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Abstract

This is a report detailing the computational investigation of copolymers containing
carborane and siloxane monomedrsaid in thedesign an industrially relevant material for
use in higmeutron radiave environments.

This includes determining the optimal carborane/siloxane ratio in the designed material
with regards to macroscale #igal properties;with experimentally determined values for
pure siloxane phases reproduceding classical methodS he investigation showghat
increasingcarborane content increases bulk modulus and decrd#ss#dsermal expansion
coefficient, levelling off beyond 50% carborane content. It also inclutles effect of
including specific side groups fmlymer strands iorder toaffect propertiesfor instance, it
is seen that phenyl groups increase the flexibility of the polymer strAfaggside thisthe
report includes he si mul ation of property MfAagtongo; u
model the effect of lgh energy ions travelling through the material following neutron capture
events andab initio simulation of damage to the monomé&msurprisingly, crosslinking sees
a reduction in flexibility leading to an increase in bulk modulus and a decrease imetimeat
expansion coefficientwhilst the changes in vibrational spectra as a result of neutron capture
events are predictediue to changes in bond strength and orbital structure, modes involved
with cage elements move to a higher frequency, aktilnrBodesmove to lower

Finally for thedesigned materiatontextis givenby examining the current state of
the art solid boron carbide, and its remarkable resistance to radiation efadedifferent
forms with experimental theories and mechanisms discussed.

Carborane clusters are further examined in other technological areas: thermal
rearrangements of single carboranes and metaliooraneswith the 40 to 145 kJ/mol
(dependent on mechanisndifference between theoretical and experimental activation
energia rationalisedand investigations aEosahedral boron cluster aniandithium battery

electrolytes where a 8417% i mprovement in |ithium m
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1 Introduction

1.1.1 Objectives
This thesis is a computational investigation into boron clusters in i@tywaof
environmentswith the ultimate ainto design new materialgith industrial relevanceThe
main thrust of the project is to study the effect on bulk physical properties of introducing
carborane entities into siloxane polymer backbones. Thishdil to resolvethe optimal
siloxane/carborane monomer ratio when creating carbaiémene copolymers, with
respect tdavourable physical properties, and boron density, within the industrial context.
The intendedindustrial context is for the materiab tboe used sacrificially in high
neutron radiative environments, taking advantage of the high neadsamption cross section
of 19B. This will reduce the danger of radiation to humans working in these environments by
between 80 times depending on neutrgelocity, and protect equipment
The project will include:
1. The derivation of a forcefield foracboranesiloxanecopolymers
2. The construction of polymer phase®ntaining a usespecified percentage of
carborane monomer, reproducing experimeoibakervables such as density
3. The derivation of physical properties as a function of carborane monomer % in the
sample using molecular dynamics
4. An observation of he change in physical properties when a small percentage of
monomer substitution is performed, for instance, phemgthytsiloxane for
dimethytsiloxane or para- for metacarborangusing the same methods
5. Some study of expected changes in physical pti@segiven its industrial setting, for
instance: the change DFT predictedR spectra for carboranes with boron positions
removed by neutron capture everts,the change imolecular dynamics derived
physical properties for polymers experiencing cilodseng as a result of high energy
lithium ions travelling through the material following neutron capture events.
The project will also contain the study of boron clusters in general, although within the
context of the main investigation. These will inaud
1 The study of the thermal rearrangement mechanism in carboranes, giyenethial
high workingsynthesisemperatureof the materiain industry, and that when these
pol ymers wer e synt hdkeinegityof¢hempcarborameeage al | y :
and the segmental dynamics were found to be significantly reduced at temperatures
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above 580e¢ C, in I'ine with the known <cage
carborane®

1 The study of solid boron carbide underadiation,which, whenembeddedn resin
representshe current statef-the-art material for neutron capturing in high neutron
radiative environments

1 A study on the possibility of usingiB112* in place of BEk in lithium battery
electrolytes, in order to increase power density.
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1.2 Neutron capture properties of boron

The 198 isotope has the highest neutr@sorption crossectionof anylight element
meaning that it is many times more likely to capture neutrons from a neutron flux than

comparable elemerits

Tablel. Showing relative neutroadsorptiorcrosssectiors of common elements and Boron
Element Coefficient (barns)
18 3838
H 0.333
12c 0.0035
150 0.00019

Upon capturing a neutron, &B nucleus will undergo a nuclear reacfion
decomposing intshort rangeparticles a lithium ionand alpha particle, and a percentage of

long range radiatiorgamma raystlie pecentages quoted below are for thermal neutrons):

Scheme 1

94%:P™ ¢ 0 X E®Tr A6 (A8 x A6 r Tt A6
6%P™T £ 0 X e A6 (Ao y A6

The property described above is under investigation in tumour therapy; the kinetic
energies of Li and He produced by this reactiead toa pathlength of 14 pm®, which is
approximatey 1 or 2 human cells. This makes molecular species with a high boron density
ideal for cancer therapy; using Boronophenylalanine (BPA), which is al tdcain barrier
permeableamino acid analogue containing one boron atom, and a source of neutrond focuse
on the tumour, brain tumours have been treated experiméntBiig bulkinessand high
boron contenbf carborane molecules make them ideal for this treatnimégtter molecular
weight moleculespersistin the brain tissue longer than smaller molecljlaadthe forefront
of this field involves usingdrge, caporane unit containinmolecules for tumour therapy

However, the neutron absorbing property*® nuclei, offers a more conventional
use as a sacrificial material in high neutron radiative environments. This could include:
protecting a spaship against neutron and proton radiation from solar flaaéshe emission
end of a neutron diffractometer device to collect undetected netftrand to aid storage and
handling of neutron emitting materials such as wran for the weapons and energy

industries.
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A high 1°B density neutron absorbing material would be of use to several indub#ies
The current industry standards are:(i) boron carbide particles embedded int®, rediich
have a15 %wt boron, and are thick and expen
laid down by CVD in layers, and prone to orientation problénas wel as being expensive
to manufacture. Both materials have low gas permeability, meaning that neutron capture
events lead to helium gas bubbles, and therefore gnéeular cracking

Improving this field would require a cheap, easy to manufactigh °8B density
material. Other desirable properties would include stabtiityfluctuating temperature,
chemical and pressure environmefuise to the expected range of environments it is likely to
experience)gas permeability, and an amorphous strucfur@rder to accommodate helium

gas bubbles produced by the nuclear .reaction
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1.3 Carboranes
With the preceding e c t aimsnnonsnd,carboranes were investigatédiarboranes,
and boron clusters in general, are iagting polyhedral molecular species, with exceptional

stability considering their low packing density:

Figurel. From left: BioH12%, nido-BeH1o, closeBsHe?, para-C;B1oH12 (carborane)White spheres

represent hydrogen, gregrbon, and pink boron.

This stability is afforded by a complex bonding structure; the vertices ghexadal
shapes are occupied bgrbn atoms that are sp hybridis&dvith one sp orbital pointing out
of the cage, making an exohedral bond to a radial atom, andhidrespt orbital directed into
the cage making one very low energy orbital contributed to by every vertex atom. This leaves
2 p orbitals for each vertex atomerpendicular to the radial bonds, which comboenake

several delocalised orbitals extendinguan the surface of the molecule:
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Orbital diagram of BDHI;'
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Figure 2. HartreeFock predicted orbital diagram ofif1:.*, produced using the Gaussian program.
Boron 1s orbitals excluded. Energies are given in hartrees. Degenerate bands have one molecular

orbital diagram pictured that represents the band

The manner in which the orbitals are constructed is reminiscent of diborgdhe jrBwhich
an electron deficiency is overcome by the creation of 3 centre 2 electron bonds, where the s
orbital oo dydboigegi ©ombidobislsswi th two boron

Figure3. The diborane molecule.Bs, displaying the B,orbital as calculated by DMGL
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As suggested, this is a way in which borntainingmolecules make up for electron
deficiency. Boron can also be seen as a bridge between (matailic 2 centre, 2 electron
covalent bonds, and (ii) many centre, gatton metallic bondingn view of the fact that
boron exists on the boundary of metals and-matals in the periodic téd

Given the orbital diagram described kigure 2 (core electrons ignoredjwo more
electrons are required to complete the orbital set. Boron has the atomic configuration
1252pt, and as such contributes 3 valence electrons to molecatating. Hydrogen
contributes 1 s electron, for a total of 48 electrons isHB. As observed, there are 25
molecular orbitals, requiring 50 electrons, sgHB> will exist as a double anion. Another
way to overcome this deficit is by substituting 2 boatems for higher valence atoms, most
commonly carbon (atomic configuration 2282si¥). In this way, thecharge neutral
carborangC:B1oH12, series iglerived aseen inFigure4:

Figure4. The carborane series. Artho-, B: meta, C: para- carborane

The boron clusters identified iRigure 1 include anido-carborane, BHio, which is a
pentagonal pyramidal complex, with one boron vertex missing. For the completion of this
orbital set, 4 electrons are required, provided by foultgomg hydrogens in this example.
Arachne complexes, which have two missing vertices, require six electrons to complete the
orbital set . This system of el ékandissimplgount i
implemented by applying the formulagdoscpolyhedral complexes require 4n+2 electrons,
nido require 4n+4, andrachnorequire 4/6 electrons; whe n is the number of vertices in
the polyhedra.

Medical applications of boron were mentioned in the introduction ofsetson within
the context of brain tumour therapy. Carboraces expand this field dramatically, since the
high chemical stability and hydrophobicity of the molecules give them a low toxicity,

essentiallyequal to thatof salt*'> (LD50 of o-carboran® is 9g/kg, and for caesium
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chloride” and sodium chloridé€ it is 10 and 3g/kg respectively$tudies in man have seen
the molecules excreted in urine promptly. In order to cross the Hbl@iad barrier, organic
groups are bonded via the carbon linkage to facilitate thdusthin. This is an example of
the functionality of carboranes suggested inahjectivesit has been known for some titie

that the lithiation of the &1 bonds in carboranes, and subsequent acidification with carbon
dioxide and work up, yiekla carbon to carbon bond, from which much functionality can be

derived:

HC——CH + 2x»-C,H;Li — LiC CLi <4 2CHy
A4 o/
BioHig BioHjp

HCl
LiC——CLi + 2C0; —>
NG/

ByoHie
HOOCC——CCOO0OH + 2LiCl
o/ '

BipHio
II

Figureb. Carbonrcarbon bond creation in carboratfemage taken from experimental paper.
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1.4 Siloxane polymers

The material uner investigationn this thesiswill be a copolymer of siloxanmonomers
and carboraneontaining monomer unitst is therefore useful to discuss the nature of
siloxane polymers here.

ASiliconeso, or , as they are ials maustrxg o mmon |
siloxares were firstcharacterisethy Kipping in 1904°, althoughL adenbur g&8'in di sco
1871, of an oil that decomposed oThéoygnalt a Av
naming brmat is an analoggf the imagined organic equivalent: ketones, because it was first
t hought t hat the empirical formula RRO6SI O,
double bond, similar to the carbon to oxygen double bond in ketones. As is raoywtlodse
large molecules contain exclusively silicon to oxygen single bonds, forming long chains (or
rings), with the orbital set of silicon atoms being completed by each silicon atom making
single bonds to two capping R groups. There recent ternsiloxane?, is a catenation of
silicon, oxygen and al&ne, describing the three main components of the materials.

Siloxane polymers were originally describe
Kipping?3, but his techniques allowethe useof siloxanes commerciallfor the first timein
the second world wathroughthe use of silicone grease in aeroplane endin&@ver the
following decades many more applications arsaaging fran damping fluid&*, hydraulic
media®, heat transfer medi§ fire retardant€, andliquid dielectricg®. These applications
make use of the high shear modulus, high hydrophobicity, temperature stability, heat release
capacity, insulator and electric susceptibility properties of siloxane polymers respectively.

The commercialsynthesisof siloxane polymerdypically uses the RochdW method,
which creates silane(diol) monomers from methanol, sand and hydiocdat, as outlined
by the reactionbelow.

3[E ¢#® 3Ec#/
# L ( (#IO##1 (/1
BE# #P 3#I1#( VTP | QRONE QO DO i

Scheme 2

A coppercatalyst is used in the final reactidPolymerisation of the dichlordimethyt
silanedescribed is then performed usimgdrolysisprocesses:

3#EID# ( AGARDO o 3IE( #( o (IBE( I ( Scheme 3

Wheren = 20-50. Strand length is increased using a base catalysed gfocess
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(/3B( /1 ( (/3B(C 1 ( o (I3E(C /1 ( (/ Scheme 4

The production of elastomefsom siloxane polymer phases requires crosslinking: the
chemical bonding of independent polyrmatrands. This can be performed through a few
methods; radical catalys&dfor instance by hyrogen peroxideandcondensation catalysed,
by introducing ethanol groups to the end groups of linear stravtush, when exposed to
moisture, bond with nearb$i-OH groups releasing ethanol. 8ttondensation catalysed
method can be improved by the use of crosslinking agents, such as bo¥iccaeating ester
linkages or by additione.g. of cataltic metal groups which create bonds between vinyl
group endblocked strandsr of short polymer strands like poly(vinylmethoxysiloxane), plus
a catalyst like tinf{) 2-ethylhexanoate, to create longer crossfifkseferred to as
condensation curing

Introducing reactive side groups, such as vinyl groups, can also be a route to

crosslinking, as at high temperature, inter straaations occdf.

1.4.1 The study of siloxane polymeexperimentally

The range of characterisation techniques used sitwxane polymers is rich and
varied, and worth discussing withinishsection in order that the computationally derived
physical properties have some analogy with equivalent experimental technkpes.
instance: positron annihilation lifetime spectroscopy (PALS) techniques haveube@rto
study siloxane polymer phases with varying chain length alkyl gfaupsis is a technique
that studies the free volume available in a material by irradiating with positrons, which
combine with an electromore quickly in small voids, where their path length is constrained,
than in larger voidsVoid volume in a material can then be estimated based on positron
lifetime. As will be seen, thisthesis estimates free volume in computatibpaderived
polymer phases using the random placement of points, and checks for overlap with the VDW
radii of atoms, before building up an analogous picture of void volume distribution.

Other methods used to characterise siloxane polymers include:

f studyng volume changes under varying pres&urmechanicalshearstrairt’, and
temperaturé,
calculation of gas permeabilithrough thermal gravimetric analy§i§TGA),
calculating viscosityising surface viscometer technigtfes

estimation ofwater sorptiorthrough swellind!, and rar Infrared spectroscofs

= =4 4 =

the study of changes in bonding nature using Infra red spectrddcopy
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i estimation of glass transition ¢ using calorimetry and dynamictdrsional
analysié* where changes in physical properties with tempegabecur at different

rates above and below.T

1.4.2 Carboranssiloxane copolymers

Thetwo carbon atoms in a carborane molecule allow for bonding with a single sp bond,
and, given the desirable properties outlined siection 1.1.1, there has been some
investigationinto the possibility of substituting carborane molecules for dimethyl siloxane
units in polydimethylsiloxane (siloxane). Carbon atonms carboranes couldhén make
single bonds to silicon atoms and become part pdlgmer strandwhich, when viewed on
the macro scale, represents a material with many useful properties:
Ductil e, mal |l ea b |*materlovithsgsod adbesionmpraperties, of 0.
Stable over a range of theoretically useful temperatebeS e t 0 %6>300¢e C)

Chemically inert, and netoxic,

0N PE

Viscoelastic.

The angle beveen Cradial atom bonds is B& metacarborane, Wich most closely
mi mics ehe¢etidadle dreaperiménmliyabsereed inlthe SD-Si section
being substituted, smea-carborane was chosém order tocause the least disruption to the
local structure.Ortho and para car bor ane have equivalent an
respectively (seeFigure4). A central research drive of this project therefore is to ascertain
how much boron (in the form of carborane units) can be incorporated into a siloxane
polymer, without significantly affecting the useful properties outlined abo®loxane
pol ymers offer an impressive flexibitity, W
which is a result of one of the lowest glass transition temperatures of any polymer. 3ystem
4-125'% Ccompacr7e3de tfoord p a Thesheaonoduluy ik iademendent of
temperature, makingpe materiaparticularly useful in variable tempéuae environments.

Attempts have been made to incorporate carboranes into siloxane polymers in the past,
although computational studies are lacking. In these cases the carborane units have improved
the polymer, by acting as a radiation sink when exposegatoma radiatiol and high
temperaturé’. Carborane units also improve the flammalbffitgharacteristics of siloxane
polymer syst ms , performing wel/l i n blowevdratheighass e nv i
transition temperature is increased, and thermal expansion coefficient decreased, as will be
seen, due to crystalline regions appearing, possibly as a result of electrostedatians

between polametacarborane units and chain oxyg&ns
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Typical synthetic routes to poly(siloxaearborane) polymers include:

1 FeCk catalysed route, reacting bisli-methyltmethoxysilyl)-metacarborane with
di-chlorodi-met hyl si | ane at 1 8 0-knking,vahdi randoms e e s
joining of monomer unifs.

