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Abstract

Thework presented in thilsesisexplores twdlifferenttopicsof interestfirstly a synthetic
projectfabricating small buildingploks for supramolecular arrays. The building blocks are

a series of perylene monoimide monoahydride (PMIA) codgyaynthesised by a four

step process. The PMIA compounds belong to a family of dyes called the rylenes which
are known in literature for their optical properties and use in optoelectronic devices.
Chapter 2 begins with the description of the synthesishamacterisation of these
molecules,where Hirshfeld surface analysis is used to investigate the solid state
intermolecular forces between adjacesieculesThis is 6llowed bythe details of
connecting two PMIAhrough organic linkers aidxploresthe structural and physical
properties of the so called dimire ghysical propertiesvestigated includeptical and
electronicpropertiesutilizing spectroelectrochemistry, cyatitammetryand electron
paramagnetic resonaneehniquesThe chaptealso explores the asymmetric feature of

the building blocks with the aid ofray crystallography.

The second topief interesis silicon nanosheets (SiNB)ere are many types of these
two dimensional (2D) matesigublished in literature, howeveetypewhich has had
minimal attentiorsa bucklegheestructure known as layered polysilane. A synthetic and
structuralinvestigation into layered polysiland closely related siloxene, are carried out
in Chapter gidentifying theibonding arrangeent andopographi@assembly througi
range of analytical techniquake many other SiNS, it is proposed that this material can
be used in nanotechnology devices in the fanuaéhis thesis makes some way towards
identifying the structure which igiontant in order to use them in such devickapter

4 leads on to discutise investigation into the modificatiorSoflS fabricated in Chapter

3,viaa range of small organic molecules. This is another area in literature which has great



scope for invegfation and exciting potential for usenanalevices. An important
difference once the SINS have been functionalised with small organic groups is their
enhanced solubility, in comparison to being insoluble before functionalisation. This opens
up a wealtrof applications which require solution phase activity. A range of surface
analytical techniques aid in identification of functionalised sheets and Chapter 4 details the

challenges and sucesss
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Chapter 1

1.1 Supramolecular Building Blocks

OSupramol ecul ar chemistry is the chemistry
structures and functions of the entities formed by the association of two or more

chemical species. o
~J. M. Lehh

The laboratory of Jedvlarie Lehn introduced the concept of supramolecular chemistry

in 1988 which later was awarded a Nmiwd? This quote by Jedvarie Lehn describes
supramolecular chemistry where-oovalent bonds such as electrostatic interactions,
hydr ogen -3b st dicrkdgand fteravtons ddfipole interactions, dipele

dipole interactions including van der Waals allows iradlividlecules to connect together

in elaborate supramolecular art@snding may vary from weak to strong and self
assembly strategies are employed for the supramolecular arraysTtoefmomcept of
selfassembly was developed by Whitesides in 1990 particularly focusing on nanoscale
structure¥’ and the selissembly of functional bulk materials was later developed in 1993
by Stupp and eworkers: ° Since then supramolecular chemistry has enabled the
development of such a large variety of sophist&gegins which are all dependent on

the design of the molecular structure. Only last year weféiefearSauvage, Fraser
Stoddart and Bernard Feringa jointly awarded the 2016 Nobel Prize in Chemistry for their
work on the design and synthesis of moleauiachines which are recognised

supramolecular arradf¥

Supramolecular structures can be fabricated through simple organic or inorganic molecules

connectd to each other to form twdimensional (2D) or threkmensional (3D) systems.
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Importantly, it is the molecular structure which determines the supramolecular array. The
properties of the molecule such as the size, symmetry and functional groupshefluence
systems fabricated. The molecules, often known as building blocks or subunits, can be
tailored and designed to synthesise elaborate supramolecular arrays with specific chemical

and physical properties if desired.

1.1.1  Perylene Derivatives

Perylene derivas, such as perylene diimide (PDI) and perylene monoimide
monoanhydride (PMIA) are interesting examples of supramolecular building blocks. The
structure of these compounds enables them to be designed in different shapes and sizes,
with different functiorlagroups added for specific tailoring. This thesis details the
synthesis and characterisation of a series of asymmetric PMIA suitable for application as
supramolecular building blocks. A brief introduction is provided below, with a more

informative and coprehensive review documented in the introduction to Chapter 2.

Figure 1 Asymmetric PMIA featuring an anhydride moiety (red box) and an imide n

Thegenerastructure of the PMIA series synthesised in this thesis is shégurdnl.
The structure consists of two naphthalene ringeected by single bonds, featuring two
different functional groups at either end. The functional group highlighted in the red box

is an anhydride moiety and the functional group highlighted in the blue box is an imide
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moiety (often called Nerminal positio). The synthesis of this novel series of PMIAs

involves a four step procedure with multiple purification steps. The characteristic
polyaromatic perylene cor e, -3wisttha cfkii neg fbes evk ¢
adjacent molecules which makeanthexcellent candidates for the synthesis of
supramolecular structures. Different functional groups attrenbhal position (imide

moiety) can be substituted, and depending on their size and conformational arrangement

can di s-fupht e hweenfdjacensmolecelfShe strong ability of such

polyaromatic molecules to stack can present a significant digadvateems of low

solubility or insolubility of such systems, sometimes presenting challenges when

characterising the molecules using solbisad analytical techniques.

The molecules discussed so far (PDIs and PMIAs) belong to the rylene family of
conpounds, and asymmetric species such as PMIA have received less academic attention
compared to symmetrical species such as symmetrical PDIs. PDIs in particular are known
for their unique characteristics such as their strong and efficient fluorescemctowith u

100 % quantum yields, high chemical and thermal stability, and intense absorbance in the
UV-visible range. Over the last century many PDIs have been intensely studied and are

now used in industrial applications including a range of optical andieldetrice¥’.
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1.1.2 Silicon Nanosheets

In 2004, Novoselov and Geim reported the isolation of graphene, a 2D carbon nanosheet
material® The unique properties of graphene have enhanced research of the synthesis and
characterisation of other 2D nanosheets. There is now a huge variety of nanosheets ranging
from graphene to metal oxide and chalcogenide gtdsaad more recgly carbon

nitride nanosheet¥The properties observed in nanomaterials in comparison to their bulk
analogue continues to draw attention from scientists. An important difference is the
increase in surface area to volume ratio in nanomaterials, compared to their conventional
forms, and this increases the reactivity and stféNgthosheets have® structure and

are characterised by having a thickness in the order of nanometres. They are expected to

bridge the gap between atimensional (1D) structures and 3D bulk matérials.

Significant developments over the past few years have been focused on silicon nanosheets
(SINS) in particular. A full review of silicon nanomaterials is provided in Chapter 3,
however a brief introduction is given here. There are many types ottsgdgwiorm

falling into two categories, either; a) buckled SiNS or b) silicene. Briefly discussing the
latter, silicene is a relatively new allotrope of $iédhnis viewed as a silicon version of
graphene, where silicon layers obtaidspSpy br i di sat i on, and the
is composed of simembered rings of silicon joined together.-gtaading silicene has

yet to be synthesised but rather the sheets are supported by a surface substrate, for example
Ag(111¥° This exciting material has potential for use in nanomaterial devices including
thermoelectric devices, chemical sensors, hydrogageséamd electrode material for

lithium batterie¥.
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The other category of SiNS, buckled SiNS, covers a wide range of materials, including
struictures which have other elements rather than just silicon present in the framework.
This thesis concentrates on two particular types of SINS namely layered polysilane and
siloxene which belong to the buckled SiNS category and a full literature eposteds r

in the introduction to Chapter 3. The silicon backbone is terminated by either hydrogens
or hydroxyl groups which protrude perpendicular to the plane of the sheets. The silicon
atoms have $ybridisation allowing the sheets to feature a buckdegjement. The

unique physical and electronic properties make them promising candidates for a variety of

applications in nanoscience and nanotechrlogy.

1.1.3 Functionalisation of Siliccveanosheets

Surface functionalisation of SINS can be defined as the act of modifying the silicon surfaces
by bringing physical, chemical or biological changes to the material. Recently,
modifications of SINS have been explored by the research group af &ladkaare
described in the introduction to Chapter 4. Different methods to functionalise the sheets
have been attempted by Nakano, including; amine functiongliéttba use of a
Grignard reagefit hydrosilyatio®® and lithiation of sheetsModification of SiNS

typically improves the stability and dispersion of the functionalised sheets in organic
solvents. In addition, new characteristics are revealed andottergiad for application

in devices such asibn batteries, ultrathin semiconductors and energy conversion and

storage devicés.
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1.2 Aim and Objectives

The longterm goal of this project is to create PMIA functionalised SINS systems. It has

been reported ithe literature thatunctionalised SINS have the tendency to produce

unique characteristics and can be usedascelalevice$? One example is the ability of

phenyfunctionalised SINS to produce a liglduced photocurrent giving scope for use

in electronic devicésThis project was designed to research fundameotahation

which is required and will contribute to achieve thetéomggoal. The key objectives

involved:

Synthesis and the full characterisation of SINS prodrgradcélcium
disilicide. Theharacterisation of the structure of these sheets are mhporta
for establishing the most suitable pathway to functionaliseTthera.are
conflicting characterisation reportshialiteraturewhich will be repeated, in
addition to newnicroscopy studids aid in identificatioand understanding

of thesestructues.

Test reactions using small organic compounds (which represent perylene
derivative molecules) to achieve a facile route for functionab&iNs

Synthesis of asymmetric PMileculeseady for use in functionalisation of
SINS. AsymmetrieMIA deiivatives are good candidates for functionalisation

of SINS since the-drminus of the molecule can purposely be functionalised
with an end group suitable for attachment to the nanosheets, while the other
anhydrideend of thePMIA can remain inactive towarthe sheets. This will
prevent crosinking between the sheetahich would make analysis of
structures more complekdditionally the synthesis of PMIA molecules is
required such that asymmetry functionalised PDIs can be prepared with

appendages tharcbe attached to SINS.
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1.3 Thesis Overview

This thesis contains two parts. Firstly, Chapter 2 details the fabrication of a series of PMIA
compounds, discussing the synthetic strategies and characterisation. Hirshfeld surface
analysis was used to investigéntermolecular forces between neighbouring molecules

in crystal structures. A compound in the series wadigkesiswith itself using different

organic linkers to form larger molecular dimers. Optical and electronic properties were
investigated for @nof the dimers utilizing spectroelectrochemistry, cyclic voltammetry
(CV) and electron paramagnetic resonance (EPR) techniques. The intention of

synthesising the PMIAs was to attempt connecting them to the SINS.

Secondly, the thesis focuses on the fébnad SINS. Chapter 3 investigates the synthesis

and characterisation of SINS. A range of methods were used to investigate the structure of
the sheets including infrared (IR) spectroscopy and Raman spectroscopy. These interesting
materials were probeding a variety of surface techniques including powday X
diffraction (XRD), Xray photoelectron spectroscopy (XPS), scanning electron

microscopy (SEM) and transmission electron microscopy (TEM).

Chapter 4 explores the functionalisation of the prevaymhesised SiNS in Chapter 3.
SINS were modified using a range of small organic groups, such as alkenes, imidazole,
amines and trioxysilanes, investigating the attachment of the organic groups to the sheets

as well as the structure of the sheets.

Chaper 5 summaries the results presented in this thesis, evaluating the outcomes and
revealing the scope for future work. The appendix at the end of the thesis details the theory

of some of the characterisation techniques used.
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Chapter 2

2.1 Introduction

Perylenes are an interesting class of colourants, featuring a polycyclic aromatic

hydrocarbon core shownhkigur@.2a. Colourants are characterised by their capability to

absorb or emit light in thesible range of the electromagnetic spectrum, with wavelengths

within 406700 nm. Becoming apparent in th& déntury, colourants have played an

important role in many industries, with oearl5,000 colourants produced on a

manufacturing scale in thetld50 yearsThe particular colourants researched in this

thesis belong to the rylene family, which are a group of organic dyes and pigments once

used for colouring textiles aaek now of great interest to materials and supramolecular

chemistskFigur@.2 shows a range of rylene derivatives which have attractive features such

as, tuneability of colours and solubility, resistance t@wehtmical robustness and heat

stability’

bay-Postion

T

112
S Oa O
. peri-Postition
9 Q
4
S

8 6 5

Perylene

Perylene diimide
PDI

8 7 6 5
Perylene dianhydride
PDA

8 7 6 5
Asymmetric perylene
monoimide monoanhydride
PMIA

Figure.2 The numbering system for structures of a) perylene, b) PDA, c) PDI and d) PMIA.

12



Chapter 2

Perylene,4:9,1Qetracarboxylic dianhydride (PDRig(r@.2b)can be considered as the
parent compound for this family of dyes, often used as the starting material for synthesis
of perylene derivativésPDA consists of two anhydride moieties at either end of the
perylene core, Wifour carboxylic groups giving a planar rectangular structure belonging
to the D point group. The structure and morphology of PDA has been well studied,

however insolubility in typical organic solvents has limited its Utility.

In the rylene diimide series, the most intensely studied dyes are-}ér9léde
tetracarboxylic diimide (PDRigur@.29, and the first was reported in 1913 by a German
chemist named Kard6BDIs consist of two imide functional grewt either end of the
molecule, commonly known as théekminal positios® PDIs are broadly used as dyes
and pigments due to their outstanding photochemical properties, such as high absorption
in the visible to near Hegion and their ability to fluoresce with quantum yields near
unity? ° Optical applications include fluorescence solar colféeti@styophotographic
device$? lightemitting diode¥, photovoltaic devic&s™ and dye laset¥? Moreover,
many PDI derivatives are favourable for the construction of electronic*tdwecés

their electron mobilities (2.10%MsY).2*?* PDIs are used in the active layer -tfpe
semiconductors for applications in organic thin film transistors (FFfand organic

field-effect transistors (OFET%).

The interesting properties of PDIs have led to research into asymmetric PDIs and perylene
monoimide monoanhydrides (PMIAS). There are twodfpsgmmetric perylene cores;

the first feature different functional groups at the bay positions on the peryteaadore

the second feature different fuaotl groups at the peri positions on the perylene core
(Figure.2d). Asymmetric PDIs/PMIAs can be intentionally designed for synthesis of

13
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specific supramolecular systems. An example of this isdiyalwho ynthesised an
asymmetrical PDI to form a nanocoiled assembly with promising applications in
optoelectronics, fluorescent sensors and biological idiaiygametric PDI and PMIA

are further discussed in 8atP.1.3

2.1.1  Structure of Perylene Diimid@&DlIs)

PDIs consist of a planar aromatic core of five fusedftifigare are 12 functionalisable
positions on the core, four p€8, 4, 9, 10), four bay (1, 6, 7, 12) and four-q&hs, 8,

11) position$ The framework consists of two naphthalene half units joined together by
two carborcarbon single bonds shown byay diffraction studies displayed-igure

2.32"° The single bond character connecting the two units has been suggested due to a
longer bond length of 1.46 A mneparison to the delocalised carbarbon bonds within

the naphthalene units, which have a shorter average bond of°T 46 dingle bond

character can allow twisting of the perylene core, asdtLstRagure.4a.

1.39
1.36 1.40

1.47 1.46

141\ 141 /1.42

1.43 1.43
1.46

1.47

137 1.37

1.40

Figure .2 Selected bond lengths of the perylene coredh the solid state.

Themostmti ceable feature in solid stgte is
interactions where the molecules form stacks parallel to the molecular plane. The planarity
of these molecules facilitates aromatic interactions, and an offset of one malecule to
adjacent occurs as illustratedrigure.4. Moreover, the planar structure increases the

packing density and therefore the van der Waals interactions. An interplanar distance of

14
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approximately 3.5 A is commoolyserved between the PDI molectfiéywhich is

comparable to the interplanar distance between layers of graphene in graphite®at 3.337 A.

a) S o
~35A
Figure .2 Twoviews of PDI molecules showing a) twist in th# aranshticleore an-3i | | ust r

stacking between PDI molecules with an interplanar distance of ~3.5 A.

The properties of PDIs previously discussed, are readily tuneable by functionalisation at
two distinct locations; the bayd Nterminal positions. Functionalisation allows tailoring

of the molecule for specific usesl differentiates the interplamespacing from ~3.5 A

for different PDI derivatives. Different substituents on the PDI molecule can lead to
dramatic changes in the colour of these dyes due to the aggregation effect in which the

PDI stack®

2.1.1.1 Functionalisation at the Bay Region

Facile synthetic routes have been reported for core functionalisation. The first imtroductio
to this concept was by Seybeldlin 1989, where the core positions on the PDI were
chlorinated with sulfuryl chloride in nitrobenZéWéth the use of Xay crystallography,

a distortion in the structureas/reported because of a twist between the two halves of the

perylene backbone.

15



Chapter 2

2.1.1.2 Terminal Group Effects

Functionalisation at the-fdrminal position of the PDI opens up a facile route to tune

solubility’. Imidization is typically performed where a condensation reaction between PDA

and a specific amine occurs, to afford the desired defi/Etigdirst major imidization

approach was reported in the 1990s by Langhals amdrkess’ 6 S w atl 4 iolwd
hydrocarbon imide groups weraled to PDA, in different media depending on the

amine, the likes of water or benzene for reactive primary aliphatic amines, and imidazole

for less reactive aminéBepending on the size of theshbstituent, different degrees of
transverse)(and longitudinal)(displacement of a PDI unit relative to and@irunit

can occurKigur@.5). The coordinategsand| descrile the displacement of a given atom

in a PDI molecule, relative to the corresponding atom in the preceding molecule. These
measurements were used in a study by G&tagko describe the relationship of the

crystal colour with the bathochromic shiftingrar d - oc @ mtea §t ar ea bet we
stacked moleculesthin a crystal lattié&*® *® For smaller transverse shifts such as those

seen inFigure.5h a greater bathochromic shift is seen and darker maroon coloured

pigments are observed. However, PDIs wlagk farger transverse shifts, such as those

seen inFigure.5a, red shades are exhibited. Often, PDIs with a greater longitudinal
displacement (such Bgjur.59 have ncreased coupling between adjacent molecules,
exhibiting stronger el ectronisystems mider acti on
consequently are often black dy@&he extent of the transverse and longitldihifts

can be controlled by the choice oftakminal groups. Packing interactions can be

engineered to alter the pigment properties and crystallochromy of the PDI molecule.

16
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OR \IT O
R

R = Azobenzene R = p-CH;0OPhCH, R = Me
2) b) )

Figure .2 Trangerse (t) and lomgitn a | (1) disygsemmsaircaevanietynaf PDts fwith sliffesent k e
N-terminal groéfps.

2.1.2  Physical Properties of PDI Derivatives

2.1.2.1 Optical Properties

An attractive feature of PDIs is their abgorpand emission properties and they can be
regarded as a closed chromophoric system. The most common approach for investigation
into such properties is with bINs and fluorescence spectroscopy and example spectra
are shown ifrigur@.6.3* The major feature observed in an absorption spectrum of a PDI

is a broad S Sabsorption band in the visible region, which displays vibrational
structure® Emission profiles of PDIs are usually mirror images of the corresponding
absorption band as displaye#igur@.6 (dashed line) and high quantum yields (of up to

100 %) are commdhThe nature of different bay substitutions have an influence on
absorption and emission spectra, compared to different imide substitutions which cause
little change to the spectra. For example, the bands usually dispapmésstructure

and are broader due to the loss of planarity and symmetry of the perylene core upon

substitution with large bay grotfps.
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Figure.8 UV -vis absorptiofiddme) and fluorescence spectrum (dashed line) of a perylene diimide derivative
in toluere.

The DFT (density functional theory) is a computational quantum mechanical modelling
method often used to calate the LUMO and HOMO energie®FT-calculated
HOMO and LUMO of a typical PDI are shownFigure.7.* The first key feature to
observe is the symmetry along the moleculbl) @kis, with nodes present in both the
HOMO and LUMO. Thus, functionalisation at the imide position has negligible effects
on the absorption and emission wavelength because efectsiaral for both the

LUMO and the HOMO resutlsystenflg in |l ittle change

18
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HOMO

Figure.2 DFT calculations of a) LUMO and b) HOMO of a simple PDI. (Light and dark shading
correspond to positive and negatithe phase susfction respictively).

