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ABSTRACT

The central theme of this thesis explores the synthesis, characterisation

and processing of layered building-blocks to produce novel nanocomposites. Sol-

gel chemistry protocols were employed to synthesize aminopropyl (AMP)

functionalised-magnesium phyllosilicate clay. In particular, these clays have

been shown to act as attractive host matrices for the immobilisation or

intercalation of guest species, due to their facile sonication-induced exfoliation in

aqueous solutions and ability to co-assemble in the presence of an appropriate

guest. Herein, the anionic polymer, poly(sodium 4-styrene sulfonate) (PSS)

mediated immobilisation of the cationic protein cytochrome c in the AMP clay

matrix is achieved. FT-IR and UV-vis spectroscopy studies showed that protein

secondary structure and activity were retained in the bio-inorganic

nanocomposite.

Aqueous dispersions of atomically-thick graphene sheets were prepared

via chemical routes. Graphite was treated with strong oxidising agents and

mineral acids to produce graphene oxide, which was subsequently reduced in the

presence of single-stranded DNA (ssDNA) to prepare ssDNA-functionalised

graphene sheets (ssDNA-G). DNA-functionalised graphene sheets are

characterised using UV-Vis, FT-IR and CD spectroscopy techniques. In addition,

a mechanistic discussion for the interaction of graphene sheets with ssDNA is

suggested. Interestingly, ssDNA-G dispersions can be processed using vacuum

or evaporation-induced self-assembly techniques to prepare self-supporting bio-

nanocomposite films, with PXRD studies showing that ssDNA molecules were

intercalated within the gallery regions of graphene stacks. Furthermore, addition

of counter charged guest molecules (e.g. cytochrome c, lysozyme) to the aqueous

sols of ssDNA-G produced mesolamellar films by enabling the entrapment of

protein molecules within the interlayer regions of graphene layers.

Alternatively, aqueous dispersions of PSS-stabilised graphene sheets

(PSS-G) were processed to produce micro-and macroporous architectures by

employing two templating strategies. Self-supporting three dimensional

macroporous monoliths were fabricated using uni-axial freezing protocols. In

contrast, microporous graphene-based spheres were prepared based on the

electrostatic-induced assembly of anionically charged PSS-G sheets.
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CHAPTERl INTRODUCTION

1.1 Overview of thesis

Layered compounds represent a class of materials that is constantly growing and

evolving in terms of composition, with a broad range of emerging applications in

the fields of chemistry and nanotechnology. This thesis is concerned primarily

with the synthesis and processing of two types of layered materials, namely

synthetic organoclays and recently discovered and highly topical graphene

nanosheets. In addition to investigating the synthesis and characterisation of

these structures, the preparation of a range of hybrid nanocomposites is studied,

based on the effective assembly of the delaminated lamellar sheets, using

template-directed or self-assembly techniques. The combination of layered

structures with biological and polymeric species is predicted to produce

nanocomposite materials with advanced physio-chemical properties.

Research involving natural and synthetic silicate layered clays has been well

investigated. The research presented in chapter 3, describes the synthesis and

characterisation of a functional protein-inorganic construct based on the

immobilisation of polymeric and biological species in the organically modified

phyllosilicate clay matrix. The synthetic protocol employed, exploits the re-

assembly of cationic clay particles in the presence of charged polymer and

protein guest species. This chapter provides additional investigation of the

structural integrity of the immobilised guest biomolecule.

In chapter 4, the synthesis and characterisation of novel DNA-functionalised

graphene sols is presented. As a recently discovered material, the main goal of

the research discussed in this chapter was to investigate synthetic protocols for

producing graphene nanosheets in high yields. This was achieved via oxidation

of graphite and subsequent reduction in the presence of a stabilising polymer

which prevents the formation of irreversible, aggregated graphitic nanoparticles

and effectively produces aqueous dispersions of polymer-stabilised graphene

sheets. This chapter provides in-depth characterisation of the colloidal graphene

nanosheets and concludes with investigation of the formation of bio-
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nanocomposite graphene-based films based on vacuum filtration or self-assembly

protocols.

The research presented in chapter 5 investigates the ability to effectively process

aqueous dispersions of polymer-stabilised graphene sheets, previously introduced

in chapter 4. Herein, well-established templating protocols were employed for

the fabrication of graphene-based composites with micro- and macro-porous

architectures, using ice-segregation induced self-assembly and electrostatic-

induced templating techniques.
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1.2 Introduction to Layered Materials

Naturally occurring and synthetic layered materials represent an extended class

of compounds which has a prominent role in a range of disciplines including

biology, materials chemistry, mineralogy, geology, physics and engineering, with

diverse applications in, for example, catalysis,[l-3]advanced biomedical fields,

including gene therapy and drug delivery systems,[4-7]batteries,[8-IO]electronicsl'U

and environmentally-friendly "green material" as potential replacements of

various existing hazardous materialsY2
]

Layered materials are composed of confined two-dimensional (2D) crystalline

sheets, which repeatedly stack to form extended three-dimensional (3D) arrays.

These materials exhibit an array of highly attractive properties including high

internal and external surface areas and adsorption capabilities. In particular, they

furnish interesting chemical and intercalation abilities due to the relatively weak

interlamellar forces between adjacent sheets in comparison to the strong

intralamellar forces, enabling complete exfoliation or partial swelling of the 3D

stacked structure in an appropriate solvent. This versatile approach enables the

accommodation of a range of guest species in the gallery regions between

neighbouring sheets, via ion-exchange reactions or complete exfoliation followed

by assembly in the presence of a desired guest species. A variety of guests have

previously been intercalated in layered hosts including organic and inorganic

molecules, polymers and metal nanoparticles resulting in the formation of hybrid

functional composite materials which demonstrate enhanced properties,

compared to their individual components, and a broad spectrum of
applications.[13]

Complete exfoliation or delamination of layered materials occurs when the

interlayer spacing between adjacent layers is increased to such an extent that

neighbouring layers no longer interact with each other but instead form

individual, exfoliated 2D lamellae. The mechanism of exfoliation proceeds in

general via two routes, either mechanical or chemical, depending on the nature

and strength of the interlamellar forces and the composition of the individual

layers. Mechanically-induced exfoliation can be achieved via the application of
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sonication, which results in disruption of the inter-lamellar forces by mechanical

shear forces, enabling effective separation of the stacked sheets. Alternatively,

chemically-induced delamination can be achieved in a carefully chosen solvent

with, in some cases, the additional help of mechanical stirring or sonication, if

required.

In general, layered materials with low charge densities, for example smectite

clays, are readily exfoliated in water[14]and the exfoliation behaviour of clay-

type materials is discussed in more detail in the following section of this chapter.

On the other hand, layered materials with higher charge densities require a more

vigorous, exfoliation approach, as a result of stronger inter-lamellar attractive

forces between, both, the individual sheets and the intercalated ions, which

prevents the effective infiltration of solvent molecules in the gallery regions. In

this situation, either, the surface of individual sheets can be modified or the

intercalated ions residing in the gallery regions can be exchanged, resulting in the

successful delamination of the stacked structure.

The successful fabrication of exfoliated 2D nanosheets creates a portfolio of

opportunities for the further preparation of advanced and innovative higher-order

structures based on the aggregation or re-assembly of these 2D building blocks.

Addition of a range of species, including polymers, nanoparticles or

biomolecules, for example, with opposing charges to the 2D nanosheets

promotes the electrostatic-induced aggregation or re-assembly of the delaminated

sheets to form stacked, hybrid, lamellar nanocomposites. Alternatively, the

exfoliated nanosheets can be assembled into multilayer thin films, micro- and

macroporous constructs or hierarchial nanomaterials by applying layer by layer

(LbL), electrostatic-induced assembly or the Langmuir-Blodgett technique.

Figure 1.1, summarises the broad range of possibilities for nanosheet assembly.

-4-



BiOS;Y
r---_

~ =Polymers

ymer- ba~ed
nanocomposites

. Catalysis
0= Metal nanoparticles ~

egoMagnetite

Supermagnetic Films

Interstratified

~rialS

0= Biomolecules
egoHemoglobin • =Alternative

Nanosheets

o = Colloidal Nanoparticle
egoPolystyrene

Figure 1.1 Schematic showing the application of 2D nanosheets as building

blocks for hybrid nanocomposite assemblies, adapted from Bizeto et al.IIS]

The range of existing layered materials is vast and their associated applications

are continuously being developed. The main theme of the research reported in

this thesis involves investigation of the synthesis and characterisation of two

specific types of layered materials, namely magnesium organo phyllosilicate

clays and graphite. These two contrasting structures form extended 3D arrays,

which can be effectively exfoliated via mechanical or chemical routes to form 2D

nanosheets and subsequently re-assembled in the presence of oppositely charged

species, resulting in the fabrication of hybrid nanocomposites.

The remainder of this chapter discusses the history and progress that has been

made with respect to the structure, properties and applications of these layered

materials. Since there is a wide range of literature on both naturally occurring

clays and graphite, it is beyond the scope of this thesis to cover all aspects of
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these materials and therefore the introduction is limited to the following topics.

Section 1.3, introduces the structure and properties of clay minerals, with specific

reference to the silicate clays and their application as host matrices in the

fabrication of hybrid nanocomposites. Section 1.4, subsequently introduces

graphite, including scrutiny of the development of graphite intercalation

compounds (GICs) and graphite-polymer nanocomposites.

1.3 Introduction to Layered Clay Minerals

Clay mineral science is an intensively studied and multidisciplinary topic

attracting attention in geology, mineralogy, geotechnology, physics, chemistry,

biology and pharmaceutical sciences. The earliest interest in clays, stems back to

ancient times when they were used to fabricate ceramic objects including bricks,

utensils and pottery.l'" 17]Today, clay minerals are prominent in a range of

applications including ceramics, oil drilling, waste isolation, adsorbents, ion

exchangers, molecular sieve catalysts and in the metal and paper industries.l'f

This section reviews the structure and modern-day applications of clays in

materials and inorganic chemistry, with specific reference to the huge scope of

their application as host matrices in the fabrication of clay-based

nanocomposites.

1.3.1 Silicate Clay Minerals in Nature

The silicate clay minerals represent the most abundant family of minerals found

in the Earth's crust, accounting for 90 % of all known minerals.l'" 18, 19] These

inexpensive and environmentally friendly minerals are composed of anionic,

tetrahedral building blocks, consisting of a central silicon atom, surrounded by

four oxygen atoms (Si04). In general, the silicate minerals can be further

classified into smaller sub-groups depending on the relative, structural

arrangement of the silicate tetrahedra, with charge-balancing interstitial cations

present in the gallery regions, to provide structural neutrality, (Table 1.1).
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Classification of Silicate Minerals Arrangement of Tetrahedral Silicate Units

Nesosilicates or Orthosilicates Isolated silicates

Sorosilicates Isolated double tetrahedral units

Cyclosilicates Silicates arranged in 3- or 6- membered rings

Inosilicates Silicates arranged in interlocking single and

double chains

Phyllosilicates Silicates arranged in parallel sheets

Tectosilicates Interconnected tetrahedrons

Table 1.1 Summary of the different types of silicate minerals. [20]

Clay minerals form an important group of the phyllosilicate mineral family

(derived from the greek word phyllon, meaning leaf), which are composed of

tetrahedral (T) silicate and magnesium or aluminium hydroxide octahedral (0)

sheets, which co-condense to form 'sandwich-like' structures. The silicate layer

is formed by the corner-sharing of three oxygen atoms per individual tetrahedra,

resulting in the formation of a regular hexagonal base, with the forth remaining

oxygen atom situated perpendicular to the silicate plane (Figure 1.2a). The

octahedral magnesium or aluminium hydroxide layers, analogous to brucite, and

gibbsite, respectively, are composed of Mg or Al edge-sharing octahedrons

which are connected through oxygen (0) atoms or hydroxyl (OH) groups

(Figure 1.2b). The octahedral magnesium or aluminium hydroxide sheet

subsequently attaches to the fourth, apical unbound oxygen atom present in the

tetrahedral silica sheet to form the phyllosilicate clay sheet (Figure 1.2c).

Brucite, Mg(OH)2 and gibbsite, AI(OH)3 are naturally occurring minerals,

composed solely of octahedral sheets containing divalent Mg2+or trivalent A13+

ions, respectively. In the case of brucite, all the octahedral sites are occupied by

divalent Mg2+ ions and as a result clay minerals derived from brucite are labelled

trioctahedral. On the other hand, clay minerals derived from gibbsite, composed

of octahedral sheets containing trivalent At3+ ions, are labelled dioctahedral

because only two thirds of the octahedra are filled with Al ionsPl]
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(a)

(b)

(c)

Si
Mg/AI
O/OH

Figure 1.2 Diagram showing side views of (a) a tetrahedral silicate layer, (b) an

octahedral aluminium or magnesium hydroxide layers and Cc) the 1:1

phyllosilicate clay structure, which is composed of a magnesium/aluminium

hydroxide layer, co-condensed with the silicate layer, adapted from Grim et al.1I71
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In general the phyllosilicates can be further divided into three classifications

according to the relative stacking arrangement of the tetrahedral silicate and

octahedral magnesium or aluminium hydroxide building blocks. 1: 1 type layered

structures occur when one tetrahedral sheet is co-condensed with one octahedral

sheet, as shown in Figure 1.3a. 2:1 type structures, on the other hand, consist of

one octahedral sheet, sandwiched between two tetrahedral sheets, as shown in

Figure 1.3b. Finally, 2: 1: 1 structures form when a single octahedral sheet is

sandwiched between two 2:1 type structures (see Figure 1.3a).

Isomorphic substitutions of either Si (IV) or Al (III)/Mg (II) cations in the

tetrahedral and octahedral sheets, respectively, can occur resulting in the

introduction of net charge in the clay lattices. For example, substitution of Si

(IV) by Al (III) cations, contributes to the formation of net negative charge in the

tetrahedral sheets. This type of substitution is particularly rare but is observed in

the case of micas. Alternative substitution of either Mg (II) or Al (III) by

alternative cations with a lower positive charge, results in the formation of a net

negative charge in the octahedral sheets. In general, residual net negative charge

in the clay lattices is compensated by the presence of charge-balancing cations in

the inter-lamellar regions. The extent of isomorphous substitutions and the

corresponding charge densities are key factors, contributing to the chemical and

physical properties of each group of clay mineral.[21]

The clay minerals are segregated into different sub-groups, according to

variations in their structure and composition, this includes differences in the

stacking of the tetrahedral and octahedral sheets, the extent and type of

substitution of the cations in the tetrahedral or octahedral layers, the presence of

intercalants and finally the impurity content, as summarised in Table 1.2. In

particular, the interlayer spacing, also known as the 001 or basal spacing, can

significantly change due to variation in the aforementioned factors. Furthermore

the structure of the octahedral sheet varies depending on whether it is occupied

by divalent magnesium (Mg2+) ions or trivalent aluminium (AI3+) ions and can be

labelled trioctahedral or dioctahedral, respectively, as discussed previously.
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(a) 1:1 2:1 2: 1: 1

(b)

Si
Mg/Al
a/OH

Figure 1.3 Schematic showing (a) the different types of arrangements of the

tetrahedral (red) and octahedral (green) layers in the phyllosilicate clays,

including 1:1,2:1 and 2:1:1 and (b) a side view of the 2:1 phyllosilicate clay

structure, which is composed of a magnesium/aluminium hydroxide layer,

sandwiched between two tetrahedral silicate layers.
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Among the various silicate minerals, the smectite minerals including

montmorillonite and hectorite, have been widely investigated as host matrices for

guest species, due to their high cationic exchange ability, surface reactivity and

adsorption properties. [23] This is related to the diffuse, negatively charged clay

lattices, resulting in the presence of weakly-bound intercalated hydrated cations,

which allow the stacked clay structure to be readily swelled and exfoliated in

water. The relative ease of effectively delaminating these clays in aqueous

solutions, whilst maintaining the crystal structure of the clay, combined with the

presence of weakly bound, interchangeable cations has led to the intercalation of

a broad range of species. [14] The number of intercalated hybrid nanocomposites

involving smectite minerals as the layered host is vast and a selection of studies

is summarised in Table 1.3.