1 A method seeking to avoid crosslinking and side reactions using an alternative
cationic catalyst: antimony pentachloride (S})Git room temperature, producing
equivalent polymers, althouginosslinking again occurs at higher temperature

1 The more hazardous and -aensitive polycondensation technique of
bis(hydroxytdimethylsilylymetacarborane reacting with b{sireido}silane,
which leads to exactly alternating linear polymirs

1 The more green chemistry oriented (ammonia gas evolved, high temperature
avoided HCI not evolvedl condensation of hexamethgyclotrisilazene and
bis(hydroxytdimethytsilyl)-metacarborangt,

1 Anothermethod seeks to create a polymer directly from the carborane unit, by
reacting dilithiocarboranewith dichlorosiloxan&’. However, the polymers
produced are of too low a molecular weight to be of significant use.

This report will assume polymer phases eneated by the Fegfoute, with a random
distribution of monomer units, and hydroxyl terminating groupsanching was not
simulated A N o evidence of branching was observ
polymerisation), suggesting tipelymer was essentiallinearr*®, and a Gaussian distribution

of polymers was simulatefi,o r t h ghaségkee segtion Gh an analogy téigure6:
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Figure6. GPC spectrum of unmodified pe{y-carboranesiloxane)>?,

A few of the &perimental properties for the polymer phases discussed in this section are

given in Table 2, as well ador a material containing a percentage of phenyl and/or vinyl

groups in place of methyl groups on siloxane units.

Table2. Experimentalphysicalproperties of siloxane and carborane substituted siloxane pokm

Property PDMS Carborane Phenyl modified Phenyivinyl
rubber rubber modified rubber

Linear toluene swell (% g 70 dissolves 40 19

thickness) per unit density

Coefficient of Therma| 3.19 1.28 2.59 2.64

expansion(x 104K

% B from Atomic Emissiory 0 28.8 29.5 26.4

spectroscopy

Gl ass transi t]| -115 -39 -35 -35

Mel ting point]| -45 60 - -

Enthalpy of melting (j/g) 22.7 9 - -

It is clear frominitial experimental studies then, that introducing carboranes tmit

siloxane polymers has the effect of lowering the thermal expansion coefficient and increasing

glass transition temperature, whilst incorporating some phenylmethylsilogatent offsets

the change in thermal expansion coefficient, whilst maintaining the glass transition

temperature.
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This thesis willinclude an investigation into the rate, the extent, and the cause of
changes in physical properties such as these, as aofured monomer contentClassical

molecular dynamics and static calculations will be employed to determine these factors.
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1.5 Thermal rearrangement of carboranes

As mentioned earlier in this report, the three possible isomersBabtdi> have an order
of enegy stability where carbon atom separation improves stahitigta CoBioH12 is more
stable tharortho-C2B10H12 and para more stable thameta. This is borne out through
experiment in thabrtho carborane will irreversibly rearrange toetacarboraneat raised

temperatures, andetawill rearrange in a dynamic equilibrium para:

rrrrr

ET®d 00 O o(XQO(ADO (O] ¥ r]wl wo O Scheme 5

In Scheme 5(i) is 675K, and (ii) is 92875K.
This process is important for a numlzgrreasons, beyond academic interest in the
internal workings of these structures:
1 Applications are emerging for carboranes at elevated temperatures, most relevantly
for this thesisin incorporation into siloxane polymers. Knowledge of how molecular
rearraagement might affect macroscale properties, for example in entanglement of
polymer chains, is essential, and control of this process if possible, desirable.
Experimental studies have reported the upper working temperature of polymers to be
at rearrangemenémperature, with rearrangements blamed for polymer failure
1 Carborane complerg of metals appears to lower the rearrangement barrier, to
ambient conditions. This will undoubtedly affect the properties of these complexes,
which is important to catalyti¢. and biological®>°® applications.
f There is evidence to suggest that it is not simply the carbon atoms in carbofanes
or indeed only the carbons of the boron clusters that exhibit rearrange®dids.
superacid applications of [GBH11" may see access to catalytic sites affected by
rearrangemes®®, for example.
Probably as a result of the breadth of areas affected by these processes, there have been
several theoretic?l and experimentaft investigations intothem However, no firm
conclusion has been reachegardingthe mechanism, although much useful information has
been derived. For instance, isotope labelling of boron positions in the carborane systems
showed a completeceambling of positions. This suggests that there may be more than one
mechanism, and/or it may involve more than one boron vertex.

Some of the proposed mechanisms are: Triangle Face Rotation®{TRRgre a
triangul ar face involving one carbon vertej»
relative to each other; Diamoi8huareDiamond (DSDY!, where the central bond in a

diamond of atoms is broken, and the orthogonal bond made, via a square intermediate (this
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mechanism would require several concerted DSD steps to properly remake the icosahedron);
via a cubeoctahedron intermedfdtewhere all vertices become pew@ordinated in the
intermediate and remake the icosahedron; or via aintdamediate with one face openfg

Suggestions for the mechanism have been
problem of orbital symmetry, proposed by Wales in $88as been largely ignored by more
recent papers. Put simply, many of the proposed mechanisms require the breaking of orbital
symmetry: the operations require the p orbitals of boron atoms to move through aheas wit
which they are out of phase. This particularly refers to the delocalised orbitals spread around
the surface of the molecule, a band of four orbitals whichwi £ are degenerate and are
the HOMO (sed-igure?2). In carborane systems, the energy levels are split, but the problem
of out of phase orbital overlap remains.

Further to the thermal rearrangement discussed above, a recudtiatve®
rearrangement is available, to rearramgea carborane back tortho- carborane, via aido-
carborané& intermediate. This processill not be consideredere, but is pertinent when
discussing frontier orbital progression through the thermalaegement process.

Therefore, predicting Transition States (TS) and Intermediates (INT) through
conventional potential energy surface sampling methods appears redundant, as the orbital
symmetry will be decided instantaneously, based on the lowest possigy. For this
reasonab initio MD calculations will be performed, with the wavefunction retained dwer t

course of the calculation

33



Introduction

1.6 Icosahedral boron solids

Boron carbide is a solid based oy BEosaheds connected in hexagonal sheets. These
layers connected via linear chains along the trigonal [001] direction, with one chain per
icosahedron. In the general form, the icosahedra arerits and the chains areE&C units,

making three tetrahedral bonds to icosahedra at either end, as Eegira.

Figure7. General icosahedral solid structtfre

This system does not%, indhatredco chaitosabedraMauitéhdssan r ul e

unpaired electron. As a result the tatrictureof boron carbides disordered, with the extent

of disorder not fully characterisegarbon composition can vaip the range 20 atom

%5859 whilst X-ray experiments do nafistinguish betveen carbon and boron atof)sand

neutron diffraction is ineffective vém analysing boron solids, due to neutron capture events

with 9B nuclei, although enrichment with'B has allowed for some characterisatfon

Theoretically thelowest energy structufeof stoichiometic (CsBi12) boron carbide would

contain solelyCB11 cages, and GB-C chains. This represents the most carbon rich end of the

range, whilst the borerich end has a high proportion of Bcosahedra and-Bracancy}B

chains. However, it is accepted that doenposition of any boron carbide system will include

some GBio, CB11, and B2 cages, and some-B-C, G-B-B, B-B-B, and 2 or 4 atom chaiffs

't is therefore regarded as a dfrustratedo s
Boron carbide is one example of a family of solids based on layers of boron

icosahedra with a double tetrahedraXXor X-B-X chan of hetero atoms. Other examples

include boron phosphidé arsenid®, and oxidé®, as wmror. Boeos carbide is the

most prevalent example of this family, with the most experimental datakleaidue to its

uses in varying fields; for example, as a component in control rods in nuclear réauotdrs

body and vehicle armo(f taking advantage of the high neutron absorption eseston of
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108 and the extreme hardness of boron carbide respect@ehsidering the amount of data
available,it was decided to makieoron carhile the focus of this studyHowever, all of the

solids exhibit the same exceptional resistance to radiapoevious studies in which

ifii cosahedral 0 boron solids are expo®BeRd to re
with 400 keV electron'$, andb-boron bombarded with 160keV*Nons*®®, This is detailed

in Figure8

b

Figure8. Left: Very highresolution transmission electron microscmhows no damage to .
after an intensbombardment (18 electrons/crfis) by 400 keV electrons to a net dose of aboit 10
electrons/crh Right Beta boron before (a) and after (b) bombardment with 160 Kavn, showing

no loss of crystallinity (lattice fringe imagéy

In both cases the radiative impact energiesfive orders of magnitude greater than
common bond dissociation energies, but the crystal steuetppears to remain unaltered in
both cases. When boron carbide is irradiated with thermal neutrons, lithium and helium ions
are produced by neutron capture event®®f which cause bubbles to form in the structure
without affecting nanarystallinity®®®!, although micropores are observed. Amorphisation is
possible, using Hion radiation, which alters the structure chemi®3Jlput 1MeV electron
impacts do not affect the crystal strucfire2MeV impacts are required to induce
amorphisation througalectronimpact.

This resistance of the material to structural damagé&éas attributed to two possible
mechani sms. One theory is that <crystallinit.)
impacted atoms are displaced as positive ions, leaving behind electrons composing the cage
bonding orbitals. Over the timeframeaservation, it is proposedahCoulombic attractions
drive the displaced atom back to its atom%ité&n alternative mechanism is one in which the
displaced atom is incorporated into a nearby chain, whilst the cage is reformed by extracting
an adjacent chain atdfn In this way twelve atom cages are retained, whilst chain disorder is
increased; an effect that would not readily be observed using cryssgliog characterisation

methods given theaccepted disorder in boron carbide chins
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In this thesis, we examine the proposed mechanisms using classicabamitio
computation. Impact events are simuthtesing molecular dynamics, by increasing the
velocity of a targeted bulk atom in a random direction, and the damage sustained by the bulk
solid, after the defect stabilises during the classical MD simulations, is analysedahbsing
initio techniques.

Compuational investigations into the boron carbide surface are absent from the literature,
despite emerging nanotechnology applications of boron carbide particles arftl, wsed as
abrasive shield§, and fibres in ceramic body arm&lrespectively, making use of its ultra
hard properties. Boron carbide thin filfishave also been investigated as potential
photovoltaic devices. Considering t hes, an
resistance to radi@n to bea surface phenomenon, it was decided to also investigate the
boron carbide surface.
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1.7 Lithium battery electrolytes

A further quality of boron cluster derivatives is their rmwordinating nature as
anions; the completed icosahedral orbital isevery stablemeaning that changes to the
electronic structure has a high energy cé¢so, the HOMO is spread across the molecule,
making the negative charge large and difflsading to low coordination with cations. This
characteristic has been dogted in the industrial areas of ionic liqguidsind superacid® and
a logical extension would be for use in lithium batteries.

The efficacy of lithium batteries is in part determined by the rate of diffusion of
lithium ions between electrodes, which is limited by the formation of ion pairgnyr
coordination with counter anions within the electrolyte. The current industry standard is to
use [BR] or [PRs] anions, for their nowoordinating natuf®; accordingly this project will
also include an investigation into the viability ofifB12]% as anionic replacements, using

classical MD.
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2 Theoretical methods

Recent advances itcomputer science, including the installation of supercomputers like
those of HECToOR and Legionyhich have hundreds of cores available for parallelisation
with  OPENMP andthe message passing interface (MRMethods have allowed for
increasingly complex deulations to be performed within a reasonable time. Calculations
within computational chemistry essentiatgquireevaluating the energy of a system based
upon its atomic coordinates. From this calculatimanyother properties can be derived. The
enery of a system can be calculated in two broad ways: classiediodsand quantum
mechanicalor ab initio methods. Classical investigations ignore electronic effects, and
calculate energy using empirically (ab initio) derived mathematicalpotentials which
approximate the interactions of atomic nuclei and electinsnitio methoddreat electronic
interactions explicitly, typically calculatingapproximate solutions to the Schrddinger

equationand are based on quantum mechanics

2.1 Molecular mechaniceethods

Molecular mechanics methods sum the many interactions between particles in a system
via a set of equations that describe the energy of a system as a function of thedparticle
positions. The parameters of the equations are either taken froom@xattefields (in this
project, uff! or pcf®? were used), or created as part of the project to fit to expetal
observablesTherefore e total energy of the systemdh) is given by:

O O O O O O Equation2.1

Where the energy due tootd, angle, torsion, electrostatic and Van der Waals
interactions are given bybkad Eangla Etorsion Echarge Evaw respectively.

The bonded potential fgnd represents the energy required to distort bonded atoms from
equilibrium position. This repomakes use of harmonic and Morse potentials, which were
fittedto vibrational spectra (IR and Raman spectra) of the material in questidmalso takes

guatic potentials from the pcff forcefield, which have been fitted in the same manner

(AOT WOR Aql igg in© Equation2.2
Morse: Qge s o Oqp Q%laain © Equation2.3
Quartic:O 0 i i VI i VI i Equation2.4
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WhereK is the bond stretch constant,is the distance between atomandb, andro
is the equilibrium bond distanc®e is the experimental bond dissociation energy, and
controls the width of the potential, so relates to the vibrational spectra.

The angle potential gggid is @ harmonic function that represents the energy required
to deform three atoms b, andc, (wherea andc are both bonded th), from an equilibium

angle:

: T~ .
Qo ad oo Equation2.5

Where K is the anglheis thetbondtarglei agid hadn st an

equilibrium angle.
The torsion potential (&sion) represents thenergy required to rotate four atoms
through a dihedrahngle viewed down the bond between the central two at@®seen in

Figure9.

A B

Figure9. A: image highlighting the four atoms involved in a torsion term, B: sighting down the bond
between the central two atoms, to show how torsion angleteewed

It is given in thiswork by the triple cosine potential:

Qiiinbypp WEI Lcp wWE(e Ugp WE @ Equation2.6

The long range nebhonded interactions between unbondedratare treated by a

LennardJones potential:

Qoo T- Maa " Aae Equation2.7

The terms in this potenti al represent

nonbonded atomsjad t h e s é&xohange e p o bgraeraéionoThe dispersion term
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is always attractive, and arises from the fact that at a particular moment in time, a dipole is
seen on a neutral, closed shell atom; an electron has to be somewhere at that moment, and
unless it is exactly on the nucleus, there must be a small dipole mhdram nucleus to
electron (this effect is smeared out by studying the atom for even a very short time, as the
electron will move throughout its orbital, creating an isotropic sphere (for an s orbital) of
electron density). However, thestantaneou®ffect of the dipole is correlated on a nearby
atom. Therefore this effect is often referred to as induced dipole interaction, and is
approximatedy , fi

The exchange repulsion term arises from the increase in energy associated with
redistributing electrons that would otherwise be occupying the same region of space. The
exchange part refers to the attractive integral, wisctepresentative ahe antisymmetry
requirement that some electron motion can extend over both molecules/atoms. This is small
compared with the repulsion term, which represents the increase in energy from two electrons
occupying the same region of space. Overall then, the exchepdsion term is repulsive
(increase in energy), and for a spherical atom is proportional to charge overlap, and is
approximated to theerm , 7i

The electrostatic interactions are represented by partial charges on atoms; that is,
ignoring occupabn of orbitals etc., and assigning@uederived fromab initio calculations
that represent each asubtrades fronihegpositive ohargeattrec t r o n
nucleus. Electrostatic interactions c{fg9 can then be calculated using theu®mb
equation:
- bha

et aa
Equation2.8

Whereqf is the charge on atom andUis the dielectric constant. Of course, in a periodic
system of charged atoms, the contribution to total energy by electrostatic interadtesna ta
long distance to converge; while the interaction decreases wtitle number of interacns
increases imperiodic spacetherefore,introducing a cutoff radius will often result in an
unrealistic sudden jump in energy as atoms transgress the cutoff radius. This situation is
addressed using the Ewald sum, which works by converting the Coulomb sum intoiéso ser
that do converge rapidly, one in real space and the other in reciprocal space.

