and theory behind this
analysis is covered in section 3.8.5. Here, I present the results for the dihedral freedom anal-
ysis of the HTPB backbone for the grafted systems at 200 and 300 K and compare with that
of the pure HTPB system. I have chosen these temperatures as they are both well below
and above the predicted Tgs respectively. The singularly and doubly grafted like-systems

are presented together.

In figure 5.4.1, I present dihedral rotation analysis of the HTPB backbone of the Adaman-
tane grafted systems. At 200 K, a significant departure from the behaviour observed in the
pure HTPB system is observed. Within these systems, grafting site 1 resides at the carbon
of bond index 3 closest to the terminus of the molecule. From these data, I see that the there
is a significant reduction in the dihedral freedom of bond index 3 and adjacent indices 2 and

4. This departure is visible in both singularly and doubly grafted systems. The same type
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of behaviour is seen in the doubly grafted system at bond index 14. Here, the rotational
freedom is largely impacted by the presence of the Adamantane. At 300 K, similar behaviour
is observed in that the rotational freedom in the immediate vicinity of the grafting site is
predominantly affected. At this temperature I also observe that the rotational freedom for
the grafted species is also consistently lower than the pure HTPB 311 system across all bond

indices.

(a) 200 K (b) 300 K

Figure 5.4.1: The number of dihedral rotations per molecule for each C-C bond adjacent to
C=C bonds along the backbone of the HTPB Adamantane grafted molecules. Single grafted
values are presented in green and the doubly grafted are in Blue.

Figure 5.4.2, presents 200 and 300 K dihedral rotation data for the TgH; grafted system.
At 200 K, Again, I see similar behaviour to the Adamantane grafted systems. The rotational
freedom of bonds in the vicinity of the grafting sites are the most affected, being significantly
reduced by comparison to the pure HTPB 311. This is also the case at 300 K, where both

the singularly and doubly grafted systems are rotationally hindered.
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(a) 200 K (b) 300 K

Figure 5.4.2: The number of dihedral rotations per molecule for each C-C bond adjacent to
C=C bonds along the backbone of the HTPB TgH; grafted molecules. Single grafted values
are presented in green and the doubly grafted are in Blue.

Results from the larger Tgt-butyl; grafted systems are presented in figure 5.4.3. These
graphs describe behaviours that are very similar to the previous systems as the dihedral
freedom is significantly impacted at, and adjacent to, the grafting sites. At 200 K, partic-
ularly for the singularly grafted system, the dihedral freedom is slightly augmented within
the HTPB backbone compared to pure HTPB 311. At 300 K I see similar behaviour in that

the dihedral rotations about the graft sites are reduced.

(a) 200 K (b) 300 K

Figure 5.4.3: The number of dihedral rotations per molecule for each C-C bond adjacent to
C=C bonds along the backbone of the HTPB Tgt-butyl; grafted molecules. Single grafted
values are presented in green and the doubly grafted are in Blue. The single grafting site
was implemented at site 2 (carbon index 14) for this system.

Finally, in figure 5.4.4, I present the same analysis for the Tghexyl-methacrylate; grafted
system. At 200 K, I see that the dihedrals about the grafting site are locked. In consecutive

order, post bond index 4, the dihedrals largely follow those of pure HTPB 311, but enhanced
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rotations apparent at indices 9, 10, 11. At 300 K, again, I see that the graft site is rotationally

hindered. Here, though, the higher index bonds do not exhibit the enhanced rotation.

(a) 200 K (b) 300 K

Figure 5.4.4: the number of dihedral rotations per molecule for each C-C bond adjacent
to C=C bonds along the backbone of the HTPB Tghexyl-methacrylateg grafted molecules.
Single grafted values are presented in green and the doubly grafted are in Blue.

5.5 Discussion

Within the previous section, I have presented results from the simulation of a number of
HTPB grafted systems. Several different POSS structures have been considered, and the

structurally similar ’adamantane’ grafting body has also been included.

The fundamental aim of this work was to understand and characterise the implication of
including POSS species within the HTPB structure by analysing the microscale behaviour
and macro scale properties. In table 5.1, all predicted Ty values are given for each grafted
species. As shown, from the specific volume method, the doubly grafted adamantane struc-
ture has the lowest predicted Tg, at a values of 232.5 K, followed by the pure HTPB at 236.8
K. The singularly grafted adamantane structure is the third lowest predicted T at 246.6 K.
These results indicate that the chemical makeup of the grafting species is as important as
the shape of the grafting species. There is a clear partition between the Tgs for the systems
that contain mostly organic character compared to those which contain inorganic character,

contributed by the presence of the silica POSS cube. Moreover, The hexyl-methacrylate
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functionalised systems exhibits the lowest T of all POSS based systems. Again, this can be
attributed to the presence of a higher proportion of organic material. More favourable inter-
action between HTPB sections and the organic andamantane or hexyl-methacrylate promote

the observation of a lower Tg.

We consistently see an increase in predicted T, values from the specific volume method
for the POSS based systems. For the largest system of hexyl-methacrylate functionalised
POSS, there is an increase in T, of 10.3 K from the pure HTPB system. This is the smallest
increase in T, observed for the POSS grafted systems. The contribution of organic character
from the large hexyl-methacrylate groups and the longer hexyl-methacrylate linker main-
tains the softness of the system at lower temperatures. As a result, I see an intermediately
low T, value. Thus, it is the smaller POSS grafts that achieve the maximal increase of 19.3
K from the pure HTPB system for the singularly grafted TgH7 system at 256.1 K. This
values is further increased to 263.1 K upon the addition of a second TgH; graft. Singularly
grafted Tgt-butyl; has the highest predicted T, of all systems considered with a value of
270.2 K. While the doubly Tgt-butyl; grafted system also exhibits a a predicted T, value of
256.8 K. However, very small gradient changes obtained using the specific volume method,

particularly for the doubly grafted systems, reduces the reliability of those reported Tgs.

Graftine Species Number of Specific Volume | Dihedral Rotation
& °P grafting bodies | method (K) method (K)
HTPB N.A 236.8 233.8
1 246.6 247
Adamantane 2 232.5 247.8
1 256.1 250.5
stz 2 263.1 256.4
1 270.2 254.7
Tst-butyly 2 256.8 258
Tghexyl-methacrylate; 1 247.1 245.8
Table 5.1

Similar trends are observed from the dihedral rotation method of T, prediction. As
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shown in table 5.1, the adamantane and Tghexyl-methacrylates POSS grafts have the lowest
predicted Tgs of the cohort of systems. For these systems, there is good agreement between
the two methods for T, prediction for these systems. For the smaller POSS systems, again I
see some good agreement between the methods of T prediction, with single grafts increasing
T, by 16.7 (TsH7) and 20.9 K (Ts¢-butylr). For the TgHy; grafted system, I observe further
increase of 5.9 K from the singularly to doubly grafted system. For the Tgt-butyl; grafted
system, the predicted T, increases by 3.3 K with the addition of a second Tg¢-butyl; grafting
body.

As described in section 5.1, the dihedral freedom of trans C=C adjacent C-C bonds are
the crucial molecular feature in HTPB 311 to enable its observed low Tg. In our published
study, I have demonstrated this by substituting the trans groups with vinyl monomers, and
observing large shifts in Tg. By tracking the frequency of the dihedral rotations along the
HTPB back-bone within my grafted system, I am able to characterise the impact of POSS
grafting on this mechanism. In section 5.4, I have presented this analysis. For all grafted
species, the addition of a grafting body dramatically reduces the dihedral freedom about the
grafting site. This grafting also reduces the dihedral freedom of the adjacent dihedral sites.
This reduction is present above and below the Tgs identified for each system. However the
region of significant rotational reduction is limited to just the graft site and the C-C bond

that immediately neighbours it.

A graft may also influence the dihedral rotation of the C-C bonds within the HTPB back-
bone away from the vicinity of the binding site. For the adamantane grafted system, at 300
K, the dihedral freedom of all bond indices are lower than those available to the un-grafted
HTPB 311 system. This is also true of the doubly grafted TgH;, Tgt-butyl; and singularly
grafted Tghexyl-methacrylate; systems. However, slightly enhanced rotational freedom is

seen for the singularly-grafted POSS systems, particularly around bond index 10. Thus,
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where grafting density is low, there appears to be a secondary effect where rotations become

more likely away from the strongly anchored graft site.

Within their publication, Bharadwaj et al studied improvements to the material proper-
ties of norborene-POSS polymer through simulation methods.[66] As this is a relatively old
publication, the systems are small being at most 3142 atoms with intervals of the cooling
sequence being 30 K for a run length of 500ps. Their characterisation highlighted that
the non-polar but sterically bulky cyclopentyl and cyclohexyl functionalised POSS pendant
groups behaved as anchoring points for the norborene polymer chain and produced a higher
T, than that of the pure system. By comparing with simulations of pure poly-norborene, they
showed that chain dynamics were slowed by the presnce of pendant POSS grafts through
analysis via the torsional autocorrelation function. While my findings are generally con-
sistent with this, they provide greater detail on the extent and reach of the effect of the
grafting, including more nuanced behaviours associated with the choice of grafted entity and
the density of the grafting sites. In more recent studies of grafted POSS systems, R. Pan et al
have simulated blends of Trisilanolisobutyl POSS in polyurethane.[150] The POSS structures
considered here are slightly different in that a single silicon vertex is missing from the Tg
cubic structure. Thus, the bridging oxygen atoms between silicon atoms at this vertex are
hydroxyl groups, which are used for co-polymerisation with the polyurethane chains. Within
The computational section of this paper, the agglomeration of POSS cages has been charac-
terised through the use of simulated X-ray scattering profiles and radial distribution analysis.
At the highest concentration of 22% POSS, the average neighbour distance for the polymer
chains is lower than the 13% POSS concentration due to the lower dispersion of POSS cages
within the polymer matrix. MSD analysis at 500 K has been used to identify that the POSS
molecules have significantly less mobility than the polyurethane chains. The mobility of
POSS also decreases with POSS concentration. From the specific volume vs temperature

relationship, the predicted T, value increases with POSS concentration. This trend is ex-



CHAPTER 5. POLYMER-POSS GRAFTED NANOCOMPOSITES 149

plained by the reduced mobility within the polyurethane chains. Within my work, I observe
similar trends in that grafting POSS cubes results in an increase to the T, for HTPB 311. As
discussed, the dihedral rotation about specific bonds within the HTPB backbone are critical
for the low T, observed for these systems. I have been able to characterise the impact of

POSS grafting on this mechanism, and utilise this molecular feature for the prediction of Tg.

The results presented in this chapter clearly demonstrate that, whilst synthetically challeng-
ing, grafting of POSS molecules has a signifcicant and direct effect on the material properties
of HTPB. By suppressing the cooperative crankshaft dihedral rotation in the vicinity of the
grafting site, the material compressibility and the T, can be controlled. However, since
the effect of grafting is apparent both above and below Tg, a further consequence is that
the compressibility change at T, is reduced - that is, the transition is still apparent, but it
doesn’t involve the same material property changes as are seen for pure HTPB.

In the next chapter, I investigate alternative polymer nanocomposites based on blends

rather than grafting.



Chapter 6

Polymer-POSS Blended

Nanocomposites

Within chapters 4 and 5, I have discussed simulations of pure POSS systems comprising the
entire simulation body, and simulations of POSS as a grafting species within the backbone
of a polymer matrix. In both of these chapters, all of the simulated molecules have been
chemically identical in nature. To broaden my understanding of POSS systems, I have also
carried out studies on blended systems. That is to say the POSS species are distributed
within a matrix as individual molecules with no chemical bonding to that surrounding ma-
trix. For consistency and comparison with chapter 5, I have again chosen HTPB as the
primary matrix. In addition, I have also carried out simulations with octatetraene forming
the matrix material as a short chain organic alkene. For both regimes, I have performed
cooling simulations at 10%, 30% and 50% POSS concentration by mass. Herein I discuss
the macro and micro scale behaviours of the resultant bulk material and different molecular

species properties.

150
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6.1 Chapter Overview

In chapter 4, I have presented a study of a range of POSS molecules as single-component sys-
tems. From this, I have identified that the molecular breathing mode can be used to predict
the T, for the given system. In chapter 5 I investigated the effect of grafting POSS molecules
onto a well studied polymeric system. This study showed that the POSS molecules behave as
anchor points for the HTPB molecules, do not have a strong tendency to phase separate and
have a significant effect on the glass transition of these species. Within the following chapter,
[ aim to elucidate the molecular mechanisms and behaviour of POSS molecules in blended
nanocomposites that lead to the production of their characteristic nanomaterial properties.
I have again chosen HTPB 311 for my polymer matrix as this molecule is well studied and
has been included in chapter 5. From simulation, I have seen that HTPB 311 has a strong
tendency to become entangled. Also, the persistent availability of dihedral rotation of trans
C-C bonds within the HTPB backbone enables the system to have a particularly low Tg.
From literature summarised above, it has been shown that POSS are able to increase the
T, by interrupting the regular packing of certain polymers. The HTPB system is distinct
from this in that the structure is amorphous. This work describes the relationship between

entangled HTPB 311 and a range of POSS species over a range of concentrations.

To understand the behaviour of POSS within a system that exhibits much less entagle-
ment, [ initially ran simulations of butadiene-POSS blends. However, the boiling point of
butatdiene was too low to enable condensed phase simulation in the desired temperature
range. As a compromise, therefore, I have also studied the addition of POSS within octate-
traene, which is effectively the combination of two butatdiene molecules. These systems,
with HTPB and octatetraene matrices, respectively, offer unique insight into the behaviour
of POSS molecules in different chemically consistent but morphologically distinct environ-

ments.
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6.2 HTPB-POSS nanocomposite

I have simulated a number of different POSS species as a discrete nanofiller within a polymer
matrix. Herein I discuss results from the simulation of three different POSS systems blended
with the polymer HTPB 311. The simulation of pure HTPB has been covered extensively

in section 5.1.

6.2.1 HTPB TgHg blend

I first discuss results from simulations featuring the smallest POSS, the TgHg structure
at 10% wt POSS. As mentioned in previous chapters, each system has undergone high
temperature annealing before being passed to the production cooling sequence. Annealing
begins at 700 K and decreases by 50 K intervals until 400 K is reached. The production phase
of the cooling sequence is between 400 K and 130 K with 10 K intervals. Each temperature
has a run length of 0.5ns and is 30,000 atoms in size. As I have covered in previous chapters,
a number of methods have been used to predict the T, for the bulk material. In figure 6.2.1,
I present the specific volume vs temperature relationship. From this method, I predict a T,
of 244.1 K. This is a slight increase of 7.3 K with this method from the predicted T, of the

pure HTPB 311 system.
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Figure 6.2.1: Tg prediction from specific volume and Temperature relationship for 10% wt
TsHg in HTPB 311

In conjunction with this method, I have also employed the standard deviation in the
moment of inertia method and number of dihedral flips per molecule method. Each of these
methods have proven useful for the HTPB and POSS systems respectively. As these systems
are blended, I collect two distinct sets of measurements; those of the HTPB and those of the
POSS. In figure 6.2.2, I see the relationship between the standard deviation in the moment
of inertia and temperature for HTPB (left) and TgHg POSS molecules at 10% wt. For the
HTPB data, I observe a bilinear plot as I have seen in previous systems, which predicts a
T, of 264.5 K. For the POSS data (right), the trend in data is very similar to the pure TsHg
system covered in chapter 4. I observe a very linear relationship due to the rigidity of the

molecule and maintenance of the cubic structure well into higher temperatures.
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(a) Standard deviation in the Moment of iner- (b) Standard deviation in the Moment of iner-
tia for HTPB molecules tia for TgHg molecules

Figure 6.2.2: The Standard Deviation in the moment of inertia over a range of temperatures
for HTPB molecules (left) and TgHg (right) in a blended system at %10 wt POSS.