Despite the diverse number of studies involving the intercalation of organic,

inorganic and polymeric species in natural smectite clay minerals, there are

several problems associated with the long-term use of these lamellar materials as

host matrices, which has promoted the development of synthetic alternatives. The

following section discusses the development of man-made alternatives and

reviews their use as host matrices in the formation of intercalation composites.
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1.3.2 SyntheticClayMinerals

There are two main synthetic clay minerals including smectite clay minerals and

layered double hydroxides (LDHs), which will be introduced and discussed in

more detail in this section.

Smectite clays are highly abundant and form one of the most important classes of

phyllosilicates in nature but despite this advantage, the inability to consistently

control both the structural composition and impurity content can be problematic.

Furthermore smectites demonstrate extremely poor compatibility with non-polar

solvents, which contributes to poor swelling behaviour in these solvents. These

drawbacks have promoted the development of synthetic alternatives, with a

higher level of reproducibility and a broader range of applications. [23]

The mechanism of formation of naturally-occurring clay minerals was not

initially obvious due to the wide range of parameters which could potentially

effect the mineral formation, including pH, temperature and concentration of

reagents. Initial attempts to prepare synthetic smectite clays under ambient

pressures and low temperatures «100°C) proved to be difficult due to the low

reaction yields and the formation of a mixture of amorphous and crystalline

products. The key rate determining step was proposed to be the initial hydrolysis

of the octahedral cations, onto which the silicate anions can condense.l'?'

Alternative investigations of the synthesis of smectite minerals via hydrothermal

techniques, at higher temperatures (l00-1000 QC) and pressures (several kbars)

demonstrated that, in contrast to lower temperature routes, the majority of

reactions reached completion, due to much faster rate of hydrolysis of the

octahedral cations at elevated temperatures with an increased level of purity of

the desired clay mineral. [40] However, the development of synthetic clays with

finely-tuned chemical properties was further sought after, through the attachment

of organic groups to the phyllosilicate sheets or by introducing organic or

inorganic cations into the interlamellar gallery regions.
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Synthetic hectorites proved to be of particular interest as an alternative to

naturally-derived clays, due to the fact they can be readily prepared under

relatively mild conditions. In general, synthetic protocols involved the

combination of magnesium hydroxide, Mg(OH)2, prepared from magnesium

chloride hexahydrate and ammonium hydroxide, a silica sol and lithium fluoride,

pre-cursors, heated under reflux at 100 QCfor 4 days. [23]Ionic-exchange reactions

can subsequently be applied to a range of organic and inorganic cations, resulting

in displacement of the interlayer metal cations (eg. Li+).[41]

Research by the Carrado group demonstrated an alternative intercalation route

based on the direct incorporation of the guest species, during the crystallisation

process. [42]A range of organically-modified synthetic hectorites can be prepared

by in situ intercalation of cationic organic or organometallic species, provided

they are water-soluble and thermally stable under the aforementioned reaction

conditions resulting in the formation of a portfolio of clay-based

nanocomposites, as summarised in Table 1.4.[23]The mechanism of formation of

these synthetic clays is believed to proceed via the condensation of silicate pre-

cursors on a pre-formed brucite sheet, with cationic species subsequently

incorporated into the gallery regions as the clay layers crystallise. [43]
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Intercalants References

Alkylammonium ions including tetraethyl ammonium (TEA)

Porphyrins and metalloporphyrins including tetramethyl-N-

pyridinium porphyrin, (TMPyP) and trimethyl-4-anilinium

porphyrin, (TAP)

[44]

[45]

Dye molecules including, ethyl violet, methyl green and

phalocyanines

[42,43]

Range of polymers including polyacrylnitrile (PACN), poly(vinyl

pyrrolidone) (PVP), polyaniline (PANI)

[46]

Table 1.4 Summary of the range of organic and organometallic species that can

be intercalated in synthetic organo-hectorite clays to form polymer-clay

composites.

In recent years the application of soft chemical, sol-gel routes has been applied to

fabricated functionalised synthetic clays, containing covalently linked organic

groups to the phyllosilicate framework, omitting the requirement for

hydrothermal or long synthetic reaction protocols. In particular, the synthesis of

organically-functionalised clays from organotrialkoxysilane and magnesium,

aluminium or nickel chloride pre-cursors has been investigated. [41-49] The

preparation and properties of this alternate group of synthetic clays is introduced

and discussed in more detail in chapter 3, with specific focus on their application

as host matrices for the development of functional bio-inorganic nanocomposites.

1.3.3 Layered Double Hydroxides

Layered double hydroxides (LDHs, general formula Mg2AI(OH)6 A, where A=

an anion) are an alternative class of clays, also known as anionic clays or

hydrotalcite-like materials, which are both naturally occurring and synthetically

derived, with a diverse range of applications in separation chemistry, polymer

additives and catalysis. [50] In brief, these layered materials are composed of

positively charged brucite-like sheets, which contain M(OH)6 octahedra,

consisting of both divalent (M2+) and trivalent (M3+) metal cations, linked
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together in an edge-sharing fashion, with charge-compensating hydrated, ionic

species and water molecules located in the inter-lamellar regions. LDHs have a

high charge density and, in contrast with the smectite minerals demonstrate

anionic exchange ability, which allows a range of anionic guest species to be

intercalated in the gallery regions, contributing to the preparation of a portfolio

of LDH-based hybrid nanocomposites, a selection of which are summaried in

Table 1.5.

Intercalant Applications/Properties References

Nucleoside monophosphates (CMP, Gene therapy and controlled [5,6,51,52]

AMP, ATP and GMP) and DNA drug delivery systems

Polyphenol and urease Biosensors [33,53,54]

Polysaccharides including: alginate, Electrochemical sensors [55,56]

pectin, le-carrageenan, l-carrageenan

and xantan gum

Polymers including poly(acrylic Preparation of layered [57,58]

acid) (PAA), poly(vinylsulfonate) polymer nanocomposites

(PVS), poly(styrene sulfonate) (PSS)

and poly(vinyl alcohol) (PVA)

Amino acids including asparatic and Biodegradable or [59]

glutamic acids and a polyamino acid biocompatible properties

derivative, poly( c, ~-aspartate)

Table 1.5 Summary of the range of anionic species that can be intercalated in the

layered double hydroxides (LDHs) and their associated properties.
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1.4 Carbon-based layered materials

Section 1.3 provided a general review of the properties and applications of

naturally-derived and synthetic forms of smectite clay minerals. The final section

of this chapter introduces a group of lamellar materials, based solely on the

arrangement of carbon atoms, more commonly known as graphite. Research on

graphite and carbon nanomaterials is introduced with specific focus on the

generation of graphite-based composites and graphite intercalation compounds

(OICs).

1.4.1 Carbon

Carbon, derived from the Latin word "carbo" which referred to charcoal in

Roman times is an ancient element present in relatively low abundances in the

earth's crust, compared with silicon and oxygen but highly abundant in stars and

comets, representing the forth most abundant element in the universe, after

hydrogen, helium and oxygen.[60,61] It is an essential element to all living systems

and well known for its ability to form long chains of C-C single bonds. When

chemically bonded with other elements including, oxygen, hydrogen, nitrogen,

sulphur or phosphorus, carbon forms extensive groups of biologically important

organic molecules. In addition to its unparalleled presence in all known

lifeforms, carbon is additionally well known for its diverse range of industrial

applications notably as fossil fuels, refrigerants and chemical feedstocks for the

manufacture of plastic and petrochemicals.

From a materials science perspective, carbon is a versatile element forming a

diverse array of structures or allotropes, based on the different arrangements and

bonding interactions of the individual carbon atom building blocks as shown in

Figure 1.4. These allotropes include diamond and graphite, in addition to

recently discovered buckminsterfullerene and carbon nanotubes and interestingly

exhibit very different properties despite their similar chemical composition, as is

clearly displayed in the case of diamond and graphite, as shown in Table 1.6.

Despite the array of carbon allotropes that exist, diamond and graphite are the

only structures which are naturally occurring on earth.
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Diamond

Lonsdaleite

Carbon N anotubes

Graphite

Buckminsterfullerene

Amorphous Carbon

Figure 1.4 Diagrams showing the different allotropes of carbon.

Property GraphiteDiamond

Electical conductivity

Hardness

Transmission of visible light

Insulator

Hard

Transparent

Conductor

Soft

Opaque

Table 1.6 Comparison of the physical properties of diamond and graphite.
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1.4.2 Carbon in Lamellar Form: Graphite

Graphite is derived from the greek word 'TpU<l>EtTt" which means "to write" and

is a term in geology which refers to a lustrous black-grey mineral, naturally

found throughout the world in United States of America, United Kingdom,

Germany, Siberia, Korea, India, Russia, Italy, Madagascar and Canada.[62] The

worldwide production of natural graphite in 2008, according to the U.S. Geology

survey (USGS), was quoted as 800 million tonnes. [63]

Graphite is one of the main and the most thermodynamically stable allotropes of

elemental carbon at room temperature, composed of a lamellar structure of

stacked arrays of graphene sheets.[41.62]Graphene is a well recognized term that

refers explicitly to the extended, two-dimensional sheets of hexagonal arrays of

carbon atoms, as shown in Figure 1.5(i). Each carbon atom in graphene is Sp2

hybridised and bonded to three neighbouring carbon atoms, leaving a vacant 7[-

orbital, perpendicular to the plane. Individual graphene sheets interact with each

other not through covalent attachments but instead by Van der Waals interactive

forces to form the regularly, stacked graphitic structure, as shown in Figure

1.5(ii).

The stacking of individual layers can occur in two different ways, resulting in the

formation of two polytypes of graphite. Individual layers can stack in an ABAB

sequence resulting in the formation of a hexagonal (n) geometry, with unit cell

dimensions of a = b = 2.456 A and c = 6.694 A. Alternatively, in defective

graphite, layers can stack in an ABCABC sequence, corresponding to the

formation of a rhombohedral (~) geometry, which can be transferred into

hexagonal graphite by heating at high temperature.P" 65]This contributes to an

inter-lamellar separation of 3.354 A, with a carbon atom separation (C-C) of 1.42