There are significant HOMO and LUMO contributions in the bay area causing absorption
and emission peaks to shift when different bay substituents are incorporated into the
molecule. In general, electron donating groups (EDGSs) such -asr raip destabilize

the HOMO and electron withdrawing groups (EWGS) such as byamm, with less

effect, destabilize the LUMO. Both these effects lead to bathochromic shifts in the

absorption spectrudiln certain cases, the effect of core twisting in the PDI due to steric

properties can lead to hypsochromic shifts.
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2.1.2.2 Redox Propesti

In general, PDIs have a low lying LUMO and are fairly eleetficrent making them

easily reducible but hard to oxidiseyclic voltammetry (CV) is a useful method for
measuring electrochemical véha and determining HOMO and LUMO energy lévels.
For most perylene derivatives, two reversibleelentron reduction potentials are

detected without any oxidatioRgy(ire.8).

a)

T I S S S
2.0 AS 1.0 0s oo 05 10 15
E/V vsFc'fFec

Figure .8 A typical cyclic voltammogram for PDI showing two reversible reduction potentials. Obtained from
PDI (1 M) in DCM containingNBR (0.1 M), measured with a scxri Gften\is2

Different substituents at thetlrminal position have similar redox properties due to the
nodes present in the frontier orbitals. Redox properties are affected by thafuncti
groups in the bay region, where substitution with redox active groups can add extra
reductive or oxidative waves. Generally, PDIs with strong EDGs (such as-patetiexy

bay positions lowers the reduction potentid€come more negative) aare less

readily reduced, which is comparative to EWGs (such as chloro or cyano groups) which

increase the reduction potentials causing easier reductions.
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2.1.3  Asymmetric PDlIs

Asymmetric PDIs can be used in complicated molecular engineering of organial function
systems. Examples include use in; optoelectronic eficesscent sensdrs?
photoinduced electron transfer (PET) detiesind as side chains in polymer
architecture¥. > Asymmetric PDIs can have different functional groupiseater
position. Synthetic strategies to install differenfppsition substitutiolgroups in an

asymmetric fashion have been discovered and are briefly detailed below:

a. The simultaneous condensation of PDA with two different amines of similar
reactivity in stoichiometric equivalents, however undesired symmetrical PDIs form
and are diffiglt to isolaté?

b. Nagaoet al.prepared asymmetric PD¥sa a twastep procedure involving
condensation with an amine at one end of the PDA, followed by condensation
with a different amine at théhet terminal end of the molecule. This approach is
often unsuccessful because of the difference in reactivity of the amines with the
PDA>

c. Coupling betweemwb 1,8napthalic imides (two half units of PidBa palladium
catalysed Suzuki reaction where the two units have diffeeenihbl groups.

d. Langhal®t alprepared a symmetrical PDI and removed one of the imides with
KOH in tertbutyl alcohol to make an asymmetric PMI@ther research groups
have also used similar methtds.

e. Synthesis of perylene diester monoimidascondensation of a perylene
monoanhydride diestérThis was first introduced by Xue and utilizes a

symmetrical tetraester species.
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Asymmetric PDIs canisa be synthesisathdifferent substitutions in the conjugated
aromatic core which fiienes the optoelectronic propertfe$he most common
examples found in theeliature are asymmetric-diSubstitued PDIs with a variety of

functional groups attach&d?>% %

2.1.4  Examples of PDI Supramolecular Arrays

Supramolecular Chemistry, described byMeani e Lehn as O6Chemi stry
mo | e® is b edhcept suggesting complexity can be controlled by the power of
intermolecular forcé&lntricate architectures are designedilmyring these necovalent

forces. PDIs are perfect examples of building blocks for supramolecular arrays and a
comprehensive review has been reported by Wuithner -aratkeos® Importantly,

molecular structure determines the features of the supramoleglandrrhanging the

substituents on the perylene core artdrhinal position will vary the structural growth

and intermolecular interactions.

A common theme in PDI supramofecnotarasctiracs
between neighbouring molecules. An intriguing example in the literature is the
incorporation of PDI molecules into DNA illustratedFigure29%4% 1 t i s3 t he 3
interactions between the peng core and the DNA bases which stabilise the structure,

along with the hydrogen interactions between one PDI imide terminus and thymine bases

in the DNA strandsHigur&.9b). Molecular modelling studies showPEdt units are

arranged in a zippkke stacking mod&igure .29, and the DNA acts as a scaffold for

the structure. Evidence of RBDI interactions is seen in bAS absorption and

fluorescence spectral featur
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Figure.2a) PDI unit, b) duplex DNA strand with six PDI units incorporated and c) calculated energ;

minimised structure of duplefl DN2dmpléxes

Selfassembled metallosupramolecular boxes using PDIs were published in 2010 by Indelli
et af® Unique PDI derivatives were-@alinated to zinc ion centres in ruthenioniclged

porphyrins shown iRigur@.10.

R=R = 04 )+

(ZNMC)(rPDI),

R=H:R = ]
(ZnMC),(gPDI),

Figure.20Metallosupramolecular boxes withotithgadurmce porphyrins coorditdtedité?
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Generally, the coordination of pyridine ligands to zinc porphyrins are intrinsically weak,
however due to four pyridiaenc bonds present in the structure the supramolecular box

is remarkably stable. The PDIs act as pillars for the bowgedhfférent PDI derivatives

have been probed with either phen@BDI) or pyrrolidine (QPDI) bay functionalised
groups. The g(PDI) has an almost perfect rectangular scaffold, compared to the r(PDI)
box which has a highly distorted twisted structueetWdPDI units in the r(PDI) box

are at a very short distance of 3.9 Ainfaaecc i al 3 st &cking arrangeme

Numerous assemblies of water soluble PDIs have been published since the 1980s, with

thebi ggest chal | temdgney tdaggregate intsdue soldtigns éassing

insolubility’” The introduction of polar, water soluble (hydrophilic) sites on the PDI

molecules is crucial for water solubility, and this can occur at the bégrramal

positions. Water is a suitable agueous medium fosPDt o portray- a supram
system amongst the mol e-systéms preséenh Amegamplesr e s  or
that stands out is the interaction of water soluble PDI units with carbon nanostructures

such as grapheff@nd carbon nanotubdsdqur®.11).5% 7

Figure.21Schematic illustration of the interactions of PDIs and c&rbon nanotubes.
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2.2 Results and Discussion

2.2.1  Synthetic Methodologies toward Asymmetric PMIA

In this section, the synthesis of a series of novel asymmetric PMIAs are detailed and
discussed and a variety of characterigatbniques used for confirmation of synthesis.

All compounds are characterised by mass spectrometry (MS), often using a softer
ionisation technique called ma#ssisted laser desorption/ionisation (MALDI). This

technique uses a matrix compoundwhiachabb s t he | aser s energy
the analyte molecules. Other MS techniques used include field desorption (FD) and field
ionisation (FI). Compounds which are soluble are characterised by nuclear magnetic

resonance (NMR) and crystallographidence is reported for some structures.

2.2.1.1 Synthesis of a Simple Tettaester,

The first synthetic step starts with commercially available PDA. The targeted intermediate
is a symmetrically tetrasubstituted per{leyathesised using an approach fisiried

by Chen and eworkers? The reactionJcherdl) proceedsiathe use of a strong base,

KOH, opening up the two anhydrides in the PDA forming a tetrapotassium salt which
dissolvesn water. A phase transfer catalyst, alRR@@tfacilitates the migration of the
perylene tetracarboxylic anions into the organic phase, where a nuclear displacement
reaction with -bromodecane can occur. The ammonium cations from -8&§uat
dissociatand replace the potassium catiorsrdmated with the perylene tetracarboxylic

anions to allow this to happen.
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Schemd &ynthesis of symmetaestéstperylene

(|:1OH21(|:10H21

L —
i) KOH, water, 70 °C
ii) Aliquat-336, K1

iii) 1-bromodecane

|
CioHaCroHa,
PDA 1

1-bromodecane was the chosen reactant, usiminle as an excellent leaving group, and

decyl chains which are long and flexible increasing solubility in organic solvents. The bulky
decyl al i phatd cagcghraeignast iroedducnei n3 mi si ng the
molecules giving a fully solupteduct. The product was extracted with chloroform, and

washed with an aqueous solution of sodium chloride followed by precipitation with
methanol to yield the tetraester produict a solid state as a deep orange colour. This

reaction was completed nplki times with an average yield of 61 %.'HhEMR

spectrum oflin deuterated chloroform is showifrigur@.12, and the regions relating to

the aromatic core protons, the Ladjacent to the ester functionaugr and protons in

the alkyl chain have been labeRefdirther confirmation ofis seen by MALDTOF in

which a peak at m/z 988.63 is seen which is the expected inass of

26
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Alkyl Alkyl
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Figure.221H NMR of tetraester spaieblorofednintegration for each signal is given below the
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respective spectra.
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2.2.1.2 Synthesis of a Perylene Diester Mon8anhydride,

T T T
1.0 0.5 0.0

The formation of utilises an acid catalysed hydrolysis outliigaher2e, an approach

taken from Xué®The reaction is reversible and chosen as it has an esterification hydrolysis

equilibrium. If the itial bond cleavageln o0 e s

bis taken, produ@wo u | d

not

not

occur

ii.aroute h e

0c

f or m. righditsef seetltpiutwolestelsrati u m ¢

the same end of the molecutei(e)aare hydrolysed. Whente s undertaken athigh

temperature, a fast cyclisation occurs between two adjacent carbonyl groups giving the six

membered anhydride ring 2flIt is then removed from the equilibrium because the

anhydride species is only sparingly soluble in the reaction solvent-dgsiecane

toluene (51) and therefore precipitates after formation.
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Scheme Hydrolysis of perylene tefrabsteing the two routes possible in the reaction equilibrium. Only
route kads to the format®n of

route a

(@) O
@ 0
CioH21CroHy .
! ! CioHp—O O
O O

Cl()H21C1()H21

95 °C

TsOH.H,O ‘
\ n-dodecane:toluene 5:1 / OO
2

CiHz—O O-H

| |
Cll)H21C10H21

1 H-0O o= C1(1H21

route b

One equivalent gftoluenesulphonic acid monohydrate acts as the acid catalyst and water
source for hydrolysis and reacts with a high concentratioat & °C for 5 hours
producing a red, sticky, crude product.nTlayer chromatography (TLC) (silica,
chloroform:acetone [9:1]) displayed two distinct spots, a yellow spot with Rf,of 0.8 (
tetraester species) and a red spot with Rf o2, Gli¢ter product). The crude product

was purifiedviasilica gel column chratography using a wet loading technique. The
yellow unreacted starting material was isolated first, followed by a streaked red band.
During the course of this column, the initial mobile phase was chloroform and polarity

was increased by the addition et@wme to ~5 %.
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Red = Tetraester, 1 “ P
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Figure.231H NMR spectra comparing the aromatié(redjoangiblueln chlorofednintegration
for each signal is given below the respective spectra.

Specie, diester monoanhydrides intrinsically unsymmetrical and its identity was
confirmed by'H NMR. A clear difference in the peaks resulting from the aromatic
hydrogen atoms betwekand2 are shown ifigur@.13 2 hasfour resonances, including

two doubletsat 8.15 and 8.65 ppm and two doublets which overlap to appear as a triplet
at 8.53 ppm. This can bempared td which has only two resonances of two doudiets

8.00 and 8.22 pp@ther confirmations of syntsis includé’C NMR, HRMS and IR.

2.2.1.3 Synthesis of Perylene Diester M@&noimides

The next step in the synthesis involved the introduction of imide functi@nabty.
condensed with four different alkyl amines includibgtytamine, 3-aminopentanb,
cycbhexylaminec and bis(diphenylmethybmethylphenyl amind. The reactivity
difference betwedhetwo different functional groups at either end of perylene species
allows a nucleophile, such as ananesl to selectively attack the anhydride rattear t

the esters. The general procedure involved an inert atmosphere, with one eq@ivalent of

and 24 equivalents of the amine, molten imidazole as the solvent, a temperatde of 130
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and approximately 18 hours of reaction time. The reaction mixturera@edeinto
chloroform, washed with deionised water to remove the imidazole solvent, and
subsequently dried over anhydrous magnesium sulphate. These perylene species were
highly soluble in most organic solvents, e.g. chloroform, dichloromethane,TadEtone,

toluene and others. After each reaction, multiple chromatographic steps were necessary to
remove impurities formed in the reaction. The eluent usually started as 100 % chloroform
and acetone was added accordingly (usually up to 3 %) to increatarityeanmb

movement of product through the column.

Scheme&&ynthesis of asymmetric diester monoimide using four different amines.

3c:

3a: /\/\g\
(I:l()Hzl(l:l()H21 C|:1OH21(I:1(IH21
O O
O O
Imidazole 3b:
OO 130 °C
—

a: /\/\NHZ

Ph
Ph
Ph
, NH, : \ - Ph
Ph 3d:
- 3a/3b/3c/
Ph

b: %NH
c QNHZ 3d

@) Q

O
o
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Satisfactory yields of 66, 41, 87 and 28 % Wieed folBa, 3b, 3cand3d respectively.

3d produced the lowest yield which is most likely due to the size etetimeihal group

having steric effects, consequently limiting the rate of reaction. AddiGonaihg
synthesised from an aniline, coragao 3ato ¢ which were synthesised from more
nucleophilic alkyl amines. Characterisation #6NYyIR (Figur@.14), **C NMR, HRMS

and IR provided evidence for products. FFhiEMRs shown ifrigur@.14of the perylene

diester monoimide species display the aromatic hydrogens in the downfield region,
presenting four resonances for the protons on the aromatic c@ae3brand3d, two

resonances overlap an@®athree reonances overlap.

Ph
3d Pt
Perylene:
P
Ph }L
c

3

b

I
Perylene @ H
VN Jl

J‘JM l AR\ WY | B

»\
J , 1 AN |
Berylend ™
O 1,

T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5

3b
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.0 45 4.0 35 3.0 2.5 2.0 1.5 1.0 05
f1 (ppm)

Figure.241H NMR of perylene diester mo@aimidie, chlorofeon
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Crystals oBawere attained for-¥ay diffraction. They were grown through slow diffusion

of hexane through an equal volume of solution composed of chlorofoBa Xachy
diffraction data confirmed the connectivity within the molecule and revealed the structure
crystallised in thE-1 space groufrigur€.15. Also revealed was the decyl and butyl
chains both lie out of plane with the perylene core, as highlighiaré15h. A slight

torsion angle between the two naphthalene rings in the aromatic corsevweesl Gt

5.99°.

Figure.25Two different views of the single crysta?stAdotarecbdurs; carbon = grey, hydrogen =
white, oxygen = red and nitrogen = blue.
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Figure. 26Examp e o3 itnhteer3act i ons (larafsrdnesds madleamolgeale).b o n «
Atom colours; carbon = grey, hydrogen = white, oxygen = red and nitrogen = blue.

Within the crystal, t%eirnet cifgarei6i(3668H3e(nsi v e
A, shift 1.161.91 A). The shift distance is measuatde movemenor shift ofcentroid

points with corresponding centroid poimtsadjacent molecules. Molecules stack in an
antiparallel fashio with the ester groups pointing in opposite directions to adjacent
molecules. The packing mdiijur@.17, shows the arrangement of molecules in the solid
statepacking intmeat stack&igure 2.1 Highlighs thetransverseffset of one molecule

to the nextThe crystal structure is further investigated with the use of Hirshfeld surfaces.
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a)

b)

e
5 4

4

c

Figure 27 Packing motif3atlisplaying along the a) bc axis and c) ac axis. Atom colou
hydrogen = white, oxygen = red and nitrogen = blue.
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For further understanding of the supramolecular structsagHifshfeld surface agais

was a method used to identify the individual types of intermolecular interactions between
the molecules in the crystal packi@ystdExplorer was used to calculhie Hirshfeld

surfaces and is a useful tool for visualising, by qitdsy the various interactions of
compoundg? Hirshfeld surfaces are assembled by the partitioning of space in a crystal
into smooth, noroverlapping regions associated with elec#ositg of the molecule,

and the surface reflects the proximity of nearest neighbouring m&lethées.
constructionof the surfaces is based on the electron density of the promglécule,
dominating over the electron density of the surrounding mofggule<Calculations of

the surfaces are defined by the molecule and the proximity of its nearest neighbouring
atoms, whilst maintaining a whole of molecule appfoAchirshfeld surface is
represented by tens of thousands of surface points and is obtained by two parameters; i)
the distance;,drom the Hirshfeld surface to the nearest atom interior to the surface and
i) the distance ¢drom the Hirshfeld surface to the nearest nucleus in another molecule
exterior to the surface. These parameters can be plotted as arsliéitethe use of a

redgreenrblue colour scheme, properties and patterns for structural analysis are identified.

Dnomis an extension of dnd dmapping, where the pairsadd d are normalised with

respect to the van der Waals radii of theiesponding atoms. It requires for each surface

point, both the distance and identity of the nearest atoms internal and external to the
surfacé® Figur@.18shows the gm mapping ofBaand it graphically highlights regions

of the surface involved in different intermolecular bondemgolour; red regions
represent contacts shorter than the sutheofvan der Waals of the two atoms, white
regions highlight contacts around the van der Waals separation and blue regions represents

longer contacts. The closest point of contact in the crystal packing is highkgbted in
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218by pointl and is found between the edges of the molecules in the perylene plane
featuring a hydrogen bonding (C=0-@)with a distance of 2.255 A. Closely following

this is another weak hydrogen bond eetwhydrogen on a decyl ctaaiha carbonyl (C

H---O=C contacts) with a distance of 2.778 A (@intFigur@18). Other close points

of contact can be seen in the inseFigure2.18 (point 3) whid shows a different
orientation of the Hirshfeld surfaceSaf The increased distance between the decyl chains
provide an increased blue coloured surface representing longer intermolecular forces. This
can be compared to the aromatic core featuring er whiface due to the shorter

intermol ecul-fairstiandleirmae)t.i ons (3

Figure 28 drormsurface showing the pairwise O---H int&=aaitioointdf 2and3 The inse
shows a different orientation of the Hirshfeld surface. Atom colours in the crystal
hydrogen = white, oxygen = red and-rituzg
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Hirshfeld surfaces can also be represented as a histogram which summarises and provides
a 2D o6fingerprintdé of the i ntfiegerpnintipletc ul ar
for the Hirshfeld surface 8&is shown ifFigur@.19. Each point on the plot corresponds

to a unique gand dpair and the colouring (increasing from blue to green to red) relates

to the fregiency of occurrence of the interactioh.characteristic of these plots is the

mirror image reflection along thedl diagonal. It is also possible to plot the contribution

of different types of interactions separately and this is shown for thentafis - --H,
C---C,0O::H, H:-:H and C:--O inFigure21%f. An important feature, especially
highlighted ifFigur@ 1% at point4, ar e t he 06 wi mplgtsaddtheseaehe f i
a common characteristic 6Hz--C3 (C---H) interaction§.The two sharp spikes revealed

in Figure 1 (5) pointing to the lower left dhe plot are characteristics of hydrogen
bonding (O---H contacts). An example of thi8ars the carbonyls interacting with the
hydrogens in close proximity. The upper spike (wired®) @orresponds to the hydrogen

bond donor (€H:--O=C) in comparisorto the lower spike (where d d)) which
corresponds to hydrogen bond acceptor (C=0GG)HTIhe shape of the spike arises from

a small amount of points on the Hirshfeld surface concentrated in a small area which
corresponds to the donor and acceptor msgibhese are the closest points of contact
occupying the smallestdd sum and have already been highlight&éiyur€.18 The

C---C contactsHigur 199, found in he top right corner of the fingerprint, have a large

distance, however cover a small area of the plot and therefore have a small range.
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de a) de C)
24] 24
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Figure 29a) The full fingerprint of the Hirshfeld sBa&érgdgurint plots3fmesolved into
C---H,c) C:--C, d) O---H, e) HH-and f) C---O contacts. The full fingerprint appears t

decomposed plot as a grey shadow. Numbered labels referred to in th

Moreover, it is possible to highlight specific areas of contacts on the Hirshfeld surface.
Quantitatie analysis involving the sum of the area of these highlighted surface patches
can be calculated as percentages. This has been performed for the major contacts in the
Hirshfeld surface &a(mapped with land are shown Figur@ 20 Other interactions

which are not shown include C:--N, N---O, N---H and O---O which all contributed less
than 1 % to the Hirshfeld surface area. H---H contacts compromise the greatest surface
area of the Hirshfeld surface with 4.8nd therefore it is suggested that these, essentially

van der Waals contacts, play a large role in the stabilisation of the crystalFsguieture.
220eshows that a major contribution of H:--H contacts &eediations between the decyl

chains. From the fingerprint plot it is observed that the H---H corfitietsd 1% point

6) have a O0nosed feature and cover a wide
the bends in the long chain which vary the intermolecular distances between the decyl
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groups as shown in the crystal structure. C---H conkagtse( 20b) between the
hydrogens on the butyl groups/perylene aocka carbon from the aromatic core in an
adjacent molecule contribute 6.3 % to the Hirshfeld surface. The C---C deigiaets (

2200 ar e3 timee e actions between adjacent ar
Hirshfeld surface. Closer inspection of the aromatic core reveals numerous hexagonal
shapesinawhdeli ke pattern, each with sidisbl ue
is a characteristic feature which arises from overlapping aromatic cores due to the stacking

of molecules in the crystal structure.

3.2%

Figure 20a) dmapping &and the relative contributions of different types of interacti

C---H,¢) C:--C,d) O---H, e) H---H and f) C:--O contacts, showing both front and be

percentages below are tlmn¢idttiteons to the Hirshfeld surface for the major intermol
3a
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2.2.1.4 Final Step: Synthesis of Perylene Monoimide Monoanrhydride, PMIA

The final step is the conversion afmaimide diester species into a PMhaa de
esterification reaction as outline®aner2el. Similarly as before, selectivity plays a key
role. Ester groups are selectively cleaveddbiyenesulphonic acidonohydrate. The

reaction commenced with one equivaleBaahd 1.5 equivalerg§acid.

Schemel&ynthesis of asymmetric NOA,

?H)HZI(I:]OHZl 4a:
O O
C

R =
3a: M M
(@) D O O O
TsOH.H,O
3b: 90 OC 4b:
OO Toluene OO
e L ——
99 cYy e O
Ph Ph
Ph O ITT O O ITI O Ph
R R
3d: 3a/3b/3c/ 4a/4b/4c/ 4d:
oh 3d 4d -
Ph Ph

Careful monitoring throughout the course of tkactionvia TLC showed the

N

development of a darker coloured sgptafid diminution of a yellow/orange reactant

spot. Acid was added accordingly to ensure this process occurred and the saponification
reaction often took a few hours. MALDI MS was a ussfbhique to monitor the
reactions, where peaks witm/z of 446.3, 461.6, 473.1 and 813.1 appeared confirming
the presence dfa 4b, 4c and4d respectively. A comparison of MALDI MS spectra of

3d and4d is shown irFigur@.21 During the course of the reaction the depletion of a
peak at 1111.Figure2.218) and the appearance of a peak at §F8jbire2.21b)

corresponding t8d and4d respectively was evident.
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a) 1111.5

Ph

Ph

T T T T T T T T T T T
400 00 a0 1000 1200 1400

m/z

- O O O
Ph O O

b) 813.1

Ph

m/z

Figure 21 MALDI MS of compowd{a) andd(b).