In figure 6.2.3, I present data for both the HTPB (left) and TgHg (right) describing the
average number of dihedral rotations per molecule. The Dihedral rotation is counted as a
flip” when the dihedral angle passes through 60°. Details of this method are covered in
section 3.8.5. From the HTPB data, I see a predicted T of 238.5 K. This value is very close
to the value predicted in Chapter 5 (Figure 5.1.3b) where I employed the same methodology
to a pure HTPB system and predict a T, of 233.8 K. By comparing these graphs, I can
also see that the scale of the number of dihedral rotations are in good agreement with one
another. The POSS data is also congruent with previous observations that there are very
few dihedral flips observed within these molecule. Again, this is due to the rigity and cubic
conformation of the TgHg structure. This data tells us that the POSS cubes are behaving as
expected, however these methods cannot be applied to the TgHg molecules for the prediction

of Tg.
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(a) The average number of dihedral rotations (b) The average number of dihedral rotations
per molecule for HTPB molecules per molecule for TgHg molecules

Figure 6.2.3: The average number of dihedral rotations per molecule over a range of temper-
atures for HTPB molecules (left) and TgHg (right) in a blended system at %10 wt POSS.

The molecular level behaviour of these systems has also been considered. I first anal-
yse the packing of these blended systems through radial distribution analysis of HTPB and
POSS as separate entities. Figure 6.2.4 displays the radial distribution function for HTPB
(left) and POSS (right) at 130, 200 and 310K. For the HTPB system, I can see that these
molecules are in close proximity to one another from a distance of 1 A. These values are
calculated from the centre of mass for each molecule. Due to the molecular entanglement,
the centre of mass are able to overlap. At 130K, I see sharp peaks, indicating that there
is minimal movement of HTPB molecules en masse. This type of analysis for polymeric
systems is a highly involved procedure. I am unable to speak to the reproducibility of these

data and ommit this method for HT'PB analysis for all future systems.

For the POSS sub-system, I see that there is a minimum distance of 7 A before another
TsHg is observed. In the POSS cage structure there is 4 A between Si atoms on opposing
faces. With the addition of bonded hydrogen atoms at the POSS vertices, I observe an effec-
tive molecular diameter of 7 A. At 130 K, as is observed for the HTPB molecules, I see very
sharp peaks. This suggests that the entire systems is conformationally locked. At 220 K,
the peaks become more rounded, although the shape and position is maintained, indicating

some molecular movement. At 310 K I observe a smooth G(r) which appears to be trending
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towards a typical fluid structure. The peak observed at 7 A with a shoulder at 8 A at 130
and 220 K is still maintained at 310 K. Equally, a very strong peak in G(r) value suggests
there is a strong tendency for these molecules to aggregate. As this peak appears at higher
temperatures, I determine that there is a strong effective potential between POSS species in

this medium as there is a propensity for low level clustering.

(a) HTPB 130K (b) POSS 130K
(c) HTPB 220K (d) POSS 220K
(e) HTPB 310K (f) POSS 310K

Figure 6.2.4: The radial distribution functions for HTPB (left) and TgHg (right) at 10% wt
POSS over the course of a cooling sequence taken at 130, 220 and 310 K.

To quantify the degree of movement available to both HTPB and POSS, at a range
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of temperatures, I have carried out Mean Squared Displacement (MSD) analysis on both
species. In figure 6.2.5a I can see that there is very little translational movement available
to these systems, even well above the T for this system. The trend in behaviour can be
seen for the POSS species in figure 6.2.5b. However, the relative translational freedom of

the POSS is greater than that of the HTPB.

(a) HTPB MSD (b) POSS MSD

Figure 6.2.5: The MSD for HTPB (left) and TgHg POSS (right) at 10% wt over a range of
temperatures and the MSD gradients for both species.

These analyses form the foundation of which I have used to inspect these systems. At
30% wt POSS in HTPB, as shown in figure 6.2.6, I see that the predicted T, has risen by
15.2 K from the pure HTPB value of 236.8 K to 252.0 K. Again, I observe the influence of

the TgHg structure as the bilinear curve is relatively flat.
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Figure 6.2.6: Tg prediction from specific volume and Temperature relationship for 30% wt
TsHg in HTPB 311

As discussed, the standard deviation in MOI and number of dihedral rotations method
of predicting the Ty from TgHg POSS data does not function as desired and will no longer
be described. However, when applied to the HTPB system, the number of dihedral rotations
is still a valid measure as rotations are still detected at all temperatures. In figure 6.2.7,
I present the predicted T, of 252.4 K from the average number of dihedral rotations per
molecule for the HTPB molecules only when blended with TgHg POSS at 30% wt POSS.
This value is in good agreement with the specific volume method and denotes a 14.9 K
increase from the 10% wt POSS blend. Again, I see that the number of dihedral rotations

is similar to that of the pure HTPB system and 10% POSS blended system.
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Figure 6.2.7: The average number of dihedral rotations per molecule over a range of tem-
peratures for HTPB molecules (left) in a blended system of TgHg at 30% wt POSS.

In figure 6.2.8, I present the G(r) data for the TsHg molecules as a blended system at
30% wt POSS at 130, 220 and 310 K. The distribution of POSS is highly indicative of a
well ordered system. In 130 K, At 7 A, I see a steep initial rise to a value of 14 followed
by a second peak at 8.5 A. These peaks describe the initial coordination sphere of closely
packed POSS molecules. At 14 A, T see evidence of longer range packing. The value of 14 A
is also significant as it is twice that of the effective POSS diameter, suggesting the existence
of a secondary coordination sphere. These peaks also consistently appear at 220 and 310 K,

indicating that the POSS molecules are agglomerating at high temperatures.
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(a) POSS 130 K (b) POSS 220 K

(¢c) POSS 310 K

Figure 6.2.8: The radial distribution functions for TgHg at 30% wt POSS over the course of
a cooling sequence taken at 130, 220 and 310 K.

From the figures in 6.2.9, the mobility of the HTPB and POSS species are in step with
one another. Specifically, at 310 K, I see that between 0.1 and 0.15 ps both the HTPB and
POSS both undergo an increase in displacement, suggesting that the POSS species is having

more of an influence on the organisation of the HTPB molecules.

(a) HTPB MSD (b) POSS MSD

Figure 6.2.9: The MSD and MSD gradient for HTPB (left) and TgHg POSS (right) at 30%

wt over a range of temperatures.
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As the concentration of POSS is increased from 30% to 50%, I see the predicted T from
the specific volume method rise from the pure HTPB value of 236.8 to 257.6 K, demon-
strating a monotonic increase in Ty with POSS concentration. Due to the substitution of
predominantly carbon and hydrogen found in HTPB with the silicon and oxygen atoms of

TgHg, the overall system density also increases.

Figure 6.2.10: Tg prediction from specific volume and Temperature relationship for 50% wt
TgHg in HTPB 311

In figure 6.2.11, the average number of dihedral rotations per molecule is used to predict
the T, through the HTPB molecules. Here, I predict the Ty to be 243.3 K. This is close to
the T, predicted by the specific volume method of 244.1 K, however the similarity observed

for these methods in the 30% system is not as well maintained at 50%.
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Figure 6.2.11: The average number of dihedral rotations per molecule over a range of tem-
peratures for HTPB molecules (left) in a blended system of TgHg at 50% wt POSS.

For all concentrations, I see that the average number of dihedral flips are consistent
with one another. In figure 6.2.12, 1 see the same type of plot as shown in figure 5.1.5
where I measure the average number of Dihedral rotations for each C-C bond within the
HTPB backbone. Each index within this plot denotes the C-C bond position from the trans
terminus of the HTPB 311 molecule. Here, the pure HTPB 311 (black) data is taken from
the pure HTPB simulations covered in section 5.1. These data indicate that the dihedral
freedom is mostly unaffected by the presence of TgHg molecules as discrete molecules as
for most C-C sites, the number of dihedral rotations are in agreement. However, At some
positions of the HTPB molecules, I see an increase in dihedral freedom. This is particularly
true at index 6 and 9 which are both maximised at the highest concentration of POSS. These
indices are both adjacent to trans groups and are positioned within the central region of the
molecule. Results from the blended systems are some what similar to the dihedral rotations
study covered in section 5.4 concerned with grafted HTPB-TgHg systems. For this system,
index 6 and 9 are elevated above the pure HIPB 311 system. Data from the TgHg grafted
system are also given in figure 6.2.12. Interestingly, the presence of POSS within HTPB,

be it physically blended or grafted seems to enhance the crankshaft motion of certain C-C
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bonds across the HTPB backbone.

Figure 6.2.12: The average number of C-C Dihedral rotations that occur along the back bone
of the HTPB molecule at different concentation of TgHg at 200K. The bond index relates to
the position of the C-C bond in relation to the trans terminus of the molecule.

In terms of packing, the 50% system shows the same trends in the 10 and 30%. G(r)
analysis for TgHg at 130, 220 and 310 K, be seen continuing the trend in figure 6.2.13. In the
lower concentrations, there are four well defined peaks in each G(r), strongly indicative of
clustering. This packing extends to up to 15 A even at the highest given temperature of 310
K. This is due to the high degree of agglomeration exhibited by these systems. The progres-
sive positional ordering observed in simulationas POSS concentration has been increased,
indicates highly ordered domains of microcrystallites caused by microphase separation of
the POSS and HTPB. This phenomenon is well documented within the POSS literature and
is a significant interest for chemists working with materials that contain POSS. The HTPB
molecules are in an amorphous phase as I have previously observed. The associated arrival of
higher dihedral rotational freedom may be due to an increase in the effective specific density

of the HTPB subspace when the POSS material adopts a highly ordered arrangement.



CHAPTER 6. POLYMER-POSS BLENDED NANOCOMPOSITES 164

(a) POSS 130K (b) POSS 220 K

(c) POSS 310 K

Figure 6.2.13: Radial distribution function for TgHg at 50% wt POSS over the course of a
cooling sequence taken at 130, 220 and 310 K.

In figure 6.2.14, I depict several POSS molecules and their coordinates taken from the
130 K temperature final configuration file. Hydrogen atoms and HTPB molecules have been
ommitted for clarity. Here I present 3 distinct planes, and their uniform packing. The
orange, cyan and purple spheres represent the centres of mass for each POSS molecule. The
orange POSS cages are not shown. This group of POSS demonstrates the first coordination
sphere of TgHg. The calculated distances between the in plane centres of mass (7.08 and
8.63 A) correspond to the first two G(r) peaks given in figure 6.2.13a and the third peak
corresponds to the long diagonal neighbour. This image also highlights the orientation of the
POSS molecules in reference to one another. Those in direct contact are slightly offset from
each facet. This is due to the hydrogen atoms preferentially interacting with the exposed

oxygen atoms of different POSS molecules.
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Figure 6.2.14: Rendering of several POSS molecules and their centres of mass from HTPB
TgHg blend at 50% wt POSS. This image depicts several POSS molecules that had agglom-
erated over the course of the cooling sequence. These show 3 distinct planes, as indicated
by the colours of the centres of mass. orange is the closest plane, cyan is in the middle and
purple is the furthest. Measurements of centre of mass distances are in Angstroms.

In addition, I have also carried out Voronoi analysis on the POSS and HTPB molecules.
For these blended systems, my Voronoi regime is slightly different to that which I have used
for previous systems. As these systems are mixed, the Voronoi algorithm generates Voronoi
tessellations which consider both POSS and HTPB molecules. However, I am interested in

the number of like neighbours. To address this, in the final analysis, I only consider the
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Voronoi facets generated between like molecules. This analysis provides further insight into
the packing of these systems. In figures 6.2.15a and 6.2.15b, I present the average number of
like near neighbours for the HTPB and POSS molecules at all concentrations over the course
of the cooling sequence. From the HTPB data, I see that, at all POSS concentrations, the
HTPB molecules are highly entangled with each molecule in contact with at least 18 other
HTPB molecules. The linear structure of HTPB enables the observed entanglement. As
the number of near neighbours is maintained from the highest temperature and the MSD
is very low, I can determine that the this molecular arrangement is established prior to
passing through the Tg. Within these blended systems, I see that the Voronoi analysis
greatly reflects the data seen in the G(r). At 10% loading, the average number of POSS near
neighbours is approximately two. This demonstrates the strong effective potential between
POSS molecules. As the concentration is increased to 30% and 50% I see further evidence
that these molecules are strongly attracted to one another within the HTPB medium, as the

number of immediate near neighbours climbs to 5 and 8, respectively.

(a) HTPB number of near neighbours (b) POSS number of near neighbours
Figure 6.2.15: The number of like near neighbours for the HTPB (left) and POSS TgHg

(right) molecules over the course of the cooling sequnce.
6.2.2 HTPB Tgt-butyls blend

In addition to TgHg blended systems, I have also studied the behaviour of Tgt-butylg POSS

blended within HTPB at 10, 30, 50% wt. This molecular structure is denoted by an increase
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in the organic ratio within the POSS structure. The ¢-butyl functional groups enable molec-
ular symmetry to be upheld while increasing the molecular radius of the structure. Like
in the TgHg, due to molecular symmetry and rigidity, the moment of inertia measures for

Tgt-butylg do not exhibit a bilinear relationship with temperature.

In figure 6.2.16a, I present the specific volume vs temperature relationship for Tgt-butylg
within HTPB at 10% wt. Similarly to the 10% TgHg predicted T, of 244.1 K, here, I predict
a Ty of 236.9 K. This value is also very similar to the pure HTPB 311 value of 236.8 K from
this method. The predicted T, from the dihedral rotations method for the HTPB molecules
is 244.9 K, in reasonable agreement with the specific volume method. As is observed in the
TgHg blended systems, I see that the availability of dihedral rotation is relatively unaffected

by the presence of this POSS species.

(a) (b)

Figure 6.2.16: predicted from the specific volume and Temperature relationship for 10% wt
Tgt-butyls in HTPB (left) and predicted T, from the average number of dihedral rotations
per HTPB molecule (right) at 10% wt POSS.

Surprisingly, I also see that a bilinear relationship exhibited from the dihedral rotation
method when applied to the Tgt-butyls POSS molecules. In figure 6.2.17, I present the
results from the dihedral rotation analysis of Tst-butylg at 10% wt. Here I predict a T, of
268.1 K, however, 10 K above and below this value, there are clear discrepancies from the
bilinear ideal. Although this method does predict a T, in agreement with the other methods,

I interpret this as the sudden availability of certain dihedrals. From the TgHg study, I know
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that the contribution from the POSS cage to the dihedral rotation count is negligible. The
t-butyl functional group introduces two types of dihedral to the molecular structure. The
first type is that which is introduced at the C-C bond at the terminal carbon atom. The
second type relates to dihedral rotation occurring at the Si-C bond. Alternatively, type one
describes the rotation of the methyl groups about the central carbon atom and the second

type describes the rotation of the all three methyl groups about the silicon atom.

Figure 6.2.17: The average number of dihedral rotations per molecule over a range of tem-
peratures for Tgt-butylg molecules in a blended system of at 10% wt POSS.

In terms of packing, this system exhibits similar tendencies to those seen in TgHg blended
systems. At this concentration of POSS, I see that the molecules exhibit increased clustering
on cooling. At approximately 12 and 14 A, at 310 K, I observe initial indication of clustering
behaviour. At 130 K, the G(r) consists of very sharp peaks, indicating very little move-
ment is available to the molecules, but the dominant feature of 12-13 A suggests molecular

association.
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(a) POSS 130 K (b) POSS 220 K

(c) POSS 310 K

Figure 6.2.18: Radial Distribution analysis for Tg¢-butylg molecules at 10% wt POSS at 130,
220 and 310 K.

For these systems, I have also investigated the mean squared displacement. Here, the
10% wt Tgt-butylg blended system exhibits less mobility than its TgHg 10% counter part.
From a sterics perspective, the Tgt-butylg system has much more opportunity to become

entrapped by the HTPB molecules, lending to an overall lower mobility.

(a) HTPB MSD (b) POSS MSD

Figure 6.2.19: MSD data for HTPB (left) and Tgt¢-butylg (right) at 10% wt over a range of
temperatures
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I will now discuss results from the 30% and 50% wt Tg¢-butylg blended systems in tandem
with one another. At 30% wt Tgt-butyls POSS loading, specific volume measurements
predict a T, of 246.1 K as seen in figure 6.2.20a. This value is 9.2 K higher than the
10% wt Tgt-butylg system and 9.3 K higher than the pure POSS system. Similarly to the
TgHg blended system, I observe that increase in POSS concentration results in an increased
predicted T, value though the specific volume method. As shown in figure 6.2.20b, At 50%
wt, I predict a further marked rise to T, to 263.4 K. It should be noted that as the angle
between the trend lines becomes smaller, as a result, measurement error for T, becomes

greater.