A, compared with C-C bond lengths of 1.35 A observed in benzene, due to the

sp2hybridised nature of the carbon atoms.[41]
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I'3.354 A

~~~~~

(i)

(ii) A

B

A

Figure 1.5 Schematic showing (i) the structure of a graphene sheet and (ii) the

stacked crystal structure of graphene sheets to form hexagonal graphite.

Historically, graphite was commonly used as a writing material in well-known

pencil "lead," however it also plays a significant role in the electrical, chemical

and mechanical industries due to its exceeding physical and chemical properties

and in 2008, according to the USGS, graphite was employed in a range of

applications spanning from steelmaking to brake lining, batteries and

lubricants. [63] The strong intraplanar forces and weak interlamellar Vander

Waals forces between adjacent graphene sheets contribute to anisotropic physical

properties. Unlike diamond, which is an insulator, graphite is an efficient

conductor, due to the presence of 1t-orbitals,situated perpendicular to the planes

of hexagonal graphene sheets, which facilitates the movement of delocalized
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valence electrons parallel to the planes. The electrical conductivity perpendicular

to the graphene planes, in comparison, is significantly reduced.

Graphite is comparable to layered silicate clays, discussed earlier on in this

chapter, in that it is composed of stacked nanosheets, with the additional

advantage of possessing effective electrical and thermal properties.

Unfortunately, unlike the smectite clay minerals which can be effectively

delaminated in water, direct exfoliation of graphite in water is extremely

difficult, due to the close proximity and hydrophobic nature of neighbouring

graphene sheets (3.35 A), which prevents the diffusion of water molecules and a

range of other guest species into the interlamellar regions. A number of different

strategies have been employed in an attempt to resolve this problem and

introduce guest species into the gallery regions of graphite, involving the

preparation of graphite intercalation compounds, graphite-polymer composites

and chemically treated graphite. The following sections briefly highlight the

progressions that have been made in these fields.

1.4.3 Preparation of Graphite Intercalation Compounds (GICs)

This section focuses, in particular on the progress that has been made in the

preparation of graphite intercalation compounds (GICs) or expandable graphite

and explains why these compounds have received considerable attention.

GICs are formed when atomic or molecular guest species are inserted between

adjacent layers in the bulk graphitic matrix, resulting in effective expansion in

the c-axis direction. The degree of expansion is tightly controlled by the size and

geometry of the intercalant. Crystallographic investigation ofGICs have reported

a high degree of structural ordering, with periodic ordering of the intercalant and

individual graphite layers, a phenomenon which is commonly known as staging.

Staging is classified by an index n, which describes the number of graphite layers

between adjacent intercalant layers,[66] as shown schematically in Figure 1.6.
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Graphite
o Donor/ Accepto: / \.

Ion or MOleCUle)(

Stage I

Stage II

Figure 1.6 Schematic illustrating examples of the staging phenomenon which are

prevalent in Gl'Cs.

Advances in graphite intercalation chemistry were made nearly 170 years ago

when experiments investigating the efficacy of sulphuric acid as an effective

solvent for graphite, unexpectantly discovered, that the sulphuric acid was in fact

intercalated in the gallery regions between adjacent graphene sheets, providing

the first known example of a graphite intercalation compound (Gle).[41] This was

quickly followed, 1 year later, with reports of the successful intercalation of

potassium ions in the inter-layer regions of graphite_[67]

Since this point research involving Gles, has demonstrated the intercalation of a

vast number of atomic and molecular species, including ionic species, diatomic

molecules and large organic molecules, which can generally be classified into

two distinct categories either electron donor or electron acceptor intercalants.

Electron donor compounds include the group 1 alkali metals (Li, Na, K, Rb and

Cs), the group 2 alkaline earth metals, lanthanides and metal alloys composed of

the lanthanides and/or the alkali metals. Ternary donor graphite intercalation

compounds have additionally been prepared, based on the intercalation of alkali

metals and polar molecules, including ammonia and tetrahydrofuran. Among the

donor intercalants, the alkali metal compounds are the most easily prepared and
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well understood from a structural perspective with the highest degree of order,
including for example CgK.[66]

Electron acceptor compounds can additionally be formed when lewis acid-type

molecules, including halogens or halogen mixtures and strong Bronsted acids,

are intercalated into the inter-lamellar regions of the graphitic matrix. Among the

acceptor compounds, bromine-graphite compounds are one of the simplest

compounds that form but do not form stage I compounds, which is commonly

seen for other acceptor compounds.

Intercalation has been achieved for more than 100 different solid, liquid or

gaseous intercalant reagents via the application of one of four main routes

including a two-zone vapour transport technique, liquid intercalation and co-

intercalation methods and an electrochemical method, which are briefly outlined

below. In general, the extremely high chemical instability of the majority of

GICs means that they have to be prepared and stored in ampoules, under pressure

or in the presence of the intercalant vapour. Cooling samples with liquid nitrogen

can additionally help to improve the stability of the sample.[66] Furthemore, the

nature of the graphite host matrix is important in the preparation of GICs with

different types of natural and synthetic graphitic host matrices available,

including natural graphite flakes, or synthetically produced highly order pyrolytic

graphite (HOPG), kish graphite or carbon fibres.[66]

In general, the two-zone vapour technique is the most widely used technique to

prepare GICs with distinctive staging properties. This method involves heating

the graphite host (g) and intercalation species (i), which are contained in a two

zone ampoule and separated by a small distance, at two different temperatures,

Tg and Tj, to create a vapour of the intercalant which is subsequently

incorporated into the interlayer regions of the graphite matrix. alCs with

different stages can be produced by variation of the temperature difference, with

smaller temperature differences contributing to GICs with lower stages.

Examples of the range of temperatures applied for the preparation of donor,

alkali metal GICs, with different stages is shown in Table 1.7.[66]
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Alkali Metal
Intercalant

Stage

K Rb Cs
Ti =250°C r, =208 -c T, = 194°C

TgCC) r, (OC) r, (OC)
225-320 215-330 200-425

350-400 375-430 475-530

450-480 450-480 550

2

3

Table 1.7 Example of the conditions applied for the preparation of alkali metals
GICs with different staging.[66)

GICs can alternatively be prepared using liquid intercalation methods by

immersing graphite in liquid or molten-based reagents. Examples of molten and

liquid/solvent-based intercalants include molten lithium, bromine m

tetrachloromethane, ferric chloride in acetone and metal donor ions (Li, Na, Rb,

Cs, Co, Sr, Ba) in ammonia. This route is relatively facile but can prove to be

difficult when preparing well-staged compounds_(66)

Alternatively co-intercalation can be used to prepare low-staging GICs,

containing alloys and mixtures of atoms and molecules, which are otherwise

difficult to intercalate directly. An example includes the improved intercalation

of sodium by employing a sodium containing alloy containing caesium and

potassium. Alternatively, sequential intercalation routes can be applied to

intercalate species, which cannot be directly intercalated. Examples include the

intercalation of hydrogen, which can be successfully intercalated in alkali metal

GICs. Finally, GICs can alternatively be prepared through the application of

electrochemical techniques and this route is used particularly for the preparation

of GICs containing strong acid intercalants, including sulphuric and nitric
acids.[66)

GICs have received considerable interest, in particular, in the development of

primary and secondary battery devices. Graphite fluoride or (CF)x, which

consists of a graphite host matrix with covalently attached fluorine atoms has

been used in the development of cathode electrodes in primary lithium batteries,
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with applications in a broad range of electronic devices. Stage 1 (CF)n can be

prepared by reacting graphite with fluorine gas at temperatures as high as 500°C

and the alternative stage 2, compounds can be produced by heating at reduced

temperatures between 300 and 400 QC.The development of primary battery

devices can, however, pose several safety issues and operational problems due to

the use of lithium metal and alternative lithium intercalated graphite compounds

were used as anodes in the development of secondary lithium-ion devices.

Secondary battery devices in contrast to the previously mentioned primary

devices are composed of a lithium ion rather than a lithium metal anode. In

particular lithium-intercalated graphite compounds, (LixC6),first synthesised in

1955 by Herold have been applied as the anode electrode in secondary
devices.[67]

One of the main advantages of GICs is that they permit the study of intercalated

species, which would otherwise be very difficult to investigate due to severe

chemical instabilities. This is observed in the case of thallium bromide (TlBr3)

which does not exist on its own but instead forms stable graphite intercalation

compounds.[68]Despite this advantage, the main drawbacks of GICs are

associated with their long-term chemical stability when exposed to air, which

requires that they have to be carefully stored in pressurised ampoules. For

example, GICs prepared with electron donor intercalants are easily oxidised

when exposed to air and in some cases are pyrophoric, in addition, GICs

prepared with electron acceptor intercalants are easily decomposed at ambient

temperature and can be very hygroscopic.[66]Furthermore there are no known

examples, reported to date, involving the generation of GIC containing

biologically-derived intercalants, which require more ambient synthetic

protocols.

1.4.4 The Preparation of Graphite-Polymer Composites

The integration of polymers with layered host matrices, including for example

silicate clays, has received considerable attention as a means of producing

nanocomposites, in the form of intercalated or exfoliated structures with

enhanced mechanical and thermal properties.[69-71]In particular, the possibility of
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introducing electrical conductivity to the composites, has provoked the

investigation of graphite as an electrically conductive host matrix. Initial

attempts to intercalate polymers in graphite proved to be challenging and the

following section reviews the progress that has been made in the development of

polymer nanocomposites based on graphite.

Several advances have been made involving the intercalation of polymers in

graphite, based on the application of a chemically modified graphite-based

intermediate compound, as detailed below. In particular, progress has been made

through the application of GICs or expandable graphite (EG) as a host matrix.

EG can be obtained, in general, by treating graphite with acid or mixtures of

acids, for example sulphuric acid, with subsequent thermal treatment, by heating

up to temperatures of 900-1OOO°Cor by microwave irradiation.[72, 73] Research

reported by Chen and co-workers demonstrated the ability to intercalate

polystyrene and maleic anhydride grafted polypropylene (gPP) in graphite via in

situ polymerisation of styrene or direct intercalation of gPP, in EG, respectively,

as shown in Figure 1.6a-b. [72, 74] Further studies investigated the in situ

polymerisation of polyaniline (PANI) in the interlayer regions of microwave

treated graphite nanosheets.[73] The application of the stage I potassium-

tetrahydrofuran GIC, as an intermediate host matrix in the preparation of a

polystyrene-graphite nanocomposite was additionally investigated, using similar

in situ polymerisation protocols, ensuring the GIC was freshly prepared and
maintained under vacuum.[75]

Intercalation in graphite can additionally be achieved by the application of

chemically modified graphite, commonly known as graphene oxide (GO), as an

intermediate host. Graphite oxide is simply an oxidised form of graphite which

can be readily exfoliated in water, due to its increased hydrophilicity. A variety

of polymers have been intercalated in GO, including PANI, polypyrrole (PPy),

poly(ethylene glycol) (PEG) and poly(vinyl alcohol) (PVA) via in situ

polymerisation in the presence of exfoliated GO or by direct intercalation of the

polymer, as shown in Figure 1.6c_eP6-g0] Furthermore, Kotov and co-workers,

investigated the intercalation of poly(diallyldimethyl ammonium chloride)

(PDADMAC) into the GO gallery regions, followed by chemical or
- 27-



electrochemical reduction as a means of removing the GO surface modifications

and restoring the composite to an electrically conductive graphitic state (Figure
1.61).[81)

~ (a)
o

orcs or EG
Graphite

~ Polymer

Monomer

o Doner/Acceptor
Ion or Molecule

Graphite-Polymer
Nanocomposite

(g)

Figure 1.6 Schematic showing the different routes that can be undertaken to

effectively intercalate polymer guest species into the interlamellar regions of

graphite, via the formation of graphite intercalation compounds (GfCs) or

exfoliated graphene oxide (GO). Step (a) displays the formation of GfCs via two-

zone, intercalation or electrochemical routes, or EG via treatment with acid,

which can subsequently be intercalated with monomers, followed by

polmerisation, (b), or directly intercalated with a polymer, (c). Graphite-polymer

nanocomposites can additionally be prepared via the synthesis of GO, by reacting

graphite with strong mineral acids and oxidising agents, (d) followed by the

direct intercalation of the polymer (e), in situ polymerisation of the monomer in

the presence of exfoliated GO sheets (f) or by the assembly of monomer

intercalated GO sheets, followed by polymerisation of the guest monomer

species (g). Step (h), highlights the possibility of applying electrochemical or

chemical reduction techniques to reform electrically conducting graphitic-based

sheets from polymer intercalated GO.
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The recent discovery of single sheets of free-standing graphene, as discussed in

chapter 4, demonstrates for the first time the ability to completely delaminate

stacked graphitic materials into its native, individual component sheets, creating

a huge scope of potential applications and opportunities. Chapter 4 focuses in

particular on the generation of high yields of aqueous colloidal dispersions of

graphene sheets, via the oxidation and subsequent reduction of graphite with

investigation of the use of biomolecules as a means of stabilising the individual

sheets and enabling the production of mesolamellar nanocomposite films.

Chapter 5 subsequently explores the possibility of further processing the aqueous

graphene sols using well established templating techniques.
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CHAPTER2 EXPERIMENTAL TECHNIQUES

The aim of this chapter is to provide a thorough review of the experimental

techniques applied throughout the thesis.

2.1 Transmission Electron Microscopy (TEM)

TEM microscopy was conducted using a JEOL 1200 EX electron microscope,

fitted with a tungsten filament, operating at an accelerating voltage of 120 kV.

Digital images were recorded using a Soft Imaging Mega View II digital camera.

Sample Preparation

Dilute samples were viewed on carbon coated 300 or 400 mesh copper grids,

which were prepared in the following procedure. Carbon grids were placed on

the base of a Buchner funnel, containing water. Carbon film was subsequently

prepared on freshly cleaved mica, using an Agar Turbo Carbon Coater and

transferred onto the surface of the water. The water was slowly drained whilst

guiding the carbon film onto the grids. Alternatively, holey grids were purchased

from Agar Scientific. In general, 5 ul, of an aqueous dilute sample was placed on

the carbon-coated grids, which were left to air dry. In some cases, the grids were

additionally washed with water, before being left to air dry.

2.2 Scanning Electron Microscopy (SEM)

SEM microscopy was conducted using a JEOL JSM SEM 5600 instrument with

EDX analysis (Oxford Instruments ISIS300), operating at an accelerating voltage

of 10 kV. Higher resolution SEM images were obtained using a JEOL JSM 6330

field emission gun (FEG) microscope. Digital images were recorded.

Sample Preparation

SEM images of aqueous solutions were obtained by drying samples directly onto

10 mm aluminium stubs, which were coated with 15 mm PtlPd. Alternatively,

solid samples were imaged by directly mounting the samples onto adhesive

carbon pads attached to aluminium stubs, before coating with PtlPd.