Solubility was dramatically reduced after removal of the decyl chains limiting usual solution
phase characterisation methodssfame of the species. The solubility varied greatly
depending on which imide group was attached attiw@nihal position, with the most
soluble species being the largest, most bulky gdomsurprisingly, the most insoluble
species waga with a sirple butyl group at the-dérminal position'H NMR and**C

NMR was used where possible, and HRMS was obtained 4ar 4l é¢c and 4d)

products.
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Single crystals @b, suitable for single crystatay crystallographic studies, were grown

by slow difusion of a layered hexane and a chloroform solution of the compound. Single
crystal diffraction data confirmed the molecular structute (@eeFigur.22). Figure

2.22a highlights the aromatic core aRdure2.22o displays the -&thylpropyl group
perpendicular to the aromatic core. A small torsion angle of 2.83° is observed between the

two naphthalene rings in the perylene core

b)

Figure.22Single crystal structéibap$howing the molecular structure and b) higttlytpiragpyhe 1
group perpendicular to the aromatic core. Atom colours; carbon = grey, hydreband= white, oxygen = re

nitrogen = blue.
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The molecules stack with an antiparallel orientation as demonsfaeddi23 The
extended aromatic core aBl owbsefak8lidonex( 8
shift 0.991 . 8 3 | -)3. térdwhioms a@ highlighted dnange dashed linesFigure

2.23and full details of the corresponding distances can be found inB4@i6iihe - 3

3 distances reported a¥The packipginotdisshowninP DI s
Figur& 24 along the ac and ab axes. It is interesting to notdogeness of the 1
ethylpropyl groups to the neighbouring carbonyl in the anhydride moiety on an adjacent
molecule with a distance of 387C --0). Another, closepoint of contact is between

two CHs groups in the-gthylpropyterminus with a distance399A (C---C).

Figure23Ex amp-Eei of eact i on gb(referencelisenaidieonolacalg).eAtomnso n d |

colours; carbon = grey, hydrogen = white, oxygen = red and nitrogen = blue.
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Figure 24 Packing motifgbalong the a) ac axis)aimdxis. Atoms cqloarbon = gre
hydrogen = white, oxygen = red and nitrogen = blue.
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2.2.2 Dimerisation of Two PMIA Units

This section escribes the successful connection of two asymmetric PMIA units with
different linkers. For synthesis of these dimers, the most soluble asymmetric PMIA in the
series was usett], which features a bulkytBirminal group, which prohibits stacking of

molecugs.

2.2.2.1 Dimerisation usiXylylenediamine as a Lker,

The synthesis for the first dimer is outlinegiciner2é. It involves two equivalents4af

and one equivalent of the commercially available firtgtenediamine and the reaction

was left for 22 hours at 130 °C in imidazole and toluene. Similar to before with the
imidization, the reaction follows a2 &echanism. The solid content of the reaction was
dissolved in chloroform and washed with water hadotganic layer dried over
magnesium sulphate. MALDI MS revealed the presence of an asymméisiatiidz,

931.3 and also the expected asymmetricSlatrarz 1727.24. Multiple purification steps
were required including another purification technigueparative thin layer
chromatography (prepTLC). Due to the multiple purification steps a low yield of 7 mg, 8

% was obtained.
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Schemé&Reaction scheme for the syntheSesnof asyrametric BDI

Ph Ph

) O O /
) 0.0 .
O O

Ph Ph

4d

H,N Imidazole
NH, toluene

22h,130 °C

Ph Ph
) O O {
O, O O O
) Q Q .
O O

pH Ph

NH,
Ph_ Ph

O, O
Sl
y Pho e}
5a

'H NMR (shown irFigur@.26) and™*C NMR both gave evidence for the syntheds of
however this compound had low solubility and other solution phase analytical techniques,
such as cyclioitammetry, could not be performed. Optical absorption spectra for dimer
5 were recorded in DCM. The dimer exhibits an absorbance profilefoypec&DI

featuring three vibnic peaks with an absorbance maximum of 529 nm and a molar

extinction coefficig of 66,500 mdtincnt (Figur@.28).
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DFT geometry optimisatiomgere performed on tleemodebf dimer5 derived from the
crystal  structure of N-(2,6bis(diphenylmethyf}methylphenylperylenes,4
dicarboxinide9,10anhydrideo predict the gas phase structure of dixiEne structure

is shown irFigure.25and it is assumed that this is the most thermodynamically stable
structure. Thegeometry optimisecholecularstructurecompareswell to the crystal
structureof 3aand4b previously reported in this chapter in the fact that the perylene
core issentiallglanar The large bulky group at the imide positions protrudes from the
perylene plane as expected. Thenocdinker connecting the two subunits creates an angle
of 114.3° with the perylene plane as showigimr@.25 As previously mentioned, this
compound is insoluble and this is somewhat surprising due to divtigoreof the

mol ecul ar structure, whe3esbanekwogl beéewpe

molecules potentially enhancing solubility.

Figure.25The minimised molecular structurgaaficlimagzdngsDFT. Atom colours; carbon = grey,
hydrogen = white, oxygen =mibgad = blue.

2.2.2.2 Dimerisation using Brs{ophenyl)ethyne as a Linker

A second dimer was synthesised usingams(®phenyl)ethyne linker. The organic linker
was preparedaa cress coupling reaction of a terminal alkyl and an aryl halide bearing an
amino group using a known procedure (outlin8dhierde).” The reaction gawn 89

% yield after stirring at room temperature for 4 hours.
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Schemé&&ynthesis of organic linkanbisfghenyl)etléyne,

H,N NH,
O e e O= O
% I PdCl,(PPhj),

Cul, aq. NH,
4h,rt. 6

Bis(4aminophenyl)ethyréewas used to bridge two PMIA units. One equivaldarad
two equivalents ofd were heated in imidazole for 18 hours at 130MACDI MS
revealed a peakmatz 1798.58owever multiple purification steps were required to obtain
dimer7 pure, giving a low yield of 4.1 mg, 9 %. The two dimers were yisHedMR
and the downfield region of the spectra are shawgur2.26 Each dimer revealed four
resonances downfield, between882ppm, corresponding to the protons from the
aromatic core. Resonances between 6.7 and 7.2 ppm integrated to a total of 44 and are
from the aromatic protenin the Nterminal group. 2D NMR'H-'H COSY)
spectroscopy, which features a chemical shift correlation map between neighbouring

protons, aided in assignments of the peaks and/@imer 2 D N MR Figwe22h own i n

Schemé& Dutline of synthesis for/dimer

.
) O O O
(N
o o
Ph™ Spp
4d

— Imidazole
N Q — O N 18 h, 130 °C

6

Ph_ Ph Ph_ Ph
O;: ". EO .O .O ) OO O
) O Q N D ) O O .
o) o) o) o)

pnw Ph PK” Ph

7
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Figure.271H-IH COSY NMR spectrum of the aromatic/Aiegitioodfedn
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100006,
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Figure.28 Comparison of Mi¥ spectra for difi{eesl) and(blue) in DCIslt concentration of6x10
moldr

The UM\vis spectra ob and 7 are compared ifigure2.28 Both dimers exhibit an
absorption band at 529 nm and look similar in profile except in tBé@®66n region

where tle band structure changes. Diiharas considerably more soluble than dimer

UV-vis spectra of was investigated with different solvent systems; 100 % DCM, 80 %
DCM/20 % MeOH, 50 % DCM/50 % MeOH and 10 % DCM/90 % MeOH and are
shown inFigur.29 A higher percentage of methanol causes the perylene dimer to
experience pronounced spectral change where the three vibronic features usually ranging
between 450 and 550 nm broadens to a range between 450 and 600 isncld3€adl

as a nospolar solvent (dielectric constant of 8&Xhibiting strong solventolecule
interactions. Competition of intermolecular forces between molecudlaadDCM,

result in less aggregatiovafn d5 3t acki ng ener ggthanoshas educed.
weaker solvemolecule interactions due to its high polarity (dielectric constant of

32.66§° Strong hydrogen bonds form between methanol molecules resulting in less
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interaction between the methanol molecules and dimer units, allowing stackimp of

causing a broadening of the absorption bands.

100006, —— 100 % DCM

—— 80 % DCM/20 % MeOH
—— 50 % DCM/50 % MeOH
80006{ —— 10 % DCM/90 % MeOH

Y

600004

3

e(mol'ldm cm

200004

T T T T T i T ) !
300 400 500 600 700
Wavelength (nm)

Figure.29UV -vis absorption specta different solvent system. Concefigratia® nfoldrm
(Black = 100 % DCM, red = 80 % DCM/2ZW8o@H, blue = 50 % DCM/50 % MeOH and green =
10 % DCM/90 % MeOH).

Cyclic voltammetry was used to investigate the redox processes DiFlgne®.30).
Experiments of 7 were performed in DCM with supporting calayte
tetrabutylammonium tetrafluoroborate {N[BF.]). The electrolysis cell had a three
electrode setup including; a platinum/rhodium gauze working electrode, platinum wire
secondary electrode, and a silver/silver chloride reference el&ébgoddéammogram
exhibits two tweelectron reduction processes, and each process was studied at five
different scan rates: 20, 50, 100, 200 and 300 Tiésprocesses were reversible shown

by the overall shape of the curve.
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[ZOnA

25 20 -15 -10 -05 00 05 10 15
Potential (WsFc'/Fc)

Figure.20Cyclic voltammogram of tird&M containing 0.4 MNBBF4 supporting electrolyte,
with a scan rate of 106.mVs

The first reduction potential for diméoccurs at0.97V (vsFc'/Fc) and the second
reduction at1.18V providinga difference of 0.21 V between the reduction potentials.
The redox potentials for a symmetrical PDI featuring the séen@iNal groups as dimer

7, shown inFigure.31, have previously been examined in the GiresadaPB. This
compound showed two reduction processes, the #is®@tv and the second-a24 V
(vsFc'/Fc). Comparison of the redox potentials between diraed symmetrical PDI
shows that dimef7 has a more electron deficient peryleoee @ue to bis¢4
aminophenyl)ethyne in dimérhaving a greater electron withdrawing effect than

bis(diphenylmethy#}methylphenyl

Ph Ph
O OO &
) Q O .
Ph O O Ph

Ph Ph

Figure.21Symmetrical PDI featuriegniinal groupis(diphenylmetagigthylphenyl.
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Specie¥ was probed further by spectroelectrochemistry investigating the absorbance
profiles of the electrogenerated species. The neutral compound was regenerated after
reduction which was shown by the return of therpti@o spectrum of the neutral
species. The UVis absorption spectra showing the iotgversion from neutral (blue)

to monoanionic (red) species of dimés shown inFigur.32 and the black arrows

indicate lte progression of the reduction. Upon first reduction the vibronic feature
corresponding to the neutral perylene spegigs (Sransition) in the wavelength range
450550 nm is diminished, and new bands arise in the regi8B06AMh, with similar

molarextinction coefficients for both features.

80000,
600004 {

400004

e (mol'dm’em’)

200004

T T I —
300 400

T — T N I N I N “
500 600 700 800 900

Wavelength (nm)

Figure.22UV -vis absorption spectra showingdiecirgien from neutral (blue) to monoreduced (red)
species of ditharrows indicate theggroftke reduction. Spectra were recorded in DCM containing
[BuN][BF4] (0.4 M) as the supporting electrolyte at 273 K.
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Figure.23UV -vis absorption spectra showingdiecirgien fromaniamic (red) to dianionic (green)
species of ditharrows indicate the progress of the reduction. Spectra were recorded in DCM containing
[BuN][BF4] (0.4 M) as the supporting electrolyte at 273 K.

The spectroelectrochemical interconversion betweemotianionic (red) and dianionic

(green) forms of dim&rare shown ifrigur@.33and formation of the dianionic species

show a decrease in absorption bands in the lower energy region, and a rise in an intense
sharp band at 577 nm. The blue shift from the monoanionic to the dianionic species has
been previously report&®: The main feature for the dianion is obse in the middle

of the main neutral and monoreduced absorption bands highlightgdré@34. The

optical absorbance data for neutral, monoreduced and direduced fornmeseof

summarized imable 1.
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—— Neutral
—— Monoanionic
—— Dianionic
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Figure.24UV -vis absorption spectra of neutral (blue), monoanionic (red) and dianionic (green) forms
7.Spectra were recorded in DCM condidifiBtg][Bu4 M) as the supporting electrolyte at 273 K.

Table 2.Summary of WN6 spectroscopic data f@r dimer

_abs (n m) @ %Qf]ﬂnfcml)]
Neutral Monoanionic Dianionic

259 (35.4), 286 (30.1), = 280 (42.6), 295 (40.5), - 270 (40.1), 285 (50.0), :
(22.3), 330 (25.0), 4 (30.3), 329 (28.0), 533 (1 (51.4), 331 (29.1), 537 (25
(2.7), 462 (10.4), 4 682 (24.7), 705 (41.8), 7 577 (55.6), 605 (20.6), €
(30.3), 533 (55.6) (45.5), 78 (12.6), 799 (29.! (8.3)

Obtained at an optically transparent electrode cell in dichloromethane, containing
[BwN][BF4] (0.4 M) at 273 K, spectral range®300 nm
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Infrared electrochemistry was investigated for diared the spectra recorded in DCM

in the presence of the supporting electrolyteN[MBF.]. The monoreduced specied of
was electrogenetated and the infrared spectrum measured to investggdarciize
carbonyl region of the neutral and monoreduced spgeg@s235. Neutral species
features two C=0 absorption stretches at 1667 and 170Aawever these peaks
disappear in the IR spectrum admareduced. A series of new bands arise at a lower
wavenumber in the reducgpkecies due to the C=0 bonds occupying less energy. On
reduction of specigsthere is an addition of an electron and bond strength (bond order)

is reduced.

Change in Absorbance upon reduction

Reduction
IR
T T T T T T T
1750 1700 1650 1600

Wavenumber (¢

Figure.25Infrared spectra showing the change in absorption that occu?s Sipectrz dectiaietbin
solution phase containiN{[BBy in DCM at r.t.
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Bulk electrolysis and electron paramagnetinaace spectroscopy was performed on
dimer7 to investigate the location of unpaired electrons in the electrogenerated species.
Bulk electrolysis was used to generate the dianian 8CM containing [BiN][BF4]

(0.4 M) and the solution was found t&B®& active and blue in colour. The EPR spectrum

is shown inFigure .36 recorded at ambient temperaturegs&value of 2.0034 was
measured and the spectrum represents a diradical species, resembling thatof a S =
system. It is suggested that there are two unpaired electrons in the molecule, one in each
of two equivalent orbitals, on each of the PDI units which are not interacting with each

other and therefore forming a 2 x s = ¥z system.

Since there are two uimea electrons present in the system, further investigation into the
EPR spectroscopy of dimé&rwas completed. If the unpaired electrons are aligned
antiparallel, the multiplicity is a singlet (S= 0) and therefore is EPR silent. However, if the
spins araligned parallel (S = 1), the multiplicity is a triplet which would be EPR active.
Triplet dates are typically only seen frozen solution rather than fluid solution, due to

the increased relaxation time and therefore the frozen soltiwwasohvegated. From

the results of the frozen solution spectrum the presence of any significant amount of triplet

state is eliminated.
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l Ll l' T l LS ] T . ;
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Magnetic Field/ G

Figure.26 X-band fluid solution EPR spectrum ofinddi@bédontaining [RIi{BF.] (0.4M)
recorded at ambient temperature.

The gas phasstructure for dime7 was predicteéfom DFT geometry optimization
calculationsTwo views of the predicted structure are showigur®.37 and from tke

two views it can be seen that the plane of the organic linkearfirsgphenyl)ethyne) is
approximately perpendicular to the perylene core planes. Further analysis of the structure

reveals that the two PDI subunits have a torsion angle of 8.17°.
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b)

Figure.27 The minimised molecular structurécaficimagzd using DFT. Atom colours; carbon = grey,
hydrogen = white, oxygen = red and nitrogen = blue.
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2.3 Conclusions

A series of asymmetiRMIAs have been synthesised and characterised. The synthesis
involved a series of steps with multiple purification columns and each compound is
characterised when possibléHhNMR, **C NMR and MS. Single crystals were grown

for 3aand4b, both crystabing in thd>-1 space group. The monoimide diester sfBzcies

was investigated using Hirshfeld surface analysis which probed the various intermolecular
forces present in the crystal structure. The closest point of contact was at the edges of two
adjacent wlecules where hydrogen interactions (C=0QG)ltbok place with a distance

of 2.26 A. Fingerprint plots 8&informed that the largest contribution of intermolecular
forces were from H---H contacts contributing 71 %. The deconvolution of different
interations on the Hirshfeld surface indicates that a large contribution of H---H contacts

was from interactions of decyl chains in adjacent molecules.

4d was used to build larger molecular systems by dimerizing two PMIA units with organic
linkers. Two differg linkers were used includingxylylenediamine andis(4
aminophenyl)ethyne to synthesise dibansl7 respectively. The molecular structure of

the dimers were predicted using DFT calculations showing thab doneisted of the

two perylene units different planes compared to dirdevhere the units were in the

same planes with a torsion angle of 8.17°.

A combination of electroanalytical techniques were investigated faridatuelingCV,
spectroelectrochemistry and EPR spectrosCafpreveald two reversible twelectron
reduction processaem each of the PDI unitat -0.97 V and-1.18V (vsFc'/Fc).

Spectroelectrochemical investigations revealed the direduced species possesses an
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absorption band placed between the neutral and monoreduaeticbbands. EPR
spectroscopy showed that spetisms a stable diradical, where unpaired electrons sit
on each of the PDI units and do not communicate with each other and forma2 xs =%

system.
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2.4 Experimental

2.4.1 Materials

All chemicals we obtained from commercial supplieddfa(Aesar, Fisher Scientific,
SigmaAldrich, or VWR internationaind used without further purification. Column
chromatography was performed on silica gel (Merck silica gel 606 2, 50 130

mesh). Prepanae thin layer chromatography was also employed, using silica gel as the
stationary phase on plates purchased from AnalTech. Anhydrous dichloromethane was
purchased from Sigr#ddrich (Fluka) and stored over 4 A molecular sieves in a nitrogen
atmosphereReactions sensitive to air and moisture were performed using a standard
Schlenk line, with nitrogen as the inert gas. Glassware was flame dried under vacuum and

backfilled with dinitrogen.

2.4.2 General Equipment
2.4.2.1 NMR Spectroscopy

Proton and carbon NMR experimeatere carried out using either a JEOL EX270 (270
MHz), Bruker DPX00 (400 MHz)Bruker AV(I11300hd (400 MHz), Bruker AV (400

(400 MHz) or AV(III’500(500 MHz)nstrument at room temperature. Chemical shifts are
reported with respect to the Cf&sidial peak at 7.26 ppfi) and 77.00 ppmC) or
DMSO-asresidual peak at 2.50 pdeor'H spectroscopy, splitting patterns are described

in brackets after the chemical shift as s = singlet, d = doublet, t = triplet, q = quartet, m =
multiplet, or qd = qu#et of doublets. Coupling constaht(Hz) and the number of

atoms in that environment follow after.
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2.4.2.2 Mass Spectrometry

Electrospray ionisation (ESI) spectra were recorded on a Bruker MicroTOF I
spectrometer (Bruker Daltonik, Bremen, Germany), operatitgw Injection mode,

using methanol or acetonitrile as the solvent. Field desorption (FD) spectra were acquired
on a JEOL AccuTOF GCX (JEOL Corp., Tokyo, Japamdiffigght mass spectrometer,
employing an appropriate (poly)ethylene glycol as eefeassce. Field ionisation (FI)
spectra were acquired on a JOEL GCv4G spectrometer. Nominal massseistieiot

laser desorption/ionisation (MALDI) spectra were recorded with a Bruker Ultraflex Il
mass spectrometer (Bruker Daltonik, Bremen, Germamg wans?-[3-(4-tert
butylphenytp-methyi2-propenylidenehalononitrilie (DCTB) as the matrix. High
resolution (HR) MALDI spectra were obtained bygalibrating the recorded spectrum

against that of an appropriate (poly)ethylene glycol standard.

2.4.2.3 Elemeat Analysis

Elemental analysis was performed using an automadeld Etemental Analyser.

2.4.2.4 Infrared Spectroscopy

Infrared spectra were obtained with a Bruker Tensor 27 FTIR spectrometer at room

temperature (with an ATR attachment if necessary).

2.4.2.5 UV -vis Absgption

UV-vis absorption spectra were recorded on a Herker Lambda 25 spectrometer.

2.4.2.6 X-ay Crystallography

Single crystals &a (CidHsdNOs) were growrviaa layering technique whé&a was
dissolved in chloroform and an equivalent amount of hexacarefatly layered on top.
Slow diffusion of the layers resulted in suitable crystals. Data was colleGi¢aiGi0 a

Atlasdiffractometer at 120(2) K. Using OI&xBe structure was solved with the ShEIXT
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structure solution program using Intrinsic Phasing and refined with the 8ShelXL

refinement package using Least Squares minimisatio

Crystal Datafor 3a(M =745.96 g/mol): triclinic, space grdup (no. 2)a= 9.1597(2,

b= 9.5135(3R, c= 24.8583(54, = 89.1998(19)°A= 89.7837(18)%a= 67.143(2)°,

V = 1995.88(94% Z =2, T= 120(2K ,

27492

refl ecti

ons

0.0217) which were used in altglations. The finB, wa s

0.1048 (all data) and GoF = 1.031.

0.

Q ( €0.686 mm, Dcale 1.241g/cm®,

measur ed R{70.0298 RA=

0 3 6 4R \yas

53 i nteractions
Plane Interacting Plane Centroid-centroid Shift
distance distance
(A) (A)
C3C16C15C14 C4C1le6Cl15C17# 3.673 1.161
ClC2 C6C5@2_686
(1-X,3Y,1-2)
C3C16C15C14 (C18C19C206C9H 3.628 1.355
ClC2 C8C7@2_676
(1-X,2-Y,1-2)
C3C16C15C14 N31-C24C4Cle 3.930 1.913
C1C2 C3C23@2_686
(1-X,3Y,1-2)
C4C16C15C1* C13C19C20 3.783 1.313
C6C5 Cl0oC1t
Cl2@2_676
(1-X,2-Y,1-2)
C4C16C15C17~ N31-C24C4Cle 3.724 1.379
C6C5 C3C23@2_686
(1-X,3Y,1-2)

Single crystals db (C.H4NOs) were growrviaa layering technique whelle was

O 2L O 14

>

2D4 1)

dissolved in chloroform and an equivalent amount of hexane was layered on top. Slow

diffusion of the layerssulted in suitable crystals. The data was collectSdmeriova,
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Dual, Cu at zero, Atlasdiffractometer kept at 120(2) K during data collection. Using
OlexZ®, the structure was solved with the Sh&IXffuctire solution program using
Intrinsic Phasing and refined with the ShElMfinement package using Least Squares

minimisation.