(a) 30% Tgt-butyls HTPB blend (b) 50% Tgt-butyls HTPB blend

Figure 6.2.20: Specific volume vs temperature relationship for Tgt-butyls blended in HTPB
311 at 30% (left) and 50% wt loadings.

Through the Dihedral rotation of HTPB analysis method, I am also able to predict a T,
for both the 30% and 50% systems. As shown in figure 6.2.21, I predict Tgs of 253.3 and
253.0 K for the 30% and 50% systems respectively. These values are remarkably similar and

are also relatively close to the 10% predicted T, of 244.9 K.
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(a) 30% Tgt-butyls HTPB blend (b) 50% Tgst-butyls HTPB blend

Figure 6.2.21: The average number of Dihedral Rotations per HTPB molecule at 30% and
50% wt Tgt-butylg POSS loadings

These findings provide a further indication that the HTPB dihedral rotation is not im-
peded by the presence of POSS. Again, for each temperature, the average number of dihedral
rotations are in step for all concentrations. In figure 6.2.22, I present the dihedral rotations
for each C-C bond within the HTPB backbone for all HTPB molecules. As is shown, at
several positions, the HTPB molecules that form part of the Tg¢-butylg blended systems
experience a higher frequency of dihedral rotations than they do in the pure HTPB system.
For example, C-C index 9 and 10. However, this trend is not as distinct as that observed in

the TgHg blended systems.

Figure 6.2.22: The average number of C-C Dihedral rotations that occur along the back
bone of the HTPB molecule at different concentation of Tgt-butylg at 200K. The bond index
relates to the position of the C-C bond in relation to the trans terminus of the molecule

In figure 6.2.23, I present the radial distribution function for 30% (left) and 50% (right)
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wt Tgt-butyls HTPB blended systems. For the POSS molecules, I see similar behaviour to
the TgHg blended systems in that short-ranged peaks suggest some level of agglomeration.
At all three concentrations, two clear peaks are observed at 11 A and 13 A for T = 130,
220 and 310 K. However, the peak heights are significantly lower than those observed in
the TgHg systems and the long range increase in the number peaks with increased POSS
concentration has been lost with the addition of the tert-butyl functional group. While there
is some indication of longer range ordering, with peaks at 18 and 23 A, these features are

very small and broad.
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(a) 30% Tst-butyls POSS 130K G(r) (b) 50% Tst-butyls POSS 130K G(r)
(c) 30% Tst-butyls POSS 220K G(r) (d) 40% Tst-butyls POSS 220K G(r)
(e) 30% Tst-butyls POSS 310K G(r) (f) 50% Tst-butyls POSS 310K G(r)

Figure 6.2.23: Radial Distribution function analysis for Tg¢-butyls in HTPB 311 at 30%
(left) and 50% wt (right) concentration at 130, 220 and 310K.

I have also performed Voronoi analysis of the like neighbours for the HTPB and POSS
molecules. For the TgHg system, I saw for POSS molecules the average number of near
neighbours of approximately 2.0, 5.0 and 8.5 for 10, 30 and 50% respectively. Here, for
Tgt-butyls, I see a clear decrease in these values at all percentages to 0.5, 3.8 and 6.2. Thus,
despite the molecular radius being larger than that of the TgHg system, fewer neighbours

are observed for Tgt-butyls.
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(a) HTPB number of near neighbours (b) POSS number of near neighbours

Figure 6.2.24: The number of like near neighbours for the HTPB (left) and POSS Tyt-
butylg (right) molecules over the course of a cooling sequence determined through voronoi
tessellation diagrams.

6.2.3 HTPB Tgspropyl-methacrylateg blend

To complete my POSS-HTPB nanocomposite blend study, I have also used the much larger
Tgpropyl-methacrylates POSS species. By comparison to the previous two POSS structures
Tgpropyl-methacrylateg has a much larger molecular weight, molecular radius and capacity
for interdigitation. The much longer and sterically cumbersome propyl-methacrylate func-

tional group offers an interesting contrast to the much smaller hydrogen and t-butyl groups.

At 10% wt POSS, from the specific volume method, I predict a T, of 244.5 K as shown
in figure 6.2.25. The Tgpropyl-methacrylateg systems is predicted to have the highest T, at
the 10% concentration as this value is 0.4 and 7.9 K higher than the predicted T, from the
same method for the 10% TgHg and Tgt-butylg, respectively. This value is also 7.7 K higher

than the pure HTPB 311 system.
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Figure 6.2.25: Specific volume vs temperature relationship for Tgpropyl-methacrylateg
blended in HTPB 311 at 10% wt POSS

I have also carried out dihedral rotation analysis for the prediction of Tg. Results from
both the HTPB and POSS molecules are presented in figure 6.2.26. Due to the dihedral
freedom of the propyl linker chain of the propyl-methacrylate functional group, I am able to
use the same methodology for POSS molecules. The predicted value from the HTPB data
is in excellent agreement with the specific volume method, being only 0.4 K higher than the
specific volume predicted Tg. The POSS data, however, over predicts the T, with a value
of 254.3 K.

(a) HTPB (b) POSS

Figure 6.2.26: The average number of dihedral rotations per molecule for HTPB (left) and
Tgpropyl-methacrylateg molecules at 10% wt concentration with a HTPB blend.

In figure 6.2.27 I present the predicted T, from the standard deviation in the moment
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of inertia method for the POSS molecules. Here I predict a T, of 243.6 K. Again this
number is in good agreement with the specific volume method of 244.5 K. This result is
particularly encouraging for the efficacy of this methods for the HTPB and POSS system on
an individual basis. For the pure Tgpropyl-methacrylateg system, as shown in figure 4.2.12, I
predict T, values of 259.1 and 268.1 K for the specific volume and moment of inertia method
respectively. These values denote a decrease in predicted T, values of 14.6 and 24.5 K for

the respective methods with the dispersion within POSS.

Figure 6.2.27: The standard deviation in the moment of inertia of a range temperatures for
Tgpropyl-methacrylates POSS molecules in a HTPB blended system at 10% wt.

Structurally, this system is distinct from the previous 10% blends. In figure 6.2.28, I
present the G(r) for the Tgpropyl-methacrylateg molecules at 130 K. Here, I see two initial
sharp peaks at 9 and 11.5 A. Although these peaks may be indicative of high order packing,
each of these is in fact likely due to the interaction of just two POSS molecules. Because
of the larger number of atoms in Tgpropyl-methacrylateg, I have 13 molecules within the
system. The observed initial sharp peaks within this plot are due to the interactions between

a limited number of molecules.
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Figure 6.2.28: The radial distribution function analysis at 130 K for HTPB 311 (left) and
Tgpropyl-methacrylateg (right) at 10% wt POSS.

In figure 6.2.29, I present the mean square displacement for the HTPB and Tgpropyl-
methacrylates molecules at 10% wt loading. Again, for both molecules, I see very little

movement en masse above and below the Tg.

(a) HTPB MSD (b) POSS MSD

Figure 6.2.29: The mean square displacement for HTPB 311 (left) and Tgpropyl-
methacrylateg at 10% over a range of temperatures

At 30% and 50% wt concentration, I observe an increase in T, from 244.5 K to 249.1 and
250.6 K from the specific volume method as shown in figure 6.2.30. These increases maintain
the trends described for the TgHg and Tgt-butylg systems. This increase, however, is over
a much narrower temperature range than the previous systems, with Tgt¢-butyls blended
systems having the greater T, increase from 236.9 to 263.4 K on changing the POSS wt

percentage from 10% to 50% respectively.
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(a) HTPB Tgpropyl-methacrylates 30% (b) HTPB Tgpropyl-methacrylateg 50%

Figure 6.2.30: The specific volume vs temperature relationship for HTPB Tgpropyl-
methacrylates blends at 30% (left) and 50% (right) loading

For the 30% POSS system, from the number of dihedral rotations method applied to
HTPB, and the standard deviation of the moment of inertia method applied to the POSS
molecules, I predict Tgs of 247.2 and 257.0 K respectively; as shown in figures 6.2.31a and
6.2.31b. Here, the dihedral rotations analysis predicts a T, in much closer agreement to
the specific volume method of 249.1 K. At 50% wt POSS, I predict Tgs of 246.9 and 272.3
K from the respective methods. For the equivalent pure Tgpropyl-methacrylateg system, as
shown in figures 4.2.11b and 4.2.11d in chapter 4, I predict Tgs of 259.1 and 268.1 K from the
specific volume and moment of inertia methodology respectively. Here, the 50% Tgpropyl-
methacrylateg blend has good agreement with the pure system when I consider the standard
deviation method results. However, when blended with HTPB at this concentration, the T,
is reduced by 9.1 K when the specific volume method is employed. Through the blending of
Tgpropyl-methacrylates with HTPB, therefore, the breathing mode of the POSS species no

longer appears to be the dominant molecular mechanism in the determination of Tg.
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(a) Tgpropyl-methacrylates 30% HTPB Dihe- (b) Tgpropyl-methacrylates 30% POSS stan-
dral rotation analysis dard deviation in moment of inertia analysis

(c) Tgpropyl-methacrylates 50% HTPB Dihe- (d) Tspropyl-methacrylates 50% POSS stan-
dral rotation analysis dard deviation in moment of inertia analysis

Figure 6.2.31: Predicted T, from the average number of dihedral rotations per HTPB
molecule (right) and the standard deviation in the moment of inertia of POSS (right) at
30% wt loading (top) and 50% wt loading (bottom)

In addition, as I have also analysed the molecular packing of these systems. For the
POSS molecules of these systems, as shown in figure 6.2.32, I observe amorphous packing.
For both concentrations, I observe an initial exclusion region, due to the effective molecular
radius, until 9.5 A where I see the first peak. The G(r) plots for these systems are qualita-
tively different from those of the previous systems as the interdigitating propyl-methacrylate
functional groups have much higher tendancy to entangle with the HTPB molecules, thereby
reducing the capacity for phase separation. These plots are also very similar to those of the

pure Tgpropyl-methacrylateg system as shown in figure 4.2.14.
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(a) 30% Tgpropyl-methacrylateg 130 K (b) 50% Tgspropyl-methacrylateg 130 K
(¢) 30% Tgpropyl-methacrylateg 220 K (d) 50% Tspropyl-methacrylateg 220 K
(e) 30% Tgpropyl-methacrylateg 310 K (f) 50% Tgpropyl-methacrylateg 310 K

Figure 6.2.32: Radial distribution function analysis for Tgpropyl-methacrylates POSS
molecules at 30% (left) and 50% wt (right) at 130, 220 and 310 K.

Voronoi analysis has also been carried out on these systems. In figure 6.2.33, I present
the average number of like near neighbours for the HTPB and Tgpropyl-methacrylates POSS
molecules at all concentrations. Interestingly, I see that the average number of like neigh-
bours for the POSS molecules is quite similar to that of the Tgt-butylg and TgHg systems.
For a binary amorphous system, it might be expected that these values would be lower.
However, the capacity of these molecules to interdigitate with one another and the POSS

molecules, means they are able to form close contacts with one another through their propyl-
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methacrylate functional groups, despite the separation of their silica cores being spread over
a range of distances. Further more, I see that the number of near neighbours for the HTPB
molecules at 50% wt concentration is significantly lower than that of the 50% TgHg sys-
tem. Again, this feature can be attributed to the degree of interdigitation by the propyl-

methacrylate functional groups.

(a) HTPB Voronoi analysis (b) POSS Voronoi analysis

Figure 6.2.33: The average number of like near neighbours for the HTPB and Tgpropyl-
methacrylates molecules at 10, 30 and 50% wt concentration over the course of a cooling
sequence. These values are determined from Voronoi tesselation diagrams.

Finally, I have analysed the dihedral freedom of the HTPB molecules across all POSS
concentration at 200 K as shown in figure 6.2.34. Here, I see that the dihedral freedom follows
the same trend as bulk HT'PB between indices. Interestingly, I see that the greatest degree
of freedom is observed in the 50% concentration, where the number of dihedral rotations are

mostly higher than within the pure system.
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Figure 6.2.34: The average number of C-C Dihedral rotations that occur along the back
bone of the HTPB molecule at different concentation of Tgpropyl-methacrylateg at 200K.
The bond index relates to the position of the C-C bond in relation to the trans terminus of
the molecule

6.3 Octetraene-POSS Nanocomposite

In addition to HTPB, I have also studied the use of octatetraene as a nanocomposite matrix
with POSS. Octetraene is the smallest molecule with nearly equivalent chemistry to HTPB
which is in condensed phases at standard conditions. I can use it to investigate whether
the phase separation behaviour seen in section 6.2 is significantly influenced by the intrinsic
mobility of the matrix component. Here, therefore, I investigate how the difference in prop-
erties between HTPB and octetraene impact the behaviour of the POSS molecules during
simulation. As discussed, HTPB has a strong tendency to become entangled due to the long
and flexible nature of the molecular backbone containing 36 Carbon atoms from end-to-end.

In contrast, octatetraene is a much shorter and, by nature, a more linear molecule.

The molecular structure for octatetraene is given in figure 6.3.1. This structure has 4 double
bonds at equal spacing within the molecular backbone. This means there are only 3 sites
available for dihedral rotation. Through the use of this molecule, I aim to further understand
the molecular mechanisms that influence the bulk behaviour of POSS containing materials

and how they interact with the matrix of a nanocomposite. For this section of the study, I



CHAPTER 6. POLYMER-POSS BLENDED NANOCOMPOSITES 183

have focused on the all Trans morphology of octatetraene. For comparison, I have also con-

ducted the same types of analyses on pure octatetraene, which I will discuss in the following

NN

Figure 6.3.1: Molecular structure of octatetraene

section.

6.3.1 The Simulation of pure Octatetraene

In the same fashion as my previous simulation studies, this system has 30,000 atoms and
is first annealed at a high temperature before being subjected to a cooling sequence in the
range 400 - 130 K. One key fundamental difference between octetraene and HTPB is that
at standard conditions, octatetraene is a colourless liquid, where as HTPB 311 is a rubbery
material. However, I have identified this species as a viable candidate as according to the
literature, the boiling point of octatetraene is 362.2 K, which is at the upper limit of my

cooling sequence.[151]

From my simulations, I identify what may be considered condensation from the gas phase at
approximately 310 K. In figure 6.3.2a, I present the specific volume temperature relationship
from the simulation of pure octatetraene. Within this plot, I have omitted the values from
300 K upwards as the system is not fully condensed, and the value of the specific volume
is much larger than that of the condensed phase, meaning the bilinear plot that has been
identified would not be visible. As is shown, this system appears to exhibit transition from

liquid to solid behaviour at 244.3 K. Effectively, this is the melting temperature (T),,)

In figures 6.3.2b and 6.3.2c I analyse the standard deviation in the moment of inertia and

average number of dihedral rotations per molecule as a function of temperature. For both
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methods, I am able to retain data through the temperatures where the system is not fully
condensed. Within this region, as shown in the MOI plot, the rate of increase in the change
of shape is reduced. I postulate that this is due to the absence of close packing in none
condensed systems. Close range forces that would be experienced by each molecule on each
molecule are reduced, meaning there is less cause to undergo change in shape. That said,
I do observe an increase in the number of dihedral rotations per molecule. The observed
trend is displacement of the gradient in the condensed phase to a higher order. The overall

gradient is maintained.

(b) ()
Figure 6.3.2: The prediction of the T,, for octatetraene from three different methods.

In figure 6.3.3, I present the average number of C-C dihedral rotations per C-C bond of
the octatetraene molecule at 200, 260 and 320 K. Bond index 2 is the central C-C bond and
index 1 and 3 are the peripheral single C-C bonds. Here, the system is transitioning through
all three states as shown in figure 6.3.2. I observe an interesting paradigm shift in that the

central C-C bond becomes increasingly active as the temperature increases compared to the
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other C-C bonds.