So to split the serielr:
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B 91 P : Qi Equation2.9
I l I

Where™Qi = QiQd i, wh e r e Ewald spldtingt parameterand erfc is the error

function that ensures all the real space interactions converge to 0 within the simulation cell,
which results in the ewald formula:

Y oY YQ Yi QaX¥QQn € awi Equation2.10
WhereU(r) is the real space contributiod(k) is the reciprocal space contributidg(self)is
the particles interaction with itself, and(dipolar) is the dipolar correction term. The

expressions are detailed in tledldwing equations:

vi P g 200 £ 8 Equation2.11
G I €@
T ko) . Equation2.12
vya 2 —AoBD— nnAgDgti d
qV . T
vOR
N , Equation2.13
YI QaQ—= n
n
s o a wy G . Equation2.14
YQQn ¢ a W ni

WhereL=simulation cell lengthand kis the reciprocal lattice vector with,my, n,=0....,Nmax
in K3=2 " n K2%: n

2.2 Electronic structure methods

The termab initio literally translatesa@ f r om t he begi nningodo and
the calculation of observable properties through the knowledge of the interactions between
nuclei and electrons. It will almost always include tq@proximatesolving of the time

independent Schrodingerweation

Equation2.15

Gn % N

Where /1 is the wavefunction that describes the positions of all electrons and nuclei in the

systemE is the energy of the system, aBds the Hamiltonian operator:

[ 0 Y W Equation2.16
& p
WhereV is the potential energy, aficthe kinetic energyperator:
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Y r]'8] Equation2.17
CU ¢
Wherem, is the mass of particle andp is the momentum operator:

n " Equation2.18

WhereV is the gradient operator. This leads to:

C
27 ¢

¢ w Equation2.19
A €
£ QU ¢

All electronic structure methods require some approximations in order to describe the
wavefunction. For instance, an important consideration is the Bdppenheimer
approximation, which states that given the considgrdbgher mass of nuclei when
compared to electrons, it is possible to equate the velocity of the nuclei tovhero
considering electron positions and energies. This effectively removes the kinetic energy
operator for nuclei from the Hamiltoniaas wellas nuclei interactian

A second approximation is that the Hamiltonian is solved independent of time, and
the Schrodinger equation is considered tintependent.

Finally: relativity, the assertion that as particles approach the speed of light, their
mass i ncreases, according to Einsteinds f

core electrons of heavy atoms.

2.2.1 HartreeFock methods

The Schrédinger equation is known as an eigenvalue equation, as an operator (the
Hamiltonian) acts on a functionhgé wavefunction), to produce an eigenvalue (the energy),

and reproduce the functioh i e i g eGeranin@a n s Athe sameo, and

reproduction of the wavefunctianl is importantthen to have a description of the positions

of nuclei and electms in the system, whicconstitutes the wavefunctioiartreeFock
methods involve direct solving of the Schrodinger equation, with electron positions described
exactly. The potential energy operator calculates the potential energy as a function bf spatia
configuration. This is described, more relevantly for this report, by the Fock operator:

F (L0 m)itR(1) U Equation2.20

Wh e riie thelenergy of electranandii(1) is the function describing electroin orbital 1.

Or, more completely:

42



Theoretical methods

"Op Q) g qQ %‘bp 5 (’Q) ‘lpﬁ %ahp

O, P % VP %
TQ.,QQp %P 00 QP 7%q,P
Equation2.21
The first term is a simplified form of the familiar kinetic energy term, whilst the
second term is the coulombic term for the interaction between the electron and nucleus A.
The Coulomb operatdidy), and exchange operat({,), are two electron terms berse the
Coulomb operator expresses theuldmbic repulsions between an electron in orbitgll),
with electrons in every othe,(2):
OgP %65, %ol G i %8G Q 1 %¢,P
|

Pg .
Equation2.22

And the exchange operator takes into account the modification in the energy due to the
effects of spin correlation between lkpin electrons:
0P %P %ol C o %G QT %P
|

NS _
Equation2.23

The exchange apator is a nothocal term, as the wavefunction being operatedton,
needs to be known across all space, as it is included in the infegyaTte Coulombic
operator is a local term, as the only orbital included in the integral across space, i®whatev
the studied electron is interacting with,

Calculating the exact positions of electrons is expensive in terms of computer time, and
for most systems, Density functional theory (DFT) is more appropriate. DFT is a
computational technique wherein thesalute position of each electron is ignored, and all of
the electrorposition dependent parts of the Hamiltonian operator are described by a
probability density of where the electromside

2.2.2 Density Functional Theory (DFT)

As noted above, DFT methods involve evaluating the energy of a system based on the

probability, or electron density, (.rlt)also involves evaluating the Kot8ham effective

potential Ver(r)°3, which is given by:
o - Qi0 ...
e b -0
Wooh | T 10 i
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Wherev(r) is the term for nuclear fieJd U ( & ()rdr i} the{ calombic term, and/x(r) is

the exchange correlation potential, which is at the heart of DFT calculations. It is obtained
from the operation of the exchange only energy functidid], J. A functional is a function

of function, sinceExd } i$ dependent on electron density,which itself is dependent on

distance from the nucleus,From the calculus of functionals:

TQ,a o Equation2.25

G .
So the exchange correlation potential at distarniseequal to the erivative of exchange only
energy functional at density by the density at point The example Kohn used to evaluate
the exchange only energy functional is of a fictitious system called Jellium, often referred to
as the homogenous electron gas. This alassen as it would be a system whgrearies

extremely slowly (or none at all) with position. In this situatitd J i given as:

" -pd QI Equation2.26

0 W
Where(k is exchange correlation energy per electron. This can be separated into exchange

and correlation components,and. TheWis difficult to evaluate but has been done; the

can be written as:

g o 0 Equation2.27
_GJ ” Tﬂ U r ” ‘l O.

The exchange only potential can also be separated in this situation, and is given as:

Equation2.28

This is an example of Local Density Approximation (LDA), where Exgfunctional
is dependent only on the density where the functional is evaluated: the exchamdgtion
energy at point, is considered to be equivalent to the energy of a homogelemtioric gas
with density equal to that at point A more accurate version of DFT is the Generalised
Gradient Approximation (GGA), which is dependent on the gradient of the density where the
functional is evaluatedand is describedor instanceby thePerdewBurke-Ernzerhof(PBE)
functionaP*.

For real calculations, thenergy is evaluated iteratively, analogously to the Hartree

Fock self cosistent field approach, using the following equation:

0O QIQ  &ni REyi MET dgsi sn Equation2.29

44



Theoretical methods

Whereng and nz are the spin up and spin down densities aind 7 is the local
gradient of the density at poinfor the two states.

Initially some guess at density is made, yielding a KBham potential. The Kohn
Sham equation€EQuation2.24 andEquation2.26) are then solved iteratively until the fields
are described setfonsistently, by varying the coefficients of atomic orbitals thaistact
molecular orbitals, evaluate density and calculate energy. This is neces¥aiy)adepends
on the density through thexchangecorrelationpotentialVx(r), itself dependent oWerr).

2.2.3 Basis Sets
Basis sets describe the molecular orbitalguantum mechanical calculations as atomic

functions.Thesewere originally described by Slater type orbitals

Yi  0i Q Equation2.30

Where the radial part is described Iy:a normalising constant, describing the principal
guantum number;, the distance of the electron from
describing theffective charge of the nucleus. Tigsypically approximated by a set of rules

called Slaterds rul es.
Slater type orbitals armost ofterapproximatedn Gaussian fom®,;

. \ . . 0., . Qs , s
GCoalp 1o @ W '@ o & o Q¥ 15 Equation2.31

This is a way of representing probability density, of electrons at distainoe the nucleus
atre. The indiced, j andk are non negative integers abds a positive exponent. Whenj
andk are 0, then the orbital is representative of an s orbital; when ongparfk is 1 then this
represents a p orbital and so on. By representing the basis set in this manner, calculations
avoi dwotthecdr on i n, whkiah makes Slataypebdrbéats @omputationally
unfeasibl&’. Howe\er, it is an approximation; only at certain distances does it map the
density well. For instance, there is no cusp at the nucleus, so accuracy must be improved by
using contracted Gaussians.

A contracted Gaussian is a linear combination of primitive Ganssthat better
approximates the exponential function of a real electron density. The primitive Gaussians that
compose it have their weightings varied by multiplying their contribution by a contraction

constant, which are frozen once the best approximaiosached. Calculations can then use
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these frozen coefficients, making large savings in computer time, with little loss of accuracy,
providing the coefficients are good.

A common notation for Gaussian basis sets ¥ 2G, where X is the amount of
functions used to describe the core electrons, and Y and Z are the amount of contracted and
diffuse functions used to describe the valence electrons respectively.

A further increase in accuracy is afforded by the addition of polarization functions. This
method vorks by adding an element of higher angular momentum number to the basis set,
representing the perturbation of an el ectron
isolation, hydrogen has a spherical electron cloud; irp anblecule, its electron ald is
directed towards the other hydrogen atom. To properly represent this, an element of p
character must be added to an s orbltathe old notation plarization functions for heavy
atoms are indicated by adding an asterisk (*) to the Basis Setonotato asterisks indicate
polarizations on light atoms also, whilst in the newer notation polarisation orbitals are

explicitly stated in brackets after the basis set: i.e. (d,p)

2.2.4 GaussiarPlane WaveGPW) methods

For simple molecular systems, describidgcton density with the above method is

appropriate; however, for more complex periodic systems, there is a significant increase in
the amount of computer power required to describe the dehRsityperiodic systemghen

plane wave¥ represnt an improvement; the orbital wavefunctimndescribed by a series of
plane waves, with frequency the width of a unit cell (for later ease of mathematical

operations):

Equation2.32

The Fast Fourier Transform (FFT) technique simplifies algebraic manipulations of equations

in this form, whilst Basis Set Superposition Error (BSSE) is also avoided; this is where, at
short ranges, overl apping at omons,urfrealistically ons a
decreasing energy. GPWés are al so -patétnhialm p o s i t
to describe the high variance of wavefunctions close to the nucleus, or etasartherof

plane waves required becomes unmanageable.
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2.3 Energy mnimisation

The processes described gactiors 2.1, 2.2.1, and 2.2.2 are different methods for
evaluating the energy of a system described by the Cartesian coordinates of its N particles.
The static potential energy surface of a gystaccordingly is a function of its 3N
coordinates, or, when described by-aatrix, a function of its 3N coordinates.

A description of coordinates, where displacement of any coordinate will result in an
increase in potential enerdye. the second derivative of the position of the particles with
respect to energy is zer®) defined as a minimum. For a maatpm systm, there may be
several minima, of which the lowest energy case is referred to as the global energy minimum,
and otler cases as local minima, corresponding to metastable statestiiferedlemical
species.

In many of the studies in this report, locating the minima of a chemical species,
starting from a nomptimal state is necessargo free energyminimisation, or figeometry
optimisatiord techniques are employed.

The technique used in this report is the NewRaphson method, which calculates
the matrix of the second derivative of the energy with respect to the internal coordinates,
referred to as the Hessian matri unit vector (&) is then followed for each particle k,

defined byEquation2.33;
Q

SO
Wheregk is the first derivative of the energy with respect to particle coordinates. The Hessian

Equation2.33

matrix is then recalculated at this new step until a minima is found.

2.4 Transition state searching

A parallel process to energy minimisation techniquesassition statesearchinga
transition state isdefined as the lowest energy point on the potential enstgface
connecting two minima. Another definitioof a transition states as a saddle point: a
stationary point with one negative frequency altmgvector that connects minima.

The main techniquéor finding transition stateased in this report is thBynchronous
TransitGuided QuasNewton (STQN) nethod, which generates an initial guess for the
transition state as the highest energy point atbegshortest vector connecting two minima.
The transition state is then found by searching for a minimum along a vector perpendicular to

the first generated vector.
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2.5 Molecular Dynamics

Molecular dynamics allows the nuclei in the system to progress acgdadidewtonian laws
of motion:

1. A particle will move in the direction of its momentum unless a force acts upon it.

2. Force is given as a change of momentum.

3. Every action has an equal and opposite reaction.
By giving each nucleus a momentum, decided randonthimthe constraints offered by the
system temperature and the Boltzmann distribution, the nuclei are able to progress over the
potential energy landscape. Forces are derived by atom interaction, offered by any of the
schemes discussed above.

To generabe, a system dfN particles of massn, with forceF, is progressed with

time, t, for a particlei:

04*8 Qi@ Equation2.34

Progression in time involves calculating forces on the partidienat, given coordinates and
vectors, and recalculating coordinates and vectors at ttimeh, whereh is a suitable
timestep. Difficulties arise with this method, since the motion and progression of many
particles are coupled together, with a contiraipatential.

This is overcome by usingsimple time progression algorithrthe Verlet algorithm,
which works by including the forward and backwards steps into the progression. To
accomplish this, a Taylor expansion is us#ekcribing positiorr), velocity (r )pacceleration

(r deic., although conventionally only the third term is used:

g0 Q 100 Qagod ?iaefﬁ) 8
Equation2.35

g0 Q 100 Qagd ?iaefﬁ) 8
Equation2.36

Combining these two equations produces a final progressiom, forand h, giving the

following:

10 Q ¢o 16 Q Moo Equation2.37
Wherea represents acceleration (second derivative).
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The information that can be derived from molecular dynamics calculations will
include the trajectory afells andatoms. For example, trajectories can indicate melting points
and mobilities, which wouldbe u®ful in real world applications, whilst cell volume changes
in response to changes in environment can be indicative of bulk physical proertiess

thermal expansion coefficient and bulk modulus.

2.5.1 Barostat and thermostat

The temperature and press fluctuations in molecular dynamics calculations are pertinent to
real world problems, and are controlled by the internal themna barostat. This report
makes use of the Berendsen examples.
In the thermostat mentioned, the system is coupled totareaxn a-b afiheéat n or d
to maintain a stable temperature. Since the temperature of the system and the kinetic energy
of its components are linked, the thermostat controls temperature by scaling the velocities of

the components:

5 wo
P t O o P
Equation2.38
Where:
” _!Q"Y
q
Equation2.39

Textis the specified target temperature,ik the Boltzmann constaritthe number of degrees
of freedom, knt he ki netic ener gig a gpécified hinee cangtantt fam a n ¢
temperature fluctuations.

In the isotropic NPT regime, the barostat controls the pressure thusly:

~

Q00 0 0 0
Q0 t
Equation2.40
WhereRsi s t he i nst ant aistheobarsstaprelaaaios timeeconstantd Thé)
cel |l size iIs allowed to fluctuate to maintai

cellveecbor s and coord®nates scaled by (

130 ~

-0 pPp —0D 00
.l_
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Equation2.41

Where b is the isother mal compressibility

implementation of this regime).

2.6 Monte Carlo methods

Monte Carlo method are so named, aspfeessnvolved is to sample a space that
does not have an easily defined closed form expression, using many random points,
analogous to playing casino games enough times to understand the probability of winning
them. Within the chemical context, the Monte Carlo methtad e understood by randomly
inserting a molecule with a random orientation into a unit cell, and checking for overlapping
of the t ar geder Waald redusiwitle thas of tMeahost structure. With sufficient
numbers of t ardgteetratid ohovezlappirig onemwerlgpging Molecules will

give an indication of free volume available to solvent molecules in porous structures etc.

2.7 Ab initio MD

The implementation of molecular dynamics based on electronic structure methods is
performed inthe CP2K code usinthe Born-Oppenheimer MD technigie The central tenet
of this technique is that nuclear and electron motion can be separated, gitlee¢harders
of magnitudadifference in velocity, reducing the nucleabtion to a single potential energy
surface. Therefor@otential energies and forces for atoms are evaluated instantaneously at

each timestep, by solving thiene independerSchrdodinger equation.
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3 Methodology

A broad range of system sgeimescals and computational levelare used in this

thesis investigating boron clusters in different environmefitsee methods used to study each

system will be covered in more detail within each section, but generally:

3.1 Classical studies

Geometryoptimisations, leassquares fitting etc. were performed using the GULP ¥8de

using déault parameters unless otherwise stated. Molecular dynamics calculations were
performed using DL_POLY, typically DL_POLY!% (as this offers an improved
parallelisation of the calculation over several nodegjth 1 femtosecond timestep, NPT
ensemble and 1.5 ps thermostat and barostat control. Input files were created using either my
own scripts, or the freeware program ATEN.

3.2 Electronic structure methods

Geometry optimisations and single point calculations were performed using Gau$$jan03
whilst vibrational spectra calculations, molecular dynamics, and potential energy surface
calculations were performed using the CP2K ¢&ug¢DMOLZ]%* hasalso been employed.