Crystal Data for 4b (M =633.79 g/mol): triclinic, space gro®l (no. 2),a=
7.4950(54, b= 10.3064(7A, c= 15.4279(12, 4= 94.346(6)°A= 90.326(6)°A=
98.863(6)°Y = 1173.95(154% Z= 2, T= 1202K, O( €0.923 mm, Dcale
1.79%/cn?, 8530 reflections measuredR{8. 71A
0.0368, Rma= 0.0459) which were used in all calculations. Th&fiwals 0.0947 (I >

2 D4 WR)wps, 0.2837 (all data) and GoF = 1.045.

335 /interactions

Plane Interacting Plane Centroid-centroid Shift
distance distance
(A) (A)
Cl14C15C16C1* CT7C6C3C4C9o 3.670 1.503
C22C13 C8@2_566
(-X,1-Y,1-2)
C13C22C2:C16 C7-C6C3C4CH 3.498 0.987
coCs8 C8@2_566
(-X,1-Y,1-2)
C13C22C21C16 C11C12-C5C4 3.548 1.153
cocCs8 C9Cl10@2_666
(1-X,1-Y,1-2)
C7-C6C3C4C9  CliCil2Cs5C4 3.617 1.366
Cc8 C9Cl10@2_666
(1-X,1-Y,1-2)
C11C12C5C4 C11C12C5C4 3.814 1.832
C9C10 C9Cl10@2_666
(1-X,1-Y,1-2)
C14C15C16C1#* CT7C6C3C4CH 3.670 1.503
C22C13 C8@2_566
(-X,1-Y,1-2)
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C13C22C21C16 C7-C6C3C4CY 3.498 0.987
CcoCs C8@2_566
(-X,1-Y,1-2)
C13C22C21C16 C11C12C5C4 3.548 1.153
C9Cs C9C10@2_666
(1-X,1-Y,1-2)
C7-C6C3C4C9  Cl11C12C5C4 3.617 1.36
c8 C9C10@2_666
(1-X,1-Y,1-2)
C11C12C5C4  C11C12C5C4 3.814 1.832
C9C10 C9C10@2_666
(1-X,1-Y,1-2)

2.4.2.7 Molecular Hirshfeld Surfaces

The molecular Hirshfeld surfaces3afwere generated using a standard (high) surface
resolution using the program CrystalExpléiene 3D d surfaces were mapped over a
fixed colour scale of 0.966 (red) to green to 2.409 A (blue). The.3Dréthces were
mapped over a fix colour scaledo265 (red) to 1.396 a.u. (blue).stineaces were shown

to be transparent for aid in visualization of interactions.

2.4.2.8 Cyclic Voltammetry

Cyclic voltammetry was carried out using an Autolab PGSTAT20 potentiostat under an
argon atmosphere using a thelsetrode arrangement in a single comeattrell. Glassy

carbon was used as the working electrode, platinum wire as the secondary electrode and a
silver/silver chloride reference electrode, chemically isolated from the testva#ution

fritted bridge tube containing electrolyte solutiomeircell. An analyte concentration of

1 mM was used with [B[BF4] (400 mM) as a supporting electrolyte. Redox potentials

are referenced to the ferrocenium/ferrocene couple, which was implemented as an internal

referencé&
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2.4.2.9 Spectroelectrochemistry

UV-vis spectroelectrochemical measurements were performed using an optically
transparent quartz electrochemical cell, with a 0.5 mm path lengtre-életitrede
configuration of a platinum/rhodium gauze working electrode, platinum wire secondary
electrode and a silver/silver chloride reference electrode (chemicallyiaaldtiidd

bridge tube) were used in the cell. The potential at the walddtrgde was regulated

with a Sycopel Scientific Ltd DD10M potentiostat and the spectra recorded with a Perkin
Elmer 16 spectrophotometer. Temperature control was achieved with a stream of chilled
nitrogen gas (cooled by passing through a tube submeligadl initrogen) across the

surface of the cell, adjusting the flow rate as necessary in response to a temperature sensor
(0.1 °C). [BuN][BF,] (400 mM) was used as the supporting electrolyte for the

experiments.

2.4.2.10 Infrared Spectroscopy of Electt &peodeate

Samples of reduced compound were electrogenerated using the bulk electrolysis technique
described above, with a working electrode compartment containing the analyte at (0.84
mM) and [BuN][BF4] (400 mM) as the supporting electrolyte at 0 °Q. &éetrolysis,

the prepared solution was transferred by cannula to arparged adjustable path

length IR cell with KBr windows for analysis on a Bruker IR spectrometer. The spectra

were recorded at ambient temperature.

2.4.2.11 Bulk Electrolysis and Electram&ynetic Resonance

Bulk electrolysis was performed under an argon atmosphere at 0 °Cdorapment
cell: a platinum/rhodium gauze working electrode and secondary electrode are separated
by a glass frit. A silver/silver chloride reference eleetasdbridged to the test solution

through a vycor frit, oriented at the centre of the working electrode. The working electrode
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compartment, containing analyte (0.84 mM), was stirred rapidly with a magnetic stirrer bar
during electrolysis. [BU[BF4] (400 nM) was used as the supporting electrolyte for the

experiments.

After electrolysis was completed, the prepared solution was transferred by cannula to a
quartz EPR tube for analysis on a Bruker EMX spectrometer. Solution phase (fluid)
spectra were recordatroom temperature and frozen (glass) spectra were recorded by
freezing the electrogenerated radical solution in liquid nitrogen within an additional quartz

dewar. Spectra were simulated when possible using WIN EPR SimFonia software.

2.4.2.12 Density Functionat@ations

DFT calculations were performed using Gaussian 09 software with the B3LYP-exchange
correlation function and a381g(d,p) basis set for all at8tii<Geometry optimizations

on models of A and B were performed in a dichloromethane solvent field using a
polarizable continuum model. The calculated geometries were recognized as local minima

by frequency calculations.

2.4.3 Synthesis of Asymmetric Perylene Ravies

Synthesis of 3,4,9,@tra(decyloxycarbonyl)perylene 1

The synthesis of this compound was carried out according to a literature ptdaedure.

a stirred solution of potassium hydroxide (3.00 g, 53.5 mmol) in deionisgxDwalte,
3,4,9,1¢perylenetetracarboxylic dianhydride (3.92 g, 10.0 mmol) was added, and the
mixture heated to 70 °C for 1 h. To this, ali§8&t(1.35 g, 3.30 mmol) and potassium
iodide (0.25 g, 1.50 mmol) were added and the mixture was vigonaasfgrsii® min.

1-Bromodecane (17.8 g, 80.2 mmol) was added and the mixture heated under reflux for
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4 h. The reaction product was extracted with chloroform and washed with an aqg. solution
of sodium chloride (15 % (w/v), 3 x 100 mL). Methanol was addeectpitpte the

desired orange solid, which was collected by filtration (6.00 g, 61 %).

H NMR (400 MHz, Chloroforrd) /A& 8)= 8 RHz(4Hl), 8.01 (d= 7.9 Hz, 4H),

4.33 (tJ= 6.9 Hz, 8H), 1.81 (n8H), 1.4% 1.42 (m, 8H), 1.381.26 (m, 48H)).918

0.86 (m, 12HY"C NMR (101 MHz, CDGl A& 168. 5, 133.0, 130. 4
121.3, 65.6, 31.9, 29.6, 29.5, 29.4, 29.3, 28.6, 26.0, 2R7AFR): 2917, 2849, 1717,

1277, 1169, 746 ¢mMS (MALDI) m/z 988.63 CoHeOs [M] requires 88.68).

El ement al An aHAD:sC 75.69%@ H @3 elo, fduedr 77.€%, H 9.35 %.

Synthesis of perylen&,4anhydride-9,10di-(decyloxycarbonyl) 2

The synthesis of this compound was carried out according to a literature gédazdure.
a solution oL (2.92 g, 2.95 mmol) in toluene (0.79 mdpdecane (3.88 mL) was added
and heated to 95 °@toluenesulfonic acid monohydrate (0.56 g, 2.95 mambdded
over a period of 5 h at 95 °C with monitoregTLC. The red reaction mixture was
transferred to a cellulose tube and dissolved in chloroform (2a68an89xhlet extractor
overnight. This was purified by column chromatograplge, chlorform: acetone

[955]) to afford? as a red solid (1.35 g,%%h

'H NMR (400 MHz, Chloroform) A& 8J= 8.5 Hz(28), 8.52 (8= 8.1 Hz, 4H),

8.14 (dJ= 7.9 Hz, 2H), 4.35 (@= 6.9 Hz, 4H), 1.81 (MH), 1.4% 1.42 (m, 4H), 1.32

81.26 (m, 24H), 0.990.86 (M, 6HYC NMR (101 MHz,CD@l A& 168. 0, 160 .
133.6, 132.8, 131.8115, 130.4, 129.3, 129.2, 128.5, 123.5, 122.1, 118.0, 66.0, 31.9, 29.7,
29.6, 29.5, 29.4, 28.6, 26.0, 22.7 IRAATR): 2921, 2852, 1766, 1707, 1592, 1282, 1124,

1009, 805, 736 ¢nHRMS (F1)m/z 690.3580 (GHsO-[M] requires 690.3562).

69



Chapter 2

Synthesisof NV-(butyl)-perylene 3,4 dicarboximide-9,10di-(decyloxycarbonyl) 3a

A flamedried tweneck flask with a condenser fitted was purged three times it N
charged witl2 (0.221 g, 0.319 mmabbutylamine (0.11 mL, 0.9%@nol) and imidazole

(1 9 andheated to 130 °C for 3.5 h with stirring. After cooling to room temperature, the
solid contents of the reaction were dissolved in chloroform (55 mL) and washed with
deionised water (3 x 40 mL). The organic layer was dried over anhydrau§tdgsiO

uncer gravity, and the solvent removed under vadthamed product was purified by
column chromatography (silica, chloroform: acetone [99.9:0.1]) tG@affea red solid

(0.157 g, 66 %).

'H NMR (400 MHz, Chloroforrd) A& 8)= &QlHz,(2#d), 8.17 (ddz= 11.1, 8.1 Hz,

4H), 7.99 (d)= 7.9 Hz, 2H), 4.36 (= 6.9 Hz, 4H), 4.19 = 8 Hz, 2H), 1.84 (n4H),

1.799 1.71 (m, 2H), 1.58.44 (m, 6H), 1.481.20 (m, 24H), 1.03 §& 7.4 Hz, 3H), 0.89

(t,J= 68 Hz, 6H)C NMR (101 MHz,CDQl A& 168. 2, 163.4, 135. 1,
130.2, 129.1, 128.8, 128.8, 125.6, 122.4, 121.9, 121.6, 65.9, 40.3, 31.9, 30.2, 29.4, 29.3, 28.6,
28.6, 26.0, 22.7, 20.4, 20.0, 14.1, ARMS (FD) m/z 745.4337 (GHsNOs [M]*

requires 745.4337).

Synthesis ofV-(1-ethylpropyl)-perylene 3,4dicarboximide-9,10di-

(decyloxycarbonyl) 3b

A flamedried 2neck flask with a condenser fitted was purged three times;\aitkd N
charged witR (0.235 g, 0.34 mmol}aginopentane (0.1iL, 1.02 mmol) and imidazole
(1 g) and heated to 130 °C for 5 h with stirring. After cooling, the solid contents of the
reaction were dissolved in chloroform (70 mL) and washed with deionised water (3 x

70mL). The organic layer was dried over anhydrg8€&WMiltered under gravity and the

70



Chapter 2

solvent removed under vacuum to afford a red solid. This was purified by column
chromatography (silica, chloroform: acetone [99.9:0.1]) to3f@sch red solid (0.107

g, 41 %).

'H NMR (400 MHz, Chloroforrd)  /E (d8J= 3.2 Hz, 2H), 8.30 (8= 7.7 Hz, 4H),

8.03 (dJ= 7.8 Hz, 2H), 5.18.04 (m, 1H), 4.35 (t= 6.8 Hz, 4H), 2.38.23 (m2H),

2.011.91 (m, 2H), 1.83 (mH), 1.49L.44 (m, 4H), 1.3B.28 (m, 24H), 0.96 Jt 7.4 Hz,

6H), 0.88 (tJ= 6.3 Hz,6H)."C NMR (126 MHz,CDGl A& 168. 2, 163. 9,
131.8, 131.4, 131.3, 130.2, 129.3, 129.1, 129.0, 125.8, 122.4, 121.7, 65.9, 57.5, 31.9, 29.¢
29.6, 29.3, 29.3, 28.6, 26.0, 25.0, 22.7, 14.HRNIS (FD) m/z 759.4461 (HeNOs

[M]" requires 759.4493).

Synthesis of/V-(cyclohexyl)-perylene3,4dicarboximide-9,10di-(decyloxycarbonyl) 3c

A flamedried tweneck flask with a condenser fitted was purged three times @ittt N
charged witl2 (0.208 g, 0.301 mmolxafinopentane (0.10 mL, 0.904 mmol) and
imidazole (1 g) andeated to 130 °C for 5 h with stirring. After cooling to room
temperature, the solid contents of the reaction were dissolved in chloroform (70 mL) and
washed with deionised water (3 x 70 mL). The organic layer was dried over anhydrous
MgSQ, filtered undegravity and the solvent remougdacuim produce a red solid. This

was purified by column chromatography (silica, chloroform: acetone [9%i&vel])

loading to affor@cas a red solid (0.203 g, 87 %).

H NMR (400 MHz, Chloroforrd) A& 8]= 2.0 Hz,(2H), 7.96 7.83 (m, 6H), 5.05
(tt, J= 12.1, 3.6 Hz, 1H), 4.36 Jt 7.0 Hz, 4H), 2.62 (qd= 13.5, 12.8, 4.8 Hz, 2H),
1.97 (dJ= 12.8 Hz, 2H), 1.88.79 (m, 6H), 1.581.24 (m, 32H), 0.980.84 (m, 6H).

*C NMR (101 MHz, CD@)l /4 , 168.® 134.3, 131.6, 131.6, 130.7, 130.0, 128.9, 128.6,
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128.4, 125.1, 122.3, 122.0, 121.3, 65.9, 53.8, 31.9, 29.6, 29.6, 29.4, 29.3, 29.1, 28.6, 26.6,

26.0, 25.5, 22.7, 14.1. HRMS (FiE 771.4492 (&HeNO6[M]* requires 771.4493).

Synthesis ofV-(2,6-bis(diphenylmethyl)-4-methylphenyl)-perylene 3,4

dicarboximide-9,10di-(decyloxycarbonyl) 3d

A flamedried tweneck flask with a condenser fitted was purged three times aitth N
charged witl2 (0.466 g, 0.675 mmat}2,6bis(diphenylmethyf#}methyltpenyl amine

(0.445 g, 1.01 mmohdimidazole (0.63 gnd heated to 130 °C for 19 h with stirring.
After cooling to room temperature, the solid contents of the reaction were dissolved in
chloroform (55 mL) and washed with deionised water (3 x 40 mbyga@hie layer was

dried over anhydrous Mg&®@ltered under gravity, and the solvent removeacuto

afford3d as a red solid (0.21 g, 28 %).

'H NMR (400 MHz, Chloroformd) A& 8J= 8.GHz(2#), 8.41 (d= 8.0 Hz, 2H),

8.28 (dJ= 8.0 Hz, 2H), 8.11 (d= 7.9 Hz, 2H), 7.18.10 (m, 12H), 7.@56.97 (m, 8H),

6.79 (s, 2H), 5.37 (s, 2H), 4.3516.8 Hz, 4H), 2.25 (s, 3H), 1.82 (m, 4H), 1.5k}

1.488 1.9 (m, 24H), 0.88 0.86 (m, 6H)C NMR (101 MHz, CDg) 4£ 168.3, 162. '
142.2, 142.2, 141.6, 137.9, 135.5, 132.5, 132.3, 132.1, 131.8, 131.3, 131.1, 130.4, 129.6,
129.5, 128.1, 126.2, 122.5, 122.2, 121.7, 65.9, 63.1, 60.7, 52.5, 32.8, 31.9528.6, 26.0, 2

22.7, 21.8, 14.1. MS (MALDH/z 1111.61 (8H-NOs[M] requires 1111.5MHRMS

(MALDI)" m/z 1111.575@C:H:NOs[M] " requires 1111.5745

Synthesis ofV-(butyl)-perylene 3,4dicarboximide-9,10anhydride 4a

To a solution of Nbutyl}perylene4-dicarboximide®,10di-(decyloxycarbonyl3a

(90mg, 012 mmol) in toluene (7 mL), heated to 90 pdyluensulphonic acid
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monohydrate (3Mg, 0.15™mmol) was added. The solution was stirred at 90 °C for 4 h to
produce a red solid which was dissolvechioroform and subsequently purified by
column chromatography (silica, chloroform: acetone [99.5:0.5] telatierd red solid

(O mg, 16%). HRMS (F)m/z 447.1109 (§H:/NOs[M] requires 447.1112).

Synthesis ofV-(1-ethylpropyl)-perylene 3,4dicarboximide-9,10anhydride 4b

To a solution oN-(1-ethylpropytperylened,4dicarboximidé®,10di-(decyloxycarbonyl)
3b (71 mg, 088 mmol) in toluene (6 mL), heated to 90 p@Juenesulphonic acid
monohydrate (17 gn0.093nmol) was added. The solution stased at 90 °C for 4 h to
produce a dark red solid which was dissolved in chloroform and subsequently purified by
column chromatography (silica, chloroform: acetone [97:3]) todafésd red solid (13

mg, 30%).

'H NMR (500 MHz, Chloroformd) /A & 8.668M, 8H), 5.1206 (m, 1H), 2.32.24
(m, 2H), 2.081.93 (m, 2H), 0.95 ft; 7.5 Hz, 6H)**C NMR (126 MHz,CDgl A& 160 . 0,
157.3,139.2,136.4,133.7, 133.6, 131.9, 129.6, 126.9, 126.6, 123.9, 123.5, 123.2, 119.1, 57.

25.0, 11.3. HRMS (Fi)/z 461.1263 (&H:NOs[M] requires 461.1269).

Synthesis ofV-(cyclohexyl)}perylene 3,4-dicarboximide-9,10anhydride 4c

To a solution oN-(cyclohexyperylene,4dicarboximide®, 10di-(decyloxycarbonydg

(72 mg, 0.8 mmol) in toluene (6 mL), hedtéo 90 °C,ptolueneslphonic acid
monohydrate (2&1g, 0.13nmol) was added. The solution was stirred at 90 °C for 4 h to
produce a dark red solid which was dissolved in chloroform and subsequently purified by
column chromatography (silica, chloroformtcee [97:3]) to affordk as a dark purple

(15 mg, 340).
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H NMR (500 MHz, Chloroforrd)  /E 3 8.638n9 8H), 5.06 (&= 12.2, 3.7 Hz, 1H),

2.58 (qdJ = 12.5, 3.4 Hz, 2H), 1.93 @t 13.5 Hz, 2H), 1.77 3= 12.9 Hz, 3H), 0.89

(t,J=6.9 Hz, 3H.*C NMR (126 MHz,CDGl A& 163. 6, 160.0, 136.

131.4, 129.4, 126.9, 126.5, 124.7, 123.9, 123.2, 119.0, 54.2, 26.5,HIBMS1#.0.

m/z 473.1291 (§H:NOs[M] requires 473.1269).

Synthesis ofNV-(2,6-bis(diphenylmethyl)-4-methylphenyl)-perylene 3,4
dicarboximide-9,10anhydride 4d

To a solution of N2,6bis(diphenylmethyf}methylphen¥perylened,4dicarboximide
9,10di-(decyloxycarbony®d (0.129 g, 0.116 mmol) in toluene (8 mL), heated to 90 °C,
ptoluenesulphonic acimonohyrate (0.086 g, 0.4%mol) The solution was stirred at
90°C for 5 h in total to produce a red solid. Sbivent was removed vacuoThe
remaining solid was dissolved in chloroform and subsequently purified by column
chromatography (silica, @tdform: acetone [98.5:1.5] to affddtlas a bright red solid

(56 mg, 590).

'H NMR (400 MHz, Chloroforrd)  /E 8 8.67 {n8 4H), 8.62 (@)= 8.1 Hz, 2H), 8.37
(d,J= 8.0 Hz, 2H), 7.13.11 (m, 12H), 7.68.98 (m, 8H), 6.78 (s, 2H), 5.33 (s, 2H), 2.25

(s, 3H)."C NMR (126 MHz, CDg) A& 162.1, 160.0, 142.2,

142.

133.6, 131.9, 131.3, 131.2, 129.7, 129.5, 129.4, 128.1, 126.9, 126.6, 126.3, 124.0, 123.8,

123.2, 119.0, 52.6, 2H&MS (FD) m/z 813.2512 (§H:NOs[M]" requires 813520).
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2.4.4 Synthesis of Dimerised PDIs

Synthesis of N,N8bis(N6-(2,6-bis(diphenylmethyl)-4-methylphenyl)perylene

3,4,9,1aetracarboxylic diimide)p-xylylene diamine 5

A flamedried tweneck flask with a condenser fitted was purged three times waith N
charged with N-(2,6bis(diphenylmethy#fmethylphen¥perylene3,4dicarboximide
9,10di-(decyloxycarbonyd (50mg, 0.0615 mmol).xylylene diamine (4.18 mg, 0.0301
mmol), imidazole (83ng) and toluene (1 mL) and heated to 130 °C for 22 h with.stirring
After cooling to room temperature, the solid contents of the reaction were dissolved in
chloroform (20 mL) and washed with deionised water (20 mL). The organic layer was dried
over anhydrous MgQJiltered under gravity and the solvent removed undarmac

This was purifiediacolumn chromatography (silica, chloroform: acetone ~[99.9:0.1]) to

afford5as a red solid (7 mg, %3.