Figure 6.3.3: The average number of dihedral flips for each C-C single bond of the octate-
traene molecule at 200, 260 and 310 K.

In terms of packing, these molecules also exhibit interesting behaviour. In figure 6.3.4, [
present the radial distribution function analysis for octatetraene molecules at 290, 270 and
250 K. At 290 K, the system exhibits amorphous liquid like behaviour with an amorphous
spherical liquid like G(r) curve. as the system is cooled, I begin to see some long range
order being introduced. At 250 K I see a great deal of order. In fact, the structure of these
systems is near crystalline. For all molecules at 250 K, I calculate that the mean eigen-values
from the moment of inertia are 34.2, 883.8 and 910.4, with standard deviation scores of 5.2,
24.1, 23.4 respectively. These results strongly suggest that these molecules are in a linear

conformation and have highly regular packing.
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(a) 290 K (b) 270 K

(c) 250 K

Figure 6.3.4: The radial distribution analysis for octatetraene at 290, 270 and 250 K.

With this fundamental understanding of octatetraene, I now analyse the effect of POSS
incorporation. As I have carried out for the HTPB nanocomposite systems, I have 3 con-
centrations of POSS within each blend, 10%, 30% and 50% wt. Firstly, I will discuss results
from the TgHg blends starting with 10% wt concentration before moving onto the Tgt-butylg

and Tgpropyl-methacrylateg blend.

6.3.2 Octatetraene TgHgs POSS blend

For the 10% wt POSS concentration system, as I have observed for the pure system, during
the early steps of my cooling sequence, the system is not condensed. However this system
does condensed at a higher temperature of 330 K. In figure 6.3.16, I present the predict T,,
from the specific volume method, dihedral rotations method and moment of inertia method,

the latter two of which use the octatetraene data only. As before, I have omitted the data
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points for the specific volume method where the system is not condensed. Here I predict a
T,, of 246.4 K, which is very similar to the pure octatetraene value of 244.3 K. In addition the
other methods are also in agreement with the number of dihedral rotations method slightly

over estimating with a value of 253.0 K.

(b) (c)

Figure 6.3.5: The T,, prediction from the specific volume temperature relationship (a), the
standard deviation in the moment of inertia of octatetraene molecules (b) and the average
number of dihedral rotations per octatetraene molecule (¢) methods for Octatetraene-TgHg

10% POSS wt blends.

Within these data I observe some interesting differences with the pure system. From the
specific volume relationship (figure 6.3.5a) I now see a triple linear pattern. The solid phase
is denoted by red triangles, the second phase is denoted by blue squares and the third phase
is blue stars. After 330 K, the data is omitted as the system is in the gas phase. To try to
understand the means of this behaviour, I first look at the mean square displacement. In

figure 6.3.6 I present the MSD for the octatetraene and POSS molecules. From these data,
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I can see that for the POSS system, between the temperatures of 290 and 280 K, there is a
decrease in the MSD, suggesting that there is a significant loss in the rate of increase in the

mobility for the POSS molecules.

(a) octatetraene (b) TgHg

Figure 6.3.6: The MSD for the octatetraene (left) and TgHg molecules (right) at 10% wt
POSS concentration.

In addition, I have also considered the packing of these molecules. In figure 6.3.7, I
present the radial distribution function of the octetraene and TgHg molecules at 220 and 310
K. Here, the Octetraene data is highly reminiscent of the pure octatetraene system, where at
the higher temperature I have amorphous liquid like behaviour, and at the lower temperature
I have a highly ordered structure. The POSS molecules on the other hand do not present
liquid like behaviour. Instead, there is a very strong peak at 7.5 A that is retained at 220 K.
This peak to be an artefact of the POSS molecules forming agglomerations whilst exhibiting

the high mobility of the gaseous phase and liquid phase.
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(a) Octetraene 220 K (b) POSS 220 K

(c) Octetraene 310 K (d) POSS 310 K

Figure 6.3.7: Radial distribution function for Octetraene (left) and TgHg (right) molecules
at 220 and 310 K at 10% wt POSS loading.

At 30% TgHg POSS, I observe a continuation in the change to the bulk material. As
shown in figure 6.3.8b, this system exhibits the same three phases behaviour as the 10% blend
to produce a T, prediction of 253.6 K. This value is 7.2 K higher than the 10% system and
9.3 K higher than the pure octatetraene system. I also see that this system condenses at
a much higher temperature of 370 K. From the moment of inertia method, I predict a T,,
of 259.2 K. Interestingly, in contrast to the 10% system, this plot follows the trend of the
specific volume relationship, depicting a three phase system. From the dihedral rotations

method I predict a T,, of 253.0 K however I observe a much more linear relationship.
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(b) ()

Figure 6.3.8: The T,, prediction from the specific volume temperature relationship (a), the
standard deviation in the moment of inertia of octatetraene molecules (b) and the average
number of dihedral rotations per octatetraene molecule (¢) methods for Octatetraene-TgHg
30% POSS wt blends.

At a finer level of analysis, in figure 6.3.9, I present the dihedral rotations of each single
C-C bond for octatetraene at 230, 270 and 310 K. For these molecules, similarly to he pure
system, I see that at higher temperatures the central single C-C bond becomes more active
in terms of dihedral rotations. Although the gradient in the number of dihedral rotations per
molecule after T,, is constant with temperature, I see, in figure 6.3.9, that the bulk of the
rotation shifts to the central C-C single bond, in step with the change in the gradient of the
standard deviation in the moment of inertia. This gradient change in the standard deviation
of the moment of inertia and the specific volume temperature relationship is explained by the
shift in the position of higher dihedral rotational freedom. Certainly, if the central C-C bond
becomes more active, a greater amount of mass is covering a larger distance per rotation

than the terminal rotors of the octatetraene molecule. In principle, this would explain the
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arrival of the observed trend.

Figure 6.3.9: The average number of dihedral flips for each C-C single bond of the octate-
traene molecule at 230, 270 and 310 K.

In figure 6.3.10, I present the mean squared displacement. Overall the mobility of the
octatetraene molecules is very similar to the 10% loading system. For the POSS molecules I
see some divergence from the behaviour observed in the 10% system. Here, I see much less

molecular mobility by comparison.

(a) Octatetraene (b) TsHg

Figure 6.3.10: The MSD for the octatetraene (left) molecules and TgHg (right) molecules at
30% wt loading.

The observed molecular mobility can be explained by the packing of the system. In figure
6.3.11 I can see that at 310 K, the octatetraene exhibit liquid like behaviour whilst the POSS
molecules appear to high level packing. The POSS molecules have again agglomerated to
form larger micro-crystallites than in the 10% system. The long range packing indicates that
there is at least one complete layer of POSS molecules within the initial coordination sphere.
As a collected unit, each individual POSS molecule is not as able to exhibit a great deal of

molecular mobility.
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(a) Octatetraene 220 K (b) TgHg 220 K

(c) Octatetraene 310 K (d) TgHg 310 K

Figure 6.3.11: Radial distribution function for octatetraene (left) and TgHg (right) molecules
at 220 K and 310 K at 30% POSS loading.

At 50% TgHg POSS, I observe a continuation of the trends in behaviour. As shown
in figure 6.3.12a, from the specific volume method, I predict a T,, of 252.1 K with the
three phases of the system being exhibited. From the number of dihedral rotations and
moment of inertia method from the octatetraene molecules, I predict T,, of 260.6 and 253.8
K respectively. These temperatures are within 8.5 K of one another. However, the trend
observed from 10% to 30% that the T,, is increasing has stopped. From 30% to 50%, I
observe a decrease of 1.5 K for the specific volume method, and a 1.4 K and 0.8 K increase

for the dihedral and moment of inertia methods respectively.
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(b) (c)

Figure 6.3.12: The T,, prediction from the specific volume temperature relationship (a), the
standard deviation in the moment of inertia of octatetraene molecules (b) and the average
number of dihedral rotations per octatetraene molecule (c) methods for octatetraene-TgHg

50% POSS wt blends.

In figure 6.3.13, I present the mean squared displacement for the 50% TgHg blend. As I
see in the 30% system, the octatetraene molecules exhibit high mobility where as the POSS

molecules are much more restricted in their movement.
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(a) Octetraene (b) POSS

Figure 6.3.13: The MSD for octatetraene (left) molecules and TgHg (right) molecules at 50%
wt loading.

From the radial distribution function analysis of these systems, I can see similar behaviour
to the 30% system. As shown in figure 6.3.14, I see that at 220 K, both systems have long
range ordering in packing that is unique to the molecule type. This suggests that the
systems are highly phase separated and both near crystalline in structure. At 310 K, for
the octatetraene molecules I have a liquid like regime. For the POSS molecules, as I have
seen in the 30% system, the crystal phase has been generated at a higher temperature and

maintained through the cooling sequence.



CHAPTER 6. POLYMER-POSS BLENDED NANOCOMPOSITES 195

(a) Octatetraene 220 K (b) TgHg 220 K

(c) Octatetraene 310 K (d) TsHg 310 K

Figure 6.3.14: Radial distribution function for octatetraene (left) and TgHg (right) molecules
at 220 K and 310 K at 50% POSS loading.

From the number of like near neighbour analysis shown in figure 6.3.15, I see that the
octatetraene molecules remain in close proximity to one another over the course of the
cooling sequence at all temperatures. For the POSS molecules however, I can observe the
agglomeration through the cooling sequence. Even at low concentration, I can observe the
tendency for these molecules to agglomerate until 290 K where the system becomes much

less mobile.
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(a) Octetraene (b) TsHg

Figure 6.3.15: The number of like near neighbours for the HTPB (left) and POSS TgHg
(right) molecules over the course of a cooling sequence determined through voronoi tessella-
tion diagrams.

6.3.3 Octatetraene Tgt-butyls POSS blend

Within the following section, I will present the restults from simulations containing octate-

traene and Tgi¢-butylg molecules at 10, 30 and 50% wt.

At 10% Tgt-butylg, I predict a T, of 242.4, 250.1 and 241.2 K from the specific volume,
dihedral rotation and moment of inertia method respectively. The latter two methods utilise
the trajectory data from the octatetraene molecules only. The specific volume method pre-
dicts values that are in close agreement with the pure and 10% TgHg system which predict
values of 244.3 K and 246.4 K respectively. This system also exhibits similar condensation
behaviour to the TgHg system, forming a liquid phase at 340 K. I also see that this system

has three phases by comparison to the two phases exhibited in the HTPB systems.
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(b) (c)

Figure 6.3.16: The T,, prediction from the specific volume temperature relationship (a), the
standard deviation in the moment of inertia of octatetraene molecules (b) and the average
number of dihedral rotations per octatetraene molecule (c¢) methods for octatetraene-Tgt-

butylg 10% POSS wt blends.

In figure 6.3.17, 1 present the MSD of the octetraene and Tgt-butyls molecules over a
range of temperatures at 10% wt POSS loading. Similarly to the 10% TgHg blended system, I
see that the octatetraene molecules exhibit higher mobility than the POSS molecules. Both
components of the system blends appear to have very similar mobility to the 10% TgHg

blended system.
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(a) Octetraene (b) POSS

Figure 6.3.17: The MSD for the octatetraene molecules and Tgt-butylg molecules at 10% wt
loading.

In figure 6.3.18, I present the radial distribution function analysis for octatetraene and
Tgt-butyly molecules at 220 K and 310 K at 10% wt POSS loading. For the octatetraene
molecules, I see liquid like behaviour at the higher temperature and long range crystalline
packing below the T,,. Here, at 310 K, the Tgt-butyls POSS molecules exhibit a very flat
G(r). From this G(r) data, and through visualisation of the molecular trajectory, I know

that these molecules are in an amorphous arrangement.
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(c) (d)

Figure 6.3.18: Radial distribution function for octatetraene (left) and Tgt-butyls (right)
molecules at 220 K and 310 K at 10% POSS loading.

I now present the 30 and 50% octetraene-Tgt-butylg blended data in tandem with one
another. In figure 6.3.19a and 6.3.19b, I see the specific volume relationship of the 30% and
50% blended systems respectively. For the 30% system, I see a continuation of the behaviour
observed in the 10% system. The predicted T,, is 241.9 K and the system exhibits the
previously described three phases. For the 50% system, I observe a change in the behaviour
of the compressability of the system. Here, the three phase mode has changed to a two phase
system, as [ have observed in the HTPB systems. Interestingly, with this method I predict a
very low T,, of 229.7 K. From the dihedral rotation method, utilising the octatetraene data
only, I predict a T,, of 253.6 and 254.5 K respectively. For both systems, there is a large
disparity of 11.7 K and 24.8 K between the specific volume and dihedral for the 30% and

50% systems respectively. At 30% wt POSS, the standard deviation in the moment of inertia
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describes similar trends as the specific volume as I see three phases. The T,, predicted with
this method is 241.8 K, which is in agreement with the specific volume method value of 241.9
K. At 50%, I see that the three phases is no longer present. Here, I predict a T,, of 231.7

K, which is in good agreement with the specifc volume method of 229.7 K.

(e) (f)

Figure 6.3.19: Three methods used to predict the T,, of the octetraene-Tgt-butylg blended
systems at 30% (left) and 50% wt (right) POSS. The top graphs describe the specific volume
temperature relationship, the middle graph describes the average number of dihedral per
octatetraene molecule and the bottom graphs describe the standard deviation in the moment
of inerta of the octatetraene molecules as a function of temperature.
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In figure 6.3.20, I present the radial distribution function of the octatetraene molecules,
at 220 K and 310 K, at 30% and 50% wt POSS loading. For both systems I see very similar
packing behaviour. At 220 K I see well defined peaks at regular intervals suggesting the
formation of a crystalline structure. At 50% I see a reduction in the intensity of the peaks.

At 310 K, for both blended systems, the octatetraene molecules exhibit liquid like behaviour.

(a) 30% 220 K (b) 50% 220 K

(c) 30% 310 K (d) 50% 310 K

Figure 6.3.20: The radial distribution function analysis of octatetraene molecules at 30%
(left) and 50% (right) Tgt-butyls POSS loading at 220 K (top) and 310 K (bottom).

In figure 6.3.21, I present the equivalent radial distribution function analysis for the POSS
molecules at 30% and 50% wt POSS within the octetraene-Tgt-butylg blended systems.
Within these plots, I can see that both systems at both temperatures have very similar G(r)
curves. There are two well defined peaks at 11 and 13 A and, particulary for the 50% system,
broader secondary peaks at 18 A and 23 A. Similarly to to the octatetraene molecules, these
peaks suggest the formation of crystalline regions. However the nature of the crystal packing

is different between the two systems.
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(a) 30% 220 K (b) 50% 220 K

(c) 30% 310 K (d) 50% 310 K

Figure 6.3.21: The radial distribution function analysis of Tgt-butylg molecules at 30% (left)
and 50% (right) Tst-butyls POSS loading at 220 K (top) and 310 K (bottom).

I have also studied the molecular mobility of these systems. In figure 6.3.22, I present
the MSD data for both octatetraene and POSS molecules at 30% and 50% Tgt-butyls. Here,
I see a less mobile system at 50% wt POSS. I also see a difference in mobility behaviour,
particularly for octatetraene. Within the 30% system, between the temperatures 260 K and
280 K, I see an increase in the MSD, indicating a more rapid increase in the mobility within
this temperature range than between 280 and 310 K. This behaviour is not observed within

the 50% system; instead, I see a much more linear relationship with temperature.
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(a) octatetraene (b) Tgt-butylg

(c) octatetraene (d) Tgt-butylg

Figure 6.3.22: The MSD for octatetraene molecules (left) and Tgt-butyls molecules (right)
over the transition region. The top graphs contains data from the 30% Tgt-butyls system
and the bottom graph contains data from the 50% Tgt-butylg system.