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2.3 Energy Dispersive X-ray Analysis (EDXA)

EDX analysis was conducted on both the SEM and TEM usmg Oxford

Instruments X-ray Analysis ISIS 300 system. EDX on the TEM was equipped

with a silicon detector and a beryllium window, enabling identification of

elements with atomic mass greater than sodium. The same system was used on

the SEM with the addition of a 'windowless' detector, enabling detection of

elements with atomic mass lower than sodium.

2.4 Atomic Force Microscopy (AFM)

AFM microscopy was conducted using a multimode AFM equipped with

Nanoscope V controller (Vee co Instruments Ltd, USA) and tapping probes

Tap300AI or SS-NCL. Images were analysed using Gwyddion, an open source

software program for SPM analysis.

Sample Preparation

Samples were prepared by depositing dilute aqueous samples (5-10 ~L) onto

freshly cleaved mica and subsequently air-drying at room temperature before

imaging using tapping mode.

2.S Powder X-Ray Diffraction (PXRD)

PXRD measurements were obtained using a Bruker D8 Advanced X-ray powder

diffractometer with a CuKa X-ray source (A. = 1.5405 A). Measurements were

typically recorded for 29 values from 2.00 ° to 80.00°, with step sizes varying

from 0.00262° to 0.05° at a scan rate of 1 second/step. The sample rotation mode

was not applied during the measurement.

Sample Preparation and Data Analysis

Solutions requiring analysis were dried directly onto a silicon wafer holder as

thin films. In the case of solid samples, plastic holders were occasionally used or

finely ground samples were pressed onto the surface of the silicon wafer holders.
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The data obtained was analysed and interpreted using Bragg's Law (Equation

2.1), allowing calculation of the inter- and intra-planar distances:

Equation 2.1: nA = 2dsin e

where n = order of diffraction, A = the wavelength of CuKu X-Rays (A), d = the

inter-planar distance of the atomic lattice and e = the angle between the incident

X-ray beam and the scattering planes (angle of diffraction).

2.6 Fourier Transform Infra-red Spectroscopy (FT-IR)

FT-IR spectra were obtained using a Perkin Elmer Spectrum One spectrometer

fitted with Spectrum Analysis software. In each case ten scans were run from

4000 to 450 ern" at a resolution of 4 cm" and a scan speed ofO.2 erns".

Sample Preparation

A few mg of sample were typically ground with approximately 100 mg of

infrared-grade potassium bromide (KBr), using a pestle and mortar. A KBr

pellet was then made by pressing the sample in a hydraulic press (Perkin-Elemer,

5 tons) for FT-IR analysis.

2.7 Ultraviolet Visible Spectroscopy (UV-Vis)

UV-Vis spectroscopy measurements were obtained using a Perkin-Elmer

Lambda 25 UV-Vis spectrophotometer containing Perkin Elmer UV Winlab

computer software (version 1.1). Enzyme activity studies were conducted and

analysed using Kinlab computer software.

Sample Preparation and Data Analysis

Aqueous samples were placed in quartz cuvettes (1 em path length) for analysis.

Absorbance measurements were used in a quantitative manner to determine the

concentration of samples, using the Beer-Lambert law (Equation 2.2).

Equation 2.2: A = -loglO (I/Io) = E.C.t
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Where A = the absorbance of a sample, 10 = the intensity of the incident light, I =

the intensity of transmitted light, .e = the pathway along the sample, which is

equivalent to the width of the cuvette, c = the concentration of the sample and e =

the extinction coefficient.

2.8 Circular dichroism spectroscopy (CD) *

CD spectra were obtained using a JASCO J-810 spectropolarimeter. Aqueous

samples were typically analyzed from 190-260 nm; data pitch and band width =
1 nm; response time = 2s, scan rate = 50 nm min" and 3 accumulations.

Sample Preparation and Data Analysis
Samples were analysed in a quartz cuvette with a 0.1 cm path length.

(* CD spectroscopy was conducted by Dr. Avinash Patil in the Centre for

Organized Matter, University of Bristol)

2.9 X-ray Photoelectron Spectroscopy (XPS) *

XPS was conducted using a Thermo VG Scientific Spectrometer under high

vacuum using Al-Ka 1486.6 eV radiation at 400 W (15 kV). High resolution

scans were acquired with a 30 eV pass energy, 300 ms dwell times and 0.1 eV

step. Wide-scan surveys were acquired with 100 eV pass energy, 300 ms dwell

times and 1 eV step size.

Sample Preparation

Aqueous samples (less than 50 ~L) were dried onto ozone plasma cleaned silicon

wafer substrates.

(* X-ray photoelectron spectroscopy was conducted by Dr. Tom Scott at the

Interface Analysis Centre, University of Bristol)
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2.10 pH Measurement

pH measurements were determined using a Mettler Toledo MP220 pH meter.

calibrated using standard buffer solutions at pH 4. 7 and 10.

2.11 Zeta Potential Analysis

Zeta potential measurements of aqueous dispersions were obtained at room

temperature using a Brookhaven Instruments Zeta Potential Analyser. Results

were interpreted using a PALS Zeta Potential Analyser (Ver. 3.25). fitted with a

gold electrode.

2.12 Compression Testing

Compression testing was carried out using a TA-XT plus texture analyser (load

cell 50 N) at room temperature. Stress versus strain measurements were plotted

at a compression rate of 0.06 mms". Specimens used for testing were

approximately 4 mm in radius and length and were cut from different sections of

the main scaffold with a sharp razor blade.

2.13 13C Nuclear Magnetic Resonance (NMR)*

Solid state NMR experiments were performed on Bruker Avance 300 NMR

spectrometer. operating at 75.51 MHz. using a standard 4 mm cross-polarization

magic angle-spinning (CPIMAS) probe. The 13Cchemical shifts were referenced

with respect to tetramethysilane (0 ppm). using solid adamantane as a secondary

standard.

(* Solid state NMR was conducted by Jessica Martin in the Solid State NMR

suite in the Department of Chemistry, University of Bristol)
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CHAPTER 3 IMMOBILISATION OF CYTOCHROME C

IN AMINOPROPYL FUNCTIONALISED MAGNESIUM

PHYLLOSILICATE CLAY

(Published inMolecular Biosystems, 2009, 5, 744-749)

3.1 Introduction

3.1.1 Chapter Outline and Aims

It has been well reported that the integration of biomolecules with inorganic

materials results in the formation of bio-inorganic hybrid materials which have

unique physical, chemical and mechanical properties, compared with their

individual counterparts. The preparation of bio-inorganic composites, using a

range of techniques, is an established field with significant work involved in

investigating the use of lamellar magnesium phyllosilicate clays as inorganic

supports. In particular, the development and application of aminopropyl

functionalised 2:1 magnesium phyllosilicate clays (AMP clay) has been well

explored. Simple sonication-assisted exfoliation of AMP clay in water results in

the formation of positively charged lamellae, which can subsequently be

successfully restacked in the presence of a range of anionically charged

biomolecules or polymers. This chapter demonstrates the polymer assisted

immobilization of cytochrome c in the organoclay matrix with full

characterisation of this novel bio-inorganic composite and additional evidence

showing the sustained stability and catalytic properties of the immobilised

enzyme under adverse conditions of pH.
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3.1.2 Protein Structure and Applications

Protein macromolecules are extremely diverse biomolecules with a broad range

of applications, some of which are detailed in Table 3.1.

Type of Protein Application

Enzyme Catalysts

Transportation/Storage of oxygen (02)Transport

Structural Provide structural supportlBuild connective tissue

Provide immune protection by targeting foreign bodies for

destruction
Antibody

Motor Generate/control movement

Table 3.1 Table listing some example applications of proteins.

Proteins are composed of linear chains of amino acid residues, which are linked

together by polypeptide bonds to form flexible polypeptide chains. There are a

total of twenty distinct amino acids, which share the same fundamental structure

consisting of a central, tetrahedral carbon atom bonded to a carboxylic acid

group, an amino group, a hydrogen atom and a variable side chain (R), (Figure

3.1a). In solution, at neutral pH, the carboxylic and amino groups are

predominantly ionised, contributing to the zwitterionic (dipolar) form of the

amino acid (Figure 3.1 b), with variations in the pH, altering the ionisation of

these groups. Under acidic conditions the carboxyl groups are predominantly

neutral with the amino groups protonated. In contrast, basic conditions promote

the reverse situation in which the carboxyl groups are predominantly dissociated

and the amino groups are neutral. The nature of the side chain varies

considerably in size, charge and hydrophobicity and is composed of a broad

range of functional groups including, for example, alcohol, thiol and carboxylic

acid groups. All of the amino acid residues are stereochemically chiral, existing

primarily in the L-isomeric form, apart from one exception, glycine, which is not

chiral. [82]
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Figure 3.1 General molecular structure of the (a) unionized form and (b)

zwitterionic form of an amino acid.

The flexible polypeptide backbone allows the protein to fold or coil to form a

three-dimensional structure. The localised three dimensional structure can be

described by one of two secondary structures; the a-helix or p-sheet. An a-helix

forms a rod-like shape in comparison to the sheet like structures of p-sheets. a-

helices form tightly packed arrangements of amino acids due to hydrogen

bonding interactions between the amino, hydrogen atom at position n and the

carbonyl group at position (n + 4). On the other hand, p-sheets form when two

or more sequences of amino acids are arranged adjacently and in parallel,

resulting in hydrogen bonding interactions between the amino, hydrogen atom on

one strand with the carbonyl group on an adjacent strand. When secondary

structural units interact with each other through hydrogen bonds, disulphide

bonds and hydrophobic interactions, a three-dimensional tertiary structure is

formed. The three-dimensional structure is extremely important as it controls the
function and properties of the protein.[82]

3.1.3 Immobilisation, Intercalation and Encapsulation of Biomolecules

In recent years there has been extensive work involving interdisciplinary projects

at the interface of biology and materials chemistry to produce bio-mimetic or

bio-inspired hybrid materials, which have highly desirable, versatile applications

in catalysis, sensing, regenerative medicine and nanotechnology, with several
examples highlighted in chapter 1.[83,84]Enzymes, in particular, have been

reported to act as highly attractive biocatalysts in the industrial synthesis of a

range of bulk chemicals, pharmaceutical and food ingredients, due to their high

level of enantio- and regio- selectivity and efficiency, however, despite these
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advantages, as with other biomolecules, they lack long term structure and

function under industrially viable conditions, which has hampered their extended

application. [85-87)The integration of biomolecules with biologically inert,

inorganic or polymeric matrices is a well reported strategy which has been

applied to prevent functional loss of biomolecules under detrimental conditions,

by maintaining and, in many cases, enhancing structural and chemical

stability.[88.89)This section briefly reviews the key synthetic approaches currently

available to support biomolecules and fabricate bio-inorganic hybrid materials.

Physio-chemical adsorption or covalent attachment onto solid substrates provides

a facile approach for the immobilisation of biomolecules, including proteins,

enzymes and lipases. A range of supports have been reported including high

surface area, porous titanium dioxide films,[90.91)mesoporous silica, [92-96]latex or

polystyrene colloidal particles,[97-99]potassium sulphate microcrystals'p°O) and

magnetic 'Y-Fe203 nanoparticlesyol) In all cases the immobilised biomolecules

were proven to demonstrate efficient and in many cases enhanced activities.

Further to the use of solid supports as substrates for biomolecules, sol-gel

processing is one of the most extensively studied methods for the entrapment of a

range ofbiomolecules including proteins (enzymes and antibodies), DNAlRNA,

phospholipids, polysaccharides and plant/animal cells inside a silica, metal-oxide

or hybrid sol-gel polymer cage or shell. Bio-inorganic hybrid composites

produced in this manner have well reported applications in, for example,

catalysis, optical/electrochemical biosensors and cell therapy_[88.102-104]The first

example of the use of sol-gel processing to immobilise biomolecules stems back

to 1955 when proteins and enzymes including urease, catalase, muscle adenylic

acid and cytochrome c, in addition to a range of dyes were entrapped inside silica

matricesY05] Subsequent biomolecule encapsulation studies followed in 1984

and 1985 by Venton[l06) and Glad,(107)respectively, but it was not until the early

1990s that the full potential of this strategy was realised and a plethora of

research was conducted to optimise the synthetic approach.

This route is highly attractive due to both the myriad of starting reagents and the

biocompatible, aqueous, room temperature synthetic conditions that are followed
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leading to the formation of porous matrices with controllable surface chemistries,

areas and pore diameters and high surface areas. The key advantage of sol-gel

processing, that has promoted its extensive investigation in bioirnmobilisation, is

the maintained and in many cases enhanced biomolecule activity, as a result of

the protective polymer cage encasing the biomolecule, which restricts

irreversible conformational changes or structural deformation, as demonstrated in

Figure 3.2.[108]
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Figure 3.2 Schematic showing an entrapped or caged enzyme, ill this case

alkaline phosphatise, in a sol-gel matrix. [108]

Biomolecules can additionally be encapsulated or wrapped to fabricate bio-

inorganic hybrid nanoparicles containing functionally intact cores encased in a

porous, inert, inorganic matrix through the application of reverse

microemulsions. This facile approach involves exploiting the use of nanoscale

water droplets of a reverse microemulsion to isolate and subsequently envelop

single protein molecules in an ultrathin inorganic shell, resulting in effective

stabilisation of the native biostructure.l'P" 110]
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A popular, alternative, bioimmobilisaton strategy is manifested through the

application of inorganic layered materials as host matrices. Layered materials are

highly attractive inorganic supports for a range of biomolecules due to their high

external surface area and confined interlayer gallery regions, enabling

biomolecules to be intercalated between adjacent layers. As discussed in chapter

1, there is a plethora of available synthetic and naturally-derived layered

materials that have proven to act as viable host matrices for a broad range of

biomolecules. Layered materials which have shown particular success in this

field include, various types of natural and synthetic clays, [59, III] layered double

hydroxides (LDHs),[5-7, 12,50,112]a-zirconium phosphates and phosphonates.l'!"

115]and hexathiohypodiphosphate layered materials, (MPS3, where M is a metal

in the +2 oxidation state) , including in particular MnPS3YI6]

Despite the significant interest in the range of layered materials mentioned

above, their extended use as host matrices for biomolecules is often hindered due

to their poor swelling behaviour and heterogenous composition.!' 17]Synthetic,

organically functionalised clays containing tailored functionality and highly

reproducible structures, provide an alternative lameller matrix for the

intercalation of biomolecules. The following section introduces this family of

synthetic, organically functionalised magnesium phyllosilicate clays discussing

their synthesis, properties, applications and relevance in the bio-immobilisation

field.

3.1.4 Synthetic, Organically-Functionalised 2:1 Magnesium Phyllosilicate

Clay as a Host Matrix for Biomolecules

Synthetic clays, as introduced in chapter 1, have gained significant interest as

host matrices for biomolecules as a result of their high surface areas and

controllable exfoliation and swelling behaviour. During the past decade, the

preparation of synthetic, organically modified 2: 1 trioctahedral magnesium

phyllosilicate clays via sol-gel routes has been investigated, consisting of a

central magnesium hydroxide layer co-condensed between two 'sandwich'

silicate layers. A naturally-derived example of these clays is talc,

SigMg6020(OH)4.
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The preparation of the first example of an organo-clay derivative of talc, 3-

[(methacryloxy)propyl] functionalised magnesium organosilicate, was reported

by Fukushima and co-workers, in 1995_[4S]The synthetic route involved a simple,

one-step sol-gel reaction containing 3-[(methacryloxy)propyl] methoxysilane,

magnesium chloride hexahydrate and sodium hydroxide. The framework of the

organo-clay was reported to be very similar to talc, (approximate composition