'H NMR (500 MHz, Chloroformd) A& 8J= 8.@Hz[(4#l), 8.63 (d= 8.2 Hz, 4H),

8.56 (d,J= 8.2 Hz, 4H), 8.33 (d= 8.0 Hz, 4H), 7.57 (s, 4H), 74.8.05 (m, 24H), 7-0

6.97 (m, 16H), 6.77 (s, 4H), 5.40 (s, 4H), 5.33 (s, 4H), 2.24€, BMR (126 MHz,

CDCk) A& 1 62314&/2,1424.16 138.0, 136.4, 136.1, 135.1, 134.5, 131.7, 131.3, 129.6,
1295, 129.3, 128.4, 128.1, 127.2, 126.4, 126.2, 123.4, 123.1, 121.5, 119.7, 52.6, 22.7, 14..

HRMS (MALDIY m/z 1749.5699 (H-dN.OsNa[M+Na]* requires 1749.5712).

Synthesis of lis(4-aminophenyl)ethyne 6

The synthesis of this compound was carried out according to a literature gfoksedure.
flamedried tweneck flask was purged three times withnd charged with PA(®RPh),

(20 mg, 0.015 mmol), Cul (5.7 mg, 0.003 mmollo4niline (0.329 g, 1.5 mmol), THF
(6 mb, and4-ethynyl aniline (0.19 g, iBnol) and stirred at room temperature for 30
min. An agueous ammonia (6 mL, 3 mmol, 0.5 M) was addediskdp the reaction
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mixture and stirring was continued for 4 h. Two phases of the resulting mixture were

separted and the aqueous layer was extracted with diethyl ether and dried oxer MgSO

The combined organic layer was reduicedvacuoPurification of 6 involved

recrystallization using ethyl acetate/hexane to affordlayceemneedle®.278 g, 8%).

IH NMR (400 MHz, DMS@}) /& 7J= 8.®Hz(4H), 6.52 (d= 8.6 Hz, 4H), 5.40

(s,4H)c NMR (101 MHz, DMSO) A 148.6, 132.

3464, 3370, 1613, 1515, 1783 cm. MS (ESIjn/z 209.10 (€H1N2[M+H] requires

209.107p

Synthesis of N,NBbis(No6-(2,6-bis(diphenylmethyl)-4-methylphenyl)perylene

3,4,9,1@etracarboxylic diimide)-bis-(4-aminophenyl)ethyne 7

A flamedried tweneck flask with a condenser fitted was purged three times aiitth N
charged with N-(2,6bis(diptenylmethyit-methylphenyperylene,4dicarboximide

9,10anhydride4d (34 mg, 0.0418 mmol), bis{@inophenyl)ethyn@ (4.3 mg, 0.02

mmol), imidazole (30 mg) and toluene (1 mL) and heated to 130 °C for 18 h with stirring.

After cooling to room tempetae, the solid contents of the reaction were dissolved in

0,

chloroform (30 mL) and washed with deionised water (30 mL). The organic layer was dried

over anhydrous MgSQ@iltered under gravity and the solvent remoweatum produce
a red solid. This wamurified viacolumn chromatography (silica, chloroform: acetone

[99.9:0.1)) to affordas a red solid (4.1 mg,%)L

IH NMR (400 MHz, Chloroforrd) /A& 8]= 8.@Hz(4#), 8.71 (J= 8.3 Hz, 4H),
8.63 (d,J= 8.3 Hz, 4H), 8.38 (d= 8.0 Hz, 4H), 7.79 (d= 8.6 Hz, 4H), 7.41 (d= 8.5

Hz, 4H), 7.16.12 (m, 24H), 7.620 (m, 16H), 6.79 (s, 4H), 5.36 (s, 4H), 2.26 (§BH).

NMR (101 Mk, CDCY) A& 163. 5, 162. 2, 142. 2, 142.

132.0, 131.3, 129.9, 129.6, 129.6, 129.3, 128.8, 128.4, 128.1, 126.8, 126.5, 126.3, 123.9,
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123.5, 123.2, 123.1, 89.7, 52.6, 21.8. MS (MALR2I1L799.58 (GH :dNOs[M+H]*
requirs 1799.58). HRMS (MALDIn/z 1821.5678 (HdN.OsNa[M+Na]* requires

1821.5712).
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Chapter 3

3.1 Introduction

Silicon nanomaterials and nanostructures are of both industrial and academic interest due
to silicon being one of the most important materiafsafusscale devices comparison

to bulk silicon material, which has been studied in degititon nanomaterials are a
relatively new field of research, exhibiting many advantageous proféitias.
nanomaterials can take many different arrangements, examples includelikellerene
silicon nanoparticles (SINP), silicon nanotubes (SINT), silicon nanowires (SidtW), silic
nanoribbons (SiNR) and silicon nanosheets (STi®ke materials have lately become

more topical in the literature. However, the conditions employed for their fabrication have

produced challenges for academic researchers as well as for industry.

3.1.1 Silicon Nanomaterials

Silicon nanomaterials hatracted attention due to their unique characteristics, which are
not seen in bulk silicon materials. Their photoelectric effects, lower thermal conductivity
and higher chemical activities compared to bulk silicon give them a wide scope for use in
a rangef application$ A brief overview of the main silicon nanomaterials are described

below.

3.1.1.1 Silicon Nanopatrticles (SiNP)

Low-dimensional materials have been specificaljgtetdr for particular nanoscale
device$Firstly, one might consider zalimensional (OD) silicon material such as SiNP.

8 Their average size ranges betwehrim and they are often referred to as nanodots,
guantum dots, nanocrystals or nanoclusters. SINP can have a range of surface groups and

a typical TEM image tfem is shown iRigure.38a
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Figure 38 TEM image of orgaappe®iNP a) displaying a grpaypticfes and b) high resolution image
of one particle.

Many synthetic procedures have been published to fabricate SiNP and the key methods

are listed below.

A. Gas phase synthesis:

i. Pyrolysis of silane: SINP are produced by microwave plasma
decomposition of silane (SiMith hydrogen (blin a flow reactor. Silicon
particles are blown through a conical nozzle to a collecting chamber where
they are deposited orsabstrate, such as a fine stainless steel mesh, or
liquid cooled quartz tub®?

ii.  Synthesis of SINP by thermal decomposition of dilute silane in helium at
7001000 °C with subsequent oxidation. The SINP are collected as a

suspension in organic solvents, such as ethylen&glycol.
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iii. Laser ablation method generates SiNRradiation of a solid target of
silicon, followed by deposition on a hard solid surface substrate by a
onanopar t®®cl e beamb.

B. Solution phase synthesis:

i.  The reduction of Sigdnd trihalosilanes by sodium metal in apober
organic solvent at high temperature and pressure producés SiNP.

ii. Low temperature solutigghase routes have also been reported b

reduction of SiGbut with different reducing agents such as LFAIH

Functionalisation of SiNRacapping with a variety of organic groups asaikyi®
2224 glkoxy?* alcohoP: % (Figure8.39, organothi®f and alkylamifehas also been

reported.
3.1.1.2 Silicon Nanowires (SiNW) and Silicon Naivijbes (S

SINW and SiNT both have a etienensional (1D) structure. SiNW consist of a diamond
arrangement, whereas SiNT take a tubular forrffgidt\V have a diameter of less than

100 nm and have stimulated extensive research due to their physical and chemical
properties for use in nanodeviées computational model of a single SINW is shown in
Figur&.3% displaying the diamoitgpe structie. The SBi bonds in the model take an
average of 2.35 A which is expected #&i Single bonds. The most common growth
techniques for SINW are thermal evaporation, laser ablation and chemical vapour

deposition (CVD).
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Figure.39 Computational model of a) a SiliaY)(&hd b) a SINT £45i15) 28 All calculations were
carried out using the Gaussian 98 package® of programs.

Electronic and structural properties of SiINT have been studiedith#gté-*® and a
computational model is shownRigure8.3%. SINT can be considered as a chemical
analogue of carbon nanotubes (CNT), a material which has been extensively researched
and reported in literatut&! Carba and silicon are both in Group 14 of the periodic table

and have four electrons in their outer valence shell. Both elements are similar in many ways
but exhibit different nanostructures due to major differences in their structural, chemical
and physicalrpperties. Silicon has an electron configuration’2$21834<3’ that

favours sphybridisation compared to carbon which has a configuratic<##shat

favours sphybridisatiori® * There is a significant increase in tkeratomic distance

from carbon to -5idverlnap adlé dr eansle d hien 3si | i co
bonding® It is for this reasons that the synthesis of SiNT presents more of a challenge
than the relative ease with Wh@NT are synthesis€&omputational studies show that

there is a large bond length alteration in SINT with the shoSeserRjth being 1.85 A

and the longest being 2.25 A, a variation of i Bi¥s suggests there is a strong tendency

for bondlocalisation (Si=$sSiSi ) and | ess el ectron3delocali:
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overlap between silicon atoms. This results in an extremely puckered structure, shown in

Figur&.3%, which according to computatal studies may be formed under appropriate

conditions.

b)

Figure 80SEM images of SINT on silicon substrates with jscassldf)addo fim.

Sophisticated experimental procedures have been utilised to sBittie&iSewhere
sometimes the nanotubes (NT) are stabilised by the use of a substFatriE40*

As the sythesis of stable $poordination structures is impossible with silicon, these
tubular structures adopt alternating tetrahedtalnsptrigonaplanar spcoordination
structures ($pp tubes). Characterisation methods including electron energy loss
spetroscopy (EELS) and transmission electron microscopy (TEM) give evidence for
SiNT with single or few layer wéllSINT have diameters ranging from 2 nm upwards
and are hundreds of nanometers in length. Application to date of SINT concentrate on

electronic devices such as potential Usattieried> >

3.1.1.3 Silicon Nanoribbons (SINR)

SINR aretwo-dimensional (2D) silicon structures with a buckled hexagonal structure
studied both theoretically and experimenrtdNignoribbons have a thickness of 10 to 20

nm, a vidth of 50 to several 100 nm and lengths of many microfét®@sme SiNR
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have rippling edgdsgur8.41a)and others have smooth edgégur8.41b) This rippling
and unique curling feature examined in TEM make them distinctly different to 1D SINW

previously discussed in t8et3.1.1.2

Figure 81 TEM images of a) ripplilgg and b) sredgth SINR (scale bar 160 nm).

Common synthetic procedures for SiINR are @sddisted growth (OAG) methdds.

For example, silicon monoxide (SiO) powder is placed in a tube furnace at 1150 °C and
the evaporated material is carriegrdtihne reactor tube by a gas mixture of 5 % hydrogen

in argort? SiNR are grown on substrates placed in the tube, and a typical growth procedure
takes approximately two hours. Silicarbon nanoribbons (SiCNR) have also been
synthesised by a reaction of silicon vapour and dadatrpowder at 1,500 °C in argon

at atmospheric presstted vapoursolid growth mechanism was proposed and the

SiCNR were several microns in wiélth.

Often surfaces of SINR are terminated with hydrdgowever recent investigation into
fluorineterminated analogues has been publi$B&dR have been investigated for their
application in electronic, photoelectric and chesginaing devicés? > as they show
interesting electronic and magnetic properties for use in such®d&\irg. and N
investigated the electronic structures of SINR which have a buckled geometry, providing

spatial control on elastic substrates, leange been reported for use in stretchable
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electronic&:® In addition, SiINR can be used as highly spgeifsors for biomolecules
and therefore are promising candidates for bioséh&msently, SINR have been
incorporated into prosthetic skin instruteeto exploit pressure, strain, humidity and
temperature sensors for artificial systehtss prosthetic skin contains stretchable multi

electrode arrays, and a stretchable heater that makes ilikeeheadeskin.

3.1.1.4 Silicon Nanosheets (SiNS)

Since the discovery of graphene, much attention has been focused on 2D nanosheets.
Examples include; silicon (Si), molybdenum sulphide) @vo elated dichalcogenitfes,

% boron nitrides (BN¥, metal oxide (such as Sn&hd TiQ)™® "* and metabrganic
framework (MOF¥ nanosheetS.” A crucial fetre of these nanosheets is their
incredibly high surface area. SiNS have a thickness of one or a few atomic layers and there

are two prominent types of SINS:

i. Type I: A graphenriéke honeycomb lattice structure of silicon known as silicene
(discussed in &on3.1.2.
ii. Type II: A bucklegheet structure wip’hybridisedicon atoms (discussed in

Sections$.1.3and3.1.4.

3.1.2. Silicene: Type |

SiliceneRigur8.42) features a hexagonal lattice in a single atomic layer of silicon, making
it the thinnest possible form of silicéWhilst studies are still in their infancy, silicene has
beendescribed athe silicon equivalent of graphene, the material which has gripped the

nanomaterial world sin2é04.
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Figure .82Honeycofaltice structure?ddilggmn atoms csiliegne. Atom colour; silicon Z8bronze

Silicene has yet to be synthesisedftageling, therefore the proposed structures of free
standing silicene are currently theoretical. However, silicene has been fabricated with
support of a substrate and these results are notezkpe differ significantly for free

standing silicerféControversial results have been reported for the hypotheticalestructur

of freestanding silicene, with some reports stating the material as ahpmedipation

of silicon, whereas others claim it hag-ag@pature’””® Some studies, including Suzuki

and Yokomi zods work have si mPKajtsa asls umed

Tsteseris have reported stability for reconstructed silicon sfirfaces.

Most theoretical studies of silicene have used danstigral theory (DFT) calculations,
assuming the layered structure has a hexagonal lattice similar to®)&ijpb@més not
known to form flat spbonding and therefore silicon atoms opposite to each other in a 6
membered ring.€ A andB inFigure.8333) would not be in the same plane. Consequently,
lattice constard will vary, producing a buckled surfaggure.43y) and therefore the

total energy rative to a flat silicon surfaéegur&.43) is minimised.
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b) Buckled

c) Planar

Figure.833a) The crystal lattice of silicene. lllustrations of b) buckled arfd €) planar silicene.

The buckled surface in silicene can be explained in two ways:

I. the large separation of silicon atoms giving rise to sediarbital overlap and
thereforbendweaker 3

ii. the pseudo Jakreller instability on each of the planarn&mbered rings
causing distortion into a chike formation, minimising the overall energy of the

specie&

Structural parameters for -@idtplane silicon atoms marked as Figur843ohave been
calculated for siene® The buckling height for silicene was found to be ~0.4 A, compared

to bulk silicon where the out of plane silicon atom is 0.78 A from the (118 pldnss,

due to the height of the buckling in silicene the bonding indicates a behaviour Fetween sp

and sp

Silicene has received a great deal of attentoenitsas first fabricated in 2012 when
sheets were grown on a Ag(£%%).Silicene was synthesised under-hilgta vacuum
(UHV) conditions, where a slow dapos of silicon onto a silver substrate was employed

at different temperatures (380 °C). Silver is a good substrate on which to grow silicene
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because of low reactivity between itself and silicon, as well as the ideal compatibility of the
lattice consints within the crystal structure. Silicene has also been reported on other

metallic substrates such as @801 Ir (111)?°and chalcogenide templates.

Figure.34 Scaning tunnelling microscdffiécni&ge of silicene on A#(111).

Due to the great similarities between silicene and graphene, many of the same potential
applications of graphene have been considered for silicene, with nanoelectgotiies bein
most obviou$: However, experimental studies of silicene are still new and therefore far

from any device faioation®®
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3.1.3.

Buckled SilicoNanosheets: Type I

There are many different types of buckled SINS and most are based on the Si(111)

structure. Different routes have been employed to synthesise buckled SiNS and the main

ways are detailed below:

A soft synthesis technique where calcigifictle is used as a precursor and is
mixed with hydrochloric acid. This method is further discussed in Seictlon

Other Group 14 elements have also been investigated using this method for
fabrication of naosheet&

Kim et alsynthesised free standing SidEVD using silicon tetrachloride as a
precursor and hydrogen as the carrie¥ ghs. reported thickness of the sheets
was between 1 to 100 nm and the SINS grew in three stages on a silicon substrate.
A schematic illustration of the growth mechanism is shdviguir8.4% First,

1D =ed growth in a SINW fashion was observed in SEM, whestafrdiag
sticklike structures protruded from the substrate as shokigur8.45a The

next stage was 2D sheet growth which branched from the sawdegriilling

the interdendritic spadadur8.45/c). The first two stages occurred fairly quickly
compared to the last stage, which was the thickening of the nanbgheets (
345). The thickness of the SINS increased with growth time, and can be

controlled depending on the i€k gas ratio.
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»

>

Growth time

Figure 85Synthesis of SINS via C\) SEM images showing the different god\8ih Stagdse)

94

is a schematic illustration of the growti¥Smechanism.

Photoluminescence and absorption studies showed SiINS have enhanced
characteristics when compared to bulk silicon, portraying potential application in
silicon optoelectronics. The SINS show strong thiclepssdent
photoluminescence in the visible range including red, green and blue emissions
with wavelengths of 765, 550 and 430 nm respettKiefyet alproposedhat

the thickness of the SINS is the reason for the range in colour, as no other
significant physical or chemical factors changed with increasing grotth time.
Recently, SiINS have been synthesised from*samk study used
magnesiothermic reduction starting with commercidl asad a schematic
illustration of the process is showrrigur&.46. Commercial sand was crushed

by planetary ball milling and subsequently washed with deionised water, dried and
calcined at 600 °C (step 1). Thsulting calcined sand was handed with
magnesium and then treated at 700 °C for 4 hours under #MNb 2athhosphere,

a method known as magnesiothermic reduction (step 2). The resulting SINS were
washed with hydrochloric acid (HCI) to dissolve thenesmgn containing

compounds MgO and Mg&itep 3), and then washed with hydrofluoric acid (HF)
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solution to remove the unreacted Sgdep 4). Lastly, SINS were encapsulated
with reduced graphene oxide (step 5). This last step enhances electrochemical

properties for potential use inibh batteries.

1) Planetary ball-milling 2) Mg reduction

Lo, EB

‘ ‘ ’ Unreacted

j Milled sand ‘ Magnesium licon Sio,

3) HCI Treatment :
Dissolution \:i
MgO

5) RGO 4) 10 wt.% HF
encapsulahon treatment

Silicon nlnoshm

Mgsi,

oy

Dis sou!on of
SIO, and porous Si

Poms Si

Umnctod
Silicon  SiO,

Figure .86 Schematic illustration of the synthesis of gepiapsilatate SAINS.

Another interesting method to synthesise SINS, introduced last year, is the use of
natural clay as a silicon sodfd¢atural clays commondyist as layered silicate
structures in bulk sized particles which must be exfoliated to obtain ultrathin
sheets. An alh-one strategy is used, where a molten salt is penetrated into the
silicate structure to act as an exfoliatidncing agent and $anultaneously assist

with chemical reduction thfe natural clays. The sheets synthesised have a narrow
size distribution (d Qm) , ar e ahdbavea high surfacq ard@e n m)
sheetexhibit a photassisted hydrogen production feden a watemethanol

mixture (486Q mo |, peH hour per gm of silicon. Moreover, platinum
nanoparticles can be added asaatalyst, increasing tydrogen evolution rate

further®’
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3.1.4 History and Review of Layered Polysilane

Layered polysilane is a type of SINS synthesised and characterised in tAis thesis.
introduction to the material is reported below. The fabrication of layered polysilane utilises
calcium disilicide (Cahown irFigur8.47°8 CaSiis a stable binagintl material with

an extreme formulation of O@&i).. Binary Zntl materials were named after Eduard Zintl,

who first studied these compounds in the early 19Bfsse materials are stabilised due

to ionic interactions between strongly electropositive metd)sa@dess electropositive
metals (9i*® CaSiis made of anionic layers, comprisedsofngis compacted between

planar monolayers of calcium ions (cationic layer), as shogur&47.

Figure .87 Ball and stick illustration of. @a&h colours; calcium = light green and silicon = dark
greew!