Through like near neighbour analysis from Voronoi tessellation diagrams (figure 6.3.23), I
see that for all POSS concentrations, the octatetraene molecules experience two distinct levels
of likelihood for encountering like molecules. At higher temperatures, where I observe liquid
like mobility, on average, each molecule is in contact with more like neighbours than lower
temperatures. As discussed, from 240 K and below, the octatetraene are in a near crystalline
configuration. This regularity is also present in the molecular structure as each molecule
exhibits a very linear conformation. This regularity in structure explains the observed trend
as the molecules form distinct layers with very little inter-layer penetration. For the POSS
molecules, I observe a gradual increase in the number of like neighbours encountered as
temperature is decreased, until a steady state is achieved. In part, this is likely due to the
gradual agglomeration of the POSS molecules over the course of the simulation. However, as

the packing of the octatetraene molecules becomes more regular, the number of octatetraene



CHAPTER 6. POLYMER-POSS BLENDED NANOCOMPOSITES 204

near neighbours also decreases.

(a) Octatetraene (b) Tgt-butyls

Figure 6.3.23: Near neighbour analysis for octatetraene (left) and Tgt-butylg (right)
molecules from voronoi tessellation diagrams of the molecular structures.

6.3.4 Octatetraene Tgpropyl-methacrylateg blend

The final collection of systems to be studied in this section contain Tgpropyl-methacrylateg
molecules blended with octatetraene at 10%, 30% and 50% wt POSS concentration. The
Tgpropyl-methacrylateg structure has been studied as a pure system in section 4.2.1. These
systems exhibit much more organic/polymeric behaviour by comparison to the TgHg and
Tgtert-butyls. Each propyl-methacrylate group has significant mobility and enables inter-

digitation within the pure system.

At 10% wt Tgpropyl-methacrylateg, from the specific volume method as shown in figure
6.2.25, I predict a T,, of 237.8 K. As is shown in previously discussed octatetraene blended
system, this system also exhibits a gas phase from upward of 340 K. Also, I observe three
phases for this system in the condensed phase. From the standard deviation in the moment
of inertia method, I predict T,, of 224.8 K and 240.3 K for the POSS and octatetraene
molecules, respectively. The agreement between the specific volume method temperature
and octatetraene is an indication of the dominant octatetraene characteristic being exhib-

ited by the system. However, interestingly, the POSS data exhibits the same three phase
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trend. Until now, this is a behaviour I have not observed within these systems. The efficacy
of the number of dihedral rotations method from the octatetraene data seems to be lost as

from this method I predict a T,, of 254.5 K.

(a) (b) Tgpropyl-methacrylateg data

(c) Octatetraene data (d) Octatetraene data

Figure 6.3.24: Prediction of the T,, from the specific volume method, standard deviation
in the moment of inertia and number of dihedral rotations applied to the octatetraene and
Tgpropyl-methacrylateg molecules separately at 10% POSS concentration.

Within these systems, I see the same crystallisation behaviour I have characterised for
the previous octatetraene blended systems. In figure 6.3.25, I present the radial distribution
function analysis for octatetraene molecules and Tgpropyl-methacrylateg molecules. For the
octatetraene molecules, I observe a liquid-like G(r) curve at 310 K and a highly ordered
packing arrangement at 220 K. This is very similar to the previous systems. At this concen-
tration of POSS, I have a very low number of molecules present during the simulation. As
a result the G(r) curve at 220 K has what may appear to be high ordering, however is only

an artefact from the low number of molecules.
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(a) Octatetraene 220 K (b) Tspropyl-methacrylateg 220 K

(c) Octatetraene 310 K (d) Tspropyl-methacrylateg 310 K

Figure 6.3.25: The radial distribution function analysis for octatetraene (left) and Tgpropyl-
methacrylates (right) at 220 K and 310 K.

The molecular mobility for these species are defined in figure 6.3.26. Here, I see that the
behaviour of these systems is very similar to the previously discussed octatetraene blends in
that I see high mobility for the octatetraene molecules and comparatively less mobility in
POSS molecules. At this concentration, I see less mobility than for the smaller TgHg and

Tgtert-butylg species.
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(a) (b)

Figure 6.3.26: The MSD for octatetraene molecules (left) and Tgpropyl-methacrylates
molecules (right).

At 30% and 50% wt Tgpropyl-methacrylateg, I predict a T,, of 220.8 K and 232.7 K
respectively as shown in figures 6.3.27a and 6.3.27b. From this method, as the concentration
of POSS is increased from 10%, I see an intial decrease in the T,, from 237.8 K to 220.8 K
followed by an increase to 232.7 K. interestingly, the behaviour observed for these system
appears to be quite different in that the 30% and 50% blends no longer exhibit the three
phases observed at the 10% POSS level. Furthermore, in figure 6.3.27, I also present the
predicted T,, from the average number of dihedral rotations per octatetraene molecule and
standard deviation in the moment of inertia for all octatetraene molecules as a function of
temperature. Here, I see that for both thee 30% and 50% system, there is little agreement
between the predicted values from the dihedral method and specific volume method. At all
concentrations, I see that from this method, I consistently predict a T,, close to 255 K. From
the moment of inertia method, I see better agreement with the specific volume method as
at 30% and 50% I predict T,, of 232.3 K and 234.4 K. Again, from these plots, I see that
for 30% and 50% POSS, the three phase behaviour is lost.
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(a) Octetraene data 30% POSS (b) Octetraene data 50% POSS
(¢) Octetraene data 30% POSS (d) Octetraene data 50% POSS
(e) Octetraene data 30% POSS (f) Octetraene data 50% POSS

Figure 6.3.27: The predicted T,, for 30% (left) and 50% (right) Tspropyl-methacrylates
loading utilising the specific volume method (top), number of dihedral roations per octate-
traene molecules method (middle) and the standard deviation in the moment of inertia for
all octatetraene molecules method (bottom).

In addition, in figure 6.3.28, I also present the predicted T,, for 30% and 50% Tgpropyl-
methacrylateg blends from the moment of inertia method from the POSS molecule data only.
Here, I predict values of 206.5 K and 215.6 K for 30% and 50% respectively. At the 30%
level, I observe some very interesting behaviour as three phases can be observed in a similar

fashion to that shown in figure 6.3.24b. For both blended systems, the predicted values
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are significantly lower than the specific volume method for the respective systems and pure

Tgpropyl-methacrylateg system.

(a) 30% Tgpropyl-methacrylateg (b) 50% Tgspropyl-methacrylateg

Figure 6.3.28: The predicted T,, from the standard deviation in the moment of inertia
method for 30% (left) and 50% (right) Tspropyl-methacrylates octatetraene blends where
POSS data has been considered only.

In figure 6.3.29, I present the radial distribution function analysis for 30% and 50%
Tgpropyl-methacrylateg octatetraene molecules. To observe the packing behaviour above
and below the T,,, I have analysed these data at 190 K and 310 K. At 30%, I see that the
octatetraene molecules are able to form the the crystalline phase I have seen for the TgHg
and Tgtert-butylg blended systems. However, at 50% Tgpropyl-methacrylateg, at 190 K, I
see that high order for these systems is lost. Instead I see a much more amorphous condensed

system.
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(a) 30% POSS 190 K (b) 50% POSS 190 K

(c) 30% POSS 310 K (d) 50% POSS 310 K

Figure 6.3.29: The radial distribution function of Octatetraene molecules at 30% (left) and
50% (right) Tgpropyl-methacrylateg loading at 190 K and 310 K.

Results from the radial distribution function analysis of the Tgpropyl-methacrylateg
molecules are also presented in figure 6.3.30. At 30% and 50% Tgpropyl-methacrylateg
blends, I have 41 and 74 POSS molecules, respectively. This relatively low number of POSS
molecules means that describing reproducible packing patterns may be difficult. However,
from these data I see that at 190 K, both systems exhibit sharp peaks after 9 A due to the
lack of molecular mobility. The observed void region prior to 9 A is due to the inability for
POSS molecules to be closer than the POSS cage will permit. At 310 K, I see smoother
curves as the molecules are permitted slightly more mobility. However, the curves are fea-
tureless. For the 30% blend, I see a sudden drop at 12 A, however, this is likely due to the

low number of molecules.
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(a) 30% POSS 190 K (b) 50% POSS 190 K

(c) 30% POSS 310 K (d) 50% POSS 310 K

Figure 6.3.30: The radial distribution function of Tgpropyl-methacrylateg molecules at 30%
(left) and 50% (right) Tgpropyl-methacrylateg loading at 190 K and 310 K.

In figure 6.3.31, I present the MSD for the octetraene and Tgpropyl-methacrylateg molecules
at 30% and 50% POSS loading. Here, I see a significant reduction in the octatetraene mo-
bility as the percentage of Tgpropyl-methacrylateg is increased. In addition, I also observe

that the POSS mobility is reduced with concentration increase.
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(a) octetraene (b) Tgpropyl-methacrylateg

(c) octetraene (d) Tgpropyl-methacrylateg

Figure 6.3.31: The MSD for octatetraene (left) and Tspropyl-methacrylateg (right) molecules
as part of 30% (top) and 50% (bottom) POSS blends over a range of temperatures.

The final characterisation of this system is the Voronoi analysis shown in figure 6.3.32.
Here, I see the lowest number of near neighbours observed in all octatetraene blends with
between 9 and 10 being reported for the 50% system. At 30% and 50% I see that although
the number of molecules is relatively small, the POSS molecules are inter-penetrating oc-

tatetraene molecules as the number of near neighbours increases.
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(a) Octatetraene (b) Tgpropyl-methacrylateg

Figure 6.3.32: Near neighbour analysis for Octatetraene (left) and Tgpropyl-methacrylates
(right) molecules from voronoi tessellation diagrams of the molecular structures.

In figure 6.3.33, I present 4 images that illustrate the atomic positions of the pure oc-
tatetraene system and the respective blended systems at 50% wt loading and 130 K. Here,
the impact of POSS functionalisation is evident. In a pure octatetraene system, I see a
highly ordered system. As the complexity in the functional group increases, the crystallinity
in POSS and the octatetraene is gradually lost. Although not perfect, in the tert-butyl

functionalised system, there is still evidence of ordered packing in the octatetraene.
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(a) pure octatetraene (b) 50% TgHg blend

(¢) 50% Tgtert-butylg blend (d) 50% Tgpropyl-methacrylateg blend

Figure 6.3.33: Renderings of blended octatetraene systems at 50% wt POSS concentration
and 130 K.
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6.4 Discussion

Within the previous sections of Chapter 6, I have covered the systematic analysis of HTPB
and octatetraene blended systems with different POSS species at 10%, 30% and 50% wt
POSS. I now discuss the results from these simulations in relation to one another and the

surrounding literature.

In table 6.1, I present a collection of the predicted Tys and T,, for the HTPB and octate-
traene blends. Results from the specific volume method, the number of dihedral rotations per
molecule method and the standard deviation in the MOI from the POSS molecules method

are included.

For the HTPB blended systems, from the specific volume method, the T, value consis-
tently increases with POSS concentration. All blends have a higher T, than the pure HTPB
system. For each blend, there is some good agreement between the specific volume method
and the number of matrix dihedral rotations method. For each of the different POSS species,
the greatest difference between specific volume and dihedral rotation is at 50% POSS concen-
tration, with the dihedral method predicting the lower Ty value. This difference is greatest
for the rigid TsHg POSS. As POSS concentration increases and predicted T, increases, the
contribution of HTPB to the bulk material can be expected to decrease. Thus, there is a

general effect that the addition of POSS character augments the Tg.
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Matrix POSS Species % POSS Specific Vol Matrix nRot POSS MOI

10 244.1 238.5
TS H 30 252 252.4
50 257.6 243.3
10 236.9 244.9
HTPB T8 t-Butyl 30 246.1 253.3
50 263.4 253

TS propyl- 10 244.5 244.9 243.6

methacrylate 30 249.1 247.2 257

50 250.6 246.9 273.3
pure HTPB 0 236.7 233.8
10 246.4 253
T8 H 30 253.6 253
50 252.1 260.6
10 242.4 250.1
Octatetraene T8 t-Butyl 30 241.9 253.6
50 229.7 252.8

TS propyl- 10 237.8 254.5 224.8

methacrylate 30 220.8 254.5 206.5

50 232.7 259.4 215.6

pure

Octatetraene 0 244.3 256.4

Table 6.1: The predicted transition temperatures for HI'PB and octatetraene blended sys-
tems. The final three columns present the T, and T, for HTPB and octatetranen blends from
the specific volume temperature method, number of molecular dihedral rotations method and
standard deviation in the moment of inertia of the POSS molecules respectively.

The octatetraene blended systems exhibit different trends in predicted T,,. For the oc-
tatetraene TgHg blended systems, the specific volume method predicts an increase in T,,
with increasing POSS concentration. However, the Tgt-butylg blended systems exhibit a
decrease in T,, with POSS concentration from 242.4 K at 10% to 229.7 K at 50% POSS.
Tgpropyl-methacrylateg octatetraene blended systems also have a lower T,, than the pure
octatetraene system. Here, the T,, does not linearly decrease with POSS concentration. The
lowest predicted T, is for 30% POSS with a value of 220.8 K. T,,, prediction from the number
of dihedrals of rotations in the octatetraene molecules has proved to be quite unreliable for
these systems. The moment of inertia method for the POSS molecules also predicts low T,,,

which are more consistent with the predicted values from the specific volume method. Such
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low values have not been seen previously for POSS systems in my study. This observation
reflects on the efficacy of my models and the utility of the breathing mode in characterising

flexible POSS systems.

Several of the octatetratene blended systems demonstrate rich phase behaviour. For the
Tst-butylg blended systems, the 10% POSS blend has three phases and the 50% has two
phases, as shown in figure 6.3.24. This three phase system is indicative of a liquid crystal
like regime. Where, at high temperatures, I have an isotropic system, followed by a nematic
phase of extended octatetraene molecules in the intermediate phase and a crystal phase at
the lower temperature. In figure 6.4.1, visualisation of the octatetraene 10% Tgt-butylg
blended system at 200, 260 and 320 K are presented. These images reinforce interpretations
that this system exhibits liquid crystal behaviour, from the configuration snapshots of each
of the three identified phases. At 50%, the bulk material behaves in a bi-phasic manner.
This particular blend is an interesting combination of the two species opening up novel be-
haviour within this system as the single component Tgt-butylg system is incompressible at

this temperature range, resulting in a flat specific volume vs temperature relationship.

Figure 6.4.1: Octatetraene Tgt-butyls 10% POSS blended system at at 200, 260 and 320 K
from left to right respectively.

As shown from figures 6.4.9, 6.4.3, 6.4.4 and 6.4.5, HTPB mobility consistently decreases

with the increased concentration of POSS. The mobility for all of these systems are very low,
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even at 310 K.

Figure 6.4.2: The MSD for pure HTPB 311 at a range of temperatures.

(a) HTPB with TgHs at 10%

(b) Tgt-butyls 10% load (c) Tgpropyl-methacrylateg 10% load

Figure 6.4.3: The MSD for HTPB molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylateg (c) blends at 10% wt POSS.
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(a) TsHg 30% load

(b) Tgt-butyls 30% load (¢) Tspropyl-methacrylateg 30% load

Figure 6.4.4: The MSD for HTPB molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylateg (¢) blends at 30% wt POSS.
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(a) TsHg 50% load

(b) Tgt-butylg 50% load (c) Tspropyl-methacrylateg 50% load

Figure 6.4.5: The MSD for HTPB molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylateg (¢) blends at 50% wt POSS.

In figures 6.4.6¢, 6.4.6, 6.4.7, 6.4.8 I present the equivalent MSD data for the POSS
molecules in the same HTPB blends. Here, similarly to the HTPB molecules, I see that the
POSS mobility decreases on average with increase in POSS concentration. However, at 10%
loading for the TgHg blended system as shown in figure 6.4.6a, I see that the POSS mobility

on is similar to the pure HTPB system.



CHAPTER 6. POLYMER-POSS BLENDED NANOCOMPOSITES 221

(a) TsHg 10% load

(b) Tst-butyls 10% load (¢) Tspropyl-methacrylateg 10% load

Figure 6.4.6: The MSD for POSS molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylateg (¢) blends with HTPB 311 at 10% wt POSS.

(a) TgHg 30% load

(b) Tst-butyls 30% load (¢) Tspropyl-methacrylateg 30% load

Figure 6.4.7: The MSD for POSS molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylateg (¢) blends with HTPB 311 at 30% wt POSS.
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(a) TsHg 50% load

(b) Tst-butyls 50% load (¢) Tspropyl-methacrylateg 50% load

Figure 6.4.8: The MSD for POSS molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylateg (¢) blends with HTPB 311 at 50% wt POSS.