given as SisRsMg60I 6(OH)4) with the additional feature of methacrylate

functional groups anchored to the central magnesium phyllosilicate clay

architecture, via a covalent Si-C bond (Figure 3.3).

The ability to anchor organo moieties to the clay framework, using a one-pot,

soft chemical approach has led to a profusion of investigations, resulting in the

preparation of an extensive range of organically functionalised magnesium

phyllosilicate clays. Layered magnesium organosilicates containing a wide range

of functional groups anchored to the framework, including methyl, propyl,

phenyl, allyl, 3-aminopropyl, epoxy, ethylenediamino, imidazole, 3-

mercaptopropyl (thiol), hexadecyl and mixtures of these organic groups, to name

just a selection, were prepared through the simple incorporation of the

appropriate organotrialkoxysilane. [47,49,59] Each clay provides a unique specific

functionality and application. For example, the epoxy functionalised clays were

cross-linked, in situ, with m-phenylenediamine, to form a polymer-inorganic

lamellar hybrid composite. [59] Whereas, the thiol functionality was exploited for

the synthesis of gold nanoparticles in the gallery spacing between the organoclay

layers, via in situ reduction of tetrachloroauric (III) acid. [47]
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Figure 3.3 Diagram showing the two-dimensional structure of (a) 2:1

trioctahedral magnesium phyllosilicate, talc, (b) organically functionalised 2:1

magnesium phyllosilicate with a range of organic groups (R) attached to the main

framework, re-drawn from Burkett et al.[47] (c) side view of organically

functionalised 2:1 magnesium phyllosilicate and planar views of (d) the

octahedral magnesium hydroxide layer, (e) the tetrahedral organosilicate layer

and (f) both layers combined, with Si/Mg atoms and the second tetrahedral layer

omitted for clarity.
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The formation of magnesium phyllosilicate organoclays normally proceeds via

the simultaneous hydrolysis and condensation of magnesium hydroxide and

organotrialkoxysilanes precursors with the relative rates of these reactions key to

understanding the mechanistic pathway. The relative rates of hydrolysis and

condensation are finely tuned by the solution pH. In general, under alkaline,

synthetic conditions (PH ;:::12), the rate of hydrolysis of magnesium hydroxide

cations is much faster than the comparable rate of hydrolysis and condensation of

organotrialkoxysilanes, contributing to the formation of two-dimensional sheets

of brucite, which can act as templates for the subsequent co-condensation of

hydrolysed silanols. [59, 118, 119]

For this reason the synthesis of magnesium phyllosilicate organoclays is usually

conducted at high pH reaction conditions. Under these conditions the hydrolysis

of the organotrialkoxysilanes, is relatively slow compared to condensation, with

the presence of bulky organic groups having an additional steric effect on the rate

of hydrolysis. In general, the mechanism of hydrolysis of the silane pre-cursors

proceeds via an SN2-type mechanism, with the formation of a stable, five-

coordinate, anionic intermediate with trigonal bipyramidal geometry, followed

by inversion of the silicon geometry. This mechanism proceeds via initial rapid

dissociation of water molecules to form hydroxide anions (OH-), which

subsequently attack the silicon centre, resulting in the substitution of OR with

OR ions, as shown below (Figure 3.4). [120]

O-OR
1

1 R'0+'/RO-SL.,
: "OR
1

8_0H
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RO, ',\\R'

'Si"
I
OH
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I +EbH

/Si"'IIIR'
RO( \OR

EbH

Figure 3.4 Mechanism of hydrolysis of organotrialkoxysilane pre-cursors.

Subsequent, condensation reactions between hydrolysed organosilanol

derivatives can be hindered due to the presence of bulky organo groups which
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therefore promotes condensation reactions between organosilicate precursors and

hydrolysed, magnesium hydroxide species to proceed. These reactions are

additionally favoured due to the favoured formation of Si-O-Mg and Mg-O-Mg

bonds, under basic conditions.[l18] This results in the co-operative assembly of

hydrolysed metal hydroxide and silanol pre-cursors, contributing to the formation

of lamellar hybrids consisting of a central brucite layer, co-condensed between

two tetrahedral sheets of silicate, with the formation of the central octahedral

magnesium hydroxide layer acting as the primary structure determinant. [59,83]

In contrast, under acidic reaction conditions the converse mechanistic pathway is

suggested for the formation of magnesium/aluminium organophyllosilicates.

Under these conditions the rate of hydrolysis of organoalkoxysilanes is

significantly faster than the rate of condensation, resulting in the rapid formation

of partially condensed, lamellar, silanol derivatives, analogous to surfactant

molecules. These negatively charged surfactant-like templates provided highly

suitable templates for the subsequent co-condensation of metal(lII) ions. [49]

Further work by Mann and co-workers, demonstrated that the synthesis of

selective organoclays can be conducted at neutral pH. These studies reported that

both 3-aminopropyl and ethylenediamine-functionalised magnesium

phyllosilicate clays could be prepared at neutral pH, as a result of the basic

nature of the organo pendent group, which shifts the local pH to higher values

and successfully simultaneously catalyses both the hydrolysis reactions of the

alkoxysilane and magnesium hydroxide pre-cursors. [59]

For immobilisation, intercalation and wrapping ofbiomolecules, the aminopropyl

(AMP) functionalised variant has received considerable attention, over the past

few years, due to its facile sonication assisted exfoliation in aqueous solutions.

Protonation of the aminopropyl moieties in water results in effective

delamination of the clay structure to form individual, exfoliated cationic

organoclay sheets or oligomers, which can subsequently be spontaneously re-

assembled in the presence of oppositely charged, anionic guest species. Previous

research has demonstrated that a range of anionic proteins/enzymes including

myoglobin (Mb), haemoglobin (Hb) and glucose oxidase (OOx) could
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successfully be intercalated into the synthetic AMP clay to produce functional

protein-lamellar nanocomposites, which demonstrated sustained enzyme activity

under extreme conditions, such as pH or temperature.[121] Subsequent studies

showed that a similar electrostatically induced mechanism could be used to co-

intercalate anionic guest polymers and drug molecules into the gallery regions of

AMP clay, such as ibuprofen, epigallocatechin gallate (EGCG), poly(styrene

sulfonate) (PSS), poly (acrylic acid), (PAA) and polymethyl-

acrylamidopropanesulfonic acid (PMAPSA) to produce a range of novel

intercalated layered nanocomposites with applications in drug release and

consumer care productsY22] Other studies demonstrated that smaller fractionated

organoclay oligomers could be used to effectively incarcerate individual

biomolecules including myoglobin, haemoglobin, glucose oxidase and DNA
molecules. [123,124]

Significantly, the application of AMP clay in bioimmobilisation has been limited

to the intercalation of anionic species. This chapter investigates the use of

electrostatic interactions and co-assembly processes to immobilise cationic guest

molecules. In particular, the work in this chapter involves the use of an anionic

water soluble polymer (poly(sodium 4-styrene sulfonate, (PSS)) to mediate the

immobilisation of a cationic, redox protein, ferri-cyt c into the organoclay matrix

during spontaneous restacking of delaminated AMP clay sheets. The next section

introduces the structure and properties of cytochrome c.

3.1.5 Cytochrome c: An Electron Shuttle Protein

Cytochrome c (Cyt c, M, = 12400 Daltons) is a heme-containing, redox protein,

which is roughly spherical in shape (25 x 25 x 37 Ai125]and composed of 104

amino acid residues which are arranged in a single polypeptide chain. [82,104,125,

126](Figure 3.5) The protein has an isoelectric point of 10.5, which means it is

positively charged at neutral pH.[127, 128]Cyt c is primarily responsible for

electron transfer in the mitochondria, the "cell's power plant" and more

specifically in the respiratory chain, where electrons are shuttled from

cytochrome c reductase to cytochrome c oxidase resulting in the oxidation of

dioxygen to water, which provides the driving force for ATP synthesis. [82,126)
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The heme group in cyt c is surrounded by a number of tightly packed

hydrophobic chains, leaving only the edge of the heme group accessible to the

surface (Figure 3.5a). It is centred by a redox-active iron centre, which is

surrounded by four equatorial ligands, composed of nitrogen atoms from the

porphyrin ring and two strong field axial ligands, consisting of sulphur and

nitrogen atoms from methionine (Met-SO) and histidine (His-IS) amino acid

residues, respectively (Figure 3.5b). The iron core in the central heme group can

be effectively reduced from Fe3+ to Fe2+, with a generic reducing agent, for

example sodium dithionite. This redox behaviour contributes to the observed

facile electron transfer, demonstrated by this protein.[I26,129]
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Figure 3.5 Image showing (a) the structure of native cytochrome c (from horse's

heart) with (b) a higher magnification image showing coordination around the

heme centre.

In addition to playing a central role in the transport of electrons in biological

systems, it has been reported that heme-containing enzymes demonstrate

effective peroxidise activity, in addition to traditional peroxidises.l'<'"

Cytochrome c, is not a exception to this rule, demonstrating effective peroxidise-
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type activity by efficiently catalysing the oxidation of a range of substrates in the

presence of an electron acceptor either hydrogen peroxide or an organic

hydroperoxide. [130-134]

To date, several studies have investigated the encapsulation and immobilisation

of cyt c in a range of host matrices, as a means of enhancing the chemical and

thermal stability, in addition to the activity of the protein. Supports of interest

include sol-gel derived, porous silicate glasses.l'": 129,135, 136] mesoporous

silicas,[92]molecular sieves[137] and nanoporous titanium dioxide films.[90]This

chapter demonstrates the application of amino-propyl functionalised magnesium

phyllosilicate clay as a host matrix for cyt c in the presense of poly(sodium

styrene) sulfonate and investigates the structural properties of the immobilised

protein.
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3.2 Materials

All reagents were purchased from Aldrich or Fischer Scientific, UK unless

otherwise stated.

3.2.1 Preparation of Aminopropyl Functionalised Magnesium

Phyllosilicate Clay

Molecular Molecular
Chemical Formula Weight Supplier

(glmol)

3-aminopropyltriethoxysilane, C9H23N03Si 221.37 Aldrich
99%
Magnesium Chloride, 203.31 Aldrich
Hexahydrate MgCh·6H20

Ethanol C2H60 46.07 Aldrich

3.2.2 Preparation of Cytochrome c-PSS-AMP Clay Nanocomposites

Molecular Molecular
Chemical Formula Weight Supplier

(glmol)

Poly(sodium 4-styrene- (C8H7Na03S)n 70,000 Aldrichsulfonate) (PSS)
Ferri-Cytochrome c, from 12384 Aldrich
Horse (Eguine) Heart Muscle

3.2.3 Redox Activities of Native and Immobilised Cytochrome c

Molecular Molecular
Chemical Formula Weight Supplier

(g/mol)

Sodium Hydrosulfide or Sodium
NaS204 174.1 AldrichDithionite, tech 85 %
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3.2.4 Determination of the Enzyme Activity of Native and Immobilised

Cytochrome c

Molecular
Chemical Molecular Formula Weight Supplier

(glmol)

Hydrogen Peroxide H202 34.01 Fischer
Scientific

2, 2' -Azino-bis(3-ethyl
benzothiazoline-6-sulfonic acid) C1sH24N606S4 548.7 Sigma
diammonium salt (ABTS)
Sodium Dihydrogen Phosphate, NaH2P04 142.0 AldrichMonohydrate, 98 %

Sodium Phosphate Dibasic, 99
Na2HP04 138.0 Aldrich

%
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3.3 Experimental Details

3.3.1 Preparation of Aminopropyl Functionalised Magnesium

Phyllosilicate Clay

Aminopropyl functionalised magnesium phyllosilicate (AMP) clay was prepared

as described previously.[121) Magnesium chloride hexahydrate (1.68 g, 8.26

mmoles) was dissolved in ethanol (40 g) and 3-aminopropyltriethoxysilane (2.6

mL, 11.1 mmoles) was added dropwise. The mixture became cloudy after five

minutes, and was left to stir for 18 hours. The resulting white precipitate was

isolated by centrifuging the solution for 30 minutes, and excess starting reagents

were removed by washing with ethanol, followed by centrifugation for a further

twenty minutes. The AMP clay was then dried in the oven at 400e for 18 hours.

3.3.2 Preparation of Cytochrome c-PSS-AMP Clay Nanocomposite

Exfoliation of the AMP clay was achieved by addition of de ionised water (4 mL)

to the dried organoc1ay (20 mg), followed by sonication in an ultrasonic bath for

15 minutes at 25°e. Addition of water resulted in protonation of the aminopropyl

groups of the as-synthesized organoclay and caused delamination by inter-layer

charge repulsion. Immobilisation of ferri cyt c molecules was achieved in two

steps, firstly by slow, dropwise addition of poly(sodium 4-styrene-sulfonate)

(PSS, 100 ~L, 10 mg/ml.) to the exfoliated AMP clay to obtain a stable colloidal

dispersion, followed by immediate dropwise addition of 1 mL of a stock solution

of ferri-cyt c (1 mg/mL, 80.8 ~M, 0.0808 umoles) to produce a red precipitate.

The precipitate was left for 24 hours and then isolated by centrifugation. The

nanocomposite was left to dry in an open Eppendorf tube in the oven at 300e

before being ground into a fine powder.

3.3.3 Determination of the Concentration of Cytochrome c in the AMP

Clay Matrix

The concentration of immobilised cyt c was determined by measuring the

absorbance at 410 nm (£410 = 1.06 x 105 M-I cm-I)[138] of the supernatant
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solutions collected during a washing cycle, and using Equation 3.1, where Cr, C,

and Cs are the concentrations of immobilised cyt c, initital concentration of cyt c

and concentration of cyt c in the supernatant, respectively.

Equation 3.1 Cr = Cj - Cs,

3.3.4 Redox Activities of Native and Immobilised Cytochrome c

Reduction offerri-cyt c was carried out by addition of sodium dithionite (0.1 mL,

Img/mL) to native or immobilised cyt c. Oxidation of the native and powdered

cyt c nanocomposite was additionally achieved by bubbling dioxygen through a

native protein solution or a powdered dispersion of the composite (0.1 mL).

3.3.5 Determination of the Enzyme Activity of Native and Immobilised

Cytochrome c

The peroxidase activity of cyt c molecules intercalated within the lamellae of an

AMP nanocomposite was assessed by using the electron donor dye, 2,2' -azino-

bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS), as described previously_[132]

The concentration of immobilised cyt c was determined as described in section

3.3.3 by measuring the absorbance at 410 nm of the supernatant solutions

collected. The rates of ABTS oxidation by cyt c-catalysed hydrogen peroxide

were determined by absorption changes at 414 nm. Typically, the reactions were

carried out at 25°C and pH 7 in quartz cuvettes. The assay mixtures typically

consisted of cyt c-PSS-AMP (100 J,tL, [cyt c] = 2.67J,tM), sodium phosphate

buffer (pH 7, 1.6 mL, 10 mM) and ABTS (100 J,tL,50 mM) in a total volume of

2 mL. Peroxidise activity was initiated by addition of H202 (200 J.tL, 40-100

mM). Similar experiments to determine the peroxidise activity of native cyt c

were also carried out. Changes in absorbance at 414 nm were converted to units

of enzyme specific activity (umol/mg/min), using an extinction coefficient of 3.6

x 104 M-1cm-1.Double reciprocal plots of IN (V = initial rate) against l/S (S =
[H202]) showed linear behaviour, consistent with Michaelis-Menten kinetics, and

the Michaelis constant (Km) and the maximal rate (V max) was determined directly

from the plots.
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3.3.6 Determination of the pH Dependence of the Peroxidase Activity of

Cytochrome c

The peroxidase activities of native cyt c and intercalated cyt c were also

investigated using procedure described in the previous section (section 3.3.5)

under a range of pH conditions (3 to 10) at a H202 concentration of 50 mM. The

specific activity in umolmglmin" was calculated for each assay.
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3.4 Results and Discussion

3.4.1 Characterisation of Aminopropyl Functionalised Magnesium

Phyllosilicate Clay

This section discusses the preparation and characterisation of aminopropyl

functionalised magnesium phyllosilicate clay, based on a previously reported

procedure.l'r!'

Aminopropyl functionalised magnesium phyllosilicate clay was readily prepared

by slow, dropwise addition of 3-aminopropyltriethoxysilane to an ethanolic

solution of magnesium chloride, resulting in immediate precipitation of a white

solid, which after stirring for 24 h to ensure complete reaction was isolated using

centrifugation (30 mins, 13.2 rpm) and subsequently washed with ethanol, to

remove excess starting reagents. After air-drying, the organo-clay formed a white

powder, which was subsequently analysed by powder X-ray diffraction (PXRD)