SiSi covalenbonds withinCaSihave high stability and can undergo deintercalation of
calcium ions (€§ from the interlayer spacing. This topochemical transformation leaves
the polyanion (9t structure unchanged and can be seen as the backbone of the layered
polysilane sheet¥. Different methods have been explored to produce SiNS in this

approach and a tifivee of proceedings is summarised below.
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In 1863, Vidhler reported for the first time a stable silicon sheet pdfivéhler studied

the effects of different acids wi@aSiincludingHCI. Treating CaSwith icecold
concentrated aqueous acid produces an insoluble yellow compounddhilgcicaNed

0 s i [M3'%%Kautsky later modified the reaction conditions to obtain-grgey product
whi ch he c¢ @Kauesky proppsed alayered estéucture model in which six
membered rings are isolated from each other by lif@e8i&iridges, shown Figure
348&to afford a composition of SikHs.'% Wiberg proposed a slightly different model
illustrated irFigur848where one dimensional silicon chains are interconnected by Si

bondst®

Figure38a) Kauby() kWbbemngds ptoposed sil oxerl

In 1979, Weisst al claimed to synthesise a sheet polymer product which was made of
puckered Si 2D layef® He used a similar method tahler previously discussed by
takingCaSiand reacting it with different acids at low temperatures. Weissnankiere

proposed that the structure consisted efmgmbered silicon rings connected together,

with each silicon atom bearing three equivalent silicon neighbours at a distance very close
to that observed in silicon. Wassslcompared the lattice dimemss of their material,

Kaut s ky 6GaSiand bulx gilean ¢éo,prove that@&iSi bridges were not present

in their new material. The silicon layers, with a compositiohl 4§O&i);, are stabilised

by termination though alternating hydrogen anaikigidr groups pointing perpendicular

from the planeRigur&.49.1%
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Figure 89lllustration of Weiss et al. silaké&@HH 101

When Cagireacts with concentratétCl, hydrogen gas is producadthe following

reaction:

00 OY'QPOO ac00 © YD OO oow@a o0 [1]
The first oxygeiffree SINS were reported by Dahn, Way and Fuller if®1998hn
confirmed Weissds structure and adapted
terminated by hydrogen only, rather than hydroxyl groups. Aqueous HCI was reacted with
CaSiat two different temperatures 0 °C and 80 °C for B0tesi. Dahret alconcluded
that preparing the NS (nanosheets) at a lower temperature of 0 °C reduces the oxygen

content and produces silicon layers which are terminated with hydrogen only. Dahn

identified that if oxidation does not occur, the reactamitn exchange:

b OO O YW b @ [2]

Furthermore, the SINS were rinsed with hydrofluoric acid to remove silicon oxide. The
samples were found to spontaneously combust upon exposure to at dizaltied this

new matedil layered polysilane and stated it has an elemental compositian®¥ &n

de Walle and Northrup established that layered polysilane has a direct band gap of about

3 eV from first principle electronic calculati¢hs.
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In 196 Yamanaka investigated the synthesis and analysis of layered polysilane and

concluded

othe structural types of resulting siloxenes vary depending on the preparation conditions s

concentration and temperature of HCI solutions, redagingéeriadter adef air

Yamanaka completed experiments at temperafuf¥s °C (#1), 0 °C (#2) and 30 °C
(#3/#4) in an argon filled glove box to avoid oxidation and contamination with water.
The volume of hydrogen gas evolved was measured to find the degree of oxidation in
silicon layers, where an increase in evolutiorydrsbden meant an increase in the
oxidation of sheets. Yamanaka plotted a graph of the amount of hydrogen evolved as a

function of reaction time at different temperatures which is sh&iguid.50.

-
(=]

#1

Hy evolved, mol/mol of CaSiz
o
o

o

0 20 40 60 80 100 120
Time, h

Figure.80The volume of hydrogen evolved during the seattiéiCosGagons at different
temperatureS8@FC (#1), 0 °C (#2) and 30 °C (#3).

Reacting concentrated HCI and £atS30 °C for 5 days gave the most promising results
for layered polysilane (#1 kigure8.50). The calcium ions were deintercalated without

evolution of hydrogen and Yamanaka proposed this reaction:

00 @Y POO P YW 00 @ & [3]
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Furthermore, investigations into chemical analyfsaed spectroscopy (IR), electron
paramagnetic resonance (EPR) spectroscopy, differential thermal analysis (DTA) and
optical absorption were completed, though results differ greatly amongst the few published

paperg? 107108

In recent years, functionalisation of layered polysilane has drawn gneiader agtone
limitation of layered polysilane is its inability to disperse in typical organic and inorganic
solvents.Modificationviacapping with small organic groups discourages aggregation and

allows for good dispersion in organic solvents. This is discussed in detail in Chapter 4.

3.1.5 Applications of Silicon Nanomaterials

As previously mentioned, silicon nanomaterials have been fabricated into nanodevices for
application in areas such as energy, catalysis, optoelectronics and biotechnology, to name
a fewt® The biotechnology applications are highlightdeigimre3.51 and an exciting

advance in the silicon nanomaterial field is detailed in this section.

SINW have unique electronic, optical, thermoelectric and mechanical properties and
developments in the research of these materials have led to interestingrapplicati
biosensors? SINW biosensors are often prepared by +ass#ted chemical etching
(MACE). They can be incorporated with metal nanoparticles such as gadiol@sop

and utilised for the destruction of tumour cells with hyperthermia'&gemstumour
phototherapy studies prededin vivavhere mice were treated with a specific SINW
materialiaan injection, followed by irradiation using an 808 nm laser. A caliper was used

to measure the tumour size and within two days of irradiation, the mice were free of
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tumours and went omo live for more than 8 months$.The findings of these
investigations bring exciting opportunities for cancer treatnentuse of silicon
nanomaterials is increasing rapidly in biotechnologies as they an® kawerlittle or

no toxicity.

Figure .B1Silicon nanobiotechnology holds great promise for biological and lpartiediadlapplications,

for biosensors, bioimaging and caféer therapy.
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3.2 Results and Discussion

As discussed throughout this Chapter, there are many different ways to synthesise SiNS in
their various forms. The approach taken in this Chapter imdaetsi YamanaR&yising

calcium disilicide as the silicon source. Thieesais detailed and analysis fully discussed.

3.2.4 Preparation obiloxene andayered Polysilane

Layered polysilane was synthesised by reacting powdeseditCa&n excess of
concentrated HCI using a topochemical method. During synthesis, all prozkdrges,
possible, were performed under an inert atmosphere to avoid oxidation and contamination
with water. Cagfl g, 1 eq.), a dark black powder, was transferred from a glove box to a
sealed Schlenk flask. The starting material, GaSia strong het@aar bonding
character, which leads to the formation of puckerfdp@yanion layers separated from

each other by planar®Cemonolayer$?*** Si in CaSiformally has six valence electrons

and three nopolar SiSi bonds per silicon atom (showrrigure .323). However, it is
described as a heteropolar material due to the polar interactions besnwdeheSCa

ions which contribute to the heteropolar bonding character.
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Figure.82a) A model of puekered {Spolyanion framework in the starting maidvjah Calel
of the proposed silicon framework for siloxene and lalieretygbhgstobmmembered silicon rings

arebridged together®BBinkersAtom colourdicein = yellow and oxygen = red

Excess concentrated HCI (100 mL, ~100 eq.) was taditedSchlenk flagtontaining
CaSiviaa cannula procedure while under dinitroj€.removes Caions from the

anionic layers of sitia, without destroying the silicon layéxs.initial addition of the

acid, hydrogen gas evolved, and fizzing was observed on the surface of the liquid. For the
course of this reaction the Schlenk flask was kepititisolg an immersion coobard a

dewar filled with a solvent system of water, ethylene glycol, and alcohol, 40 %%40 %, 20
respectively to ensure the reaction remain& &C.The reaction was continuously
stirred for 5 days &80 °C under an atmosphere of dinitrogen and a greericimey

with a small amount of floating white solid observed, which we suggest is calcium chloride.
The reaction mixture was allowed to heat to room temperature before washing with
acetone and subsequently filtereBuchner filtration. The wet gregelow product

which remained on the filter paper was transferred to a vial and left under vacuum at
110°C overnight. The product appeared as a fine-gelew powder and at this stage

the product is called siloxeAemodel of siloxene is showrHigure.B2wherebydyers
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of sixmembered silicon rings dmdged together by-SiSilinkers. Thefourth sp
valence of the silicon atoraeeterminated by either a hydrogen or hydroxyl group
pointing from the layer$he solubility was tested and as expected the product did not
dissolve in any typical organic solvents, such as chloroform orHexawerall reaction

proposed is:
0 OYQO0a™O0L © i Qué wQ@d@ O [4]

Hydrofluoric acid (HF) etching is reported in literature to aid the removal of carbon
contamination and glassy oxide impurities fosnrfacé® Sloxene was puréd via
rinshg with HF to reduc¢éhe oxygen content and the new product is called layered

polysilaneThe suggested reaction is:
i Qué o@Lab °© 1 AUMGAAOE(N /AT A&l O1TAOERARAI ABAOO
It is proposed that layered polysilane has a similar Isdiddorone structure siloxene

(Figure.B2b), however two key déffences are present after rinsing with HF:

i) Firstly, removal othe hydroxyl groupwhich are terminating the silicon
surfaceso that the surfasardully terminateavith hydrogen.

ii) Secondly, eliminatiari some othe SiO-Si bridges which link the Bings.

During rinsing, Hions passivate the silicon surfacetla@doncentration of Hplays a

key role in determining thgdrogen coverage of the sheBifferent concentrations of

HF and a variety of rinsing procedures were attempted to fincChineque which
achieved most surface hydrogen coverage. One method attempted involved suspending
siloxene in HF in a plastic beaker and stirring for different lengths of time ranging from 1
minute to overnight, followed by filtration using a Buchner funether method

involved careful decantation of HF solution onto siloxene powder while on filter paper in
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a Buchner funnel. Other techniques involved the use of glass frits or special glass
membrane filter paper. In addition, different concentrations evef used, ranging

from 1 % to concentrated (49 %). It was concluded that the optimum conditions for
highest hydrogen coverage involved 5 % HF solution decanted onto siloxene while on
filter paper in a Buchner funnghe colour of the powder indicatbe tevel of hydrogen
coverage; a lighter shade of ggedlow powder indicated a higher degree of hydrogen
coverage (layered polysilane), compared to siloxene which featured a darker green colour.
Rinsing with 5 % HF solution produced a lighter cettpowder.The powder from the

filter paper was rapidly collected into a Schlenk flask and left overnight under vacuum at
110 °C. The resulting product is showfRigur&8.53 and was stored under dinitrogen

before angsis. Exposure to the atmosphere caused the exposed surface to turn a
grey/white colour within approximately 24 hours. It is interesting to note Rhadi&i

energies are almost twice that éfl 8ond energies (5.6 and 3.1 eV respectiaaly)
therefore one might expect the surfaces to be terminated with fluorine rather than
hydrogen. This was investigated using a variety of analytical techniques described in

Sectior8.2.5

Figure B3 Greeygellow powdered sample of layered polysilane.
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3.2.5 Evidence for Silicon Nanosheets

Many analytical techniques were used in order to identify and fully characterise siloxene

and layered pgdilane. Evidence gathered during this study was compared to published

literature and further analysed using additional techniques, which, to our knovdedge ha

not been reported previously. Techniques applied testamdpr the first time include
scaning emission microscopy (SHMgctior8.2.5.) transmission electranicrascopy
(TEM) (Sectior8.2.5.5andenergy dispersiverdy spectroscogiZDX) (Section8.2.5.5
and3.2.5.5 The chemical and physical properties of the materiadlsmstidied using
infrared spectroscopy (IR) (Sec8d¢h5.), Raman spectroscopy (Sec@i@b.2, powder
X-ray diffraction (XRD) (Sectidh2.5.8 andX-ray photoelectron spectroscopy (XPS)
(Section3.2.5.%4 which havepreviouslybeen published in literature, however show

conflicting reports.

3.2.5.1 Infrared Spectroscopy

IR spectroscopy was used teniify bonds such astsi StO andO-H in the silicon

samples. Atterated total reflectance (ATR) was a sampling tool used to analyse a

powdered material, where an IR beam is directed into an ATR crystal before going into

the solid sample. Other methods used included a KBr pellet method where the sample is

pressed into aBr pellet, however easiest interpretation of results came from the ATR
IR. The IR spectrum of layered polysilane can be sdeguma3.54 and a list of

absorptions with their corresponding assigned bonds isrssgdma able 2.
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Figure B4IR spectrum of layered polysilane highlighting the absorptiad asgighed to the Si

The absorption band at 2110'aprrespods to SH stretching mode. This peak is also
observed in IRs reported in the literature for layered polysilane with two example spectra
in Figure8.55% % The #1 in these two spectra represents polysilane synthesised with

similar conditions to the synthesis her8m {C, for 5 days, rinsing with HF).
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Figure B5IR spectra of layered polysilane (#ll)térande %and By
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Table 2.Assignments of aliwohzinds of layered polysilane and siloxene.

Absorption (cm™) Assignment
Polysilane Siloxene

556 561 StSi stretch
634 632 SiH bend
796 797 StO-Si bend
860 - ?
895 - C-F stretch
1066 1028 SHO-Si stretch

- 1632 Hydrocarbon stteh
2110 2102 SiH stretch

- 3289 O-H stretch

In layered polysilane the absorptions at 556acm 634 crh correspond to SBi

stretching and $1 bending vibrations respectively. The strong absorptions at 1066 cm

are attributed to the symmetrical vibrational Btr§t©-Si which is paired with an
antisymmetric stretch at 796'ctfiThese absorptions, especially at 1066 ana fairly

strong and in the literature they are considered to be silicon dioxide iffpimitieser,

it is suggested that they are too large to be an impurity an@1Belfinds are actually

part of the nanosheets structure. Thistés tonfirmed by Raman spectroscopy and
discussed in Secti8r2.5.21t is presumed that, to some extent, silicon dioxide impurities

are present in the sample, which makes quantification of the IR spectanyingal

These impurities may have arisen when transferring the sample for analysis or during the

synthetic procedures.

In order to probe the hydrogen coverage of the sheets, IR spectroscopy was used to

compare the SINS both before HF rinsing (siloxemk)atier HF rinsing (layered
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polysilane). A comparison of the IR spectra can be ségar@56 Siloxene has a broad
absorption band at 3289 ‘tmvhich is assigned to-KD stretching vibrations from the
termimting hydroxyl grougsotrudingfrom the silicon plane. Thel®stretch is absent

in layered polysilane as the sheets are terminated by hydrogen only. Referring back to
published IR data (Figur&55), it is ineresting to observe the largéi@eak at-3350

cntt especially after rinsing the material with HF which, according to authors, eliminates

the terminatingydroxyl groups.

Layered polysilane: after HF rinsing H
—— Siloxene: before HF rinsing

I T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavelengtiicm®)

Figure .36 IR spectrangoaring siloxene (red) and layered polysilane (black).

There isan increase in the@iSi absorption band (at 1028 nelative to the $i band

(2102 cn?) in siloxene compared to polysilane. In siloxene;@&iSibsorption band is
approximatelyie times greater in intensity than thel $iand, compared to layered
polysilane where the@iSi band is only three times greater in intensity thanthe Si
band. It can therefore be concluded that HF rinsing removes either some-Gf&e Si
bonds wihin the silicon layers or the silicon dioxide impurities, however not all. Lastly, an
absorption band at 1632 tmattributed to hydrocarbon stretches (such as C=C/C=0),

is depleted after HF rinsing. It is suggested that this absorption band is afmzdunted
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the synthetic worldp where siloxene is rinsed with acetone before being placed under

vacuum. These impurities are removed during HF rinsing.

A closer examination of the 0 f i nger pr i nt 0 FigueSp7 ©he mains s hown i
observation is the addition of a band at 895after rinsing the product with HF. This

new peak is found in the region whetle Sretching modes are likely to absorb, which

would suggest that some of the surface is terminaB bpnds***8The IR spectra

disclosed in the literature for layered polysHane .55 also shows this band, hemer

it is neither recognised nor discussed. Further analysis of the material using XPS (see

below), investigates and discusses the nature of this bonding. The origin of the additional

band in polysilane at 860 cisiunknown.

—— Layered polysilane
Siloxene

\.

W
{
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Figure87Cl1 oser exami nation of the ofingerprinto reg

polysilane (black).
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3.2.5.2 Raman Spectroscopy

Raman spectroscopy was used to investigate the vibration, rotational rdod othe
frequency modes in SINS both before HF rinsing (siloxene) and after HF rinsing (layered
polysilane)Raman spectra were recorded for the solid samples directly without any pre
treatment/depositioand the spectra are showikrigur8.58 along with a list of Raman

shifts and their corresponding assignments, shavabli 3.

8000+ )
—— Layered polysilane

7000: —— Siloxene
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Figure .88 The Raman spectiaxs#rst (red) and layered polysilane (black). * denotes a peak due to a
artefact.

Both siloxene and layered polysilane exhibit similar Raman spectra and the only main
difference is the relative intensitieshefttvo bands in the range 00400cnT". There

is an increase in intensity and sharpness of the band positioned dtiB2®lysilane.

In Raman spectroscopy, intensity and sharpness of signals are usually greater for products
with high symmetrfy?Comparison of siloxene, &k silicon atoms are terminated by two
different groups-QOH and-H), to layered polysilane, one would expect the latter to have

greater symmetry due to silicon atoms being terminated by hydrogen only.
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Raman modes at ~375 and ~520 anboth siloxeneral layered polysilane are assigned

to the corrugated Si(111) planes. Raman data reported in the early 1990s compares the
starting material calcium disilicide, a type of siloxene and porou¥°fiatbncalcium

disilicide and siloxene exhibit Raman shifts at 380, 410 and <&h8 ¢herefore, since

the only feature these two materials sirar¢he Si(111) corrugated planes, these peaks

are assigned to this structural feature. Modes at 638/63hari36/727 crhare

assigned to -8l vibrations, which are similar in value to Raman shifts which occur in a

pristine polysilane polymer chajmorged in the literaturé’

Table 3.Raman shifts for polysilane and siloxene and their assignments.

Raman shift (cm?) Assignment
Polysilane Siloxene

380 369 StSi planes
497 490 SHO vibrations
523 512 SiSi planes
63 636 SHH vibrations
736 727 SHH vibrations
964 967 TO mode

The peak with a Raman shift of ~495' tras a greater intensity in siloxene compared to
polysilane. It is suggested that this peak is due to the insertion of oxygen into the silicon
planesvhich would suggest that siloxene has a large proportion of oxygen compared to
layered polysilaf@This also coincides with the IR results where comparing-ipe &k

with the SIO-Si peak, there is a larger ratio (1 : 5) in siloxene compared to polyS8ijjane (1

It has been reported that gentle heating leads to the insertion of oxytiengititton

planes® In the material synthesised herein, this might have occurred whermtice

was warmed to room temperature after being k&t &€ for 5 days and the oxygen may

have come either from th®H groups terminating the struetwr from atmospheric
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oxygenThe peaks at 523 and 512'émpolysilane andakene respectiyelcorrespond
to silicon sp similar to that in bulk silicon. This peak is assigned to the silicon framework
which features $pybridisation, where the silicon atoms occupy three bonds in the plane,
whether they be-Si or SIO-Si bonds, and one bond-E5or StOH) terminating the

sheets

It is reported in the literature that amorphous silicon exhibits broad bands centred at
~480cnt!, compared to crystalline silicon which present a narrow peak at'%i9 cm
Raman spectroscofy?® Peaks centred at these Raman shifts are observed in both
siloxene and layered polysilane which implies that both matenmsg amorphous and

part crystalline, which is later confirmed by other analytical techniques. The ratio of

crystalline to amorphous material increases after HF rinsing.

All samples showed inhomogeneity and also produced spectra similar to that shown
Figur&.59, featuring a sharp peak at 519.crhese spectra reveal the presence of silicon
impuritiesin the materialevident due to the absence of peaks at ~380, ~490, ~635 and
730 crrt, which correspond wither silicon planes ort$ivibrations. The spectrum also
features a weak transverse optical (TO) mode at ~F68imitar to bulk silicorin

general, IR spectroscopy shows a better selection of strong characteristic bands for silicon
compounds than dnan spectroscofiyOne example is the-B stretch which is not
normally present or is rather weak in Raman spectroscopy, however is observed in IR

spectroscopy.
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Figure B9 The Raman spectra observed for both siloxene and layered polysilane.

3.2.5.3 Powder-fy Diffraction

Powder XRD is an analytical technique which was used to help identify the crystallinity of

material, and provide information aboetatomic arrangement. Powdered samples were

placed on circular zero background silicon plates td thkeaXRD pattern. The sample

was bombarded with-Xays whi ch were produced from a <c
radiation is 1.54 A). The angle of diffraction, which is called theta angle, is measured in

degrees. For practical reasons the diffractometer eseas@ngle twice that of the theta

angle and t hitsheangdgl.e Tihse cpaolwdeedrFig2BdD patt er ns
compare the starting material, calcium disilicide, and layered poigsilayiging thie

differences. The assignment of lattice planes is adapted from a previously reported

calculated XRD pattern for SiNS.
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Figure.80Powder XRD of layered polysilane (black) and calcium disilicide (red).

The powder XRD pattern of layered polysilane has four key feagus8.§0). Firstly,

broader peaks at 14°24d 27.39°, indicating an amorphyps structure and secondly,

sharp peaks at 28.44° and 47.32°, identifying a more crystalline component. This suggests
layered polysilane is a material with both amorphous and crystalline parts, which is later

confirmel by high resolution TEM (HRTEM).

The first broad peak at a |l ow angle of 2
layered structure of polysilane which has an interlayer spacing 19 A, calculated

using Braggs law £ 1.54 A and n = 1):

Q 5 P B [6]

The broadness of this peak indicates minimal stacking of sheets. However, another
di ffraction peak which also corresponds t
28.44°. This peak is sharp, showing crystaifinhe stacked structure, and has a periodic

layerto-layer spacing of 3.13 A, calculated using Braggs law as before. The larger periodic
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spacing of 6.19 A is designated to the periodicity between adjacent silicon frameworks and
the smaller interplandistance of 3.13 A is assigned to spacing between the terminating

hydrogens pointing from the silicon framework in adjacent sheets.

The model ifrigur8.61lillustrates the interplanar distances of layeredaaysissuming

the SiH bonds have lengths of 1.46 A. Using the interplanar distance of 3.13 A and the
StH bond length [(1.46 x 2) + 3.13], it is calculated that the distance between the silicon
frameworks of two adjacent sheets is 6.05 A. Howeverglaokie results of the XRD,

the interplanar spacing is slightly larger than expected at 6.19 A (a difference of 0.14 A).
The larger distance of 6.19 A is most likely due to the presence of some hydroxyl groups

instead of complete hydrogen terminatiomeéts, thus éarging the interplanar space.

T
Si Si—— -
| | 1.46A
H H e
3.13A | 6.19A
H H —
| |
Si Si -4
| |
H H

Figure .81 Reprentation of layered polysilane displaying the interplanar distances bet
SiH bonds occupy lengths of 1.46 A.