In all cases DFT calculatiortgpically usedthe PBE* exchangecorrelation functional and

the 631G* basis set. Input files were created using my own scripts

In all cases, the High Performance Computing cluster Legion was typically used, making
use ofDell C6100 nodeswith six processors per node, for perlgjobs. For serial jobs, the
Faraday cluster was used.
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4 Siloxanecarborane polymers

There are two main ways oépresenting polymer strands in simulatitay having the
polymer repeat infinitely through the walls of a periodic ¥@xor by treating the strands
explicitly®®, Attempts have been made to confine the polymer strands in a solvent box,
therebydiscretelyisolating polymersolvent effects and reducing the complexityaotlysis
of the sysemt%”. However, it is clear that treating the strands expjidiyy generating finite
stranddgs necessary to best predict physical properties.

Creation ofcomputational models gfolymer phases ia complicated process given the
amorphous nature of the systems, and trerainfew freely available programs for the task,
nor indeed an agreed method. The possibility of Monte Carlo insertion of strands into a
largely empty box, and reducing volume ptiene has been suggested as a possible route to
polymer phasé$®, although the entanglement of polymer strands may not be representative
of real systems, and long MD runs may be necessary to equilibrate the system, given the size
of the molecies involved. The amorphous cell builder, as part of the Materials Studio suite
of program&®, adds monomer units sequentially, allowing rotation of the principal polymer
torsion to give the best interaction. A random element is added by accepting or rejecting
interactions given a specified system temperaturetl@mBoltzmann distribution. However,
for rigid, bulky systems or systems with many rings, low density starting positions are again
necessary, as well as long MD runs. This investigatiohmake use of both methods.

The aimsof the following investigation we to create a series of polymer phases
computationally, and to test themsing simulation methoddpr physical properties of
relevance to the industrial context outlined in the introduciitas required the derivation of
a forcefield for carboranesp tcombine with siloxane polymer terms taken from the pcff
forcefield*®. Three methods of generating polymer phases will be discussed, with carborane
monomer content varied in steps of 10%, in order to analyse the effect of carborane content
on bulk physical properties of the designeakenial.

The physical properties referred to includensity,thermal expansion coefficient, bulk
modulus, glass transition temperature and shear modulus, derived either from static second
derivative calculations, or by alysing the atomidrajectoriesand changes in cell volume
obtained from molecular dynamics calculations under varying conditions. These will be
compared with experimentally determined values to show the validity of the techniques, and

be used to indicate an optimal carborane/siloxatme fi@ a given material function.
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Experimentallymeta carborane was chosen ow@tho or para, based on the similarity

of the StO-Si bond angle in siloxane, and the[&ge}Si angle in the carborane monomer

derived experimentallyl17and113e r ctivelp & seen ifrigure 10. The corresponding

angle inorthoandparacarborane i89.6and 18 0 e ,laessep grigureilly e | y

Figurel0. A: Si-O-Si bond in siloxane polymers, B:-iage}Si bond in carborane monomers

Figurell Ortho- (left) andpara- (right) carborane molecules, with the angle subtended by extending
the GH bond vectos indicated

Given the pecealing considerationshé two monomers dealt with in the bulk of this
report are shown inFigure 12, where A isdimethytsilanediol, referred to hereafter as
siloxane monomer, and B lss(hydroxykdimethytsilyl)metacarborangreferred to hereafter

as carborane monomer.
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Figure1l2. A: siloxane monomer, B: carborane monomer

The forcefield terms required for the description of siloxeadorane copolymers,
which are absent from the pcff forcefield andl require fitting areB-H, B-B, B-C, and C
Si bonding term, and nofbonding terms for the new atom type&dd Ceageand Hage AS
will be seen, the changes in energy occurring from rotating aroundaa&i®ond (i.e. a B
C-Si-X torsion, where X is fethyi Or O), are governed solely by electrostatic intéats
betweenoxygen atoms and the highly positively charged boron atoms sandwiched between
carbon atoms.

For this reason, the-B-Si-X was not fitted, whilst angles and torsions between cage
atoms are controlled solely by the bonding terms within the,cagwere likewise not fitted.
For example, for a group of atoms-B2-B3, where Bl is bonded to B2, and B3 is bonded to
B2, aforcefieldterm describing the deviation of the BR-B3 angle willbe described by the
B1-B3 bondng term.
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4.1 Forcefieldderivation

4.1.1 B-B and BC bond stretchinderms; boron carbide

The intracage bonding terms and nbonded terms in carborane complexes were

derived from fitting to the crystal structudaylk modulus and vibrational spectra of natural
boron carbide.

Giventhe broad compositional range of boron carbide samgiesiissed in Chapter
1.6, it was decided to represent the structure using an idealised c@ge, CB-C chan
symmetrical system. The cage carbon atom was placed at the chain borediggu a tsier i al 0
for computational simplicityimplying C1 symmetry

Bonding within and between cages (intt@and intericosahedral bonds), between
chains and cages (chacobsahedal bonds), and chain bonds, was represented by Morse
potentials.For convenience, harmonic angle term was also required for the chain bend, as
were norbonding terms, using Lennaddbnes potentials. Charges were derived at the
Mulliken method inab initio calculations on the boron carbide systd@imese were performed
using the CP2K cod® and produced the chargdsscribed in the following figure and
table

Figure13. Motif of C3B1, with atomtypes labelled
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Table3. Charges and atomtypes in boron carbide miatifelled inFigure13
Atomtype Charge (ge)
C1 -0.896
B3 0.700
C3 -0.680
C4 -0.576
Bl 0.197
B2 0.078
B4 0.078
B5 0.078

The presence of so many atomtypes is necessary to differentiate between inter and
intra icosahedral bonds; a #2 interaction is inter icosahedrfdr example, while BB*

(where B* represents BIB3, B4 or B5) is intra. However, B2 B4 and B5 atoms are
considered equivalent in a chemical sense.Figire 13 shows, the negative charge is
localised at the tetrahedral bonding sites, consistent with the higher electronegativity of
carbon atoms, and the more covalent nature of the bonds they are involwedigtinction

from the delocalised bonding of the cages)

Fitting was performed on this structure, on a 6x6x3 supercell, with irpgaameters
chosen from the OPLS forcefiéld, and a fitting process was conducted using the least
squares fitting algorithm in the GULP prograhitting was performed to the experimental
bulk modulus, 240 GP¥, as well as the vibrational spectrof natural boron carbide. The
fitting procedure produced tliercefieldin Table4:

Table4. Boron carbide forcefield
Bonded terms (Morseoulombsubtractell

parameters D (eV) a(A?h ro(A)

B-Bintra 1.500 1.780 1.758

B-Cintra 1.845 1.795 1.757

B-Binter 0.810 1.5 1.715
Bcage Cretra 1.440 1.880 1.605
CeageCtetra 1.440 1.880 1.605
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CietrarBchain 1.445 1.865 1.4332
Angle term (harmonic)
parameters Kd d (degrees
C-B-Cchain 10.0 180.0
Non bonded terms (Lennard Jones, combination rules apply)

parameters g AX U (eV)

C 4.01 0.0052

B 4.0495 0.00815

The constant volume optimisation of the experimental structure with this forcefield has a
maximum absolute internal derivative of <0.001, suggesting a strong correlation to crystal
structure.The minimumenergy structure, wherptmised in GULP at constant pressure, has
the cell parametera=5.88%, c=12.074. Experimentally the lattice constants vary with
carbon content and method of preparation. Towards the higher end of carbon content
(roughly forx O 2, wher e alometry is Bswa)tlatiice parameters lie in the
rangesa=5.5915.653% and ¢=12.05912.16RA 70114115 Qur ¢ parameter lies within the
reported range,lhough thea parameter is slightly larger. However it sholile borne in
mind that ours is an idealisesfructure with maximum C content and overall composition
C3B12. In reality high carbon content is believed to correlate to a high number of boron chain
vacancies and other defects. The larger simulated cell volume is thus not inconsistent with the
assumptions made in our structural model.

The bulk modulus for this systemas 240.8 GPaas calculated by GULRnd the
vibrational spectra is comparederperiment irFigure14.

The forcefield also sees a reasonable fit to vibrational spEttExperimentally?
t he peak -Aisattdbated] @o0the chain stretch term, 1100'dmattributed to the
inter-icosahedral BB vibrations, and the peak at 8000 cm' to intra icosahedral BB
vibrations, corresponding to the assignments in this investigation. It is acknowledged that
peaks bel'oindicaive 6f &Wholm lattice vibrations, are not well modelledywever,
classic simulations typically do not model this area of the spectrum well, and there are no

negative frequencies.

57



Siloxanecarborane polymers

200 400 600 800 1000 1200 1400 1600 1800
T P T T T T T T T T T r T T T T

4/ |

i

i L JII L I L I I / Il \ J
;r 400 600 800 1000 \?0{1 1400 1600 LEDO

1
Wavenumber (cm )

Figure14. The experimental and theoretical vibrational spectra of boron carbide. Black line is Infra
red, Red is Raman spectemdblueis theoretical.

The experimental bulk modulus of boron carbide is variously quoted a4236
GPa'? and the bulk modulus \gn by GULP for this forcefield is 240 GP&he modulus
was also calculated using molecular dynamics; an MD run was performed at ambient
temperature, on a 60750 atom system, with cell paramete@l.64,b = 91.63,c = 79.004
(i.,e. a 15 x B x 6 supercd), at a high pressure (60 MPa), as seefigure15. Bulk modulus
was then derived usirtgquationd.1:

0 @ —, Equation4.1
w

Where K, V, P is bulk modulus, volume and pressure respectively. This leads to a
modulus of247GPa,which is indicatedn Figure 15, within the range of experimental values

and very close to the value derived by the Reuss method.

58



Siloxanecarborane polymers

574452405

5. 742405

Volume A

574352405

5. 7432405 [—

Lo b b b b b b e b b b b b by 1y |
4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64
Time (ps)

5.7425e405 —1
0

Figurel5. Volume change in equilibrated boron carbidth 600 atmpressue applied
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4.1.2 C-Sibond stretchindgerm;ab initio fit

For the carbon to silicon bond required in siloxane polymer investigaabnsitio
fitting was performed, shown iRigure 16. The carborane monoméseeFigure 12B) was
optimised using Gaussif3, then one i bond was manuallglitered about the optima-Si
bond lengthalong the ESi bond vectorwith all otherbonds and angles kept constarhis
produced a graph of DFT energy agains$i®ond length, which was tfigd manually, using

a Morse potential with a correction applied for the energy of the rest of the struasuseen
in Figurel6.

-3208940

-3208950

-3208960

== Qb initio

Energy (kJ/mol)

-3208970 =o=—lassical

-3208980 \_/

-3208990 T T T T T )
1.75 1.8 1.85 1.9 1.95 2 2.05
C-Si bond length A

Figurel6. Abinitio and classical energies derived from deformations of monomer bond,levithth
classical values energy base shifteB98982.5%J/molrepresentinghe binding energy of theest
of the structure. R=0.999, values D=159.2&J/mol, a=1.88A, r=1.945A
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4.1.3 B-H bond stretchinderm; sodium ddecahydrecloscdodecaborate

Boron to hydrogen bonding terms wederived by fitting to physical properties of
NaB12H12 (sodium adecahydrecloscdodecaboraje an example of a solid containing
icosahedraboron clusters with B4 bonds. The crystal structur@Zi, space group, and a 3 x

3 x 3 supercell) is shown Fgurel?.

Figurel7. 3 x 3 x3 supercell of NdB1.H1»

As an initial guessa B-H breathing term waderived by fitting a quadratic potential
to deviations inab initio energy (static calculations using the PBEPBEBG* level of
theory) when boron to hydrogen bonds ak simultaneouslyaried in the range-0.1 to

+0.1Ain a singleB12H12> moleculg as shown irFigure18.

61



Siloxanecarborane polymers

B-H distance (angstroms)
y = 12635x? - 30894x
-10460.000 : : : :

1.100 1.150 1.200 1.250 1.300 1.350
-10480.000 A

-10500.000 -

-10520.000 -

-10540.000 -

-10560.000 -

-10580.000 A

binding energy (Kj/mol)

-10600.000 -

-10620.000 -

-10640.000

Figure18. Binding energie®f gasphase B:H17>, with optimal BH distancewvariedsimultaneously

along the relevant 81 bond vectorRza 0 . 9 9 7

Following this, potentials were tfed to the experimentally determinearystal
structuré!® (maxmum absdute internal derivative <0)1 and vibrational spectra of
NaB12H12t7, as shown ifFigure19.

Intensity (arbitrary units)

LV

) 500 1000 1500 2000 2500
Wavenumber (cm )

Figurel9. Vibrational spectra for N®1.H12 overlaid on each other. Black: theoretical, Red :

experimental Raman, Blue: experimental infrared sp€&étra
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Partial chages were taken from the Mulliken values obtained from Gaussian03
PBEPBE/631G (d,p) calculations on the gas phaseHB* cluster, whilst missing Na non
bonding parameters were taken from the UFF forcefield, which were also fitted to the
structure, oncehe B-H peak had been isolated and fitted to. This gave rise tocimplete

forcefield given inTable5:

Tableb. Forcefieldused to describe sodium dodecahydasododecaborate
Bond termgqcoulomb subtracted)
Morse
D (kJ/mol) a(A) ro (A)
B-B 159.2012 1.9 1.787
Harmonic
k (kd/mol) ro (A)

B-H 2020.872 1.18
Non-Bonding (Lennardlones, combination rules apply) grattial charges
Species LennardJ one s Lennard ones U Charge (q)
Na 5.00 0.0024 1.0
B 3.45 0.7530 0.06
Heage 2.50 0.1255 -0.226

4.1.4 FEull forcefield

Finally, dl siloxane potentialsincluding Si-O, StC, GH, O-H bonds, HC-H, H-C-
Si, GSi-O, O-Si-0O, S+0O-Si, StO-H, C-Si-C anglesand SiO-Si-O, StO-Si-C, H-C-Si-O, H-
C-Si-C, G-Si-O-H and GSi-O-H torsionswere taken from the pcff force fi€fd This ledto a

complete forcefield fosiloxanecarborane copolymers being describgiden inTable6.
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Table6. Forcefied used to describe siloxasarborane copolymers in this report

Bonding termgcoulomb subtracted)

Morse
D (kJ/mol) a (A) ro (A)
C-B 144.725 1.9 1.705
B-B 159.20 1.9 1.787
CeageSi 204.53 1.88 1.945
Harmonic
k (kJ/mol) ro (A)
B-H 2020.872 1.18
Quiartic
k1 (kJ/mol) ro (A) k2 (kJ/mol) k3 (kJ/mol)
CrethytSi 1313.82 1.9073 -2983.64 5958.57
Si-O 2561.64 1.636 -6493.68 11275.16
C-H 2886.96 1.101 -8684.603 14135.23
O-H 4521.76 0.9494 16466.55 35688.62
Angle Terms
Harmonic
k1 (kJ/mol) Thet aO k2 (kJ/mol) k3 (kJ/mol)
H-C-H 276.144 108.711 0 0
H-C-Si 253.12 111.54 194.88 0
C-Si-O 192.65 114.91 394.12 418.09
O-Si-O 192.65 114.91 394.12 418.09
Si-O-Si 75.93 157.03 245.49 142.26
Si-O-H 198.96 122.88 248.72 161.22
C-Si-C 192.65 114.91 394.12 418.09
Torsional Terms
Cosine 3
k1 (kJ/mol) k2 (kJ/mol) k3 (kJ/mol)
Si-O-Si-O 0.0000 0.0000 -0.5439
Si-O-Si-C 0.0000 0.0000 -0.5439
H-C-Si-O -5.6538 0.0000 -0.2427
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Cosine 3

k1 (kJ/mol) k2 (kJ/mol) k3 (kJ/mol)
H-C-Si-C -5.6538 0.0000 -0.2427
C-Si-O-H -2.8204 1.5318 -0.4217
O-Si-O-H -2.8204 1.5318 -0.4217
Non-Bonding (Lennardlones, combination rules apply) and partial charges
Species LennardJ ones {lLennard ones U Charge (q)
Si 4.0 0.418 1.35 2z 1
B 3.45 0.753 -01z 0.08
Ccage 3.5 0.276 -0.74
Chethyi 3.5 0.276 -0.81
@] 2.96 0.878640 -0 . 8 60.72
Hecage 2.5 0.126 0.1
Hmethyl 2.5 0.126 0.2
Haicohol 2.5 0.126 0.29

In order to maintain charge neutralithet charge can vamgn the silicon and oxygen

atoms according to where they are on the strand, given that hydroxyl oxygens have a different

charge to bridging oxygenglso, boron charge is dependent on proximity to ¢hebon

atoms in the cage, as revealed dy initio (PBEPBE/631G (d,p)) investigations.These

charge variations areutlined inFigure20.
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Figure20. Showing charges in copolymer strands

Therefore,for a polymer strand of A carborane monoméiSi(CHs)2-CBioH10C-
Si(CHg)20-) and B siloxane monome(sSi(CHz)20-), the charge is maintained in the manner
shown inFigure21.
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—
—

A B

Figure 21. Showing the repeating unit of carborane monomer A, sitikane monomer Bwhite

spheres denote hygrogen atoms, green carbon, red oxygen, yellow silicon, and boron pink.