and fourier-transform infra-red spectroscopy (FT-IR) to assess both the structural

and compositional features of the organically-functionalised clay.

PXRD provided conclusive evidence for the lamellar nature of the clay. The

diffraction pattern of a dried, film of AMP clay gave rise to characteristic

features at 28 = 5.3, 9.9, 21.2, 35.9 and 59.2, corresponding to doo}'do02,d02o,llo,

d13o,2ooand do60,330inter- and intra-plane reflections, respectively, (Figure 3.6,

Table 3.2) which were consistent with the diffraction patterns of previously

reported organo phyllosilicate clays, [47, 48] composed of a central brucite layer,

co-condensed or sandwiched between two layers of tetrahedral silicate.

One of the key differences observed in the diffraction pattern of AMP clay was

the expanded inter-layer or basal spacing (do01),at 1.61 nm compared with 0.934

nm in the parent magnesium phyllosilicate clay, talc, due to the presence of

aminopropyl functional groups covalently attached to the clay framework and

residing in the gallery regions, thereby increasing the distance between adjacent

sheets of clay. Furthermore, the diffraction peaks of AMP clay were, in general,
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slightly broader as a result of the incorporation of organic functionalities in the

gallery regions.

FT-IR spectroscopy, provided complimentary evidence for the formation of a 2: 1

magnesium phyllosilicate, inorganic framework, analogous to talc, with the

additionally feature of covalently attached organic functionalities to the main

framework (Figure 3.7, Table 3.3). Stretching bands displayed at 568 cm"

corresponding to Mg-O and Mg-O-Si stretching vibrations, were inherent of a

central brucite layer, co-condensed between two silicate layers. Additional

vibrational features displayed at 1139 ern" and 150111619 ern", corresponding to

C-Si and N-H stretching vibrations, respectively, provided evidence for the

covalent attachment of aminopropyl organic functionalities to the outer silicate

layer of the main framework.
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Figure 3.6 PXRD patterns of aminopropyl functionalised magnesium

phyllosilicate clay (AMP clay).

Sample 2 Theta d-spacing (nm) hld indices

5.32 1.66 001

9.86 0.897 002

AMP Clay 21.22/25.18 0.418/0.353 020,110

35.85 0.250 130,200

59.20 0.156 060,330

Table 3.2 Summary of 2 theta values, d-spacing and corresponding hkl indices

for the peaks observed in the PXRD pattern of AMP clay.
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Figure 3.7 FT-IR spectrum of aminopropyl-functionalised magnesium

phyllosilicate clay (AMP Clay).

Sample Peak Shift (em") Assignments

3435 O-H Stretch

3043 N-H Stretch (NH2)

2937 C-H Stretch (CH2 groups)

2010 NH3+ Stretch
AMP Clay

1619/1501 N-H Deformation (NH3+)

1139 Si-C Stretch

1045 Si-O-Si Stretch

568 Mg-O Stretch

480 Mg-O-Si Stretch

Table 3.3Table showing the FT-IR peak assignments for the main inorganic and

organic group vibrations in AMP clay.
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3.4.2 Preparation and Characterisation of Cytochrome c-PSS-AMP Clay

Nanocomposite

This section discusses the preparation and characterisation of a novel cyt c-PSS-

AMP clay nanocomposite based on the use of the anionic polymer, poly(sodium

styrene sulfonate) (PSS), as a mediating reagent for the stepwise immobilisation

of the cationic protein ferri -cyt c.

AMP-functionalised organoclay was initially delaminated by sonication assisted

exfoliation in distilled water, prior to addition of PSS. PSS was slowly added to

the exfoliated clay dispersion followed by immediate dropwise addition of ferri-

cyt c, resulting in the formation of a red precipitate, which was left for 24 h to

allow complete precipitation to occur. After centrifugation/washing and drying

steps a red protein/clay composite was observed, compared with the white solid

organoclay, signifying the association of ferri-cyt c with the clay matrix (Figure

3.8).

(b)

-
Figure 3.8 Photograph of (a) AMP clay and (b) cyt c-PSS-AMP nanocomposite,

scale bar is approximately 5 mm.

Favourable electrostatic interactions between the anionic sulfonate groups ofPSS

with the cationic amino groups covalently linked to the organo-functionalised

magnesium phyllosilicate clay framework resulted in the formation of a stable

colloidal dispersion. In this procedure, PSS behaves as a mediator for the

immobilisation of ferri-cyt c, as the cationic protein successfully interacts with
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the anionic polymer adsorbed on the delaminated organoclay sheets and IS

effectively incorporated into the clays on re-stacking of the AMP clay layers.

Powder X-ray diffraction was applied to assess the structural features of the cyt

c-PSS-AMP clay nanocomposite. PXRD diffraction patterns (Figure 3.9b, table

3.5) showed characteristic in-plane broad reflections at 0.437 nm (do20,110),0.255

nm (dI30,2oo)and 0.156 nm (do60,330),consistent with the inorganic magnesium

phyllosilicate framework, indicating that the clay structure was retained during

the immobilisation of the polymer and protein molecules.i'<': 139] In comparison

with the diffraction pattern for AMP clay, which displayed a sharp, low angle

peak at 1.6 nm, corresponding to the dool interlayer spacing, the cyt c-PSS-AMP

composite, displayed a low-angle peak at a 29 value of 3.70, corresponding to an

interlayer spacing of 2.38 nm. Similar control PSS-AMP composites (Figure

3.9a, table 3.4), prepared in the absence of ferri-cyt c, displayed a peak at a

lower 29 value of 4.21, corresponding to an interlayer spacing of 2.10 nm. This

data indicated that the PSS was readily intercalated within the gallery regions of

the re-stacked organoclay matrix to produce an ordered nanocomposite with an

expanded interlayer spacing. However, absence of any significant further

increase in the dool value in the presence of cyt c suggested that this ordering

process did not involve co-intercalation of both the polymer and protein

molecules. Instead, immobilization of the protein was most likely associated with

entrapment between grain boundaries of the clay matrix to produce a condensed

hybrid nanocomposite comprising both intercalated and exfoliated AMP sheets,

as demonstrated in the schematic in figure 3.10.
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28
Figure 3.9 PXRD patterns of (a) PSS-AMP and (b) cyt c-PSS-AMP clay

composite.

Sample 2 Theta d-spacing (nm) hkl indices

4.21 2.10 001

(a) PSS-AMP Clay 19.9 0.446 020, 110

Composite 35.0 0.256 130,200

59.3 0.156 060,330

3.70 2.38 001

Cb)cyt c-PSS-AMP 20.3 0.437 020, 110

Clay Composite 35.2 0.255 130,200

59.4 0.156 060,330

Table 3.4 Summary of 2 theta values, d-spacing and corresponding hkl indices

for the peaks observed in the PXRD pattern of cyt c-PSS-AMP clay composite.
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Fourier-Transform Infra-Red Spectroscopy (FT-IR) was applied to analyze the

structural and compositional aspects of the protein/polymer nanocomposite

(Figure 3.11, Table 3.5). The FT-IR spectra of AMP clay-immobilised cyt c

(Figure 12b) showed peaks corresponding to Si-O/Mg-O/Mg-O-Si (555 cm"),

Si-O-Si (1034 cm"), Si-C (1126 cm") and CH2 (2924 ern") vibrational bands,

confirming that the organo-functionalised clay was intact after re-assembly, in

the presence of the protein and polymer. [47] Furthermore, evidence for the

presence of the polymer, poly(sodiurn styrene sulfonate) was additionally

provided from the absorption band at 1218 cm", inherent of the sulfonate, s-o
stretching mode.

Interactions between the guest polymer/protein molecules and the aminopropyl

groups of the organoclay were evidenced by small shifts in the vibrational

frequencies associated with particular absorption bands. Firstly, the vibrational

bands corresponding to the aminopropyl functionalities anchored to the clay

framework were shifted from 2010 ern" to 2063 cm" (NH3+ stretch). Moreover,

the spectra revealed that the polypeptide amide I (C=O stretching, 1635 cm")

and amide II (N-H deformation; C-N stretching, 1522 cm") bands were slightly

shifted, in comparison with native cyt c (Figure 3.11a), as a result of

electrostatic interactions between the protein and the polymer. [140]
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Figure 3.11 FT-IR spectrum of (a) native cytochrome c and (b) cyt c-PSS-AMP

clay nanocomposite, with the asterick (*), corresponding to additional features

from AMP clay.

Amide I

Amide I Amide II



Sample Peak Shift (cm")
Assignment

AMP clay Native Cyt c Immobilised Cyt c

3435 3401 3436 O-H Stretch

3043/2937 3306-2873 2924 N-H/C-H Stretch (NH2/CH2)

2010 - 2065 NH3+ Stretch

Amide I, C=O Stretch (cyt c)
1619 1657 1635 And N-H Deformation (AMP

clay-NH3+)

1540 1522 Amide II,- N-H Bend; C-N Stretch

1501 - 1497/1465 N-H Deformation (NH3+)

1500-1100 cm" Amide III bands,
- 1452-1243 1453-1334 (absorption from chemical groups

in the side chain)

- - 1218 Sr=OStretch (PSS)

1139 1170/1105 1174/1126 Si-C Stretch

1045 1026 103411007 Si-O-Si Stretch

- 933 O-H deformation (out of plane)

568/480 - 555 Mg-OlMg-O-Si Stretch

Table 3.5 Table showing the FT-IR peak assignments for native and AMP-clay

immobilised cytochrome c.

3.4.3 Redox Activities of Native and Immobilised Cytochrome c

The functional integrity and accessibility of the AMP-immobilised cyt c

molecules was investigated using UV-Visible (UV-Vis) spectroscopy. The UV-

Vis of native ferri-cyt c displayed characteristic soret and visible bands at 407
nm and 529 nm, respectively, due to absorptions of the porphyrin chromophore,

(Figure 3.l2a (i»). Reduction of ferri-cyt c (Fe III) to ferrous-cyt c (Fe II), using

sodium dithionite as the reducing agent, resulted in an observable characteristic

colour change from red to orange and a corresponding shift in the soret band
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from 407 to 415 run, with the additional formation of Cl and ~ bands at 520 and

550 run (Figure 3.12a (ii»).[125)

In contrast, the UV -Vis spectra for the cyt c-PSS-AMP clay composite showed

that even in the absence of an external reducing agent there was a small red-shift

in the soret band from 408 to 414 run, as well as the presence of Cl and ~ bands at

520 and 550 run (Figure 3.12h (i»). This was consistent with the presence of

almost fully reduced protein molecules and in situ formation of ferro-cyt c,

possibly due to reaction of the immobilised biomolecules with the aminopropyl

groups of the organoclay framework. However, subsequent, bubbling of oxygen

through a dispersion of the nanocomposite hybrid resulted in a shift in the soret

band from 414 to 408 run (Figure 3.12h (ii») corresponding to re-oxidation of the

heme centre back to ferri-cyt c, and indicating that the immobilised protein

remained accessible to small molecule oxidants. These spectroscopy results

confirmed that the protein molecules were associated with the organoclay

matrices, and indicated that structural and functional aspects of the immobilised

protein molecules was retained in the hybrid materials.
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350 450 500

Figure 3.12 DV-Vis spectra of (a) native ferri-cyt c, (i) before reduction and (ii)

after reduction to form ferrous-cyt c and (b) as-prepared cyt c-PSS-AMP clay

composite (i) showing the presence of ferro-cyt c and (ii) after addition of

dioxygen, showing in situ oxidation offerri-cyt c.
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3.4.4 Determination of the Enzyme Activity of Native and Immobilised

Cytochrome c

The biochemical activity of heme-containing proteins is highly dependent on a

range of factors including the coordination geometry and accessibility of the

heme group, the redox properties of the heme ion and the polarity of the heme
environment.[141]

The peroxidase activity of native cyt c and AMP-immobilised cyt c was

investigated using a previously reported assay involving the oxidation of a water-

soluble dye molecule, 2, 2'-azino-bis (3-ethylbenzethiazoline-6-sulfonic acid)

(ABTS), at a range of hydrogen peroxide substrate concentrations.l'V! More

specifically, cyt c catalyses the oxidation of ABTS with hydrogen peroxide to

form the cationic radical ABTS'+, as shown in the reaction schematic below

(Figure 3.13) resulting in the formation of blue-green solutions which can be

conveniently monitored spectrophotometrically at 414 nm (extinction coefficient
= 3.6 x 104 M-I cm").

Et Et
/ \N N
)=N-N==<
s s

Figure 3.13 Reaction of the cyt c-catalysed oxidation of ABTS with hydrogen

peroxide to form the cationic, radical ABTS·+.
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Previous studies investigating the oxidation of ABTS by hydrogen peroxide.

catalysed by an alternative peroxidase-type enzyme, horseradish peroxidase

(HRP). suggested that the oxidation mechanism generally proceeds via the

formation of 2-oxo ferryl intermediates. compound I and II. as shown in the

schematic in Figure 3.14.[142] Cytochrome c is reported to follow a similar

peroxidase catalytic cycle to classical peroxidises, as follows. [132,143]

The mechanism involves initial activation of the hydrogen peroxide by binding

to the heme iron centre in the protein. The 0-0 single bond in hydrogen peroxide

subsequently undergoes bond cleavage. resulting in the formation of compound I.

which is composed of a ferryl radical cation, with corresponding loss of a water

molecule. ABTS is subsequently oxidised by compound I. the actual oxidising

species. in two separate electron steps. resulting in the oxidation of two ABTS

molecules. These oxidising steps lead to the regeneration of cytochrome c in its

Fe(III) oxidation stateJ134,142]

In classical peroxidase enzymes. the distal histidine and arginine residues assist

with cleavage of the 0-0 bond. These residues contribute to the binding of the

hydrogen peroxide substrate to the heme centre and the subsequent displacement

of a water molecule. In particular. the polar nature of the arginine residue creates

an electrostatic attraction between the heme centre and the hydrogen peroxide

substrate molecules, thereby faciliatating the access and binding of the substrate

molecule to the heme centre. In addition. the histidine residue behave as an acid-

base type catalyst in the binding of hydrogen peroxide to the heme centre. by

promoting ionization and binding of the H202 substrate. in addition to assisting

with the formation of a water molecule. The absence of these catalytic residues in

the vicinity of the heme binding centre in native cyt c may contribute to reduced

rate of reactions in comparison to their classical peroxidase counterparts. [133,143]
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Resting state Fe(III) ABTS-+
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OH, K 0

H
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Compound I, Fe(IV) cation

Nh,IS
Compound II, Fe(IV)

Figure 3.14 Schematic of the peroxidase catalytic involving horseradish

peroxidase, [142]

The enzymatic activity of both the immobilised cyt c-PSS-AMP organoclay

composite and control solutions containing a mixture of cyt c and PSS, was

determined and compared with similar control experiments involving native cyt c

in aqueous solution. In each case, plots monitoring the formation of oxidised

ABTS (~!4) against time were obtained (Figure 3.15). Analysis of the gradient

of these plots enabled calculation of the rate or reaction and subsequent linear

Lineweaver-Burk plots of IN versus l/S were obtained, which were consistent

with Michaelis-Menten behaviour (Figure 3.16), Michaelis-Menten kinetic

parameters (Table 3.6) obtained from the gradient and intercept of the

Lineweaver-Burk plots allowed comparisons to be made between the peroxidise

activities of native and AMP-immobilised cyt c, (see the appendix for full

explanation and description of the Michaelis-Menten kinetic analysis),

The Vmax values of native cyt c (2.67 J,lM), aqueous cyt c-PSS, and cyt c-PSS-

AMP nanocomposite were 23.9,12.6 and 10.6 J!M min-I, respectively. The lower

Vmax value for immobilised cyt c and aqueous sols containing PSS and cyt c,
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corresponded to a slight decrease in turnover rate, possibly attributed to

diffusional limitation of the substrate through the PSS-AMP organoclay matrix.

In addition, the dissociation constants (Km) determined for aqueous cyt c-PSS

(9.55 mM) and cyt c-PSS-AMP nanocomposite (6.46 mM) were significantly

reduced compared with the native enzyme (204.4 mM), suggesting that there is a

stronger affinity between immobilised cytochrome c and the hydrogen peroxide

substrate and therefore more effective binding, possibly due to the active site of

the enzyme being arranged in a more favouarable orientation for interaction with

the substrate molecules.

Michaelis-Menten Native cyt c Aqueous Cyt c-PSS-AMP clay

Kinetic Parameter Cytc-PSS nanocomposite

Vmax(flM min-i) 23.9 12.6 10.6

(4.11- 24.9) (10.7-34.0) (9.86-11.4)

Km(mM) 204.4 9.55 6.46

(30.8-225.5) (3.26-68.1 ) (5.79- 7.32)

Table 3.6 Comparison of the average Michaelis-Menten kinetic parameters, Vmax

and Kmfor native cyt c, aqueous cyt c-PSS and AMP-immobilised cyt c, with the

ranges of values shown in brackets.
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Figure 3.15 Examples of plots showing the formation of oxidised ABTS, at 414

run, against time for (a) native cyt c, (b) aqueous cyt c-PSS and (c) cyt c-PSS-

AMP clay nanocomposite.
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3.4.5 Determination of the pH Dependence of the Peroxidase Activity of

Cytochrome c