The structure within the silicon framework o

and 47.32°. The peak at 27.39° providespaci ng of 3.25 | (using Br
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related to the spacing observed in analysis of HRTEM images of laysitadep(dge
SectiorB8.2.5.5 Several weak peaks in the powder XRD can be assigned to residual silicon

or carbon, which is likely to be from the starting material.
3.2.5.4 X-ay Photoelectron Spectroscopy

XPS is a stace technigue used in this thesis to provide elemental identity, chemical state
information and quantity of detected elements from the outer 5 to 10 nm of a solid
surfacé® For XPS analysis of materials in this Chapter, powdered samples covering an
area of approximately 0.5 by 0.5 mm, were placed-@omiucting double sided sticky

tape stuck to one end of the sample hoklgure.62 shows the widescan spectra of
layered polysilane (black) and siloxene (red), providing an overview of the whole energy
rangeand giving an insight as to which elements are present in the two Eatgles.
analyses were performed using Kratos Vision processing software and\GaseftPS

2.3.16 PR 1.6. The spectra have not been charge corrected as they are adequately aligned.

O 1s
— Siloxene
g
>
=
S
P
2
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o
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1400 1200 1000 800 600 400 200 0]

Binding Energy (eV)

Figure . 82Widescan XPS of siloxene and layered polysilane.
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The atomic percentages of the orbitals labellédure.82are recorded ihabl&4 and

Tabl& 5. The first observation is the difference in ratio of silicon to oxygen between the
two samples. In siloxene the silicon to oxygen ratio is approximately 1 : 1.3 compared to
layered glysilane, where the ratio is 3.5 : 1. This is most probably due to the replacement
of hydroxyl groups with-8li bonds after HF rinsing. It is important to note here that even
after HF rinsing there is still oxygen present (~15 %) in the sample. Tpestsdexas

some degree of oxygen will always be present in samples exposed to air, even if only for a
short period, either due to contamination or oxidation from the atmosphere. Both samples
have carbon present, which is often the case with air expgsked sachis often known

as adventitious carb&AThis is usually a thin layer of carbonaceous material built up on
the sample surface and is most likely composed of hydrocarbons. This carbon material

may also be ox&#d, which increases the percentage of oxygen present.

Table 3.Atomic percentage of elements in siloxene from XPS data analysis.

Element Binding Atomic %
Energy (eV)
F1s 687 1.2
O 1s 531 50.2
C1s 282 9.9
Si2p 99 38.6

Table 8.Atomic percentage of elements in layered polysilane from XPS data analysis.

Element Binding Atomic %
Energy (eV)
F1s 685 12.2
O 1s 530 15.1
C1s 282 19.6
Si2p 99 53.1
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A closer examination of the silicgndzbitals irFigur&.63allows extraction of chemical

state information. Siloxene has two peaks present, each with different binding energies
(101.2 and 97.6 eV), and therefore two different chemical envirofithergeak with

the higher binding energy of 101.2 eV is in an environment that has increased deshielding
due to an electronegative atom, such as an oxygen. The withdrawal of valence electron
charge by an electronegative atom causes a chemical shifthedtenergy of the orbital

and increasing the binding energy. Therefore, this peak most likely corresponds to silicon
oxide (SD) environments. The second peak with lower binding energy is most likely to
be from the silicon framework-&ibonds) termated with hydrogen. After rinsing with

HF, the silicon 2p peak with a binding energy of 101.2 eV significantly reduces in intensity
due to the removal of oxygen from the sheets. The very small shift in the silicon framework
peak at ~97 eV after rinsingmHF may be due to the overall decrease in electronegativity

of the sheets after removal of oxygen or sample charging.

700 J Lgyered Polysilane
Siloxene
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200

100

106 ' 1|04 ' 162 ' 1IOO ' 9|8 ' 96
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Figure .83 High resolution XPS spectra of Si 2p orbital in siloxene (redjland (@j&cky polys
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The widescan spectra of siloxene and layered polysilane both show the presence of fluorine
in the sample. There is an increase in fluorine, from ~1 to 12 %, after rinsing the sample
with HF. It is important to clarify that fluorine was atdched to the sheets. The trace
amount of fluorine present in the sampleHffereatment is from an unknown source,
potentially the vacuum chamber. Fluorine is an electronegative atom and if it were
chemically attached to the sheetB) S clear pkavould easily be detected in the Si 2p
orbital area. This characteristic peak would have a higher binding energy, however there
was no peak observed. Moreover, probing the high resolution carbon 1s component
showed a small peak at higher binding endrgh van be assigned to;@#sidues and

accounts for the 12 % fluorine after HF treatment.

3.2.5.5 Scanning Electron Microscopy and Elemental Mapping

SEM was used to obtain images of layered polysilane, with a resolution of up to 10 nm,
revealing information ahiotine surface topography, sheet structure and comp8sition.

The insoluble material was dispersed in organic solvent, such as hexane, and sonicated for
10 minutes. The material was deposited onto a variety ofagridsopcasting method,

where a dilute solution is pipetted dnopeonto the grid and subsequently dried. The
disadvantage of this method is the production of artefacts on the surface through the

drying proces'$?

For the images shown indfgection, copper grids with a diameter of 3 mm were used,
fashioning a mesh of systematically arranged squares, as Biypw®6da These grids
feature a lacey carbon support film which has a wide radge ©zésHigur8.640) and

can be descmdshhed, aasctai Mgniand a support for
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Figure .84a) Wpper mesh grid of systematically arranged squares showing the lacey t
SEM image of the lacey carbon film.

A variety of signals, including backscattered electrons (BSE), secondasy(BELtXn

rays and other photons of various energies are emitted after a beam of electrons has
irradiated the sampf@SE are emitted by atoms near the surface of the sample when their
electrons become excited &ave sufficient energy to escape the sample surface and these
electrons provide topographic information about the sample surface. Two secondary
electrorscanning electron microscopy-&#M) images are showrFigur&.65and the

detail of the surfaces demonstrates the sensitivity of this tedhigigu@65a is a low
magnification SISEM image displaying the copper grid as well as the sample, which is
highlighted ira white boxFigur8.6illustrates a high magnification SEM image of free
standing layered polysilane. In this microscopy image, nanosheets with a laminar structure,
seen particularly at the edge of the shaetspbserved. When investigating layered
polysilan&iaSEM, it was found that nanosheetsrangbihvi2 0 Om and t he e
image shown iRigur86%e x hi bi ts nanosheets with a si z
of the sheets appears smooth, however artefacts are present on their surface, most

probably fom the dropcast deposition method.
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5um

Figure.85a) Low and b) high magnificagtivbinages of ldygokysilane highlighting the
structure around the edge of the material and the lacey carbon film unde
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BSE images were also obtained for polysilane. A unique feature of these images was the
colour contrast between the light and heavier elements detected, and can be explained by
the factthat BSE are sensitive to the atomic mass (z) of the nuclei they scatter from.
Comparatively heavier elements such as silicon, which backscatter more efficiently appear
brighter in colour relative to lighter elements such as carbon (from the supp®hefilm).
advantage of these images is that they are obtained nearly instantly at any magnification
within the instrument range and provide information on elemental analysis. However,
these images do not convey as much elemental information as is obtaieedrépm
dispersive Xay spectroscopy (EDX) and therefore EDX was used to an analyse the

elemental composition.

Compositional maps of silicon, aluminium, carbon, oxygen and copper with colour
superposition are shownHigur8.66. Elemental distribution maps of polysilane revealed
silicon as the main element. The aluminium detected in this experiment is from the sample
holder and the copper comes from the grid. Additionally, a trace amount of carbon is
detected ahthis is most probably from the lacey carbon support film or the vacuum
chamber. The oxygen detected may be either from handling the grids in air when
depositing the sample followed by atmospheric storage or-fbeBi Bridges present in

the silicon framework. However, the detection of these elements are minimal and therefore
we can distinguish that from SEM analysis that the polysilane sheets have a very low

oxygen content.
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Figure.86 Compositional maps for silicon, aluminium, carbon, oxygen and copper wi

showing the silicon rich pihaessiseafts relative to other elements detected in trace amc

silicon = red, aluminium = green, carbon = purple, oxygen = yellow and copy
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It is interesting to note that the deteotn of O6traced el ements t a
When the incident electron beam hits a large volume of material on the grid, it produces

an increased scattering ofays, SE and BSE, compared to when the beam hits the
support film. Due to this incressscattering of signals upon hitting material, there is more
chance of detection of the signals and therefore electron mapping will reflect the volume
and shape of the material, in this case polysilane. The results for elemental distribution

mapping showhat the artefacts on the surface are silicon.

3.2.5.6 Transmission Electron Microscopy

TEM has a higher resolution than SEM and therefore gives more detail of the topographic
structure. TEM grids were prepared in a similar manner tovlBaMropcast method.

Two different support films on the copper grids were used when analysing the sheets;
either a lacey/holey carbon film similar to the one used previously or a graphene oxide
film. Lacey carbon support films are usually better than graphene oxide films when
analysing elemental composition as they provide more accurate results, however graphene
oxide films have a hydrophilic surface that aid sample dispersion, making it easier to obtain
more informative images. In addition to copper grids, sample depogi&tigrids was

also investigated.
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Figure.87 A TEM image of polysilane highheghtngness of the sheets and the artefacts

Figur8.67shows a typical TEM image of layered polysilane, which highlights the thinness
of the material and also the lacey carbon film supporting the Ahedisr feature
observed is the stacking of sheets, whtlstBets stacked on top of one anothEigiare

3.67. The darker material visibleFigure .87 corresponds tartefacts, probably from

when the material was deposited onto the grids.

The sheets behave like, and look similar to, graphene in many Waysr&6é8displays

a series of images demonstrating the moveidantave in the sheets over a short space

of time when irradiated with an electron beam. In order to show this movement, an artefact
on the surface was used as a reference point, highlighted in a re&iguc&68a/i. In

picturea, it is above the ripple however, after beam irradiation, the artefact is below the

ripple in picture, revealing the movement within the sheets.
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20 nm

Figure B8 A series of TEM images showing a ripple in the sheets over a few seconds.
artefact used asference to track ripple movement. The white arrows highlight:

Figure3.69 showsfurther TEM images of layered polysilane and their characteristic
features. In particuldigur&.6%shows the layer by layer buifdof sheets and laminar

structure. From this we can identify that sheetdydijlame have the same lattice type and

also have similar lattice spacing, allowing them to fit one layer on top of another. The
surfaces of polysilane appear flat and in the cases where the sheets are ordered, for example
Figure8.6% edge displacement of the sheets can be measured using imaging software
(Digital Micrograph). The edge displacement is highlighted by two redFime®i6%

and each sheet on averag® 429 nm displacement with the adjacent sheet. The layering

of the sheets is stable due to the strongllagey er 1 nt eracti ons, S u:
forces. The layavise deposition results in a crystalline structure as highlighted in powder
XRD (Sedbn 3.2.5.3
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50 nm 20 nm

—
50 nm

Figure 89 TEM images of layered polysilane deposited of a holey carbidrefiivoaeidare

image e) highlights an example of edge displacement from adjacent s
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In agreement with powder XRD measurements, HRTEM images of polygjlaBe’ ()

show a mixture of both crystallinel @morphous areas within the material. Crystalline
areas have been highlighted in a white b&xgure3.70a with different orientations
observed within the crystallinity parts. Fourier transform, a tool &t tbekperiodicity

within an image, showed mostly amorphous structure, as diffraction spots were not

observed.

Lattice fringes, which can be detected by examining TEM images, are caused when incident
electrons are diffracted by the specimen. This isaseqoimtrast phenomenone.
interference of wav&$8.The periodic bright and dark bandsFigure8.7Qc are lattice

fringes and are interpreted as the projection of tunnels between columns of atoms.
Whether the dark lines are atoms or the spaces between atoms depends on the parameters,
thickness and orientation of the sample. The spacing of the fringe corresponds to that of
the lattice plane, and a digital micrograph is used to measure the spacing between adjacent
fringes. In the sample, the distance is 0.32 nm (3.2 A), the distance between neighbouring
atoms. This distant correlates to that obtained from powder XRD spakingthe

polysilane sheet itself, whemspacing of 3.25 A is calculatBraggs law from the

peak observed at 27.39° (see Se8t@bH.3 Accuracy is improved by measuring an

average between differémges.
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1nm

Figure . B0HRTEM images highlighting part amorphous and part crystalline stritterdatt
fringe is highlighted in image c) by two red lines and was measured at 2
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TEM-EDX measurements detail elements present in the sample and their relative
percentage detection. When analysing this data we have to take into consideration the
support films used and the perturbatioat they might have on the results. The EDX

data shown ifable86 is taken from polysilane deposited on a graphene oxide copper
grid. There appears to be an approximate 2 : 1 ratio of oxygen to silicgninitakin
consideration oxygen from the graphene oxide film, this would still imply that there is a
degree of oxygen in the silicon sheets, most likely fromQH®8i Bridges. Additionally,

the rapid transformation of8ibonds to SOH groups with exposerto the atmosphere

may also contribute to the oxygen detection. A small amount of calcium and chloride are
present, which is most probably from the starting materials (calcium disilicide and HCI).
As with SEM, trace amounts of aluminium and copperegenpifrom the grid holder

and copper mesh grid respectively.

Table 8.TEM-EDX results for layered polysilane deposited on a graphene oxide support film coppe

Element Atomic %
C 30.8
@) 46.0
Si 21.2
Al 0.3
Cl 0.1
Ca 0.3
Cu 1.3
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The third type of TEM grids used to analyse the sample were gold grids. These grids hold
the advantage that a support film is not present and therefore, when probing elemental
composition, only gold needs to be accounted réon the grid. However, the
disadvantages of these grids are that the material does not disperse well on them but rather
gathers on the metal grid and the large mesh holes allow material to fall through making
analysis of the sample difficult. Layeredifoigswas dispersed in hexane, and deposited

on gold grids using the dropst method. The EDX results are showhaipk3.7 and

this data, when comparedTable 8, shavs an increase in Si : O ratio, which is now
approximately 3 : 1 compared to 1 : 2. There is still a fairly large amount of oxygen in the
material and the conclusion was drawn that even after HF rinsing, oxygen was still present

in the silicon frame.

Tabé 37 TEM-EDX results for layered polysilane deposited on gold grids.

Element Atomic %
C 1.3
@) 20.6
Si 63.1
Cl 4.63
Ca 1.70
F 1.82
Al 0.47

132



Chapter 3

3.3 Conclusions

A full characterisation of layered polysilane hasbegteted, including comparison to
literature, and a range of analytical techniques were employed. The synthesis of layered
polysilane was achieveth deintercalation of calcium disilicide using concentrated
hydrochloric acid, adopting a similar methodatmanak®. The SiNS were terminated

with a mixture of hydrogen and hydrayglups. Oxygen, either from the atmosphere or
hydroxyl groups present on the surface, were inserted into the silicon planes-creating Si
O-Si linkers between siembered silicon rings. However, rinsing with hydrofluoric acid

(5 %) removed, to some extehe hydroxyl bonds and-@GiSi linkers. The SINS were
sensitive to air overtime, but did not spontaneously combust upon contact with air unlike

the claims of some literature repdkts.

IR spectroscopy revealed removal of an absorption at 3288erninsing siloxenethvi

HF, and it is therefore concluded that all bonds terminating the sheets in layered polysilane
are SH rather than SDH bonds. The absorption band at ~210¢ anboth products

confirms the SiH termination of layered polysilane, but also claritssitoxene is
terminated by a variety oftBiand SIOH bonds. A small absorption band at 895 cm

was observed after HF rinsing, which was assigneH.tti S suggested that this is a
carbon halide impurity rather than fluorine attached to the sisabtse is no evidence

of StF bonding in XPS analysis but rather evidenceFowith a small peak at higher
binding energy in the carbon 1s component. A large absorption at ~10&3 gresent

in both structures, and therefore we have concludexkygen is inserted into the silicon

planes to some extent, more so in siloxene than in layered polysilane.
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Raman spectroscopy revealed shifts at ~375, ~490, ~520, ~635 and. F3fakmat
~375 and ~520 chcorrespond to S8i plane vibrations, andgks at ~635 and 730°¢m
correspond to Sl vibrations. The peak at ~490tiwm larger for siloxene than layered
polysilane and is assigned 1O Sibrations, which is in agreement with other techniques

that indicate that siloxene has a greater extexygen coverage than polysilane.

Investigation and extrapolation of data from the powder XRD patterns suggested that
both amorphous and crystalline structures were present in layered polysilane. Diffraction
peaks at 14.92° and 28.44° correspondtothe¢g er i ng of the sheets
law givestspacing of 6.19 A and 3.13 A respectigsiyacing of 6.19 A refers to the
spacing between the silicon frameworks with adjacent shedtspacidg of 3.13 A is

the spacing between the hydrogems between adjacent sheets. Diffraction peaks at
27.39° and 47.32° correspond to periodicity within the sheet structure. The peak at 27.39°
gives akspacing of 3.25 A, which agrees with the periodicity spacing calculated in HRTEM

images.

XPS investigatl the surface of the sheets and revealed that rinsing the sheets with HF
changed the ratio of Si : O from 1 : 1.3 in siloxene to 3.5 : 1 in polysilane. There was an
increase in fluorine atomic percentage after rinsing with HF, which went up to ~12 %.
However, examining the silicon 2p orbital peak confirm that the fluorine was not attached

to the silicon in the sheets but was rather a molecular impurity.

Microscopic techniques allowed@pth studies of the elemental composition and surface

detail of lagred polysilane. A clear identification of shist®th TEM and SEM was
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achieved and the images revealed that the sheets were stacked. The sheets had a rippling
appearance similar to that of graphene, and ranged inkiges % m. HRTEM i me
displayeccrystalline parts where lattice fringe measurements were taken. The average
distance between adjacent tunnels of atoms was measured at 3.2 A, which is in agreement
with the periodicity within the silicon framework from powder XRD diffraction patterns

with ad-spacing of 3.25 A.
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3.4 Experimental

3.4.1 Materials

All chemicals were obtained from commercial suppliers (Alfa Aesar, Fisher Scientific,
SigmaAldrich, or VWR international) and used without further purificaioid
reactions used a Cétamer immersion cooler, model VLT10Béeparation of CaSi

was performed in an MBraun UNIlab glove box operating under a dinitrogen
atmospherelhe sample products were exposed to air during synthetic workup, HF rinsing
and transfer between measuring egemp. All samples were sealed in vacuum during
measurements of XPS, SEM and TEM. IR (~1 minute), Raman (15 minutes) and

powderXRD (~20 minutes) measurements had relatively short exposure time.

3.4.2 General Equipment

3.4.2.1 Infrared Spectroscopy

Infrared spectra werébtained with a Bruker Tensor 27 FTIR spectrometer at room

temperature with an ATR attachment.
3.4.2.2 Raman Spectroscopy

Raman spectra recorded of the solid samples directly without any pre
treatment/deposition on the Horidkpobir®dYvon LabRAM Raman microscope hvat

laser wavelength of 532 nm operating at a power of ca. 20 mW and a 600 lines/mm grating.
3.4.2.3 Powder-Hy Diffraction

pXRD data was <collected wusing a PANalytica

equi pped with a jrediationcsburce@riab43e 4, 400kY, 4KraA).
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The instrument was fitted with 0.04 rad Soller slits on both the diffracted and incident
beams as well as programmable divergent slits on both beams that were set to an irradiative
length of 20.0 mm. The powder samples analyseid thesis were placed on circular

zero background silicon plates using PW3064/60 sample spinner and a revolution time of
four second The experiment parameters for the data collection were typically start angle

5°, end angle 60°, step size 0.026°, ancspeed 0.035 °/s

3.4.2.4 X-ay Photoelectron Spectroscopy

XPS data was recorded on a XPS Kratos Axis Ultra LIPPS. For the samples in this Chapter,
the powder was placed on double sided sticky tape whereby one end was attached to the
sample holder and the otlexid the powder. The powder covered approximately 0.5 by

0.5 cm area. Spectra were acquired usingkha Almo n o ¢ h-rapsouscel@86.7 X

eV) with 0° take of angle (normal to analyser). The vacuum pressure in the analysing
chamber was maintained ax+@ Torr during the acquisition process. The survey spectra
were collected with pass energy 160 eV, and 0.5 eV step wise, dwell time 250 ms. Data
analyses were done using Kratos Vision (Kratos Analytical Ltd) processing software and

CasaXP¥ersion 2.34 PR 1.6(Casa Software Ltd).

3.4.2.5 Scanning Electron Microscopy

SINS materialere dispersed in an organic solvent (usually hexane) using an ultrasonic
bath and drojgast onto SEM grids (Aga@uanta 650 SEM, equipped with an Oxford

Instruments XMax 150 mn8DD detector for EDX.

3.4.2.6 Transmission Electron Microscopy

SINS material were dispersed in an organic solvent (usually hexane) using an ultrasonic

bath and drojcast onto TEM grids (Agar). Two transmission electron microscopes were
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usedJEOL 2100F, field ersisn source TEM equipped with a Gatan Orius CCD camera
for imaging and an Oxford Instruments 80 miviak system for EDX. JEOL 2100 Plus
TEM, LaB source, equipped with a Gatan Ultrascan camera for imaging and an Oxford

Instruments XMax 80 TLE system forlEX.

3.4.3 Synthesis of Siloxene

The synthesis of this compound was carried out according to a known literature
proceduré® CaSi(1 g, 10.5 mmol) was prepared in a sealed Schlenk flgkkvenmx
operating under a dinitrogaimosphereConc. HCI (100 mL) was added and the reaction
mixture stirred whileurgng with dinitrogefor 5 days a0 °C. The resultant green solid
slurrywas allowed to heat to room temperature before being washed with acetone (50 mL);
subsequently dried under vacuum at 110 °C overnight to reveakefityeldpw powder

(820 my

IR (ATR):3289 2102, 1632, 1028, 797, 632, 561 cm

3.4.4 Synthesis of Layered Polysilane

A small amount of siloxene (80 mg) was taken and placed on filter paper in a Bichner
funnel.HF (5 %) was poured over the powder and the powder allowed to rapidly dry

before immediately placing it in a vial and subsequently under vacuutt 44010y

IR (ATR): 2110, 1066, 80, 796, 634, 556tm
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Chapter 4

4.1 Introduction

The synthesis and characterisation of 2D silicon nanosheets (SINS) have previously been
discussed in Chapter 3, in particular layered polysilane and siloxene. When referring to
SINS within this Chapter, this primarily means layered polysilane unlestatated.ot
Chemical modification of SINS is discussed herein using a variety of groups and methods
to functionalise target nanosheets. Studies of emgadibbed SiNS are still very much in

their infancy, however they are expected to be used in manyt difiefenncluding
electronic applications, photonic devices and lithium ion battery eléétftees. are

two key purposes for functionalising SINS including:

i.  Promote exfoliation: SINS easily aggregate and are challenging to disperse in typical
organic solvents. Addition of small organic groups to the sheets promotes
exfoliation and increases solubility. It is an advantage if SINS can be used in
solution for us as building blocks in different devices.

ii.  Control the interlayer spacing: Depending on the size of the organic group attached

to the sheets the spacing between adjacent sheets can be controlled.