For the purposes of the investigatitime repeating units are charge neuttta, confirmaion
of which isshown h Scheme 6

A = 120 ™p paO ™ CZ3E pduv

20 T o/ e ¢z" my ¢z T

ez" T8y pTE( TP T T8
Scheme €

B = YQ p& Y 20 @ p 920 T,
/ ™ e T8

The charges on borocstomsare an approximatiorof the charges for the carborane
monomer fromab initio (PBEPBE/631G*) calculations, whilst the values for siloxane
monomer are taken from the pcff forcefield. Meanwhile, outside of the repeating units, there
are two hydroxyl hgirogens and one hydroxyl oxygen. The hydroxyl oxygen atom is given a
chargeof0. 72, whi ch when considering the change

repeating unit, gives charge neutrality across the polymer strand.
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4.2 The effect of varyingn-carborane content in siloxane polymer backbone

Having derived a forcefield for the descriptiohaarboranesiloxane copolymerand
identified the monomers and makeup of the strands destredas necessary to create
polymer phases based on this compositiThis was accomplished in three ways, identified
in the following sections (i) Short strand polymer phases, composed of 10 strands of 10
monomers, (i) medium strand polymer phases, composed of 10 strands of 56 monomers, and
(i) long-strand polymer Ipases, composed of 25 strands of a Gaussian distribution centred
on 40 monomersThese represent increasingly accurate models of polymer phases, with

increasing levels of complexity in their calculation.

4.2.1 i S h estrandpolymer phases

As an initial investigtion, polymer phases were created using the amorphous cell builder as

part of the Materials Studio program. This was performed with 10 polymers of 10 monomer
strands built into a cell close to experimental density. The monomer content was varied by
introducing one carborane monomer for one siloxane monomer per strand, to obtain a series
of polymer phases, where carborane comtenesin steps of 10%.The forcefield used was

pcff with harmonic approximations tfie Morse potentialslerived inTable6 (B-B k=610

kJd/mol r0=1.787 C-B k=580 kJ/mo) ro=1.705 .test =1 correct to 8 decimal places 0Oe2A
rangearound bond minimuin a necessary approximatiéor the use of the Materialtudio
software.

Having produced the initial phases, molecular dynamics runs were performed using
the forcefield derived irsection4.1, until cell volumes were stabl@go deviation of cell
volume >0.1% over a 20 ps NPT MD run, with barostat control = 1.4 gemtosecond
timestep, NPT ensemble and 1.5 ps thermostat and barostat ¢attanbient(298K, 1
atm) conditions, a processkiag between 0.&and1 ns depending on cell siz&his process

produced the densities observedrigure22.
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Figure22. Densities obtained for "shomolymer strands with varying carborane substitution

Themodel | ed 0% c asildxan® amohousiensity 5107 1l g/cn?;
this isequalto the experimentaf crystdline density of siloxane: 1.0g/cn?, suggesting that
the polymer phasesreated had strands that weioo short, leading to the construction of
dense phases, which would not represent a good modehaiphougpolymeric behaviour
Nevertheless, phases were retained, as the propsatoesatel could be instructive.

The fiarysnityo of t he padia slistrdutiom dusctioasn a | y s ¢
(RDF). The SiO RDF shows essentially that tleng-rangestructure is amorphous: beyond
approximately 7 A the plot tends to 1, meaning the likelihood of finding an atom at that
distance is random, as seerFigure23.
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Figure23. Si-O RDF data for 0 and 100% carborane corg@ottpolymer phases

As noted, the RDF datshows amorphous nature beyond Hlwever,the peak in
the 0% carborane content graph at 4A is indicative of the oxygen atom one monomer unit
away from the selected silicon atom, as it is not observed in the 100% carborane content case.
There is a smalbroadpeak in the 100% carborane content phase at 6.5A, which is perhaps
indicativetofhndoe distaeance.

In all though, crystallinity is clearly not observed in either case, so it is maybe more
useful to refer to the phases as attaining crystalliensity due to the length of strands, rather

than attaining true crystalline structure.
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4.2.2 i Me d i-stran@® polymer phases

Owing to the fact that the previous estigation had strands that appeared ttobe
short,leadingto phasesvith a level of ordering/alignment in stranth&t producedlensities
unrepresentative of experimenie processvas repeated with 10 strands of 56 monomer
lengths for each phase. A percentage of carborane/siloxane substitudmperformed
dependent @ phase. It was also desirable to move away from the commercial Materials
Studio programin order to avoidhaving to us@pproximations of forcefield terms, and allow
more control of cell constructioithe strands were built linearly using a simple pytkompt,
and were then randomly inserted into a large empty inoone Monte Carlo step, using the
program Atei?. Moleculardynamics (298K, 1 femtosecond timestep, NPT ensemble and
1.5 ps thermostat and barostat contsdfibilisation of cell slume was necessarily a longer

procesg1-2ns MD runs) and produced the densities observeHigure24.

' [ [ [ [
I #  Short strands |
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B * * » * =1
L.05— . N _
* *
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Figure24. Densities of short anchedium strandsobtained by NPT MD runs to stabilise cell volumes.

The amorphouspolymeric densit$f of pure siloxane.97 g/cni, has beemeplicated
with carborane content appearing to increase density, an effect that levels off above 50%
contentfor the medium strand length polymer phasasd in fact there is a decrease in
density for higher carborane content pha3é® exampleof 20% carborane substitution is
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anomal ous, and is due to a | arge pocket of

volume isunchanged. The pocket is shownFigure25.

Figure25. Visualization ofsolvent occupiable surface 20% carboraneolymer system

Physical propertiesalculated for this phase must therefore be treated with some
caution Experimentally®'® the 50% copolymerdensity is 1.074g/cmy, which is here
simulated as 1.02 g/cry suggesting the mediwstrand phases slightly under predict
experimental density as a whole
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4.2.3 i L o retgand polymer phases

It was decided to extend the calculations of varying carborane cantsilbxane
polymer phasesnd to streamline the process for creatimgm Inspirationwas taken from
the ZEBEDDE program, written by Lewi$ et. al This is a piece ofoftwareaimed at
predicting organic templates for zeolite synthdb@t works by inserting a small organic
Aseedo i ntfoa thedretical zewlitee and builds organic linkers from terminal
hydrogens. Small deviatisnof organic template positighrough translation, torsion angle
rotation etc. is allowed, in order to obtain an organic cation with the best interaction with the
zeolite structure. In this way, optimal cation templates can be predicted, for zeolite synthesis.

The methodology waeplicated with the static zeolite removed, and polymers were
built using a monomer as the seed, and more monomers built #dengecbr of each
successivéerminali OH bond outlined inFigure 26.

The initial idea for this experiment was to adapt the existing ZEBEDDE code to effect
these changes, and incorporate the new monomers. However, there was some difficulty in
increasing atomic configuration to six, and incorporating new forcefield termeeféhethe
code was rewritten in python, from scratch. As calculations became more computationally
intense, the shedsKkf? program was used to convert back to C++ machine code, and some
speedup of certain loop was also implemented. However, all the phases generated by this
method employ essentially the same methodology. The ERMINTRUDE cadailable via

my websité.
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Figure26. An illustrationof the action of the ERMINTRUDE program. A: a point is taken along the
terminal GH vector at the €5i bond length. B: the silicon atom afnew monomer is placed at that
point, with the terminal hydrogen, ieathQl new mon
eliminaedoveral). C: the newly created monomer is rotated around the r&MONd to find a

stable conformation.

A water molecie is deleted with each additioan approximation oexperimental
conditions and each new monomer addition is allowed to rotate around the newly generated
Si-O bond, in order to assume a stable conformat@nce the desired strand length is
achieved, amew seeds generatedtreating the already generated polymer structuiee rigid

solid structureto build aroundThis is summarised iRigure27.
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Figure27. Flow chart summarising the process involved in the Ermintrude code
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Finally, it is worth noting that crystallisation is avoided by allowing sti@mgth to

vary according to a Gaussian distributibg,assigning a random strand length at the start of
each st r asseedigigueg@d | d,

30 percent carborane monomer in siloxane polymer, histogram of strand masses
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Figure28. Distribution of strandnass felated to strand lengthnd easier to calculatior a few

representativeystems produced by ERMINTRUDE

This is achieved by performing monomer additions accordiriggteation4.2, where

Xisarandomnumbergenér&a d by pyt honbesweand®sd () funct

D& VOl welt Ym Q

Equation4.2

Theinitial densities produced by this code ah®wn inFigure29, for a variety of cell

sizes for 100% carborane content
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Figure29. Density against cell length fa&00% carboranpolymer systems produced by

ERMINTRUDE, before equilibrationStrand length is a gaussian distribution acbdfi monomers

So, for 100% cdurorane,a cell size ofl40 x 140 x 140 gi ves a densi ty

g/en®, an eighttof experimental density. This is completed ovéwa and a halflayson one
core, as seen iRigure30.
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Figure30. Machine ime elapsed for ERMINTRUDE polymer phase builder,each strand of 25n
100% carborane content example

So, having produced polymer phases of roughly an eighth of experimental density,
constant pressure ML femtosecond timestep, and 1.5tpermostat and barostat control)
was performed at ambient conditiai298K, 1atmuntil cell volumes stabilisedor phases of

20 strands of a Gaussian distribution centred at 36 mon@saeen ifrigure31.
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Figure 31. Stabilisation oflong-strand polymer phase's cell volumeduring NPT MD runs, with
varying conditionsnamely 10K l1atm, 30 2katm, 298K latm

This process typically tookeween 0.5 and4ns. The densities produced by this
method are shown iRigure 32. This shows that 0% carborane, or pure siloxdeasity is
slightly above experiment (108 as opposed to 0.97 g/&nwhilst carborane percentage
appears to increase density, levelling alffove 50%a t & 1 . 0 Expergriertaty® the
50% copolymer isl.074g/cm, suggesting good agreemeihe 100% carborane content

example is anomalously low as a result of a large pocket of free volume existing in the phase.
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Figure32. Density as a function of carborane substitution for longer strabdzsined by the NPT
stabilisation at ambient condition§ ERMINTRUDE produced polymer phas@® strands oh

Gaussian distribution around#@nomers

In total then, three methods have been investigated for producing polymer phases
composed ofvarying carborane/siloxaneatio copolymer strands, witdifferent degrees of
success.

Initially, the amorphous cell builder was employed, producing polymer phases that
included strands thate believewere too short, leading to unrealistic ordering of strands, and
reproducing experimental crystalline density for purexsine polymer with increasing
carborane content appearing to reduce density linearlf h e  f phasdscompoéed of
10 strands of 56 monomers, built as linear strands and inserted into an empty box, were able
to reproduce the experimental polymerimsi¢y of pure siloxane, with carborane content
increasing density, an effect that levels off above 50% carborane content

Finally, the long-strand polymer phases were produced using a method that best
approximates experiment, by building polymer strandsniopomer,avoiding overlap with
the rest of the modelled polymewith 20 or25 strands ofengths that replicate a Gaussian
distributioncentred o0 monomersagain with the intention of mimicking experiment. This

simulation slightly overestimates puresiloxane density, but reproduces the 50:50
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carboranesiloxane density, with carborane content appearing to increase density, again
levelling off after 50% carborane content.

Therefore the method most likely to reproduce experimental density, and ghwesthe
indication of bulk physical properties, is the final one, although the possibility of creating a
free volume pocket that is stable over typical simulation times is unavoidable foethem
and long-strand strandnethods, and must be checked befdre talculation of physical
properties.

An indication of thevariation in density among phases generated the three

methodss shown inFigure33.
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Figure33. Density against carborane content for the thmeghods of generating polymer phases.

As is clear, the longtrandphases follow the same trend as the meektnandphases
(carborane content increasing density, levelling df®ra50%), butwith a higher overall
density, that reproduces experimental density for 50% carborane content. In total then,
experiment sees a sharper rise in density than is seen in either simulation, so physical
properties will be calculatedbf medium ad long strandphases where possible, and the

results considered as a whole.
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4.2.3.1 GULP derived bulk modulus

Bulk modulus was first calculated using the GULP progrémon the shortstrand
polymer phasedn this methodthe elastic constant tensor is calculdt@dthe material based
on static deformation of atom positions, andverage@cross the material. Three definitions
are output, Reuss and Voight definitions are givenEguation 4.3 and Equation 4.4
respectivelyand the Hilldefinitionis the average of the other two:

0 0 0 o) co o) o) Equation4.3

1o

0 Y Y Y q Y Y Y Equation4.4

This is a fairly intense calculation given the polymer phase size, andiit¢rapic,
random nature of the polymer phase. Nevertheless, bulk moduli have been derived by this

method, forshortstrandpolymer phasesip to 90% conterdnd are given ifrigure34.

30 | T T T I T T T T T | T T T | T T T |

20— —

10— ]

Bulk Modulus (GPa)

*

__ L —
ot T ey
0 10 20 30 40 50 60 70 80 90

% Carborane content

Figure34. Gulp derivedReuss bulk modulus fahortstrandpolymer phasesas a function of

carborane content

The bulk modulus for 0% carborane content (pure siloxane) is experimantéily
range 0.91-23.73 GPa (explained in detaiin section4.2.3.9 whilst the theoretical value
(which will be discussed isection4.2.3.9 is 10.1 GPaConsequentlythe value is within

experimental range, suggesting that the forcefield and method are sound. It is also clear that
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with increasing carboranmnent, bulk modulus increasesn effect that levels off above 50
percent carborane substitution, with B8@percent casanomalousThe 0% case could also

be considered anomalous, since there is an initial dip in the bulk modulus value, before an
almost linear rise.

Sinceithasaleady been acknowl edged t hapuret he de
siloxane is equal to therystalline experimental value, it is therefore proposed that the
unrepresentative ordering of strands in the
response to isotropic pressure.

For this reason, the results of the medium and Etrgndpolymer phases will be
considered mear relevant to realvorld values, but as an initial result, it is clear that the
forcefield can reproduce experimentally meafuhdpulk moduli, and that carborane content
increases thiproperty. In the designed material then, this is representative of a stiffening of
the material in its response to isotropic pressure, as a result of introducing carborane units.
However, these pperties are likely to be a function of strand lengths, which are unequal in
the theoretical and experimental cases, so a slight difference is expected. For example, the
bulk modulus is likely to be lower with shorter strand lengths.
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4.2.3.2 MD derived bulkmodulus

Due to the large number of atoms, the memory available on supercomputers became
an issue for the GULP bulk modulus calculationghe 100% carborane content of gfeort
strandpolymer phases, as well as threediumand long strandpolymer phasesas second
derivative information for each of the degrees of freedom for each of the atoms is stored in
the RAM.

As a resultMolecular dynamics runs at high pressure were comp(éfsdimestep,
Berendsen RT ensemble using 1 ps control used, in 10 ps.r@ystems were equilibrated at
298K/1latm for 5ps, then had pressure changtm)calculate cell volume changes as a
function of pressure, and derive bulk modulus explicitly, ugggation4.5:

, QU

Equation4.5
wW—,
Qw

0

Where K is bulk modulus, V is Volume, and P is pressure. Therefore, the bulk modulus is
given in pressure units.

Initial calculations were performed at 0.01, 0.1, 1.0, 2.0, 5.0, 10.0 katm pressure.
Figure 35 shows the response of polymer phases to varying pressure (0.1, 1katr.0
simulations shown)As will be seen, results between 0i02.0 katm are of most use, as at
very high pressures, there idewvelling off of volume change, and a linear fit of pressure
against volume change has low Ralues. This is expected from metiment, as if a
material 6s response to pressure was truly |
sufficient to leave 0% volume, which is obviously impossible. A levelling off of volume
versus pressure is expected then, and only the india¢s up to 2.0katm will be considered

for bulk moduli calculation, where?R0.995for a fit to a linear plot.
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Figure35. Evolution oflong-strandpolymer phasés ¢ e | | withvtiné undarevaryingapplied
pressureDegree of cdrorane content indicated on gréph | e f t. Alllplzased at anibidné
conditions(latm, 298Kuntil 5ps, with high pressure (@@tm, 1@0atm,and 200@tm) cell volume
response overlaid on the same graph

The change in cell volume aftarolume had stabilised (volumechange over 2ps <
0.19%, is given in Figure 36 (incomplete 20% carborane substitution phase excluded)
alongside the experimentalfy derived changes in volume
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Figure36. Mediumstrand plymer phase equilibratexkll volume taken as a percentage of ambient

cell volumeagainst applied pressure.