The catalytic activity of an enzyme is highly dependent on the pH of the enzyme

environment and the majority of enzymes are most stable at physiological

pH.[144] The peroxidise activity of immobilised cyt c was investigated under

different pH conditions. Interestingly, AMP-clay immobilised cyt c demonstrated

sustained specific activities over an extended range of pH values, compared to

the native protein in aqueous solution (Figure 3.17). At pH values of 3 to 5,

native and immobilised cyt c showed comparable specific enzyme activities. In

contrast, the enzyme activity in the pH range 6 to 10 was sustained by

immobilising the cyt c molecules in the AMP clay matrix, compared with the

native protein in solution.

In general, the significant increase in biomolecule stability associated with the

hybrid material could be attributed to two separate factors. Firstly, the sustained

stability of the immobilised enzyme may be due to physical confined in the AMP

clay matrix preventing the protein from unfolding and, as a result of this,

denaturing. Secondly, the effect of large changes in pH in bulk solution may

equate to a much smaller change in the pH of the local microenvironment

surrounding the protein molecule due to the buffering ability of the organoclay

matrix and the presence of fewer water molecules, in the local

microenvironment. This similar result was observed in the case of sol-gel

encapsulated alkaline and acid phosphatase, where high and low pH conditions,

corresponded to much smaller changes in local pH, contributing to the

maintained stability of the enzyme under extremely alkaline and acidic
environments. [108]

Furthermore, the increased specific enzyme stability of the PSS-cyt c control

solution, in the pH range 4-10 (Figure 3.17 c) suggested that electrostatic

interactions between the counter charged protein and polymer may also

contribute to the additional stabilisation of the immobilised cyt c molecules.

Indeed, it has been previously suggested that immobilised enzymes can be

stabilised by electrostatic interactions with negatively charged supports, which
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concentrate H+ ions around the biomolecule, and as a consequence lowers the

effective pH of the local environment in comparison to the native enzyme in

solution. [145]
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Figure 3.17 Plot of specific enzyme activity against pH for (a) native cyt c, (b)

cyt c-PSS-AMP clay composite and (c) aqueous cyt c-PSS sol.

In general the extent of binding of the hydrogen peroxide substrate to the heme

centre in cytochrome c is dependent on a range of factors including the shape of

the heme pocket, the coordination geometry of the heme iron centre and the non

bonding interactions surrounding the heme group, which make the enzyme

kinetics extremely difficult to monitorY21] Native cytochrome c is

hexacoordinated, however, unfolding of the protein can result in rupturing of the

Fe-S bond, contributing to dissociation of the methionine residue from the iron

centre and significant opening of the heme pocket, as observed previouslyP43]

This opening may significantly improve the accessibility of the iron centre to the

substrate molecules. The differences observed in the Michaelis-Menten kinetic

parameters and the enzyme activities of native cytochrome c, compared with

PSS-Cyt c and AMP-clay immoblised cyt c, may be attributed to differences in

the geometry and conformation of the protein and subsequently the accessibility

of the heme pocket.
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3.5 Conclusions and Further Work

The studies reported in this chapter provide strong evidence for the formation of

a protein-inorganic conjugate consisting of cyt c molecules immobilised in an

aminopropyl-functionalised magnesium phyllosilicate matrix, resulting in the

fabrication of a bulk nanocomposite. For the first time, this chapter extends the

previously reported method of electrostatically induced self-assembly of anionic

biomolecules or polymers and cationic clay sheets, to entrap cationic

biomolecules with the same charge as the exfoliated organoclay layers by using

an anionic polymer chaperone. This study was limited solely to investigation of

the immobilisation of one cationic protein, ferri-cytochrome c, but further work

could be applied to further extend this strategy to the immobilisation of

alternative cationic biomolecules, for example lysozyme.

Photographic images of the AMP-immobilised cyt c composite displayed

effective incorporation of the red, redox protein within the organoclay matrix.

Additionally, PXRD data revealed that the majority of the protein molecules are

immobilised between the organoclay grain boundaries. Significantly as the

protein-containing nanocomposites are fabricated by a "soft chemisty" method,

both FT-IR and UV-Vis spectroscopy provided evidence that the immobilised

protein retained both its structure and function. Furthermore, as the inorganic

clay matrix is nanoporous, UV-Vis spectroscopy demonstrated that the

immobilised protein molecules were accessible to external small molecules,

including sodium dithinonite and dioxygen. Further investigation of the

peroxidise-type activity of the protein, demonstrated that the enzymatic activity

was additonally retained and indeed sustained under adverse chemical conditions

such as high pH. These studies provided further evidence that immobilised

protein molecules were not only easily accessed by external molecules but in

addition were significantly protected from denaturisation.

Further work, could investigate the application of resonance raman spectroscopy

(RR) as an alternative technique to further investigate the structure of the

immobilised protein. This technique has been extensively applied to examine the

structure of heme proteins with the position of the raman bands providing
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information on the structural parameters of the heme group, including the

oxidation and spin state, in addition to the coordination number of the heme

centre.[132, 146] In addition, the peroxidase activity of native and immobilised cyt c

could be further investigated using an different assay, for example guaiacol, an

alternative electron donor in peroxidase-type reactions, which is oxidised to

tetraguaiacol and can be conveniently followed spectrophotometrically at 470
nm'p47]

In summary, the work discussed in this chapter highlights the potential

importance of combining inorganic materials chemistry procedures with

biomolecular science, and suggest that this interdisciplinary approach will be of

significant value for the general fabrication of novel bioinorganic constructs with

extended stability and function. The studies reported in this chapter represent an

effective route to immobilise cationic proteins in a readily available

aminopropyl-functionalised clay matrix, resulting in sustained enzyme activity

over a broadened range of pH, in comparison to the native protein. Such protein-

inorganic conjugates are expected to be potentially useful in a range of bio-

related applications operating under non-standard conditions.
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CHAPTER 4 PREPARATION, CHARACTERISATION

AND SELF-ASSEMBLY OF DNA STABILISED

GRAPHENE DISPERSIONS

(Published inAdvanced Materials, 2009, 21, 3159-3164)

4.1 Introduction

4.1.1 Chapter Outline and Aims

Research involving atomically thick graphene sheets has gained significant

attention since it was first isolated in 2004.[148]The low yields of graphene

produced provoked further investigation of alternative higher yield synthetic

protocols. Chemical routes involving oxidative treatment and subsequent

reduction of graphite, reported in 2006, demonstrated the feasibility of

fabricating stable, aqueous dispersions of atomically thick reduced graphene

sheets, in much higher yield.[149] One of the requirements associated with the

production of graphene dispersions via this route is the inclusion of a polymer

stabilising agent during the reduction stage, to prevent aggregation of the

graphene sheets.

This chapter investigates an alternative route to the synthesis of graphene sheets

via the application of chemical treatment. The main challenge is to prevent

aggregation of the graphene sheets during the reduction step, which was achieved

through the integration of biologically-derived single-stranded deoxyribonucleic

acid (ssDNA) with atomically thick graphene sheets, to effectively produce

aqueous dispersions of ssDNA coated graphene sheets. One of the primary goals

of the research presented in this chapter is firstly, to demonstrate full

characterisation of ssDNA-stabilised graphene dispersions, using a range of

physio-chemical techniques and secondly to demonstrate the ability to further

process these dispersions to form self-supporting bio-nanocomposite films using

vacuum filtration or evaporation-induced self-assembly techniques. This chapter

concludes with a "proof of concept" approach for the fabrication of bio-

nanocomposite films by examining the application of ssDNA-coated graphene
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sheets as anionic host matrices for the post synthetic co-intercalation of cationic

proteins, including in particular ferri-cytochrome c (ferri-cyt c) and lysozyme.

4.1.2 The Principal Routes to Graphene Formation

Graphite is a highly abundant, cheap material, composed of stacked sheets of

graphene, which until recently could not be readily exfoliated to isolate

individual graphene sheets. The discovery and isolation of single, atomically

thick sheets of graphene has initiated a plethora of research on this material.

Pinnacle to the investigation of both the physical and chemical properties of this

relatively "young" material is the ability to produce high yields of superior

quality graphene sheets. Graphene sheets were first isolated in 2004, by

Novoselov and Geim, at the University of Manchester using a mechanical

cleavage technique, also known as the 'scotch-tape approach.' This extremely

simple but yet effective approach involved repetitively peeling apart highly

ordered pyrolytic graphite, using scotch tape or cellotape, to produce both high-

quality single and multi-layers of graphene, up to 10 urn in length.[148]The main

limitation of this route is the isolation of extremely low yields of material.

More recent studies in the quest to fabricate and isolate graphene have

investigated the preparation of single and multi-layers on single crystal silicon

carbide (SiC) substrates, using an ultra high vacuum (UHV) annealing

process. [I so, 151]This technique is based on studies, conducted in 1962, which

demonstrated that at high temperatures and vacuum, silicon sublimes leaving

well ordered graphene lattices. [152] Unfortunately, the application of high vacuum

and temperatures can lead to unfavourable decomposition of the SiC substrate.

Subsequent modifications of this route have demonstrated that graphene layers

can be produced in an argon atmosphere under ambient conditions, omitting the

requirement for high vacuums and temperatures.l'r" Alternative substrates to SiC

have also been investigated including a high temperature route, reported by

Sutter, for the controlled growth of graphene layers on ruthenium substrates. [154]

Furthermore, Reina and co-workers demonstrated the formation of single and

few-layer graphene on polycrystalline nickel substrates, using chemical vapour
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deposition (CVD) at ambient pressures, with the potential to remove the substrate
by wet-etching techniques.[155]

Alternative techniques involving the thermal fusion of polyaromatic

hydrocarbons (PAHs) provides a bottom-up strategy for physically fusing

together low molecular weight species, to form graphene-based films. In this

study, sols composed of superphenalene derivatives, containing flexible alkyl

side-chains, were spin coated onto substrates and subsequently heated to

temperatures as high as 1100 °c under an Ar atmosphere, resulting in effective

fusion of graphene basic units to form larger graphene films, with conductivities
as high as 3000 Scm-1_[156]

The portfolio of routes presented thus far, catalogues just a few of the primary

routes currently being investigated for the synthesis of high quality single and

multi-layer graphene and, despite being successful approaches, also have their

associated disadvantages. The production of graphene sheets via mechanical

cleavage produces high-quality graphene but in low yields, as mentioned

previously and can prove to be tedious when attempting to isolate single layers.

Epitaxial growth of graphene sheets, on the other hand, is a higher yield route,

affording large areas of graphene films (approx 1 crrr'), however, the interaction

of the individual graphene sheets with external substrates may hinder both, the

mobility of the electrons through the graphene sheets and the ability to further

process the sheets. In addition, the use of single crystal substrates and ultra high

vacuum conditions can prove to be expensive. Thermal fusion of PAHs,

involving the effective 'patching together' of individual monomeric aromatic

species again requires the use of an external substrate, which could potentially

hinder both the electronic properties and the ability to furthermore process the

graphene sheets, as mentioned previously. An alternative higher yield route to

the formation of graphene is possible using chemical modification techniques,

involving oxidation and subsequent reduction of graphite and advances in this

area are discussed further in the next section.
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4.1.3 Chemical Oxidation of Graphite to form Graphene Oxide

Chemical oxidation of graphite was first investigated 150 years ago but it is only

in the past five years that the potential of these reactions to form high yields of

graphene sheets was realized. Early studies, performed by Brodie[157,158]in 1859,

demonstrated that treating graphite with a combination of fuming nitric acid and

potassium chlorate resulted in the effective modification and expansion of

graphitic layers. Alternative routes were subsequently reported by

Staudenmaier[159] in 1898 and Hummers and Offeman[160] in 1958 involving

treating graphite with a mixture of concentrated mineral acids and strong

oxidising agents. Further investigation of these expanded graphitic materials

showed that they formed high yields of oxygen-functionalised graphene

monolayers, commonly known as graphene oxide or GO.

Graphene oxide has demanded a significant amount of attention since 2004 as a

viable route to the high yield formation of graphene monolayers and extensive

research has been employed to investigate its chemical structure. Despite several

models being presented, detailed 13CNMR and FT-IR analysis of individual GO

layers, demonstrated that they are, in general, composed of a mixture of

unoxidised aromatic rings and aliphatic 6-membered rings containing both Sp2

and Sp3 hybridised carbon atoms, including phenolic hydroxyl and epoxide

surface functionalities on the basal planes of the sheets with minor carbonyl and

carboxylic acid groups present at the edges of the sheets (as shown in Figure

4.1). The presence of phenolic hydroxyl groups, containing tetrahedral carbon

atoms contributes to a slight in-plane distorted configuration, resulting in the

formation of wrinkles on the surface of individual sheetsY61, 162]These oxygen

functionalities render the individual sheets to be highly hydrophilic and therefore

readily dispersed in aqueous solutions to form stable colloidal dispersions of GO.

The degree of oxidation is highly dependent on the synthetic protocol and the

pre-cursor graphite used. Electrical measurements of the individual sheets

displayed low electrical conductivity (o = 10-3 S cm") as a result of disruption of

the conjugated network of Sp2hybridised carbon atoms. [163]
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Recent work by Arksay and co-workers discovered that thermal treatment of

solid GO at 1050 -c resulted in the formation of individual graphene monolayers

due to the decomposition of oxygen-containing surface functionalities to form

C02 which effectively 'blast' the graphene sheets apart due to the increased

inter-lamellar pressure.[I64, 165) Additional studies, by the Wallace group,

demonstrated that chemical reduction of aqueous dispersions of exfoliated GO in

an alkaline medium at concentrations not exceeding 0.025 wt. %, can be used to

produce stable sols of graphene monolayers.!166) Subsequent vacuum filtration of

the graphene sols resulted in the formation of self-assembled free-standing

graphene paper, with a typical conductivity of 72 S cm". Furthermore, by

undertaking the reduction step in the presence of a stabilising polymer or organic

molecules, graphene mono layers at higher concentrations can be produced. In

particular, poly(sodium 4-styrene sulfonate) (PSSiI49) and pyrene butyrate[167)

have been reported to produce stable aqueous dispersions of functionalised

graphene mono layers, via non covalent 1t-1t interactions.

Similar approaches have been used to prepare stable graphene dispersions in

polar organic solvents by covalent functionalisation of GO sheets followed by

chemical reduction. Ruoff and co-workers demonstrated that phenyl iso-cyanate

functionalised GO sheets readily formed stable dispersions in N, N-

dimethylformamide (DMF) as well as other polar, aprotic solvents.!'68)

Subsequent addition of these functionalised sheets to organic polymers, followed