An overview of the octatetranene mobility in different blended systems can be seen in
figure ??. For the pure octatetraene data, the 310 K data point has been omitted as the
system is in a gaseous state. For each system I see that octatetraene mobility decreases with
increasing POSS concentration. The TgHg and Tgt-butylg blends demonstrate similar trends
in octatetraene mobility with temperature. Tgpropyl-methacrylateg blends demonstrate the

lowest octatetraene mobility, however there is still significant mobility within the system.

Figure 6.4.9: The MSD for pure octatetraene at a range of temperatures.
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(a) TsHg 10% load

(b) Tst-butyls 10% load (¢) Tspropyl-methacrylateg 10% load

Figure 6.4.10: The MSD for octatetraene molecules in TgHg (a), Tgt-butylg (b) and Tgpropyl-
methacrylates (c) blends with octatetrane at 10% wt POSS.

(a) TgHg 30% load

(b) Tst-butyls 30% load (¢) Tspropyl-methacrylateg 30% load

Figure 6.4.11: The MSD for octatetraene molecules in TgHg (a), Tgt-butylg (b) and Tgpropyl-
methacrylates (c) blends with octatetrane at 30% wt POSS.
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(a) TsHg 50% load

(b) Tgt-butyls 50% load (c) Tgpropyl-methacrylateg 50% load

Figure 6.4.12: The MSD for octatetraene molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylates (c) blends with octatetrane at 50% wt POSS.

In figure 6.4.13, 6.4.14 and 6.4.15, I present the mobility of POSS molecules in octate-
traene blended systems. Again, the mobility consistently decreases with POSS concentration.
30% and 50% concentrations of TgHg blended systems have significantly lower mobility than
the other POSS species at this concentration. This is a product of phase separation and
POSS crystallisation within this system. Due to this agglomeration, the microcrystallites
mobilise as a large and slow single unit. The equivalent Tg¢-butylg system at 30 and 50%
system demonstrates greater mobility than the TgHg blends. Here, due to the reduced ten-
dency to form aggregates, smaller clusters and individual molecules are able to be more

mobile.
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(a) TsHg 10% load

(b) Tgt-butyls 10% load (c) Tgpropyl-methacrylateg 10% load

Figure 6.4.13: The MSD for POSS molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylates (c¢) blends with octatetrane at 10% wt POSS.

(a) TgHg 30% load

(b) Tst-butyls 30% load (¢) Tspropyl-methacrylateg 30% load

Figure 6.4.14: The MSD for POSS molecules in TgHg (a), Tst-butyls (b) and Tgpropyl-
methacrylateg (c¢) blends with octatetrane at 30% wt POSS.
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(a) TsHg 50% load

(b) Tst-butyls 50% load (¢) Tspropyl-methacrylateg 50% load

Figure 6.4.15: The MSD for POSS molecules in TgHg (a), Tgt-butyls (b) and Tgpropyl-
methacrylates (c¢) blends with octatetrane at 50% wt POSS.

From the Voronoi analysis of these systems, I have demonstrated the propensity for
favourable interaction between the POSS and polymer matrix. In table 6.2, I present the
number of near neighbours for the POSS and matrix of each blend at 130 K. For HTPB
blends, at 10% POSS concentration, the number of near neighbours for POSS is between 22
and 22.5. As POSS concentration increases, the average number of near neighbours decreases.
The Tgpropyl-methacrylateg blended system has the greatest reduction in the number of near
neighbours. This is due to the more favourable interactions between the POSS and polymer,
as the propyl-methacrylate groups are able to inter-penetrate the HTPB molecules. This

trend can also be seen in the octatetraene blended systems.



CHAPTER 6. POLYMER-POSS BLENDED NANOCOMPOSITES 227

Number of Near Neighbours
Matrix POSS Type POSS conc | POSS HTPB
10% 1.8 22.5
TgHg 30% 4.9 20.4
50% 8.6 18.6
10% 0.7 22.2
HTPB 311 Tst-butyls 30% 3.9 18.7
50% 6.3 14.7
10% 1.7 22.4
Typropyl-methacrylateg 30% 5.0 18.5
50% 8.1 13.5
10% 4.0 13.9
TgHg 30% 8.8 13.6
50% 9.7 13.1
10% 1.6 13.4
octatetraene Tst-butylg 30% 5.4 12.1
50% 7.2 10.8
10% 0.0 13.6
Tgpropyl-methacrylateg 30% 4.0 11.3
50% 8.0 9.3

Table 6.2: The number of near neighbours for all components within the blended systems at
130 K from H-stripped structures.

Simulation studies of blended POSS systems by Capaldi et al have described the early
stages of POSS microcrystallite formation in Tgcyclo-pentyls and polyethylene blends.[71]
Cooling sequences from 500 to 300 K have been employed, with analyses being conducted
at these temperatures only. This publication provides excellent insight into the interaction
between the POSS and polymer. Similarly to my work, through the use of MSD analysis,
the mobility of the matrix is shown to decrease with increasing POSS concentration. The
mobility of the matrix tangential to the POSS surface is demonstrated to be greater than
that of the remaining bulk. This study emphasises the critical nature of polymer and POSS
selection for nanocomposite production, as the degree of agglomeration affects the volume
fraction of interfacial matrix and, therefore, fundamentally changes the POSS polymer in-
teraction. Within my work, I have described the observed differences in T, between HTPB

and octetraene blended systems through molecular level analyses. Here, I have observed and
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characterised the formation of microcrystallites of rigid POSS species in both HTPB and
octatetrane blends. For these systems, agglomeration is limited by the POSS concentration
and temperature of the system. The entangled nature of HTPB does not prevent the ag-
glomeration of rigid POSS during simulation as crystallisation is observed in both HTPB

and octatetraene blends at high POSS loadings.

In a more recent study, Jia Xiang-Meng et al have investigated Tgaminophenylg blended
with poly(2-vinylpyridine) (P2VP).[152] Previous experimental work of this system has de-
scribed a significant increase in T, with POSS loading due to favourable POSS-polymer
interaction. The effects of the hydrogen-bonds formed between the POSS and polymer are
observed by running simulations with and without partial charges in parallel. The inclusion
of partial charges leads to a lower degree of penetration into the inner-most region of the
POSS-polymer interface due to the formation of H-bonds further from the POSS center of
mass. When partial charges are included, the mobility of P2VP monomers is reduced up to
20 A from the POSS center of mass. These simulations only contain a single Tgaminophenylg
molecule at the center of the simulation cell with 120 surrounding P2VP chains. Thus, this
study provides an excellent analysis of the fine interactions occurring at the POSS-polymer
interface. However, due to the inclusion of only a single POSS molecule, this study is limited
to consideration of a single concentration. Further aspects such as aggregation cannot be
considered. Within my work, I have characterised the impact of several different blended
POSS species on the identified mode of glass transition in HTPB, the dihedral crankshaft
motion. As I have demonstrated, the Tgpropyl-methacrylateg blended system at 50% load-
ing increases the frequency of dihedral rotation along the HTPB backbone compared to the
pure HTPB 311 system. In contrast to the POSS-HTPB grafted systems, I do not observe

significant local or global reduction of this mechanism for all blended systems on my work.

Throughout this chapter, I have demonstrated the formation of microcrystallites for TgHg
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blends which contribute to the observed low mobility. In HTPB and octatetraene blends, the
lack of interaction between POSS and matrix results in a great deal of phase separation. Ra-
dial distribution function analysis has been utilised and demonstrates the long range order
within these blends at 30% and 50% POSS concentration. Similar trends have been ob-
served in the Tgt-butylg blended systems, although not to the same degree of agglomeration.
Tgpropyl-methacrylateg blends, in contrast, demonstrate a more amorphous arangement,
presenting a greater propensity to interact with both the HTPB and octatetraene matrices.
Despite this increased interaction, the dihedral freedom of the HTPB backbone remains un-
hindered by their presence. In fact, at the highest concentration as shown in figure 6.2.34, I
see that the dihedral rotational freedom is actually increased on average for the 50% blend

system. Despite this, I predict that this system has the highest T, of all concentrations.

Within this section I have conducted a systematic study a variety of POSS-polymer blended
species. I have utilised a number of different analysis protocols to probe the molecular and
macroscale behaviour. The impact per POSS molecule on the glass transition behaviour is
reduced for blended systems compared with grafted ones. However, blended nanocomposite
systems are able to exhibit structures and, thus, material properties that are not accessible

to pure POSS or pure polymer systems.



Chapter 7

Summary, Conclusions and Future

Work

As stated in chapter 1, the aim of this project has been to utilise atomistic MD techniques to
better understand the molecular behaviour of POSS species and elucidate the mechanisms
that give rise to the change in the macroscopic properties of POSS containing materials.
This work has covered a variety of POSS species modelled as pure entities and as part of a

nanocomposite.

Within chapter 4, a number of developments have been undertaken in the context of pure
POSS systems. The systematic study of flexible pure POSS systems has elucidated that
a molecular level feature, namely, the breathing mode, can be used to control the T,. As
discussed in chapter 1, controlling T, in materials can be crucial during development. By
increasing the linker length of octa-methacrylate functionalised POSS species, and thus per-
centage organic character, the Ty decreases. Based on the analyses carried out in this chapter,
this trend can be attributed to the increased capacity of the organic halo surrounding the sil-
ica core to express micro-movements in atomic position. The identification of the breathing

mode has not been previously mentioned within the literature pertaining to POSS systems.

230
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G(r) and MSD analysis has shown that, even at high temperatures, these systems are amor-
phous, highly entangled and the centre of mass for each molecule is locked-in. In simulation
studies, this may result from insufficiently equilibrated systems. However, through the exam-
ination of repeat simulations, this isotropic structure arises from the nature of the molecular
structure. Thus, molecular entanglement is a crucial factor when considering the macroscopic
properties of POSS species containing flexible R groups. Voronoi analysis has demonstrated
that that the degree of entanglement and intermolecular penetration scales with increasing
number of linker length. This work denotes a step forward in the understanding of the

molecular behaviour of amorphous POSS systems.

Morphological contributions have also been studied in the context of molecular behaviour
and macroscopic properties through the analysis of tetra and shuttlecock POSS morpholo-
gies with flexible linkers. For these structural isomers, Similarly to the octa-methacrylate
functionalised counter-parts, the breathing mode plays a critical role in the glass transition
process. As these configurations have been observed within the experimental literature, the
ubiquity of the breathing mode in flexible POSS systems offers experimentalists new per-
spectives on a variety of POSS structures. This is a novel discovery that can be utilised to

access and understand a range of POSS materials with different glass transition temperatures.

By increasing the linker length of tetra-functionalised POSS, diverging trends have been
identified in the predicted T,. For both morphology types, molecular entanglement is ob-
served. However, shuttlecock POSS morphologies undergo preferential stacking at none
functionalised facets. This observation coincides with significantly higher T, for butyl and
pentyl linker length shuttlecock tetra-functionalised POSS. Thus, I can conclude that for
a variety of flexible R group POSS species, the entangled interstitial organic zone between

POSS cores is pivotal for flexible POSS systems to exhibit a glass transition. In addition,
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increasing the consistency of this region throughout the sample results in a lower T, com-

pared to confined regions observed for shuttlecock morphologies.

In addition, from studies on rigid POSS structures at high temperatures, highly ordered
crystalline structures from disordered starting configurations have been observed. Through
the analysis of molecular mobility and rotation, I have characterised the crystallisation tem-
perature for these systems. However, as shown in section 4.3, a small change, such as the
conformation of butyl funtionalising group, can change the fundamental behaviour of rigid
POSS systems. Thus, within this section, the functionalising group isomerism has also been
investigated. These sections have further elucidated the causal link between the molecular
structure, for a range of POSS species, and their macroscopic properties. In accordance with
the aims defined in section 1, a this work contains a comprehensive study of pure POSS
systems in a variety of structural and chemical conformations. This work has identified a
measurable and tunable molecular level feature that can be utilised to control the T of a
system. Such diverse analyses of of pure POSS structures has not been previously reported

in the literature.

Of course, there are an extremely large number of possible POSS structures and nanocom-
posite combinations. However, as this work demonstrates, the principle that T, can be
controlled via the breathing mode of the POSS molecules can be applied to a number of
different structures and morphologies. For researchers in the field, this may prove to be a
useful metric for predicting the outcome of new formulations containing POSS. The ability
to control the thermomechanical properties of a POSS nanocomposite system depend on

understanding the nature of the utilised POSS species.

In order to fulfil the aims given in chapter 1, The study of POSS as part of a nanocom-

posite systems has also been developed within this body of work. I have demonstrated that
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when integrated as pendant groups, POSS species behave as anchoring sites for the polymer
matrix. Similar results have been reported by Bizet et al, who investigated the addition of
cubic POSS pendant groups to polymethyl methacrylate via a methacrylate bridge.[87] This
study concludes that POSS species behave as ’anchoring points’, however only in context of
POSS mobility. From the current study, the scope of this anchoring effect into the polymer
backbone has been determined via the analysis of the dihedral rotational freedom. For these
grafted systems of HTPB and POSS, this results in a significant reduction in the local di-
hedral freedom about the grafting site. Thus, as a result of including POSS species, I have

observed 20-30 K increase in predicted T, from the pure HTPB systems.

In the wider context, this work is important as identification of routes to alter the prop-
erties of polymers, such as HTPB, are necessary to produce superior materials. This may
not only be in the context of material service and properties, but also ease of manufacture
and longevity. This work has shown how a range of POSS molecules impact HTPB molecular

behaviour when incorporated as a grafted component.

Additionally, when incorporated as blended discrete molecules, different regimes of inter-
actions are observed. Here, the dihedral freedom of the HTPB backbone is affected to a
lesser degree by the presence of POSS. In-fact, there is some suggestion that the presence
of POSS may facillitate slightly higher degrees of rotational freedom across certain bonds.
From this work, I have identified that the molecular mobility of the HTPB chains decreases
with increasing concentration of POSS. This is in agreement with the observations of Capaldi
et al, who studied POSS-polyethylene blends.[71] As shown within this work, The impact
of different POSS species and their concentrations can dramatically change the morphology
and properties. For rigid species, at higher concentrations, phase separation often occurs to
produce microcrystallite regions. The formation of these regions is associated an increase in

the predicted T|.
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Further, The same tendency for agglomeration has also been observed in octatetraene blended
systems, a medium with a much lower capacity for entanglement. These systems exhibit a
rich set of behaviour due to the range of mixing and entanglement. These systems have
displayed phase separated co-crystalline compositions of TgHg and octatetraene, and ran-
domised amorphous structures when blended with Tgpropyl-methacrylates. The observed
diversity in behaviours exhibited in these systems speaks to the range of possible arrange-
ments, conformations and applications of these systems. Collectively, this section of work
has elucidated the molecular behaviour of POSS in contrasting matrices. From this section,
it can be concluded that strong effective potentials between rigid POSS species leads to the
formation of microcrystallites at high temperature in polymer matrices. In addition, the
interpenetration, within the matrix, of flexible POSS species promotes randomised distribu-
tions. Also, in matrices containing smaller molecules, the flexible POSS R groups can disrupt
the long range ordered packing of molecules. The glass transition behaviour of blended sys-

tems has been observed as highly sensitive to the nature of the functionalising ligands.