To date, capping with organic functional groups has beaptad in the literature using

four different functional groups, including; amines (Settioly Grignard reagents
(Sectiortt.1.2; alkenes (Sectidrl.3; and lithium (Sectighl.4. There is at present very

little data and evidence for the functionalisation of sheets with many questionable results

in literature.
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4.1.1 Amine Modfied Silicon Nanosheets

In 2010, Nakano and -weorkersattempted to modify SINS by chemically attaching
straight chain decyl groups to the sheatsSiN bond using amine moietfeddakano

and ceworkers performed the reaction by stirring a mixture -alecylamine and
chloroform for approximately 1 hour at 60 °C in a dinitrogen atmosphere. Nakano
suggests that some of theHSbonds on the polyane sheet reacted with the amine
molecules to form SIH-decyl linkers on both sides of the sheets as displdyigdrim

4.71a Increasing the temperature causes further reaction between the amine residues and
adacent SH bonds on the same sheet, formindIiSiSi linkers as modelledRigure

4.71b.

Figure .41 Modified SINS modelling decyl groups attached on both sides-bf boadhdst §

NR-Si linkes and c)-Nibonds with carboxylic acid groups. Most hydrogen atoms have b

and the differences between structures are highlighted in red circles. Atom colours; si
nitrogen = blue, oxygen = red ayahhydroite.
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Furthermore, Nakano reacts armtaoboxylic acids with polysilane, again functionalising
viaamire groups. However, now the chains have carboxylic acids at the other end as
displayed ifrigure.41c® Nakano ad coworkers used infrared (IR) spectroscopy to study

the bonding involved in the functionalised shEggsre.42 shows the IR spectrum for

a) polysilane, b) de&iNS and c) decylamine. Two differences wesswvalll once the

sheets were modified. Firstly, strorg §tretching vibrations between 28000cnt*

became apparent in the deunpdified sheets and secondly the disappearancel of Si
stretch at 2100 chin Figure.Z20. The peak at 930 ¢rim Figure .Z2bis assigned to-Si

N-Si stretching mode, clarifying the attachment of the decyMiatai@sitrogen.

b)

i | C10-Si, V\../\\

Intensity (a. u.)
E
1

C) n-decylamine

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber ( cm!)

Figure 42IR spee of a) polysilane, bjramtified SiNS, anddgaylamine. The insets show enlarged
spectra in the range from 800 t6t2000 cm

Nakano andco-workersalso used Xay absorption neadge structure (XANES) to
reveal SN linkage by comparing to reference samples such as crystalline silicon, quartz,
siloxene and layered polysilane. In addition, AFM and SEM analytical methods were used
to invesigate the sheet structure. Smooth sheets were obBegusal43) and thickness
of the modified nanosheets were 10 times larger than the thickness of the starting material

nanosheets. Powder XRD was studiedveal characteristics of the modified sheets and
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their ability to stack in a regular structure byasse#fimbly. A supsaturated solution of
decyl modified sheets in tolueRmgre .43 were described asetltlike agglomerate
material, however fluidity is lost when the solvent slowly evaporates andika flake

product formsKigure.43c)

Figure.43a) SEM image of decifiadateets. b) I3@df dissolved in toluene and slowly evaporating
the solvent to concentrate the solutioSéfsl d)sdelwdd in toluene/chloroform and slowly evaporating the
solvent to produce #iKakeodutct.

4.1.2  Phenyl Modified Silicon Nanosheets using a Grignard Reagent

In 2010 Nakano and aworkers functionalised polysilane sheets creating a stable Si

bond connecting the sheand appendades model of a phenyhodified SiNS is shown

Figurd.74 and Nakano states the sheets were oxygen free and had a thickness of atomic
order. The modification of layered polysilane utilised a Grignard relagrentayered
polysilane and phenyl magnesium bromide were stirred in THF and heated to 70 °C for
two days. The synthesised material was a colourless paste and soluble in organic solvents

as predicted.
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Figure .44 A model of pheayped SINS. All hydrogen atoms have been removed for clarity. Atom colc

silicon = yellow and carbon = grey.

Nakano provided evidence for the functionalised sheets including an IR spectrum shown
in Figure.45 SiC bonds connecting the phenyl groups to the silicon sheets were assigned
to frequencies at 1150 and 1410 and the peaks between 2000 cmi correspond

to C=C aromatic bonds from the phenyl groups.

Intensity (a.u.)

3500 2500 1500 500
wavelength (cm™)

Figure .45IR spectrum for phenyl functionalised sheets highlighting thé key bonds involved.

Addition of organic groups to the sheets allows the material to disperse in organic solvents
which permits characterisatioanuclear magnetic resonance RyNFigure.46 shows

a'H NMR of phenyl functionalised SiNS. The two key resonances’at @rfd 25

3.0ppm correspond to the aromatic hydrogerBl{pand the hydrogens attached to the

silicon sheet ($1) respectively. Nakano used an integration tool to deduce the coverage
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of the sheets where an approximate ratio of 2 > HfePh was found. The sheets were
determined to have at&Ph, composition. Other resonances highlighted in the NMR is
a water peak 8.01 ppm and a resonance at A@8 corresponding to tlteacetonitrile

solvent.

Bﬁ\l A e
s

v Sl Sl s
NS/

2.8543

o CO,HCN
* H,0ir CD,CN
o Noase

Figure.46'H NMR spectrum of phenyl functionalised S{tN&&in CD

AFM images of phenyl functionalised sheets were studied by Nakanoamhd@sand
portrayed the sheets occupying a flat suFaped.473). The images showed a periodic
organisation of phenyl groups on the silicon surface by the arrangementiloé i
(Figure.47) which were measured at a 0.96 nm distance apart. This is in agreement with
measurements calculated by a program called DISCOVER which gave a periodicity of
phenyl rings on the silicon surface a 1.0 nm distancdapaet .@7d). In addition, the
program models a side view of the structure shdvigure.47cdetaiing sheet thickness

at 0.98 nm.
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Figure 47a) AFM image of phenyl modified sheets in contact mode, b) atomically faselved image of
of phenyl modified sheets. Calculated tdpidiearaf the model of phenyl modified sheets by
DISCOVERE®
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Figure.48 XRD pattern of phenyl modified sheets.
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The powder XRD pattern of phenyl modified sheets shoWwigume .48 reveals two

broad peaks at 2G = ~ Yspacinglof 6:46b%d 1.6 amr es pond
respectively. Nakano states that these periodic spacings of the phenyl groups are in
agreement with the model structure showhigarel.77c/d It is interestingo note,

Nakano did not usaicroscopic analytical techniques such as TEM om®i allow

for elemental composition analysiensure thenaterial being studied was actually still

the silicon sheets.

DFT (densiy functional theory) arab initiddD (molecular dynamics) simulations were
used to investigate the structure and properties of phedijiled SINS. The optimised
structure calculated for phemyadified SiNS is shown Figure .29 According to
Spenceet althe phenyl groups are separated by a distance of ~6.6 A and can twist and
reorientate themselves, with litteraction between neighbouring grdupsaddition,

the phenyl groups prevent strong interactions between adjacent silicéimlayevsous

theoretical studies of SiNS, similar computational programs have b&&h used.

Figure .29 Structure of phenyl modified SINS showing a) side view and b) top view. Atom colours; silicon =
ydbw, carbon = blue and hydrogef = white.
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4.1.3 Hexyl Modified Silicon Nanosheets using an alkene

In 2012 Nakano and eworkers attempted to functionalise layered polysilare
hydrosilyation reaction which is the addition-bf &ross an unsaturated barsthg a

platinum cataly$tA model structure of the hexyl modified sheets is shdviguire.80.

Figure .80 A model of hexydified SiNS. All hydrogen atoms have been removed for clarity. Atom colc
silicon = yellow and carbon = grey.

IR spectroscopy was used to characterise the attaohhexyl groups to the sheets and

the spectrum is shown Figure .81a'’ Alkyl stretching and bending absorptions are
allocated to frequencies between 285@ and 1258459 cm respectively and the
absorbance at 729 ¢tim assigned to-8H.vibrational scissoring. Nakano ansvookers

pointed out the absence of a C=C absamgiand because the double bonds have reacted
with SINS forming € single bonds (8H>CH,-). From the powder XRD pattern of
hexylcapped SINS shown igure .81b Nakano determined that the molecular scale
perodicity of the sheets is 0.71 nm. Moreover, the layered structure collapsed and the

functionalised product were present as individual sheets.
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Figure.81a) IR spectrum and b) powder XRD pattecapidt:SyNS.

A radicainduced hydrosilyation reaction has recently been reported using alkene
functional group¥.Radical initiators, such as diazonium salts were used to initiate the
reaction, howeer using high temperatures was also successful. The resulting products
were characterised using a range of techniques, including AFM imagery, which is shown
in Figurd.82 The images revealed that the sheetsfrgerstanding with a thickness of

approximately 2 nm.

0.5

o 3 100 150 200

X [nm)

Figure.82a) Norcontact mode AFM imagimdédene functionalised SiNS and b) the line profile taken

along the line 1A a.
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4.1.4 Mechanochemical Lithiation of Silicon Nanosheets

Lithiatedpolysilane was synthesised by Ohta aswdodeers in 2014.A mechanical
approach was taken where layered polysilane and lithium were placed in a mortar and
milled using a pestle. The colour of the material became increasingly darker green with
milling time. SH bonds terminatinthe sheets were substituted with lithium to form Si

Li bonds, and a model of the lithiated sheet is shawgure.83 Gas chromatography

was used to detect hydrogen gas produced ge@dbgt when mechanicallling was
occurring due to the replacement of hydrogen atoms by lithium cations in the silicon

sheets.

Figure .83 A model of lithiated polysilane. All hydrogen atoms have been removed for clarity. Atom
silico = yellow and lithium = green.

It was concluded that increasing the milling time increases the lithiation of the sheets until
the sheets do not have amHSionds but are instead completely saturated with lithium.
SEM images before and after lithiaiomshown ifrigure.84a/b. Ohta and cavorkers

describe the starting material as ik#eshapes which are completely destroyed during

milling to leave aggregates of the lithiated sheets as particlesotislatkigpre.84).
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Figure .84SEM images of giigind b) &il¢/6Li. 19

Ohta and cavorkers studied the IR spectrum of the lithiated sheets, in particular the low
wavenumber region, and assignedw peak at 450 ¢no the SiLi stretching vibration

mode. They determined this by firstly calculating the partial vibration density of state
(DOS) in a Slis model usingb initidD data. From examination of the data, the
vibrational DOS peak indtperpendicular direction to the sheet surface can be found at
450 crt. The bonds which are perpendicular to the SiNS surface aiel then8s, and

therefore the 450 chpeak can be attributed teL$bonds.
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4.1.5 CrossLinking Silicon NanoshsataAmines

In 2015, Nakano and-ewrkers synthesised crisked SiNS using diaminoalkanes with
different chain lengths (model shownFigure .85° Polysilane was mixed with
diaminoalkanes in chloroform at 6 °C for 12 hours. Unreacted amine was removed by
repeated distillation under reduced pressure. Further heating at 120 °C for more than 24
hours caused thproduct to precipitate out of chloroform because the silicon layers were

tightly bound together by the diaminoalkanes.

Figure.85A model of cdogeed SINS via diaminoalkanes. All hydrogen atoms hater been removed

clarity. Atom colours; silicon = yellow, carbon = grey and nitrogen = blue.

IR spectroscopy was used to confirm the attachment of the amines to the sheets, and
absorption bands at 930 and 1150 were assigned to-ISistretches. Two absorption

band at 3265 and 3320 tmere assigned to the stretching vibration of thieldénd.

Nakano and cworkers concluded that three types of nitrogen bonding were present
including; SNH-C, SINC-Si andNH.. It was proposed that every other amine chain was
atiached to two adjacent sheets. The amine chains that are only attached to one sheet are

terminated by a primary amiqéH>).
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4.1.6 Modifications of Silicon Nanoshee&sS+O Bond

As previously described in Chapter 3, siloxene is layered sheets of silctadevith

both hydrogen and hydroxyl bondsHp The hydroxyl bonds can be targeted by using
specific reagents and conditions to functionalise the sheets througH tien@s. A
particular field of research uses zeolite crystals and glass platdsyitiov@k bonds,

to attach organic groups building Hoydayer assembli®s® The zeolite crystals often
pack tightly to form highly ordered maltiays onstrates, and are expected to be
useful for devices in nanotechnof8@ye tethering of organic groups onto the substrates

is throudp covalent bonding and an example schematic synthesis is shgune 86
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Figure .86 Synthesis of zeolite crystals tethamnsideptbB/| groups. EFis 3
aminopropy#thoxysilafe).

The synthesis iRigurel.86 produces zeolites tethered withndinoproplgroups. The

zeolite surfaces were treated withn@opropyl)triethoxysilane (APES) in toluene

and refluxed for 1 hour under an atmosphere of &Jdme zeolite powders were
collected by filtration and washed with fresh toluene and ethanol. The powders were then
placed in an oven to dry. Ninhydrin is a reagent esdpioyrovide confirmation of 3
aminopropyl groups attached to zeolite surfaces. Ninhydrin is easily converted to

Ruhemannos Purple 1in the presence of
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characteristic features in WM spectroscopy which are absongtiat 405 and 570 nm
and the detection of these bands were observed when analysing the alkylamine modified

zeolite surfaces.

An interesting development of these functionalised surfaces is the covalent attachment of
fullerene ballsF{gure .87). Fullerenes were tethered onto the amine graapsH

addition of the terminal amine into one of the double bonds in the fullerene surface. For
identification of this, UWis spectroscopy was used which showed a loalgstaiption

band extending over 500 nm and this is a typical absorption characteristic of an amine

inserted fullerene.

toluene
glass 110°C, 1d

Figure .87 Fullerenes mounted onto amine groups which are attached to the zeolitd\sidrface. This occi
insertion into the double bond of tBe fullerene.
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4.2 Resudts and Discussion

Different methods of functionalisation of SINS are described in this Chapter, and the
products are characterised using a variety of analytical surface techniques to probe the
structure and bonding within the sheets. Synthetic progaedwiesisly mentioned in the
introduction, have been adapted and utilised to fabricate functionalised SINS. Results are

studied and compared to those previously reported in the literature.

4.2.1  Modification of Silicon Nanosheeatsng an Alkene

4.2.1.1 Synthesis ofé¢tiamalised SiNS using a Simple Hexene Mol8du&) (Hexyl

The first attempt to functionalise SINS used a hydrosilylation reaction, which is the
insertion of a S# bond across an unsaturated system. Layered polysilane was
functionalisediaarepeaprocedure from Nakano, using a platinum catalysis tester

reaction was used to examine how the nanosheets behavedeuderreaction
conditions and therefore establish which conditions were most suitedXend, an
unsaturated organic compound, was used to produce functionalised sheets cf@ating a Si
bond linking the silicon surface and alkyl chains. Hexachloropleitl is the precursor

ofthe Ptc at al y st used, known as O0Speier catalys:
Speief! Speier catalyst is commonly used in a wide range of technology, specifically in the
silicone industry in the manufacture of coatings, surfactants, mouldings and other
consumable good%¥® Layered polysilaneh&xene and ##tCk.6H,0O were stirred in dry

toluene overnight under dinitrogen at room temperature. Impurities, such as unreacted
starting material, were removed by filmaand subsequently the organic filtrate was
washed with water and reduced under vacuum. The obtaineSikgxy yellow oily

solid, is soluble in typical organic solvents, such as chloroform and hexane.

162



Chapter 4

SchemaéReactionechanism for platinum catalysed hydrosilylation of SiM&wriadthe Chalk
mechanigt= CH;CH,CH,CH.-.

R —~siNs
H/ SiNS
L SiNs [Pt]

The proposed hydrosilylation mechanism is sho8cheme and itis generally known

as the Chaiklarrod mechanisi?® The platinumri hexachloroplatinic acid occupies an
oxidation state of 4+, which must be reduced to 0 before it becomes catalytically active.
The first step involves an oxidation addition of thé t8i the Pt(0) metal providing a
hydrosilyl complexi), and following this is the-oodination of hexene to the Pt(li).(

The migratory insertion of the alkene into tHd Bond followsi(i) and lastly a reductive

elimination of the functionalised nanoth¢e.
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4.2.1.2 Infrared Spectroscopy ebiNExyl

IR spectroscopy was used to analyse the bonding within the sheets and specifically
determine the presence of € 3iond linking the hexyl groups to the sheets. A list of

absorption peaks can be se€Tainle 8.taken from an ATR IR spectrum of heSIS.

Table 8.A table of absorption bands and assignm&itéSor hexyl

Absorption (cm™) Assignment
561 SiSi stretch
784 SiC streéch
861 S+O-Si bend
1011 S+O-Si stretch
1257 C-H bend
2102 SiH stretch

28462959 C-H stretch

Characteristic vibrations of the organic molecules attached to sheets are apparent between
28462959 cm due to the € stretches, and at 1257 cdue to the €4 bends as in

literature reportS.There is a slight reduction in the intensity of thes$ietching band

a 2102 cm compared to SiNS before modification, and therefore it is concluded that
some SH bonds are still terminating the sheets. No obvious absorption bands are
detected in the ~1600 €megion, which would suggest that all hexene starting material

(C=C) has been used in the reaction or removed during the synthetip.work

An absorption band at 784 tshown inFigure.88is assigned to the Sistretches his
assignment is similar to that reported bkaNa and cevorkers, who assigned an

absorption peak at a lower energy of 72F@nthis bond-.’ In addition, Lambert ates
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that SiC stretches are found in the absorption region e86@@mt.* A large peak at
1011 cmi corresponds to the-8k-Si stretches whishould suggest the-SiSi network
remains the framework of the sheets. In addition to these be8d§o8ds are also

present in the framework with an absorption band at 561 cm

—— Hexyl-SiNS

C-H
SHO-Si ™ sicH,
T T T T T T T T
1400 1200 1000 800

Wavelength (¢

Figure .88 High resolution IR®pm highlighting the region from 1400 td BOKEINS.

4.2.1.3 Powder-#y Diffraction of H&INS

Powder XRD was a technique used to probe periodicities and crystallinity within and
between adjacent sheets. The powder XRD pattern ofSild$8ybyNakano, displayed
inFigure89s hows a peak at 2G = 12.4A which is
hexyl groups attached to the sheets, rather than the interlayer spacing betweet the sheets.
Nakano and cavorkers predicted that the layering structure had collapsed as the peak at
12.4° corresponds thspacing of 0.71 nm which cannot explain the addition ohthe

1.3 nm hexyl chain’s.
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Figure .89 Powde{RD of hexyl functionalised SINS by Nakano et al.

The powder XRD pattern obtained in this work is somewhat different and is shown in

Figurd.90 Thedata was collected by placing R8XYE onto a circular zero background

silicon plate and the sample was bombarded wélisX{poduced from a copper anode

source (Ka radiation is 1.54 (). Two clear p
diffraction peak at 46.2° is assigned to periodicity within the silicon framework and the

corresponding-spacing is calculated using gsdgw:

Q pBo @B [7]

A dspacing of 1.96 A is slightly larger thaatgpacing of 1.92 A which is calculated for

the unfunctionalised starting material in Chapter 3. This is likely to be dwhamglee

in structure of the sheets with small organic groups covalently attached. The new peak at
39.8° corresponds tad@pacing of 2.26 A and this is similar to #& Bond distance of

2.24 A and therefore is assigned to the periodicity withirets. sh
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Figure @0Powder XRD pattern of8eéxyNS di spl ayi ng three broad
46.2°.

Focusing at the low angle region there appears to be a large broad peak with a maximum
at 2 G Fgur@.201 Teldspacing provided by this peak gives a value of 12.3 A

using Braggs law:

Q

5 p&®B [8]

This largedspacing accounts for the distance between adjacent sheets if sheets were
stacked as illustratedrigure.@1 The hexyl chain length occupies a distance of 20.3 A

and if the sheets were conneatia®iC bonds (bond length of 1.8$)Ahe distance
between two adjacent sheets would have to be at least 12.19 A (10.3 + 1.89 A). The
spacing of 13.A from the peak at 7.15° covers this distance, however peak broadness
must be taken into consideration. This peak is very broad which suggests minimal stacking

is occurring and the material is fairly amorphous.
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Figure .81 An illustration of h&iNS displaying the interplanar distances between two &2
bonds occupy lengths of 1.89 A and the hexyl chains have a length of 1(
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4.2.1.4 Transmis® Electron Microscopy and Energy DispeiSpectkoscopy of
HexySIiNS

TEM was used to identify the structure and topology of the material. As in Chapter 3,

copper grids with a lacey carbon support film were used for this particular expeament. Th

sample was sonicated in hexane for 5 minutes to disperse the sample in solution which was

subsequently dregast onto a gridrigure.@2displays a typical image of h&iMS.

The first observation indicatee absence of shdiée material but rather that a globular
structure is present. It is proposed that the sheets were either destroyed during the
synthetic procedure, or that a polymerisation reaction occurred between the unsaturated
bond in the alkenend the platinum catalyst. If polymerisation occurred and the silicon
starting material did not react, insoluble SINS would have been left in the residue on the
filter paper during the synthetic wagkprocedure and consequently sheets would not be

presentn the TEM.

100 nm

Figure @2 TEM image of heXiNS.
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