Looking at the experimental data is clear that there is a lot of variability in the
results so attempts to fit the results to a linear graph to obf@id\tifor input intoEquation
4.5 are obviously redundarfR?>=0.551). However, it is pleasing that the theoretical results
appear tdall within the rangeof the experimental resultghich sugyests that the theoretical
model is a good on&alculating bulk modulfor each individual pointgives bulk moduli in
the range 0.923.73 GPa, and an average of 10.1 GPa. This will be used as the value to
compare theoretical results to, although thgdaarror in the value is acknowledged.

The second trend to gath&nom this graphis that increasing carborane content
appears to reduce the change in cell volume as a result of high pressure. This will be analysed
in more detail below.

As previouslystated,bulk moduli were calculated by taking the results at or below

2katm usingEquation4.5, the results of which are given fgure37:
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Figure37. MD calculated bulknodulusfor medium and longtrandphases

As can be seen iRigure 37, the bulk modulus increasegth increasing carborane
content,as suggested by the raw datdrigure36. It is also observable thite 0% carborane
content, or pure siloxane, example is wittire experimentalrange of value40.91-:23.73
GPa) To compare betweemedium and long strangsthemesthe rise in bulk modulus with
increasing carborane content occurs with the same ratéhdnalues for themediumstrand
phasesre about 1GPa higher overathen compared to tHeng-strandpolymer phases.

The angle distributions andadial distribution functions of the atoms in the polymer
phasesare of interest, as the phase goes through pressure cyclirgpeTareseen inthe
following Figures for the pure siloxanmediumstrandpolymer phase
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S1-C-H angle distribution in 0% carborane phase
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C C-51-X angle distribution in 0% carborane phase
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Figure38. Histograms okey angle terms in pure siloxane (0% carborane content) phase.

revealsthat as pressure increases, the paa#t breadtlof the hstogramsof Si-C-H, H-C-H,
and GSi-X angles show little changeThe X in this case refers to any atom (a factor in the
production of the RDF plots using the referenced script), which in thiseithe® means
oxygen, or the carbon atom in the other bonded tdwyhgroup of the central silicon atom.
Clearly these interactions are the most rigid, which is reflective of the short, stable bond
lengths between atoms involved in a methyl group. High pressure induced deformations in
the structure will not be accounttat by these structural elements.

For comparison, ifrigure39, there is a muclarger observable change @Si-O and
Si-O-Si angles, suggesting that the volume clggnis accommodated largely by these
deformations high pressure shifts the peak of theS®BO angl e to a | ower
whilst the SIO-S i i s shifted t oThereid alsovevidenca of @ breadehilyy &
of the two distributionssuggestive of a wider range of acceptable conformations for these
structural elements. This is representative of the longer bond lengths and wider angles in

silicon-oxygen chains in siloxane polymers.
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A 0O-Si-0 angle distribution in 0% carborane phase
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Figure39. O-Si-O, and SiO-Si angle histogram changeshagih pressure
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The StO-Si angle of siloxane polymers is remarkabiein that there is an accepted
broad rangeof angles from 1161 8 0 e , which is the source of
properties, due to the flexibility of the strands. It is unsurprising then, that there appears to be
a shift in peak for this distribution upon applying high pressure.
The RDFplotsfor polymer phases contain less data, due to the amorphous nature of
the systems, meaning the likelihood of an atom being in a positionrsttemediatelistance
is effectively 1. Thisintermediatedistance varies between atomic characterisations,iut
typically 5-7A. However, a shortening of secondordinationspheredistancegi.e. 34 A) is

evident in some cases, as seen in the following figures.
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Figure40. RDF data for key interactions in 0% carborane content phaSe-O RDFs for pure
siloxane at varying pressui®: C-H RDFs for pure siloxane at varyipgessureC: S-C RDFs for

pure siloxane at varying pressuheset shows zoomed in spectra.
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Figure40. RDF data for key interactions in 0% carborane content phaSe-O RDFs for pure
siloxane at varying pressyi®: C-H RDFs for pure siloxane at varyipgessureC: StC RDFs for

pure siloxane at varying pressure
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As can be seen iRigure 40, at 2katm bonded distances typically have a narrower
range, and shift to glhtly shorter distanceswvhich is predictable in a more constrained
system. Meanwhile, there is a more qualitative change in second order distefecaag to
interactions with atoms on neighbouring silicon atoms of the same strarfsi;Q&5i-O, or
Si-O-Si-C. This therefore correlates to the reduction irOSsi bond angleln the case of

100% carborane contentgtBi-O-Si-O interactiona t  as aldsent, as seenfiigure41B.
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Figure41l. RDF data for key interactions in 100% carborane content ghiaSeC RDF; 100%
carborane contepB: Si-O RDF; 100% carborane content
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The torsionsn polymer strands are analysedrigure4?2; at ambient pressure the O
Si-O-Si torsion hasa large peala t 180¢, whil st at h ipgrimpsp r e s s L
more evenly spread, and for theSkO-Si (where X refers to carbon or hydroxyl oxygen) the
change from ambient to highpresssre es a sl i ght reduction in &:
asoe a hasl neag .be an indication of the way in which high pressure is
accommodated; strands assiamorerandom orientation, to make a better use of available
space, allowing a volume change without a corresponding change in ef@ggis available
due to the large, flexible bond angle ofGiSi about which there is fairly free rotatit
This will in turn, contribute to the low bulk modulus observed for siloxane polymers.

However, there is not a large enough quantitative change to beandigfi@ite conclusion
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A 0O-S1-0O-S1 angle distribution in 0% carborane phase
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Figure42. A: O-Si-O-S, andB: X-Si-O-Si dihedralhistogramdor 0% carborane phase

Figure 43 shows the corresponding results f@00% carborane substitut@adlymer,
where the ordering of SD-Si-O torsionscan no longer occurThe equivalent SD-Si-X
(where Xrefers to cage carbomjrsionagain show aqualitativechange under high pressure

in which the graphs are more flageaks are decreased, and troughs are increased
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X-Si-O-Si angle distribution in 100% carborane phase
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Figure43. X-Si-O-Si dihedralangle change at high pressure for 100% carborane contaatiatm

strandphase

As discussedwith the introduction of more bulky carborane cage units, and the

removal of the labile &i-O-Si torsions, the ordering of strandsperhaps lesavailable,

which could lead to a higher bulk modulus.

The angular distrition data is also of interest for the 100% carborane example,

where the G5i-O angle had been one of the key accommodators of volume change in the 0%

carborane content example:
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A

Si-O-Si angle distribution in 100% carborane phase
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Figure44. Angle distributions in 100% carboramentent phases

97



Siloxanecarborane polymers

Figure44 showsthere is a slight broadeningtine range oC-Si-X angles, under high
pressure, suggesting that this could be a way in which voluraegehis accommodated,
alongside the expected downward shift irRCB5i angles. However, the absence of flexible
Si-O-Si angles, and &i-O-Si torsions, is suggested as the root cadislee higher resistance
to volume decrease, and consequently a highkr rbodulus in the high carborane content
phases.

The response on returning to ambient pressure is also of interest, to see how reversible
the process is. The resutibperforming 10 ps runél femtosecond timestep, NPT ensemble
and 1.5 ps thermostat andrbstat controlpn mediurstrand polymers arghown inFigure

45, showing an almost complete return to ambient cell volume.
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Figure4b. Effect oncell volume of varying pressuia mediumstrandpolymer phase®egree of
carborae content indicated deft hand side ofraph 0-5 ps: 1atm, BL5ps: 5katm, 125ps: latm.

The % change in cell volume following the pressure cycle is giv@ale7. Clearly,
this is a reversible process, except in the case of 20% carborane substituted polymer phase,
which had unrealistic vacant pockets in the phase. Therefore, pressure cycling may be a route

to eliminating pockets iphasesontainng excessive free volume
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Table7. Polymer cell volumes after high pressure MD is returned to ambient pressure

% carborane substitutiol  Cell volume as % of original cell volume, after pressure cyclin]
(+05)
0 99.8
10 99.9
20 975
30 100.0
40 9938
50 100.0
60 9938
70 999
80 99.8
90 997
100 99.6
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4.2.3.3 Thermal expansion coefficient as a functiometarborane content

A further use of molecular dynamics calculations to predict macroscale properties is in
thermal expansion coefficient ] calculations. Themolecular dynamics bulk modulus
calculation process was repeated femtosecond timestep, NPT ensemble and 1.5 ps
thermostat and barostat contyaxcept pressure is kept at latm and temperature is varied,
with volume calculated aambient (1atm) pressure, with varyin¢298, 348 and 398K)
temperaturgafter 20 psThe results are shown Figure46, and it is clear that bnear fit is
applicableat each composition.
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Figure46. Thermal expansion coefficient derivatitor mediumstrandpolymer phases/olumevs

temperatureLegend indicates carborane substitution.
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Taking the gradient of the gyhs in Figure 46 allows the calculation of thermal
expansion coefficient, usirgquation4.6.
gQ_w Equation4.6

wQ"Y
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Figure47. Calculated thermal expansion coefficigrfter medium and longtrandgpolymer phases,
with varying carborane conterdt 1 atm pressur800-400K. Fitting to a logarithmic function
R2<0.6, so not included

The T for pure siloxane in this calculation is 5.03 x*K0?, whilst experimentdy>?;
the value is 3.1% 10* K™, or9.07x 10* K™ at low pressur®. Our value falls within the
between these valuesnd thesimulationwas repeated at O atis this may be relemaito the
low pressure experimenproducing a value for dTof 8.23 x 10% K1, which isin good

agreementMe a n wh i |5@%carfo@mme cantent, experimentally the ambient pressure T
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is 1.28 x 10K, whilst theoretically is 2.84 x 11K, suggesting that the ambient pressure
calculations slighthyoverpredict experiment, whilst reproducing the trend of roughly halving
Tc by introducing 50% carborane monomers.

The full set of results for low pressure thermal expansion is giveigure48.
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Figure48. Calculatedd atmpressure thermal expansion coefficiemtgh varying carborane content.

Anomalous 20% medium strardlue omitted.

The combined data show that the experimental values are fairly well reproduced, for
0% carboraneand that there is less of an effect of pressurec.dorthigh (<50% carborane
content) polymer phase3he reduced Jwith increasedcarborane contentould be as a
result of carborane units actingfdsatsinké : t he extra potential en
stored in the vibrational modes of carbordni&s Thus, the phase volume and irsémrand
distances of high carborane content phases are less affectethpgature leading to a
reduction in temperature dependphysical properties, such as expansion
Finally, the response to cooling of polymer phases is an indication of glass transition
temperature (J), which controls a lot of material properties. At temperatures abgve T

contraction will be swift; whilst below, contraction of cell volume w#l §luggish, as there is
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insufficient kinetic energy to overcome barriers and arrive at thermodynamically preferable
states. Thisvas investigated by cooling the output structures fra@8K simulationsto a

series of lower temperaturggoducinghe graphs shown iRigure49.
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Figure49. Mediumstrandpolymer phase volume against time for a range of temperaturesggat
25K). Carborane content indicated on right hand side of graph

As can be seen ifigure 49, as temperature is lowerethe rate at which phase
volume stabilisexc hanges. However, trying to find th
stabiliseo at di f f-wiviag the chdice of puoff, Z tinZ ®e& ZAv,a si sn o |
arbitrary, and can &l to a large range in results, taking M fr&guation4.7. (i.e. finding

where the cell volume has stabilised, and volume vs time isrflanlume and X=timg

W LVLwo Equationd.7
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It was consequently decided to investigate the glass transition temperature using free
volume samplingby takingsnapshots afhe cooled output structureshich will be detailed

in the followingsection
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4.2.3.4 Free Volume in polymer phases; glass transition temjerat

One method of extractinthe glass transition temperature gfTfrom a polymer is
through free volume sampling; free volume will increase linearly withreasing
temperaturebut there will be a difference in rate above and belgwabove T the strands
will be much more mobile arge more responsive increases in temperature

Free volume was sampled using a python sGriphich estimated free volume by
inserting a point randomly into the polymer system and checking if there is overlap with any
atonts VDW radii. Free volume %is the amount of non overlapping points divided by the
totd points * 100. The accuracy of the free volume estimate is therefore dependent on the
amount of points used, which is summed upigure50.

39— T

38— —

37— —

36 — —

35 —

% Free Volume

34 —

oy

33 —

32 oo Lol 1 R
10000 le+05 le+06

Amount of grid points used to sample volume

Figure50. Free volumeestimatel on 100% carborane contemmbient(298K, latm)conditions
system against number of sample poinBata points are mean of 10 results, error bars are 1 standard

deviationin the 10 results

Given these results, tillion dots were judged sufficient for sampling polymer
systems with approximately the volume/density of the standard sy4i@®% carborane

content at ambient conditions)
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The program took ~6 hours to run on 1 core, which is a little unwieldy, andsit wa
judged that using the Arandomo module in p)
reasons for such a long run time. As a result, the program was rewritten, so that points were
inserted along a grid of user specified fineness, and was converted-tolise changes

allowed a significant speatp, as seen iRigure51.

— Ccode
T00| — python code ]

600 —

500 —

400 |-

300 —

Time taken to complete (s)

10 20 30 40 50 60 70 80 90 100 110
Number of dots along edge

Figure51. Machine time against grid fineness, for the python and f@@e-volume prograsjusing

grid points rather than random points

So for a dots/edge of 100, this equates to a million points, which takes ~1 min. The
results generated by the python and C++ codes are the same, since the grids are equivalent,

and the opmisation of free volume % estimation is giverFigure52:
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Figure52. Free volume) estimation using different levels of grid finengfes 100% carborane
content at ambient conditiop®lymer example, showing the optimisation of the grid

A visualisation ofthe technique is given ifigure 53. For canparison,the same
system was run on Materials Stulffo which also uses grid method,completing in ~40s,
and giving a free volume &4.8%, which is equal to the value found in this technique

— T = ez og S

DA

Figure53. Free volume estimation visualisation; rowerlapping grid points depicted with grey

spheres
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Another advantage of thiechniqueis that it allows a quick estimate wbid volume
and distribution.A second loop looks at non overlapping points amaécks that their
surrounding points doot overlap with the polymer, and repeats for those points, until all
atoms are selected forvaid, enclosedon all sides by polymer atomgoid volume is then
the sum of al | the pointsé vol umes, treati ni
between points. A picture ofoid volume distribution is then built up, which can be related
directly to the RALS experimental results discussedSactionl.4.1

The esults for free volume % calculation lliong-strandpolymers discussed in this

sectionare given irFigure54.
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Figure54. Free volumeagainst temperature ftong-strandpolymer phaseswith plots representing

different carborane content as shown in the legend.

As can be seen, with increasing temperature, free volume % increases as expected.
However, this effect occurs at a slower ratéhwncreasing carborane contemiie 100%
carborane content example is anomalous, in thatd is5 % hi gher overall
would suggest; increasing carborane content does not appear to affect free volume above
60% carborane content, except forethl00% case This is as a result of the

uncharacteristically low density for this phase, with one large gap accounting for a large
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amount of free volume. Nevertheless, the rate of change is lower for this example, as
expectedThis is of course directly lated to the thermal expansion coefficients discussed in
Section4.2.3.3 which decrease with increasing carborane content.

The amount of volume accessible to &ent molecule can also be simulated, by
adding a radius term to the grid points, where points count as overlapping with an atom if the
distance is less than the specified radius and the VDW radius of the atom. The effect of

varying this radius is shown Figure55:

40 T T T T T T T

30

Free Volume %
E}

10

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Probe radius A

Figure55. Probing free volumésb availablan examplephase with solvents of varying radii, where

grid density is 50 points pedge

This showsthat with increasing solvent probe radius, the occupiable volume
decreases sharply, as expected. For!®Neferenc
i s &1. 88 % etcdThe latier is of particular interest within the context of this
report, in that He is released following a neutron capture evé?B.iTherefore, this gives an
indication as to the likelihood of a space being available forurelatomsproduced by
neutron captureevensi t hi n a pol ymer phase. This retur.
desired properties in the introduction: it must be permeable to gases, particularly Helium, in
order to avoid bubbles and cracking, onapt in industrial context.

109



Siloxanecarborane polymers

Comparingthe pure siloxane and 100% carborane data is instructive, and gives an

idea of glass transition temperaturg)(s shown irrigure56.
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Figure56. Free volume of pure samples as a function of temperature, using a water probe.