7.0.1 Future Work

This work has demonstrated a range of behaviours that POSS speices are capable of exhibit-
ing. However, there are a few areas that have not been covered in this section that I would

consider for future work:

e Consider the inclusion of dynamic charges. Given more time and computational re-
source, I would have investigated the efficacy of improving the model with dynamic
partial charges. This may result is somewhat better predictions but add significant

computational cost.
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e Investigate cross-linked methacrylate systems. This is one of the feasible states that
POSS can exist in that is not covered within this work. Particularly for HTPB systems,
the change in Ty due to cross-linking POSS and associated molecular mechanism would
be interesting to investigate. In addition, varying the number of cross-linking ligands
would be interesting to observe. This would provide a powerful contrast between

blended, grafted and cross-linked species.

e As mentioned in chapter 2, obtaining experimental samples of POSS that only con-
tain Tg conformations is difficult. Therefore, being able to quantify the difference in
structure-property relationship between Tg, T1g, T2 etc may lead to the capacity to

predict the sensitivity of system properties to the mixing ratios.

e Testing the limitations of the breathing mode. Investigating flexible systems with
different groups, such as aromatic or aliphatic rings, could be used to examine the

limiting factor for this molecular level feature in predicting T,.

e Investigate methods of plasticizing rigid POSS systems. These systems have proved to
have the strongest tendency to agglomerate. The sensitivity for these rigid POSS to

small molecule plasticizer would be an interesting area for future study.

e Investigate unique variants of functionalising R groups. For example, POSS systems
functionalised with liquid crystalline ligands have already been achieved experimen-
tally,[153]. However, hybrid and nano composite behaviours have not been widely
studied. This presents an interesting opportunity to investigate the behaviour of POSS

species at the phase boundaries of liquid crystals.
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atom type

description

c
cl
c2
c3
C:
c=1
c-1
cp
0.2
oh
o_1
sio
he
ho
hsi
osi

sp3 carbon - connect to four C

sp3 carbon -CH - connect to three C
sp3 carbon -CH2 - connect to two C
sp3 carbon -CH3 - connect to one C
end double bond carbon

next to end double bond carbon
carbon of carbonyl (C=0)

aromatic carbon atom

ester group (C-O-C) oxygen

alcohol (-O-H) oxygen

oxygen of carbonyl (C=0)

silicon atom with adjacent oxygen atom
hydrogen atom bonded to carbon
hydrogen atom bonded to oxygen
hydrogen atom bonded to silicon
oxygen atom bonded to silicon

Table A.1: Key to describe all atom types in PCFF
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atom type 1 | atom type 2 | K3 K? K? Ry

c c3 599.34 -1505.31 2719.24 1.53
cl cl 599.34 -1505.31 2719.24 1.53
cl c2 599.34 -1505.31 2719.24 1.53
cl c3 599.34 -1505.31 2719.24 1.53
cl c= 624.7034 | -1746.5583 | 1359.5884 | 1.506
cl he 690 -2075.67 3378.4 1.101
c2 cl 599.34 -1505.31 2719.24 1.53
c2 c2 599.34 -1505.31 2719.24 1.53
c2 c= 624.7034 | -1746.5583 | 1359.5884 | 1.506
c2 cp 643.8042 | -1565.4624 | 2288.6512 | 1.501
c2 he 690 -2075.67 3378.4 1.101
c2 0.2 653.4546 | -1825.5918 | 2756.1332 | 1.43
c2 oh 800.7908 | -2505.5853 | 5252.0568 | 1.42
c3 he 690 -2075.67 3378.4 1.101
c= cl 624.7034 | -1746.5583 | 1359.5884 | 1.506
c= c2 624.7034 | -1746.5583 | 1359.5884 | 1.506
c= c3 624.7034 | -1746.5583 | 1359.5884 | 1.506
c= c= 1090.5326 | -3016.899 | 4902.966 | 1.3521
c= c=1 1087.98 -3714.6075 | 6576.1128 | 1.34
c= he 731.5358 | -2176.6212 | 3126.6484 | 1.0883
c=1 c= 1087.98 -3714.6075 | 6576.1128 | 1.34
c=1 c=1 640 0 0 1.48
c=1 he 731.5358 | -2176.6212 | 3126.6484 | 1.0883
c-1 cl 507.4134 | -1269.111 | 1587.6 1.5202
c1 c= 540.24 -1299.7557 | 1621.4404 | 1.46
c1 o_1 1702.2806 | -5755.4646 | 8643.0636 | 1.202
c1 0.2 734.2962 | -2384.3724 | 4220.9276 | 1.3683
cp cp 941.6722 | -1882.8537 | 5310.538 | 1.417
cp he 745.6502 | -2410.3578 | 3577.2692 | 1.0982
0.2 c2 653.4546 | -1825.5918 | 2756.1332 | 1.43
0.2 c1 734.2962 | -2384.3724 | 4220.9276 | 1.3683
oh ho 1065.0124 | -3848.715 | 8019.0632 | 0.965
sio ¢ 314.0098 | -713.1069 | 1424.1312 | 1.9073
sio c2 314.0098 | -713.1069 | 1424.1312 | 1.9073
sio c3 314.0098 | -713.1069 | 1424.1312 | 1.9073
sio hsi 576.6336 | 0 0 1.463
sio osi 612.2464 | -1552.0272 | 2694.8268 | 1.6562

Table A.2: The force constants for the bond potential within PCFF throughout this thesis.
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atom type 1 | atom type 2 | atom type 3 | K¢ K% KP 0o
c c3 hc 82.906 -31.812 | 20.516 110.77
cl cl cl 79.032 -22.329 | -38.2332 | 112.67
cl cl c2 79.032 -22.329 | -38.2332 | 112.67
cl cl hc 82.906 -31.812 | 20.516 110.77
cl c2 cl 79.032 -22.329 | -38.2332 | 112.67
cl c2 c2 79.032 -22.329 | -38.2332 | 112.67
cl c2 c= 91.4052 | -31.9188 | -39.6484 | 111.76
cl c2 hc 82.906 -31.812 | 20.516 110.77
cl c3 hc 82.906 -31.812 | 20.516 110.77
cl c= c= 87.65 -83.1798 | 4.0224 126.26
cl c= he 60.1888 | -24.2478 | -34.7124 | 117.27
c2 cl cl 79.032 -22.329 | -38.2332 | 112.67
c2 cl c2 79.032 -22.329 | -38.2332 | 112.67
c2 cl c3 79.032 -22.329 | -38.2332 | 112.67
c2 cl c= 91.4052 | -31.9188 | -39.6484 | 111.76
c2 cl c_1 103.9494 | -28.4553 | -43.994 | 108.5295
c2 cl hc 82.906 -31.812 | 20.516 110.77
c2 c2 cl 79.032 -22.329 | -38.2332 | 112.67
c2 c2 c2 79.032 -22.329 | -38.2332 | 112.67
c2 c2 c= 91.4052 | -31.9188 | -39.6484 | 111.76
c2 c2 cp 87.9188 | -25.1772 | -37.3516 | 108.4
c2 c2 hc 82.906 -31.812 | 20.516 110.77
c2 c2 0.2 126.7814 | -40.3539 | 6.66 107.41
c2 c= c= 87.65 -83.1798 | 4.0224 126.26
c2 c= hc 60.1888 | -24.2478 | -34.7124 | 117.27
c2 cp cp 89.4296 | -68.2056 | 0 120.05
c2 0.2 c_1 122.5736 | -86.9358 | 31.9716 | 113.288
c2 oh ho 105.4122 | -36.327 | -39.4724 | 105.8
c3 C c3 79.032 -22.329 | -38.2332 | 112.67
c3 cl hc 82.906 -31.812 | 20.516 110.77
c3 c= c= 87.65 -83.1798 | 4.0224 126.26
c= cl c2 91.4052 | -31.9188 | -39.6484 | 111.76
c= cl hc 82.5568 | -42.8889 | 20.8916 | 110.06
c= c2 cl 91.4052 | -31.9188 | -39.6484 | 111.76
c= c2 c2 91.4052 | -31.9188 | -39.6484 | 111.76
c= c2 hc 82.5568 | -42.8889 | 20.8916 | 110.06
c= c2 oh 92 0 0 110.5
c= c3 hc 82.5568 | -42.8889 | 20.8916 | 110.06
c= c= cl 87.65 -83.1798 | 4.0224 126.26

Table A.3: The force constants for the angles potential within PCFF throughout this thesis

(part 1).
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atom type 1 | atom type 2 | atom type 3 | K¢ K¢ KP 0o
c= c= c2 87.65 -83.1798 | 4.0224 126.26
c= c= c3 87.65 -83.1798 | 4.0224 126.26
c= c= hc 70.5532 | -53.322 -6.486 124.88
c= c=1 c=1 112.96 -48.6849 | -50.5332 | 117.6
c= c=1 hc 70.5532 | -53.322 -6.486 124.88
c= c1 o1 92.12 -55.6389 | -44.3992 | 125.9
c= c1 0.2 136 0 0 120
c=1 c= hc 70.5532 | -53.322 -6.486 124.88
c=1 c=1 c= 112.96 -48.6849 | -50.5332 | 117.6
c=1 c=1 c=1 112.96 -48.6849 | -50.5332 | 117.6
c=1 c=1 hc 70.5532 | -53.322 -6.486 124.88
c1 cl c3 103.9494 | -28.4553 | -43.994 | 108.5295
c1 cl hc 81.2198 | -86.4363 |0 107.7336
c_1 c= c3 72.4 0 0 120
c1 c= c= 132.22 -66.0618 | -60.8532 | 121.1
c1 0.2 c2 122.5736 | -86.9358 | 31.9716 | 113.288
cp cp cp 122.0452 | -104.9793 | O 118.9
cp cp hc 70.3116 | -37.4046 | O 117.94
hc cl cl 82.906 -31.812 20.516 110.77
he cl c2 82.906 -31.812 20.516 110.77
he c2 cl 82.906 -31.812 20.516 110.77
hc c2 c2 82.906 -31.812 20.516 110.77
he c2 cp 88.6468 | -28.3362 | 0 111
hc c2 hc 79.282 -38.763 -9.7272 | 107.66
hc c2 0.2 130.9602 | -31.0494 | 23.5464 | 107.688
he c3 hc 79.282 -38.763 -9.7272 | 107.66
hc c= hc 59.2726 | -37.4559 | -24.8872 | 115.49
hc cp cp 70.3116 | -37.4046 | O 117.94
o1 c1 cl 111.0862 | -51.6369 | 0.5392 123.1451
o1 c1 c= 92.12 -55.6389 | -44.3992 | 125.9
o1 c1 0.2 190.6892 | -96.8607 | 25.5112 | 120.797
0.2 c2 c2 126.7814 | -40.3539 | 6.66 107.41
0.2 c2 hc 130.9602 | -31.0494 | 23.5464 | 107.688
0.2 c1 cl 77.7262 | -11.4969 | -31.9208 | 100.3182
0.2 c1 c= 136 0 0 120
0.2 c1 o1 190.6892 | -96.8607 | 25.5112 | 120.797
oh c2 hc 117.0892 | -32.4264 | -49.6024 | 108.728
osi sio ¢ 46.0436 | -94.1979 | 99.9256 | 114.906
osi sio c2 46.0436 | -94.1979 | 99.9256 | 114.906
osi sio c3 46.0436 | -94.1979 | 99.9256 | 114.906

Table A.4: The force constants for the angles potential within PCFF throughout this thesis

(part 2).
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atom type 1 | atom type 2 | atom type 3 | K§ K¢ KP 0o

osi sio hsi 115.3286 | -31.9518 | 18.5096 | 107.355

osi sio osi 140.6138 | -20.8125 | O 110.693

sio ¢ c3 69.2 0 0 112.3

sio c2 c2 69.2 0 0 112.3

sio c2 hc 60.4962 | -46.5765 | 0 111.536

sio c3 hc 60.4962 | -46.5765 | 0 111.536

sio osi sio 18.148 -58.6728 | 34 157.026

Table A.5: The force constants for the angles potential within PCFF throughout this thesis

(part 3).
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atom type 1 | atom type 2 | atom type 3 | atom type 4 | K¢ Kd K{

c3 c c3 he 0 0.0316 | -0.1681
sio c c3 he 0.158 0.158 | 0.158
c2 cl cl cl 0 0.0514 | -0.143
hc cl cl cl 0 0.0316 | -0.1681
cl cl cl c2 0 0.0514 | -0.143
c2 cl cl c2 0 0.0514 | -0.143
he cl cl c2 0 0.0316 | -0.1681
he cl cl he -0.1432 | 0.0617 | -0.1083
cl cl cl he 0 0.0316 | -0.1681
c2 cl cl hc 0 0.0316 | -0.1681
c2 cl c2 cl 0 0.0514 | -0.143
he cl c2 cl 0 0.0316 | -0.1681
cl cl c2 cl 0 0.0514 | -0.143
c= cl c2 cl 0.0883 | O -0.0198
hc cl c2 c2 0 0.0316 | -0.1681
cl cl c2 c2 0 0.0514 | -0.143
c= cl c2 c= 0 0 -0.316
he cl c2 c= 0 0 -0.1166
c2 cl c2 c= 0.0883 | O -0.0198
he cl c2 hc -0.1432 | 0.0617 | -0.1083
c2 cl c2 hc 0 0.0316 | -0.1681
c= cl c2 he 0 0 -0.1166
cl cl c2 he 0 0.0316 | -0.1681
c-1 cl c3 he -0.0228 | 0.028 | -0.1863
hc cl c3 hc -0.1432 | 0.0617 | -0.1083
c2 cl c3 hc 0 0.0316 | -0.1681
he cl c= c= 0.1143 | 0 0.1854
c2 cl c= c= 0.2433 | 0 0.104
he cl c= he -0.1143 | 0 -0.1349
c2 cl c= he -0.2433 | 0 -0.3281
hc c2 cl cl 0 0.0316 | -0.1681
cl c2 cl cl 0 0.0514 | -0.143
cl c2 cl c2 0 0.0514 | -0.143
he c2 cl c2 0 0.0316 | -0.1681
c2 c2 cl c2 0 0.0514 | -0.143
c= c2 cl c2 0.0883 | 0 -0.0198
cl c2 cl c3 0 0.0514 | -0.143
he c2 cl c3 0 0.0316 | -0.1681
he c2 cl c= 0 0 -0.1166

Table A.6: The force constants for the dihedral potential within PCFF throughout this thesis

(Part 1).
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atom type 1 | atom type 2 | atom type 3 | atom type 4 | K¢ Kd K{
c= c2 cl c= 0 0 -0.316
c2 c2 cl c= 0.0883 | 0 -0.0198
he c2 cl c-1 -0.0228 | 0.028 -0.1863
cl c2 cl c1 0.0972 | 0.0722 | -0.2581
hc c2 cl hc -0.1432 | 0.0617 | -0.1083
c= c2 cl he 0 0 -0.1166
cl c2 cl he 0 0.0316 | -0.1681
c2 c2 cl he 0 0.0316 | -0.1681
he c2 c2 cl 0 0.0316 | -0.1681
c= c2 c2 cl 0.0883 | O -0.0198
cl c2 c2 c2 0 0.0514 | -0.143
c2 c2 c2 c2 0 0.0514 | -0.143
0.2 c2 c2 c2 0 0 -0.25
he c2 c2 c2 0 0.0316 | -0.1681
sio c2 c2 c2 0.158 0.158 0.158
c= c2 c2 c= 0 0 -0.316
he c2 c2 c= 0 0 -0.1166
hc c2 c2 cp -0.0228 | 0.028 -0.1863
hc c2 c2 cp -0.1863 | 0 0.0316
hc c2 c2 cp -0.1863 | -0.1432 | 0.0617
hc c2 c2 cp 0.028 -0.1863 | -0.2802
hc c2 c2 cp 0.028 -0.1863 | 0
hc c2 c2 cp 0.028 -0.1863 | -0.1432
c2 c2 c2 cp 0.158 -0.1432 | 0.0617
hc c2 c2 hc -0.1083 | -0.1432 | 0.0617
hc c2 c2 hc -0.1083 | -0.0228 | 0.028
hc c2 c2 hc -0.1432 | 0.0617 | -0.1083
c2 c2 c2 he -0.1681 | 0 0.0316
c2 c2 c2 he -0.1681 | 0.158 -0.1432
c= c2 c2 he 0 0 -0.1166
cl c2 c2 hc 0 0.0316 | -0.1681
02 c2 c2 he 0 0 -0.25
c2 c2 c2 he 0 0.0316 | -0.1681
c2 c2 c2 he 0.0316 | -0.1681 | 0
c2 c2 c2 he 0.0316 | -0.1681 | 0.158
hc c2 c2 hc 0.0617 | -0.1083 | -0.1432
hc c2 c2 he 0.0617 | -0.1083 | -0.0228
sio c2 c2 he 0.158 0.158 0.158
c2 c2 c2 0.2 0 0 -0.25
he c2 c2 0.2 0 0 -0.25