The experimental dlis given as 148K, and at 1502.5K in the simulationresults for
the 0% carborane content, aurp siloxane phasethere is a change in rate of free volume
against temperature. This is indicative of a change from glasswlten behaviour, and is
also an indication of the lowetemperaturat whichthe materialcan perform its functian
i.e. it is required tdbe deformable within an industrial context, in order to accommodate
helium gas bubbles for exampl€he 100% carborane example has a less obvious change in
rate, which was expected from experinferaind from the lower overall thermal expansion
coefficient calculated isection4.2.3.3 There appear to be three behaviours, with gradually
increasing rate with increasing temperature. While this could mean that there are two controls
of glassy/molten behaviour, it is much more likely that the glassy transéroperature is
found in the range 17323K, and more data points are required to get a more cegsil,
which became computationally prohibitive. Nonetheless, an increase in glass transition
temperature with carborane content as predicted by expérisnainservetf.

Of furtherinterest are the histogramswadid volume distributionshown inFigure57.
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Figure57. Change invoid volumedistribution at different temperatures foediumstrand0%

carborane content phase

This shows that fairly large (>8A) pockets foée volume exist at low temperature,
although predictably less than in the 298K casmgggeshg that helium atomscan be
accommodated into the structure even at low temperatutigout cracking in the material,
referringto the gas permeable quality ded in Section1.1.1 This quality is also observed

in the 50% carborane case, as sed¥fignre58.
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Figure58. Void volume dstributionof 50% carborane content phaxtel 48K.Peak at 2.1& has a
frequency of 429.

Finally, taking thevoid volume distributions abps laterin the ambient conditions
simulation and comparing the overlap of points with the origir&l,7®6 of points are
present in both snapshptsuggesting that the pore distribution is fairly shioed, that
helium atoms aamove through the polymer phased thathe material is gas permeabfe.
plot of changes in void volume against time may be a useful avenue for furtherTherk.
pore distributions for the ambient conditions simulation at different times are shéigune
59.
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cgee

Figure 59. Pore distribution in ambien¢latm, 298K)MD simulation for 50% carborane content
polymer phaseviewed along the +Z cell directiprat A: 20ps and B: 25ps in th&mulation.

Connected grid points @igiven the same colour, in order to differentiate between distinct pores

113



Siloxanecarborane polymers

4.2.3.5 Shear Modulus as a function ofcarborane contentanipulation of cell
parameters

Another important property that can be extracted febafle polymer phases is shear
modulus (G). This is a measure of how the material respona@daiwe parallel t@ne of its
suifaces, whilst simiianeously experiencing a forae the other direction along the opposite
surface It is also defined as the ratib shear stress to shear sttainwhere shear stress is the
force applied (F) divided by the area parallel to the applied force (A), and shear strain is the
deformation in the materi al due to the for
perpendicular to the force (I). This is giverEquatior4.8 andFigure60:

"Od

— Equation4.8
Ywo

X
DA A

Figure60. Depiction of shear moduluslculation Image taken froriVikipedial?®

This wascalculded using a python programby applying the deformatiotin cell
parameters, with atoms shifted correspondingly)l studying the change in energy. The
def ormation supplies |, px and A, whil st th
the energy ragired to deform the systewill be the same as the change in energy between
stable and deformed phases, through the conservation of enerdy Favce is therefore
change in enerdgx, giving force in Jm, or N. Varying theta between 99 5 ¢ g dovce t he

vs deformatiorgraph inFigure61:
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Figure61. Force against deformationx) in 100% carborane contemiediumstrandpolymer phase.
Linear fit, y=7.1*10"x + 0, R=0.999

Applying Equation4.8 gave ashear modulus 02.6 x 10?> GPafor 0% carboane
phaseThe experimental value is again subject to some error, and is variously quatéa as
and 2.3 10* GP&5. The instantaneous value we have tise orders of magnitude higher
than experiment. However, the evolution with time is not simulatgdch will have an
effect on the calculation: strained systems will relax with time, reducing the change in energy
and therefore forgdeading to a lower calculated shear modulus. For instdakag the
final energies from a 20 ps NPT MD run fanmodified 0% phaseand the same phase
shifted by 1 degreajives a 40.8 kJ/mol change in energy and a shear modulus of 3.20 x 10
GPa, which isnow an underestimat&Vith sufficient relaxation time, it is conceivable that
the change in energy will equal 0, sincesthere amorphous systems. The relaxation time
camot be chosen arbitrarily then, and it is probalbhpre usefulto make comparisons
between instantaneously calculated modwlth allowances for lack of relaxatiofgr the

range ofmetacarborane phases;qalucing the values shown kigure62.
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Figure62. Shear modulus as a function of carborane conteméoiumstrandpolymer phases

It is observed thashear modulus does not appear to be correlated to carborane
content, with all values in a fairly flat range from 2600.04 GPa, with 90 and 40%
carborane content examples anomalous. This suggests that the response to shear strain is
largely governed by factorgther than SO-SI-O tarsions, such as intestrand Varder Waals
interactions although a slight increase with increasing carborane content is perhaps
discernablelt is clear that there will be quite a few factors that couldrobshear modulus,
and a statistical distribution would be more useful to get a clearer picture. However, at this
point in the investigation, it was decided to investigate shear modulus using other methods,

explored in the followingection
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4.2.3.6 Shear Modulus as a functionmfcarborane content; shear wave propagation
The shear modulus for a material can also be derived from the velocity of a shear wave;
a wave where the motion of atoms is perpendicular to the direction of the wave. This is
possble to investigate, usintpe external fieldi o s hr 0 i n t h€ THxla@p@say code

deformation to atoms as givenkuguation4.9:

oL .. a .
O ozweigz" 2826— Equation4.9

Therefore,with ana t o méreasing z position, the forcapplied to its x position
follows a cosine grapHeading to the construction of a shear wave propagating along the Z

direction, with displac@ents along the X direction, summarisedrigure63.
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Figure63. A: cosine graph, B: amsformations due to oshr field, from equation 4vilere n=1.0,
and A is arbitrary.Red lines indicate changes in force alohtpr atoms of position Z. Increasing n

increases frequency of oscillations

A and n fromEquation4.9are inputted by the useand itis possibleto analyse the x
positions of varying z positions over the course of a NVT(r&n maintaining cell volume)
to derive the parameters of the sheave. This is related to shear modulus Eguation
4.10:

O Equation4.10

Whereist he velocity of the shear wavike, G i s
shear modulus can therefore be calculatectglysing the propagation of the shear wave

with constant volume.
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However, in our experimentmly two outcomes were observed: (lijh a high (1.0)
amplitude, the system appears to tear; strands untangle from each other due to the force, and
begin to slide over each other, interacting only through-sttand norbonded interactions
of parallel strands; when strands are tangledaviges a greater surface area for irggand
bonding. This is illustrateoh Figure64.

Figure 64. A: random orientation of strands itaging phase. B: strands aligned along x direction
following application of a shear fiel&ngshots from MD simulations carried out at 1atm and 298K.
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The shear wave does not dissipate over 250 ps, nor is the motion of particles
recognisable as a shearwgaas depicted iRigure65.
30'[] T | T | T | T | T T

X position of selcted atoms (A)

200 ! I ! I ! I ! I I ! I !
0
Time (ps)
Figure65. Change in x positions of atoms with distinct z positibms e r e (black).5(@ed)and
1.0(blue) cell length3, against timefor the 0% carborane content medistrand polymer phase with

shear potential applied

Given computational restraintthe strands are necessarily shorter than experiment
(experimentally® it is observed that strands have an molecular weight of 154,000 g/mol
averageroughly 2500 monomeysand strand length will have an effext tensile strength,
however this resultould still be indicative of tensile strength. For example, the same shear
wave applied on the | onger s, iagohserdes ikiguet6 t he s«

albeit at a longer timescale.
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40‘0 T T T T T T

X position of selected atoms

Figure66. Change inx positions of atoms with distinct z positiofmaximum(black), minimum(red)
and mearfgreen)z positions) against tim@% carborane contetang-strandpolymer phase with 08

shear potential applied.

The other possible outcome (2), is that itpsssb | e t o i nf er a fnsheée
property of the materi&i’. Using a smaller amplitude shear wawehere the A value = Q.

cell lengthshas the effect shown Figure67.
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Figure67. X positions of selected atons positions are maximum (black), minimum (red) and mean
(green))for 0% carborane substitutionediumstrandpolymer phasgedepicting the effect of shear
potential (A=0.1) applied along Z at t=0.

Again, the motion is not representatioka shear wavefor the first ®ps the atoms
move through the first phaseaf s hear wave but t henshowigur n 1t c
a dissipation of the shear waviéhe difference in noise for thareeplotsis due to selection
of atom to study: an atom is chosenttiseclosest to z = 0, 0.5 or 1.0 cell lengths, and lighter
atoms will see more noise than heavier atoms.
This behaviour is observed for the full range of polymer phé&&&90% carborane
content, both medium and long strand casss)t was decided tabandon the derivation of
shear modulus through this technique. Howeves, déffect of shear potentials on polymer
phases will be analysed in more detaiBiection4.6.2 which dealswith cross linking, where

the polymer phasacts more like golid, and thepropagatiorof a shear wave is more likely.
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4.3 The effect of varyingpara-carborane content

The metacarborane isomer is chosen as thd¢c8ge}Si angle in biddimethylsiloxy
metacarborane most closely mirrors that of thed86i bond in siloxane, so is likely to have
the least effect on the physical properties of the polyraad allow easiest synthesis
However, themetacarborane units within the chains amérlfy polaf®, meaning a igher
chance ofordering due to electrostatic interactionand a consequent increase in glass
transition temperature,gTobserved experimenta®y andsimulatedin section4.2.3.4 Many
other physical propertsecould also be affected\ttempts to ihibit the crystallisation of
chains include: replacing a small percentage ofntleéacarborane units with thede polar
para isomef®2 replacing a small percentage of the dimethyl siloxane units with phenyl
methytsiloxane; introducing crodsking between chains, and éwching chains.The

polarity discussed faneta andpara- carboranes is shown Figure68.

Figure68. Model of dectrostatic field as caldated by PBEPBE/1G (d,p) calculations on Aneta
and B:paracarborane. The calculated net dipole for these molecules at this level of theory is
isotropically 0.0 fometaand 2.6302 in the axis ¢hrough the carbon atoinis para.

The first investigation involves changing theetdpara ratio in line with an
experimental papét, to see how reproducible the physical properties are with this method.
Carborane percentage is fixed at 50%, whilerttetdpara ratio is set at 7, 15, 3@nd 50
percent in the different polymer phases.

The polymer phases were created in the same way as forlthe n g 0 wifhla easoe s ,
of 50:50 siloxane to carborane building%chance of @arborane build beingnetaor para
is then introduced, with the forcefield unchanged except for the chargearborane atoms

which were taken from the PBEPBE3G* optimised structure of the monom@&woron
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atoms are equivalent and have a 0.04 charge, whilst carbon atoms have a cltadgetbis

is a change from boron-8.08 t00.08 and carbon .74 as in thenetaexample

. The densities for this method are seenFigure 69, producing thethermal expansion
coefficients andulk moduli seen irFigure70 andFigure71. Therefore, it appears that with
increasingpara-carborane content, density decreagssa result of the lower coordination

between strands, which is not unexpected.
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Figure 69. Densityof polymer phaseas a function opara carborane conten60% carborane

monomer content overall
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Figure70. Thermal expansion coefficieas a function oparacarborane content
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Figure71. Bulk modulus as a function plaracontent 0% val ue taken from equi

experiment.

With increasingpara-carborane content, thermal expansion coefficiectreases,
whilst bulk modulusshows some scatter, anttend is difficult to discern.

As a result of less coordination between strands, an increase in temperature will lead
to higher interchain mobility, and a greater effect on volume change, and in turn, a higher
thermal expansion coefficient.

In the case othe bulk modulus calculationghe lack of correlation betweebulk

modulusand para-carboranecontent suggests that the flexibility, in terms of torsion and
angles, of G5I-O-S i units in polymer strandsponsesto t he n
changing pressure. Thamberof O-Si-O-Si units in polymer strands in this investigation is

determined by the amount of siloxane monomers in the initralEei0% for each phase.
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4.4 The effect of varying phemyhethytsiloxane monomer content

A common method foreducing intesstrand interaction, and therefore creating a more
malleable plastic materialin siloxane polymers is to introduce a small percentage of phenyl
methyktsiloxane monomers in place of dimethyl siloxane monothefhis has the effect of
holding strands apart due tioe bulky nonpolar moietiesoonded to the silicon atonud the
linear strands,possibly leading to a lower glass transition temperatumyer thermal
expansion coefficient etc.

This effect is stuaid within the context of thigork by creating polymer phas€20
strands of a Gaussian distribution around 40 monomers leungiiy the ERMINTRUDE
code developed isection4.2.3 at a 50:50 siloxane : carborane ratio, but with a percentage of
phenytmethyl siloxane monomer additionsstead ofsiloxane monomer additiong an
analogous way to that discussedsiection4.3. The phenyimethyl siloxane monomer is

shown inFigure72.

Figure72. Phenytmethylsiloxane monomer.

The densities of polymer phases created usiagethniquedetailed abovare shown

in Figure73, cell volumes stabilising in-2 ns
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Figure73. Densities of ERMINTRUDBproduced phasexf varying phenyl siloxane monomer
contentMetacarborane content fixed at 50%

The 3and 406 compositios have lower densitghan expected, due to a pocket of
unoccuped volume in the polymer phase, but a trend of decreasing density with increasing
phenyl monomer content is discernable. This is expected, as phenyl units will have the effect
of holding strands apart, reducing density and inter strand interaction.

The dfect of phenyl content on thermal expansion coefficient and bulk modulus, in
line with previous studiegi.e. measuring changes in stable cell volume as a result of
increasing temperature and pressure respectivslygeen inFigure 74 and Figure 75.
However, thevdW cutoff was reduced from 12 to/8in order to improve paralleation(by

increasing the amount of link cells and therefore nodes avéitybleading to a slight

reduction in thermal expansion coefficient overall.
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Figure74. Bulk modulus as a function of phenylonomer composition in 50% carborargioxane

copolymer phases
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Figure 75. Thermal expansion coefficient as a function of phenyl monomer composition in 50%
carborane contemiolymer phases

As can be seen, with increasing phenyl monomer cortetit,modulus increases, as
the ability of thestrands in thematerial toorder themselvesand therefore accommodate a
reduction in cell volume is impededue to the steric role of phenyl groupowever, this
effect is slight, and levels ofindreversesabove 15% phenyl conteras seen ifigure75.

The RDF of carbon to carbon is shown in the following figure, in order to isolate

peaks due to phenyl carbons.
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Figure 76. Ambient GC RDF data for polymer phases composed of varying phenyl monomer content

It is clear fromFigure 76, that the peaks at 1.2 and A%re due to phenyl content,
and can be interpreted as bonded and near neighbour carbons in phenyl groups, whilst the
peak due taC-C-C-C is lost in the broad pealit 3A, which is also composed of carbons

bonded to the sangliconi.e. C-Si-C. The effect of high pressure is seeffrigure77:
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C-C RDF data; 15% phenyl composition
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Figure77. C-C RDF data at ambient and high pressure for 15% phemybmer phase

There is very little change upon applying high presgaoeceshift in frequency above
0.3), suggesting that there is no scope for accommodating a reduction in phase volume by
compressing the phenyl unit#t is also useful to analysthe chang in GC-C angle
distribution, as seen iRigure78; the peak of the angldistribution is perhaps broadenky

pressurgsuggesting that treromatic carbon rings slightly distorted
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Figure78. C-C-C angledistributionin 40% phenyl monomer content phase, at varying pressure

Regardless, with 205% phenyl monomer content in carboraiexane polymer
phases, the maial is more resistant to pressutiean the equivalent methyl substituted
copolymer, a potentiallyseful property given its industrial conteXte increase in thermal
expansion coefficienwith phenyl contentreproduceswhat is observedexperimenally:
strands are held apart by rigid side groups, so react to increases in temperature by becoming
more nobile than their dimethyl equivalents. gecond advantage of introducing phenyl
groups discussed is that they show fAenhanced
of crystallinity found in the unmodified poly¢carboranesiloxand r u b B3eThi®is a more
difficult concept to show computationallgs alluded to in sectioh.2.1, but the thermal

expansion coefficient is aneased.
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4.5 The effect of varying ethyinethytsiloxane monomer content

Given the potentiabf crosslinkingfor affecting the phsical properties o& polymer
material, it was decided to investigate #iféect of incorporating ethenmoieties into the
polymer system, by adding a percentage of etheathytsiloxane to the monomer mix, in
place of dimethyl siloxane. The more reactive nature of the ethene moiety means that cross
linking is more easily instigated, through a R&aor light'* catalysed process, although
typically a crosslinking agent such as tetrapropylorthosilicate and a cztab/stised
However the reaction of ethene groups to createaniq linkers between strands during
gelation is a possible mechanisand the first part of this investigation will be a study into
how close ethene groups are to each other in polymer phases with varying cethisme.

This investigation will also include a look at how raw ethene content affects physical
properties of the bulk material, before crosslinking is considered.

The phases were produced in the same way as the previous study, with 20 strands of a
Gausian distribution centred at 40 monomessth NPT MD used to stabilise cell volumes
at ambient (latm, 298K) conditignsvith a small cutoff to improve parallelisation and

produce the phases quickeA[8The densities produced using this system are givEigure
79
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Figure79. Density as a function of ethene monomer content in polymer ph@admrane content
fixed at 50%.
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It would appear thatwith increasing ethene contenthere is increasd density.

Siloxanecarborane polymers

i's | ower

over al

, Y dnalagousth e 5 0 %
0% ethene irFigure 79. This is possibly as a result of the reduction in cutoff to improve

parallelisation, leading to stabilisation of cell volume at a lower density than would be

expected. Comparison with 0% ethene content therefdrenot be mae@. The increase in

density with ethene content is possibly as a result of increased electrostatic interactions with

more ethene groups, as the corresponding methyl groups have carbostasdesl by their

hydrogens, whilst ethene carbons are more exposed

l gnoring
expand into),the thermal expansion coefficient appears to reduce fBoto 50% ethane

content andthen increases from 50% to 100%, perhaps indicative of a peaksirdad

The effect of ethene content trermal expansionoefficientis se@ in Figure80.
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Figure80. Thermal expansion coefficient as a function of ethene monomer content
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at

ag82%

interaction at 50% ethene content, which will reduce the thermal expacseafficient

However alarge scatter in results ipparent The effect on bulk modulus is given kigure
8L
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Figure81 Bulk modulus as a function of ethene content

In this caseincreasing ethene contesbes not appear to affeotilk modulws, with all
results within a narrow range above 4.2 GPa and below 5.2 ®i#a the 82% case
anomalous due to a pocket of fredume to expand into.

It is known experimentally® thatt he materi al 6s proweytties
groups causi ng cr «isybnodifredk polp(mcarbadianesilbxane) rubkdere n y |
showed the lowest degree of swell, indicative of the greater -tnésslensity of this
material. This is due to the additional crdis&s introduced by thesinyl groups during
gel at i on/ typichlly catalgsed by nthe crosslinking agent dichlorobenylperoxide
This will have a greater effect on the flexibility of the matetign simply having bulkier
side groupsor obvious rasons The effect of croslinking will be analysed in more detail in
section4.6.

The method by which crosslinkirig gelationoccurs is sggestedf>1%¢ to be via the
binding of a vinyl and methyl group throughfree radical catalysed mss,with some
redistribution of hydrogen atomshown in the scheme below
1:(ORy)Si-CH=CH, + RO¥ ( OZSi-CHcCH,-RO
2:(OR2)Si-CHGCH2-RO+HC-Si(OR) Y ( - CH2-CHRO+:HCSIi(OR,)
3:(OR)Si-CH=CH, + 2HCSiI(OR) Y ()6RHeCH,-2HC-Si(OR,)
4:(OR,)Si-CHGCH,-2HC-Si(OR,) +3HC-Si(OR,) Y

Scheme 7
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(OR2)Si-CH-CH2-CH2-Si(OR,) +:HC&SIi(ORy)
5:2(0ORy)SiCd2Y (OR)Si-CH2-CH,-Si(ORy)

This is depictedin Figure 82 showingthe RDF of ethenecarboni ethene carbon,
which reveals the low probability of finding two vinyl groups in close proximity at any given
moment, even in high ethene content phases.

0 l I I I I | I I I I I I

0.09 — — 70% ethene content
- — 78% ethene content
0.08 — 85% ethene content

— 93% ethene content

10% ethene content
0.07— 18% ethene content
B — 25% ethene content

0.06 — 33% ethene content

E‘ L — 40% ethene content
g 0.05 48% ethene content
3 L — 55% ethene content
5
0.04 — ]
0.03 -
0.02 ]
0.01— ]
| ] | 1 | ]

0

Distance A

Figure82. Second peak of ethene carbethene carbon RDF for varying ethene content phases

It is clear then, that crosslinking is unlikely to occur via a radical terminated process of
two vinyl groups and a process wherelayvinyl group reacts with a methyl group on a
neighbouring strand is tHi&ely mechanismwhen using peroxide and a crosslinking agent
For this reasonpnly very low concentrations of vinyl groups are required ¢bieve high
crosslink densities, but an altative mechanism where radicals are light generated and
crosslinks are formed by the reaction of vinyl groups, may benefit émmrol over viny

vinyl distance provided by ethene content and presented here
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4.6 The effect of cross linking

Cross linking isoften carried outby polymer scientists in order to alter the physical
properties of the material. This can come in the form of a reaction of the material with boric
acid, which promotes cross linking by reacting with the terminal hydroxide groups of
polymer strands, via condensation bondmiven the three hydroxyl groups per boric acid
molecule, the ends of three strands cam the bonded together. This immobilisation of
strandsreduces theamount ofcrystallisationin the material, whilst retaining theeformable,
elastic natureof the material due to the intermediate strength of th@ Bond: interstrand
VDW interaction strength < B-O bond strength < SO bond strength The range of
interactions can accommodate different changes to volume.

Another method for cross linking is by the bonding of strands via their organic
substituents, typically catalysed by heahemical teatment®* or photolysi$®’, and also
usually governed by the selection of labile side groups in monokesexact method of
inter strandconnectionthrough radiations poorlyunderstoodpne mechanism beirg StSi
bond formed through the removal of respective methyl groups, with an ethane molecule
produced as a side prodtit another being the removal of two hydrogen atoms from
separate methyl grouff8as in:

Si-CH3 + HsC-S i -CH6-CI%ASi + He Scheme 7

In any casgthis method creates strong contacts between str&rdss linkingwill be

corsidered in the next two sections
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4.6.1 Boric acid induced cross linking
Boric acid cross linking was simulated by writing a python éaldat selected three
terminal hydrogens in close proximit2.58) in the polymer phase. These hydrogens were

removed from the phase and a bomtom placed at the average of these positiéms.

example of this doue8ds action I s given in
T e
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Figure83. Image offi ¢ h e mit ¢ a BOkowildxane phase. Boron and bonded oxygens are

highlighted with spheres. The insert is of boric acidatimised by Gaussian03.

The new terminal oxygens were given a different atom type name the non
bonded interaction between boron and thkygen atom type was then set as the UFF
Morse potentigl shown inEquation4.11. Wherer is the BO bond distancén A, and the

units are kJ/mol

(@) W™z p Q% ° 8 p Equation4.11

In this way the condensatigractionmediated tying together of three polymer
strands is simulated in this polymer phashough the production of three water molecules
is ignored

Cell volume and energy were then equilibrated using NPT molecular dynamics, and
physical properties recalculatedeither hermal expansion coefficig or bulk modulusis
changed(5.05 x 10* K'! and 3.18GParespectively) from the unmodifiedure siloxane
phase Therefore 1 boric acid molecule per 10 polymer strands does not initially appear to
affect the material 6s

rresponse to pressur e
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|t would be interesting to extend this
polymer phases, and to add more boric acid molecules; this would give an idea of the effect
on physical properties of the ratio of chemical treatment to amount of polgsevell as
potentially determining the difference in effects of boric acid compared to tetraalkoxy silane
curing treatmentlt is also of interest to examine how likely it is to find three terminal
hydrogens in close proximity to each other, which wikdhight on the idealised bonding
together of three polymer strands by a boric acid molecule (in the 11 phases examined, only
three had viable nearby terminal hydrogens).

However, at this point in the investigation, we had conversations with
experimentaliss planning experiments using these polymers. The most interesting route for
theoretical calculations wassdussed, and crosslinks between polymer strands, via ethyl and
methyl linkage was put forward. Therefore the crosslinking calculations were extended
those discussed Bectior4.6.2
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4.6.2 Radiationcatalysed cross linking

As noted insection4.6, cross linkingof polymers affects physical properties, and is
exploited in polymer science in order to produce materials with desphiecal properties.
However, given the industrial ctaxt, cross linking will also be a factor in the aging of the
designed material. This is due to the high energy lithium and helium ions travelling through
the material as a resulf aeutron capture events, as stapedviously Therefore, it is of
particdar interest in thisvork to anayse the effect of cross linking.

The creation of cross links in this context is likely to i@ the removal of methyl
hydrogens by the progress of high energy positive masing past strands. This will have
the effect 6 catalysing an organic linkage between strands, as hydrogen deficient carbon
atomsmakeshortC-C bonds taquenchthe high energy low coordination states.

This effect was simulatedby writing a python code that selects two methyl
hydrogens on neighbouring strands within a user specified radius (typically 2.6 A). These are
removed, and a methylen&CH»-) unit placed at the average of their positions. Tiethod
waschosenas itwould be an analogy of experimental conditiovtslst it would also avoid
makingentirely new polymer phases.he phases studied weThee t he
cell volumes were stabilised at ambient (298K, 1.0 atm) conditions using molecular dynamics
(1 femtosecond timestep, NPT ensemble and 1.5 ps thermostat and barostat @ivatrol)
crosslinks had been created.

Thermal expansion as a function of cagbw content is recalculated for the polymer

phases with a varying amount of cross linking. This is shoviigiare 84.
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Figure84. Thermal epansioncoefficientas a function of carborane content for cross linked materials

As can be seen, with increasing carborane content, thermal expansion coefficient (Tc)
is reduced for reasons discussedserction4.2.3.3 With cross linking, Tc is also reduced,
although with some variance in the effect. This variance is likely due to the position of cross
links; a cross link at the end of two strands will é@avdifferent effect than in the middle of
said strands.

The effect of crosslinking is very slight, with several points overlapping, for 1 cross
link per 10 polymer strands, and large, qualitative changes are observed éhtydsslinks
per 10 strandswith effect on thermal expansion coefficient increasing with crosslink density
after this cutoff This is an indication of the density of cross linking required to make a
noticeable change in physical properties, in terms of flexibilityvould be inteesting to
compare these results with expeent, as localisation and density of crosslinks is likely to be
slightly different to these idealised results.

Bulk modulus as a function of carborane content is also calculated for the cross linked

materials, vinich is seen ifrigure85:
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Figure85. Bulk modulus as a function of carborane content for cross linked materials

As can be seen, the effemt bulk modulus iglifferentto that ofTc. For uncrosslinked
materials, increasing carborane content increases bulk modulus, due to there being less
possible ordering of SD torsions to accommatke a reduction in cell volume, and 1, 2, 3, 4
and 5 crosstiks per 10 polymer strands show little variation in this trend from the
uncrosslinked phaséut with a large amount of scatter in the resultewever, 6 and 7
crosslinks see alight shifting to higher bulk modulus, suggesting a stiffer material, and
aga n, is an indication of the density of <cro:

response to isotropic pressure.
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Given the effect of crosslinking oisotropic physical properties, it was decided to
repeat theshear modulus experiments cautiously exploredseéction 4.2.3.6 In these
experiments, cell size is not altered, and the interactions within the material aoente of
physical property prediction.

With a shear field of @5 cell lengths, a shear wavedgain not observetbr pure
siloxane (0% carborane substitutip®ven at seven crosslinks per 10 straaglsseen in

Figure86, where the atomic positions are more representative of a material experiencing tear

30‘0 T | T | T | T | T | T

— seven crosslinks per 10 strands polymer phase
— uncrosslinked 0% carborane content phase

[
3

@

Change in x position {A)

2

0 50 100 150 200 250 300
Time (ps)

Figure86. Effect on x position of atoms at z edges of cell, or halfway through dedinA=0.25
shear wave is applietor pure siloxane phase, with seven crosslinks per 10 polymer strands

As previously statedshear modulus can again not be calculated, as a shear wave
cannot be clearly determined. What is clear is trasslinking signicantly delays the
Aitearingo effect, suggest iwhgn camparedwittc thee a s e
uncrosslinked exampldearing in this senseould be representday a change of more than
one cell length in one directiom r a 3 @igure 86nFor instance, the uncrosslinked
example tears at 30ps, whilst seven crosslinks per 10 strands appears to tear at 120ps. This is

an indication of inflexibility in the crosslinked example.
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4.7 Modelling radiation damaga copolymers

Given thepotentialindustrial context of these materials, it was decided to study, using
electronic structurenethods, the effect on vibrational spectra of removing boron vertices.
This will allow the changes in wiktional spectra observed theoretically to be a diagnostic
tool in studying these materials experimentally; to determine the likely structure of the
carborane cages following exposure to radiationrtiightremove boron vertices.

The assumption in thiethnique is that the remaining carborane cage remains intact,
following the nuclear reaction of one of its vertices. This may not be the case, as the high
energy particlesoulddestroy the cage completely, perhaps leadingedormation of boron
oxide/baron carbide systems, as obserCidhs when
investigaton will consider a range of charge states to give an iddsedikely cage systetns
state

The metacarborane monomer has four inequivalent boron positions; B1: bonded to
both carbon atoms (2 atoms), B2: bonded to 1 carbon atom and B1 (4atoms), B8:tbdhde
carbon 2 B20s (2 atoms), and B4: figute87bonded

B1® B2 B3 B4®

Figure87. Monomer with boron positioriabelled

From the optimised carborane monomer, each of the boron positions, and associated
hydrogen atoms were removed in turn, and five further optimisations were performed on the
cluster, with the charge +2, +1, 41, -2. This represents the loss of &8 BHY, BHC etc.

unit due to neutronapture events
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The geometry optimised energies are givehable8:

Table8. Geometry optimised amgies for damaged cage system

Residual Vertex removed, optimised energy, relative to lowest energy for that ¢
charge state (kJ/mol)
Bl B2 B3 B4

2 - 0.000 1234 -

1 7089 0.000 368 578

0 0.000 - - -

-1 0.000 107.6 1234 220.5

-2 0.000 128.6 141.8 254.7

In this table, dashes represent calculations that failed as a result of no stationary point

found on the potential energy surface. The optimised structure in each case is shown in

Figure88:
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Residual Vertex removed, optimised geometry
charge B2 B3 B4
+2 -
5},
&

+1

£ RE

Figure88. Geometry optimised structures for damaged gtem

A few trends are immediately clear fraitme preeding figure and tableFirstly, with a
2+ state remaining on tldamagedluster,the calculation either fails, or produces a highly
strained/unnaturastationary point This suggests that if the removal of a boron vertex is
accompanied by a removal of two electrons, there is likely to be a destruction of the cage.
This may lead to boron oxide/ boron carbide solids in the material, as in the case when high
temperature leadto cage degradation.

The -2 cases see the assumption ofido configuratiol as anti ci pated
rules that is, a closetboronpolyhedron with one missing vertex (nido configuration), will be
stable withfour extra electrons, in thisaseprovided by two carbon atom substituticenrsd
the two electrons from the residual charge.

In the -1 case, B2 and B3 assume almost the same configuration,simiilar

energes in a slightly distortechido configuration.The B1 case is structurally veryrslar in
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the +1 and1 cases (a BH bridge is formed between carbon atoms), but is the most stable
case and least stable +1 caBee average charge on boron atoms is equal in the two states
(+0.037), suggesting th#thte occupation of cage orbitalsrngaintained regardless of overall
charge in the monomer. However, the +1 case sees more polarisation of key atoms (Si=
+1.00, cage carbor.65, bridging boron+0.22, compared to Si= +0.69, cage carben =
0.38, bridging boron =0.14 in th& casg in orderto maintain cage orbital occupation, and

the increased electrostatic repulsion between nearby carbon atoms is the likely source of the
change in stabilityThe trend is repeated across the other +1-Amdses

The neutral cases all failed, or formed ameatisticconfiguration, with a BH carbon
bridge as in the B1 case.

All things considered then, impact events in the material are likely to leave some
excesslectron density in the cageith some form ohido configuration, if the cage is not
completey destroyed by the particles produced in the aftermath of a neutron capture event.

The frequency changes caused by removal of vertices are of most interest to
experimental investigation of radiation damaged polyneriew of the availablenodes are
illustratedin Figure89:
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Figure89. Vibrational modes in stablaetacarborane monome6Green arrows represent mode

direction at thatvavenunier (these have been manually increased in size to exaggerate their effect)

't is clear that the cage el ements are m
cm, so it is expected that removing a cage vertex will have most effect on these bands. The
vibrational spectra for each system are giveitable 9, the comparison with experiment is

given inFigure90, while the key spectra are collected-igure91:
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