Table A.7: The force constants for the dihedral potential within PCFF throughout this thesis

(Part 2).
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atom type 1 | atom type 2 | atom type 3 | atom type 4 | K¢ Kd K{
sio c2 c2 02 0.158 0.158 0.158
he c2 c= c= 0 0.1854 | -0.1143
he c2 c= c= 0.1143 | 0 0.1854
oh c2 c= c= 0.211 0.211 0.1143
c2 c2 c= c= 0.2433 | 0O 0.104
cl c2 c= c= 0.2433 | O 0.104
he c2 c= he -0.1143 | 0 -0.1349
cl c2 c= he -0.2433 | 0 -0.3281
c2 c2 c= he -0.2433 | 0 -0.3281
he c2 c= he 0 -0.1349 | 0.13
hc c2 c= hc 0 -0.1349 | 0.1143
hc c2 cp cp -0.0678 | -0.0122 | -0.2801
hc c2 cp cp -0.0678 | -0.0122 | -0.2802
c2 c2 cp cp -0.0678 | -0.0122 | -0.2801
c2 c2 cp cp -0.0678 | -0.0122 | -0.2802
hc c2 cp cp -0.0678 | -0.0122 | 0
hc c2 cp cp -0.2801 | -0.0678 | -0.0122
c2 c2 cp cp -0.2802 | -0.0678 | -0.0122
c2 c2 0.2 c_1 0 0 -0.1932
he c2 02 c-1 0 0 -0.1932
hc c2 oh ho 0.1863 | -0.4338 | -0.2121
he c= cl c2 -0.2433 | 0 -0.3281
c= c= cl c2 0.2433 | 0O 0.104
he c= cl he -0.1143 | 0 -0.1349
c= c= cl hc 0.1143 | 0O 0.1854
hc c= c2 cl -0.2433 | 0 -0.3281
c= c= c2 cl 0.2433 | 0 0.104
he c= c2 c2 -0.2433 | 0 -0.3281
c= c= c2 c2 0.2433 | 0 0.104
hc c= c2 hc -0.1143 | 0 -0.1349
he c= c2 he 0 -0.1349 | 0.13
hc c= c2 hc 0 -0.1349 | -0.1143
c= c= c2 he 0.1143 | 0O 0.1854
c= c= c2 he 0.1854 | 0.211 -0.1143
c= c= c2 he 0.1854 | 0.1143 | 0O
c= c= c2 oh 0.211 0.1143 | 0
c= c= c3 he 0.1143 | 0O 0.1854
c= c= c3 he 0.1854 | 4.075 4.075
c= c= c3 he 0.1854 | 0.1143 | 0O
c.1 c= c3 he 0.211 0.1143 | O

Table A.8: The force constants for the dihedral potential within PCFF throughout this thesis

(Part 3).
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atom type 1 | atom type 2 | atom type 3 | atom type 4 | K¢ Kd K{
c-1 c= c3 he 0.211 0.211 0.211
he c= c= cl 0 5.2097 | 0
c2 c= c= cl 0.086 5.1995 | 0
hc c= c= c2 0 5.2097 | O
c2 c= c= c2 0.086 5.1995 | O
cl c c= c2 0.086 5.1995 | O
c3 c= c= hc 0 5.2097 | 0
cl c= c= he 0 5.2097 | 0
c2 c= c= he 0 5.2097 | 0
he c= c= he 0 4.8974 | 0
hc c= c=1 c=1 4.075 0 4.8974
he c= c=1 hc 0 4.075 0
he c= c=1 he 48974 |0 0.625
he c=1 c= he 0 4.8974 | 0
c=1 c=1 c=1 c= 0.625 0.625 0.625
hc c=1 c=1 c=1 0.625 0.625 0.625
c=1 c=1 c=1 c=1 0.625 0.625 0.625
he c=1 c=1 he 0.625 0.625 0.625
he c=1 c=1 he 0.625 4.075 4.075
c= c=1 c=1 hc 0.625 0.625 0.625
c=1 c=1 c=1 hc 0.625 0.625 0.625
o_1 c_1 cl c2 0.0442 | 0.0292 | 0.0562
02 c-1 cl c2 1.8341 | 2.0603 | -0.0195
o1 c-1 cl c3 0.0442 | 0.0292 | 0.0562
0.2 c_1 cl c3 1.8341 | 2.0603 | -0.0195
o_1 c_1 cl hc -0.1804 | 0.0012 | 0.0371
0.2 c_1 cl hc -0.6359 | 1.4807 | -0.0438
o1 c-1 c= c3 0.45 4.075 4.075
0.2 c_1 c= c3 0.45 0 2.2089
0.2 c_1 c= c3 0.45 0.45 0.45
o_1 c_1 c= c= 0.45 0.211 0.211
o_1 c_1 c= c= 0.45 0.45 0.45
02 c-1 c= c= 0.45 0.45 0.45
o1 c-1 0.2 c2 0 -2.5594 | 2.2013
c= c_1 0.2 c2 0.0325 | 4.075 4.075
c2 cp cp cp 0 4.4072 | 0
hc cp cp cp 0 3.9661 | 0
cp cp cp cp 1.1932 | 0 0
hc cp cp cp 3.9661 | 0 0
c2 cp cp cp 4.4072 | 0 0

Table A.9: The force constants for the dihedral potential within PCFF throughout this thesis

(Part 4).
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atom type 1 | atom type 2 | atom type 3 | atom type 4 | K¢ Kd K{
cp cp cp cp 8.3667 | 1.1932 | 0
cp cp cp hc 0 3.9661 | O
hc cp cp hc 0 1.8769 | 0
c2 cp cp he 0 1.559 0
c2 cp cp hc 1.559 0 0
hc cp cp hc 1.8769 | 0 0
hc cp cp hc 1.8769 | 0 0
cp cp cp hc 3.9661 | 0 0
c_1 0.2 c2 c2 0 0 -0.1932
c1 0.2 c2 he 0 0 -0.1932
c2 0.2 c1 cl -2.5594 | 2.2013 | 0.0325
c2 0.2 c-1 c= -2.5594 | 2.2013 | 0.0325
c2 0.2 c_1 o_1 0 2.2089 | 0
osi sio C c3 0.1111 | 0.1111 | 0.1111
osi sio c2 c2 0.1111 | -1.3513 | 0
osi sio c2 he -0.058 | -1.3513 | O
0si sio c2 he -0.058 | 0.1111 | -1.3513
osi sio c2 hc -1.3513 | 0 -0.058
osi sio c2 he 0 -0.058 | -1.3513
osi sio c2 he 0 -0.058 | 0.1111
osi sio c3 he -1.3513 | 0 -0.058
hsi sio 0si sio 0 0 -0.13
c2 sio osi sio 0 0 -0.13
c sio osi sio 0 0 -0.13
c3 sio osi sio 0 0 -0.13
osi sio osi sio 0.3 0.3658 | 0

Table A.10: The force constants for the dihedral potential within PCFF throughout this

thesis (Part 5).
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atom type 1 | atom type 2 | atom type 3 | atom type 4 | K* Wo
c= cl c= he 4.153 0
c= c2 c= he 4.153 0
cp c2 cp cp 15.6306 | 0
c= c= c2 hc 4.153 0
c=1 c= c=1 hc 41136 | 0
c= c= he he 57122 | 0
c=1 c=1 c= he 4.1136 | 0O
c=1 c=1 c= he 4.1136 | 0O
c=1 c=1 c= he 4.1136 | 0O
c=1 c=1 c=1 he 4.1136 |0
c=1 c=1 c=1 he 4.1136 | 0
c= c=1 hc he 57122 | 0
c= c_1 c3 c= 4.1136 |0
c= c_1 c= c3 4.1136 | 0O
c= c1 c= c3 4.1136 |0
cp cp hc cp 9.7824 |0
c-1 o1 c= 0.2 72 0
c-1 0.2 c= o_1 72 0
c_1 0.2 o_1 cl 93.8528 | 0
c-1 02 o_1 c= 72 0
c_1 0.2 o_1 c= 72 0

Table A.11: The force constants for the inversions potential within PCFF throughout this

thesis (Part 5).
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atom type 1 | atom type 2 | € o

ho ¢ 0.001087 | 3.572755
he ¢ 0.023334 | 3.669091
c c 0.054 4.01

c3 c 0.054 4.01

c2 ¢ 0.054 4.01

cl c 0.054 4.01

c= ¢ 0.058584 | 3.95691
c-1 ¢ 0.079559 | 3.916372
0.2 ¢ 0.101994 | 3.771723
o1 ¢ 0.102122 | 3.737246
oh ¢ 0.106158 | 3.809127
ho cl 0.001087 | 3.572755
he cl 0.023334 | 3.669091
c2 cl 0.054 4.01

c3 cl 0.054 4.01

cl cl 0.054 4.01

c= cl 0.058584 | 3.95691
sio cl 0.060293 | 4.158251
c1l cl 0.079559 | 3.916372
osi cl 0.099071 | 3.751057
0.2 cl 0.101994 | 3.771723
o_1 cl 0.102122 | 3.737246
oh cl 0.106158 | 3.809127
ho c2 0.001087 | 3.572755
he c2 0.023334 | 3.669091
hsi c2 0.024044 | 3.659509
c3 c2 0.054 4.01

c c2 0.054 4.01

c2 c2 0.054 4.01

cl c2 0.054 4.01

c= c2 0.058584 | 3.95691
cp c2 0.058788 | 4.01

sio c2 0.060293 | 4.158251
c-1 c2 0.079559 | 3.916372
osi c2 0.099071 | 3.751057
0.2 c2 0.101994 | 3.771723
o_1 c2 0.102122 | 3.737246
oh c2 0.106158 | 3.809127
ho c3 0.001087 | 3.572755

Table A.12: The force constants for the VDW potential within PCFF throughout this thesis

(Part 1).
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atom type 1 | atom type 2 | € o

hc c3 0.023334 | 3.669091
c2 c3 0.054 4.01

cl c3 0.054 4.01

c3 c3 0.054 4.01

c= c3 0.058584 | 3.95691
sio c3 0.060293 | 4.158251
c-1 c3 0.079559 | 3.916372
osi c3 0.099071 | 3.751057
0.2 c3 0.101994 | 3.771723
o1 c3 0.102122 | 3.737246
oh c3 0.106158 | 3.809127
ho c= 0.001287 | 3.474793
he c= 0.026891 | 3.584244
hsi c= 0.027775 | 3.573462
c c= 0.058584 | 3.95691
c2 ¢ 0.058584 | 3.95691
c3 c= 0.058584 | 3.95691
cl c= 0.058584 | 3.95691
c=1 c= 0.064 3.9

c= c= 0.064 3.9

sio ¢ 0.064362 | 4.114266
c_1 c= 0.087421 | 3.856312
osi c= 0.112077 | 3.675653
0.2 c= 0.114901 | 3.698487
o1 c= 0.115864 | 3.660348
oh c= 0.118739 | 3.739621
hc c=1 0.026891 | 3.584244
hsi c=1 0.027775 | 3.573462
c3 c=1 0.058584 | 3.95691
¢ c=1 0.058584 | 3.95691
c2 c=1 0.058584 | 3.95691
c=1 c=1 0.064 3.9

sio c=1 0.064362 | 4.114266
c-1 c=1 0.087421 | 3.856312
osi c=1 0.112077 | 3.675653
0.2 c=1 0.114901 | 3.698487
o_1 c=1 0.115864 | 3.660348
he c-1 0.038508 | 3.51631
c2 c-1 0.079559 | 3.916372
c3 c1 0.079559 | 3.916372

Table A.13: The force constants for the VDW potential within PCFF throughout this thesis

(Part 2).
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atom type 1 | atom type 2 | € o

sio c_1 0.086259 | 4.081091
c= c-1 0.087421 | 3.856312
c-1 c-1 0.12 3.81

osi c_1 0.157803 | 3.616168
0.2 c_1 0.161173 | 3.640905
o_1 c_1 0.16356 | 3.599544
cp cp 0.064 4.01

ho he 0.001585 | 2.66932
hc hc 0.02 2.995
hsi he 0.021414 | 2.968137
sio he 0.022897 | 3.887505
cl he 0.023334 | 3.669091
c he 0.023334 | 3.669091
c2 he 0.023334 | 3.669091
c3 he 0.023334 | 3.669091
cp he 0.025403 | 3.669091
c= he 0.026891 | 3.584244
c-1 he 0.038508 | 3.51631
oh he 0.061517 | 3.318925
0.2 he 0.064133 | 3.241914
osi he 0.065546 | 3.19693
o_1 hc 0.070088 | 3.165749
sio ho 0.001016 | 3.81679
c3 ho 0.001087 | 3.572755
c_1 ho 0.00189 | 3.394648
0.2 ho 0.003693 | 3.047429
osi ho 0.003929 | 2.985127
o-1 ho 0.004334 | 2.94063
ho ho 0.013 1.098

ho hsi 0.001797 | 2.620425
hc hsi 0.021414 | 2.968137
hsi hsi 0.023 2.94

c3 hsi 0.024044 | 3.659509
cl hsi 0.024044 | 3.659509
c2 hsi 0.024044 | 3.659509
c= hsi 0.027775 | 3.573462
c_1 hsi 0.039862 | 3.504435
oh hsi 0.064227 | 3.303017
0.2 hsi 0.067255 | 3.223991
o1 hsi 0.073884 | 3.14552

Table A.14: The force constants for the VDW potential within PCFF throughout this thesis

(Part 3).



APPENDIX A.

251

atom type 1 | atom type 2 | € o

he o_1 0.070088 | 3.165749
c3 o1 0.102122 | 3.737246
c2 o_1 0.102122 | 3.737246
sio o_1 0.103378 | 3.939226
c= o_1 0.115864 | 3.660348
02 o_1 0.251694 | 3.362674
osi o1 0.252883 | 3.32547
o-1 o1 0.267 3.3

hc 0.2 0.064133 | 3.241914
c3 0.2 0.101994 | 3.771723
c2 0.2 0.101994 | 3.771723
sio 0.2 0.10477 | 3.965889
c= 0.2 0.114901 | 3.698487
c.1 0.2 0.161173 | 3.640905
osi 0.2 0.239539 | 3.385904
02 0.2 0.24 3.42

o1 0.2 0.251694 | 3.362674
ho oh 0.003345 | 3.149798
he oh 0.061517 | 3.318925
c3 oh 0.106158 | 3.809127
sio oh 0.110702 | 3.995176
c1 oh 0.165508 | 3.685277
osi oh 0.236913 | 3.44869
02 oh 0.238824 | 3.479873
oh oh 0.24 3.535
o_1 oh 0.247844 | 3.427538
ho 0si 0.003929 | 2.985127
he osi 0.065546 | 3.19693
hsi osi 0.068941 | 3.177687
c osi 0.099071 | 3.751057
cl osi 0.099071 | 3.751057
c2 0si 0.099071 | 3.751057
c3 osi 0.099071 | 3.751057
cp osi 0.107855 | 3.751057
c= osi 0.112077 | 3.675653
c1 osi 0.157803 | 3.616168
oh 0si 0.236913 | 3.44869
02 osi 0.239539 | 3.385904
osi osi 0.24 3.3

o_1 osi 0.252883 | 3.32547

Table A.15: The force constants for the VDW potential within PCFF throughout this thesis

(Part 4).
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atom type 1 | atom type 2 | € o

ho sio 0.001016 | 3.81679
he sio 0.022897 | 3.887505
hsi sio 0.023485 | 3.880342
cl sio 0.060293 | 4.158251
c sio 0.060293 | 4.158251
c2 sio 0.060293 | 4.158251
c3 sio 0.060293 | 4.158251
c= sio 0.064362 | 4.114266
cp sio 0.065638 | 4.158251
sio sio 0.07 4.284
c_1 sio 0.086259 | 4.081091
osi sio 0.100889 | 3.949867
o-1 sio 0.103378 | 3.939226
0.2 sio 0.10477 | 3.965889
oh sio 0.110702 | 3.995176

Table A.16: The force constants for the VDW potential within PCFF throughout this thesis

(Part 5).
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