by chemical reduction resulted in the fabrication of graphene-polymer

nanocomposites.l'Y' Other studies demonstrated the possibility of stabilising

graphene-based sheets in organic solvents through the covalent attachment of

alkyl amines[170)or anhydrous hydrazine[17l] groups to the surface of the sheets.

Furthermore, ionic liquids and metal nanoparticles have also proven to act as

successful stabilising agents, contributing to the fabrication and isolation of

graphene monolayers.!172, 173]

Alternative routes involving graphite intercalation compounds (OICs) also

known as expandable graphite, which were introduced in chapter 1, have

additionally been investigated in place of GO, as an intermediate compound to

the formation of high-quality, processable graphene sheets. Thermal treatment of
- 82-



commercially available sulfuric acid (H2S04) and nitric acid (HN03) intercalated

graphitic compounds (Graftech Incorporation) produces exfoliated graphene

sheets, which can be sonicated in both conjugated monomeric and polymer
solutions to produce non-covalently functionalised graphene sheets.[174,175]

Furthermore, organic solvent-induced exfoliation of graphite intercalation

compounds has also proved to be an important route to the formation of

processable graphene sheets. Valles and co-workers demonstrated that the simple

addition of N-methyl-pyrrolidone (NMP) to a potassium-intercalated graphite

compound, resulted in spontaneous exfoliation to produce negatively charged,

reduced graphene sheets.[176]Furthermore, Li and co-workers investigated the

sonication of oleum-intercalated graphite compounds in phospholipid solutions,

to form graphene sheets containing a trace of oxygen functionalities, which could

subsequently be removed by annealing at 800 QCin H2 to form high-quality
graphene.[177]

This chapter demonstrates, for the first time, the application of ssDNA, as a

stabilising agent, for the fabrication of aqueous dispersions of graphene

monolayers. The proceeding section introduces the structure and properties of

DNA and explains why it is a suitable biopolymer for the stabilisation of

graphene sheets.

4.1.4 Deoxyribonucleic Acid: An Effective Biological Stabilising Agent

DNA is nature's most fundamental biopolymer, first discovered by James

Watson and Francis Crick in 1953Y78] It is composed of two polynucleotide

chains, which coil around each other in an anti-parallel fashion to form the well-

known double helical structure. Each individual polymer strand is composed of a

main backbone containing a sugar and phosphoric acid moiety, attached to one of

four heterocyclic nucleobases including adenine (A), cytosine (C), guanine (0)

or thymine (T). Adenine and guanine are fused 5- and 6-membered heterocyclic

compounds known as purines and cytosine and thymine are 6-membered rings

called pyrimidines. The sugar residue found in the nucleotide unit is a 5-carbon

sugar called 2-deoxyribose which is bridged via a phosphodiester bond at the 3'

and 5' positions of neighbouring sugar molecules, as shown in Figure 4.1b.
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Hydrogen bonding interactions between A-Tor C-G bases, contribute towards

the formation of the double helical structure, with the bases occupying the core

of the helix and the sugar-phosphate chain present on the periphery, minimising

repulsive interactions between charged phosphate group, (Figure 4.2)Y 79]

The exceeding physical and chemical properties of DNA have contributed to its

broader application in materials science to develop a range of bio-inorganic

hybrid nanocomposites. As discussed in chapter 1, several studies have

demonstrated the successful intercalation of negatively charged DNA strands

into layered double hydroxides (LDHs) to produce functional bio-inorganic

nanocomposites, which have potential application in gene therapy, by facilitating

the delivery and uptake of DNA into mammalian cells (endocytosis) as shown in

Figure 4.3a. [5, 6] Furthermore, DNA nanocomposites have been developed in

conjunction with organically-modified magnesium phyllosilicate clays, using

electrostatic interactions to effectively intercalate or wrap DNA for DNA storage

applications, as illustrated schematically in Figure 4.3b. [124]
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In addition to forming lamellar nanocomposites, DNA has played a central role

in tackling one of the key challenges of the past decade involving the effective

separation and dispersion of carbon nanotubes (CNTs). Several studies have

demonstrated the successful stabilisation of single-walled and multi-walled

carbon nanotubes (SWNTs and MWNTs) using DNA.[180-182]These studies show

that simple sonication of CNTs in single-stranded DNA result in effective

wrapping of the CNTs due to 1t-1t interactions between the nuc1eobases in DNA

and the hydrophobic 1t system of CNTs, as shown schematically in Figure 4.4.

Figure 4.4 Binding model of a (10,0) zigzag carbon nanotube, wrapped with a

poly(T) sequence of DNA. The nuc1eobases (shown in red) are orientated

towards the surface of the CNTs, with the sugar-phosphate backbone (shown in

yellow) orientated away from the surface of the CNTs.[I80]

The work presented in this chapter demonstrates for the first time, the possibility

of extending the use of DNA as a stabilising agent for CNTs to individual

graphene sheets. In particular, the preparation and characterisation of ssDNA-

graphene by chemical oxidation of graphite, followed by in situ reduction, using

a variety of physico-chemical techniques is discussed. Furthermore the ability of

these dispersions to self-assemble into lamellar nanocomposite films using

vacuum filtration or evaporation-induced assembly techniques, with the

possibility of co-intercalating functional proteins into the gallery regions, is

demonstrated.
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4.2 Materials

All reagents were purchased from Aldrich or Fischer Scientific, UK and used

without purification, unless otherwise stated.

4.2.1 Preparation of Graphene Oxide

Chemical Molecular Formula Supplier

Graphite powder, 20 urn C Aldrich

Sulfuric acid, 98 % H2SO4 Fischer Scientific

Potassium permangante KMn04 Aldrich

Hydrogen peroxide, 30 % H202 Fischer Scientific

Barium chloride BaCh Aldrich

Acetone CH3COCH3 Aldrich

Sodium hydoxide NaOH Fischer Scientific

Nitric acid, 70 % HN03 Fischer Scientific

Potassium Chlorate KCI03 Aldrich

Hydrochloric Acid, 37 % HCI Fischer Scientific
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4.2.2 Preparation of Single-Stranded Deoxyribonucleic Acid Stabilised

Graphene

Chemical Specification/ Molecular SupplierMolecular Formula Weight (glmol)

Deoxyribonucleic acid 2000 base pairs,sodium salt, from salmon 42%G-C Aldrich
testes
Hydrazine (35 wt. % in

NH2NH2 32.05 AldrichH2O)

Sodium sulphide Na2S 78.04 Aldrich

4.2.3 Preparation of Co-Intercalation Bio-Nanocomposites

Chemical Specification Molecular SupplierWeight (glmol)

Cytochrome c, from equine Dark-red powder, 12384 Sigmaheart 98 % purity
Lysozyme, from chicken White powder, 14700 Sigmaegg white 90 % purity
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4.3 Experimental Details

The experimental protocols undertaken in sections 4.3.1 and 4.3.2 were

extremely hazardous and additional safety precautions were undertaken. These

include wearing full personal protective equipment, including lab coat, plastic

apron and face shield and using a reinforced safety shield in the fume hood for

the duration of the experiment.

4.3.1 Preparation of Graphene Oxide Based on the Hummers-Offeman

Route

Graphene oxide (GO) was prepared from graphite using a modified Hummers-

Offeman method, as followsY60, 183)Graphite powder (1 g) was dispersed in cold

concentrated sulphuric acid (18.0 M, 23 mL, dry ice bath) and potassium

permanganate (KMn04, 3 g) was gradually added with continuous vigorous

stirring and cooling to maintain the temperature below 20°C. The dry ice bath

was removed and replaced by an oil bath and the temperature of the mixture was

maintained at 35°C for 30 minutes, with continuous stirring, using additional

heating, if required, followed by slow addition of distilled water, which produced

a rapid increase in the solution temperature up to a maximum temperature of

100°C. The reaction was maintained at 98°C for a further 15 minutes and was

then terminated by further addition of more distilled water (140 mL) followed by

hydrogen peroxide solution (H202, 30 %, 10 mL). The solid product was

separated by centrifugation at 5000 rpm and washed initially with 5 % HCl until

sulphate ions were no longer detectable with barium chloride (BaCh) followed

by three acetone washes, before being air-dried overnight at 65°C.

4.3.2 Preparation of Graphene Oxide Based on the Staudenmaier Route

Graphene oxide was prepared from graphite using the Staudenmaier method, as

follows_(159)Graphite powder (5 g) was carefully added to a mixture of cooled

concentrated sulphuric acid (18.4 M, 87.5 mL) and concentrated nitric acid
\

(15.6 M, 45 mL), immersed in an ice bath, with vigorous stirring. Potassium

chlorate (KCI03, 55 g) was gradually added over 15 minutes, with vigorous
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stirring and cooling. The reaction vessel was loosely capped and stirred at room

temperature for 120 hours, with samples removed after 24, 48 and 96 hrs for

analysis. The solid product, after 120 hrs, was added to deionised water (4 L) and

separated using a 'Sartolon' membrane (pore size = 0.22 urn) before being

repeatedly washed with 5 % HCI until sulphate ions were no longer detectable

with barium chloride (BaCh) before being air-dried overnight at 40°C.

4.3.3 Preparation of ssDNA Stabilised Graphene Dispersions

A stable dispersion of GO sheets (10 mgml."), prepared as described previously

(section 4.3.1), was sonicated for 2 hours to ensure complete exfoliation and

subsequently dialysed (12-14 kD cut off) for 2 hours to remove any excess salts

and acids. The dispersion was centrifuged for 20 mins (3000 rpm), to remove the

non-exfoliated material and the supernatant, containing the exfoliated GO sheets

was removed. The GO supematant (ranging from 6-9 mgml,") was diluted

further to obtain dispersions with concentrations ranging from 1-5 mgml.". DNA

derived from salmon testes (2000 base pairs, 42 % G-C) was heated at 95°C for

1-2 hours to obtain single-stranded DNA (ssDNA). DNA stabilised graphene

dispersions were typically prepared by mixing the GO dispersion (10 mL) with

ssDNA (10 mL, 2mgmL-1) and hydrazine (20 ~L, 35 wt. %; hydrazine: GO ratio

= 7:10) and the mixture was refluxed at 100°C for 1 hour. A range of ssDNA-

stabilised graphene dispersions were prepared by varying the GO:ssDNA weight

ratios from 1:2, 1:5, 1:10, 1:20 and 1:33. Excess DNA and hydrazine were

removed by dialysis against water overnight.

4.3.4 Control Experiment: Preparation of Reduced Graphene Oxide

Reduced GO dispersions were obtained by mixing GO (10 ml., 1-5 mgml,")

with distilled water (10 mL) and hydrazine (20 ~L, 35 wt. %; hydrazine: GO

ratio = 7:10) and the mixture was refluxed at 100°C for 1 hour. Excess hydrazine

was removed by dialysis against water overnight.
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4.3.5 Preparation of ssDNA-Graphene Lamellar Nanocomposite Films

Self-standing films and papers of ssDNA-graphene were fabricated by both

vacuum filtration and evaporation-induced self-assembly techniques. As-

prepared dispersions of ssDNA-G were vacuum filtered using Anodise

membrane filters (Whatman, 25 mm in diameter, pore size 0.2 urn) to produce

films up to 4 em in diameter. Films were also prepared on silicon wafers by slow

evaporation overnight at room temperature using 100-200 JlL dispersions of

ssDNA-G (0.5-2.5 mgml,").

4.3.6 Preparation of Co-Intercalation Nanocomposites

(a) Co-intercalation of ferri-cytochrome c (ferri-cyt c)

Stable dispersions of ssDNA-G (wt. ratio = 2:1, 100 JlL, 0.5-1.0 mgml.") were

added dropwise to solutions of ferri-cytochrome c (1 mL, 1 mgml.", horse heart

muscle). The mixture was equilibrated overnight, and the resulting precipitate

was centrifuged (13.2 rpm, 10mins) and air-dried at room temperature.

(b) Co-intercalation of lysozyme

Stable dispersions of ssDNA-G (wt. ratio = 5:1, 100 JlL, 0.5-1.0 mgml.") was

added dropwise to lysozyme (1 mL, 0.5 mgml,", chicken egg white). The

mixture was equilibrated overnight, and the resulting precipitate was centrifuged

(13.2 rpm, 10mins) and air-dried at room temperature.
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4.4 Results and Discussion

4.4.1 Characterisation of Graphene Oxide Prepared via the Hummers-

Offeman Route

The results discussed in the next two sections compare the preparation and

characterisation of graphene oxide (GO) via two different routes as an

intermediate compound to the formation of reduced graphene dispersions.

Graphene oxide (GO) was readily prepared in high yield by chemical oxidation

of graphite using a modified Hummers-Offeman method, as discussed in section

4.3.1. After isolation by centrifugation and subsequent drying at 65°C overnight,

the as-prepared GO consisted of a brown powder (Figure 4.5a), which on

sonication in water formed aqueous, brown suspensions (1-10 mgml.") of highly

negatively charged (zeta potential = -67.3 mV, pH = 3.55) exfoliated GO sheets

(Figure 4.5b). Importantly, these dispersions were observed to be stable to

sedimentation (1 mgml.") for several months. Addition of water to graphite

powder, in contrast, demonstrated extremely poor dispersibility, with the

formation of two distinct separate layers, as a result of the hydrophobic nature of

the individual sheets and the inter-lamellar attractive Van der Waals forces

(Figure 4.5c).

The morphology of the GO sheets was initially examined by transmission

electron microscopy (TEM). TEM images of exfoliated GO dispersions revealed

highly transparent, ultra-thin flat sheets ranging from 500 nm to several microns

in size (Figure 4.6a-b). The sheets appeared to be particularly flexible

containing crinkles, folds and in some case rolled edges due to their atomically

thin nature and the presence of in-plane defects, which occur as a result of the

oxidative treatment. In particular, the presence of Sp3hybridised carbon atoms in

the graphene planes introduces tetrahedral carbon centres, contributing to the in-

plane distortions and wrinkles.[161]
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a)

Figure 4.5 Photographic images showing (a) dried, powdered GO, (b) aqueous

dispersion of GO (1 mgml.") and Cc) graphite powder mixed with water,

showing the formation of a separate film of hydrophobic graphite powder on top

of the water layer.
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Figure 4.6 TEM images of exfoliated graphene oxide dispersions, prepared via a

modified-Hummers route, showing ultra-thin sheets containing occasional folds

at the edges (as shown by the arrow) and in-plane crinkles, due to the presence of

distorted tetrahedral carbon centres. Scale bar (a) 500 nm and (b) 200 nm.
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Tapping mode atomic force microscopy (AFM) studies provided further

conclusive evidence for the ultra-thin nature of the sheets. Analysis of a 5 urn

area of GO sheets dried on freshly cleaved mica revealed irregular shaped,

overlapping sheets with average heights of individual sheets measuring 1.8 nm

(Figure 4.7a). More detailed investigation of a smaller area (1 urn) containing

overlapping GO sheets revealed that, significantly, the thickness of overlapping

sheets was between 1-1.5 nm (ii) with a larger initial step onto the sheet (i)

(Figure 4.7b-c). These measurements are slightly larger than predicted literature

values for GO, possibly related to the presence of adsorbed water on the surface

of the mica and the hydrophilic nature of the GO sheets. With these factors in

mind, this data points towards the formation of fully delaminated atomically
thick GO layers, as previously observed in literature.[163, 164, 167, 169, 184]
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Figure 4.7 Tapping mode AFM data of an (a) exfoliated GO dispersion on

freshly cleaved mica, scale bar = 2f.!m, with (b) the enclosed section shown in

higher magnification and (c) corresponding height profile showing an initial step

onto the GO sheet of 1.9 nm (i) and the thickness of the overlapping sheet of 1-

1.5 nm (ii). Profile 1 and 2 correspond to the traces across the mica substrate and

graphene oxide sheets, respectively.
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Successful functionalisation of the graphite surface during oxidation, to produce

GO was further confirmed using powder X-ray diffraction (PXRD). The PXRD

pattern of graphite powder (Figure 4.8a, Table 4.1) showed a strong (002)

reflection at 28 = 26.6°, corresponding to the graphite interlayer spacing of 0.335

nm, consistent with JCPDS data files.118SIIn comparison, the PXRD pattern of

GO films, prepared via evaporation-induced assembly of GO dispersions on

silicon wafer (Figure 4.8b, Table 4.1), showed that after oxidation, the do02peak

diffraction peak disappears and is replaced instead by a sharp, low angle (001)

reflection at 28 = 11.6°, corresponding to an increased interlayer dool spacing of

0.759 nm. This spacing was in agreement with previously reported values for GO

which range from 0.56-0.85 nm, depending on the nature of the oxidative

treatment and the amount of water present in the gallery region of the re-

assembled, stacked assemblyP9, 81,186-190]In addition, a much weaker, broader

second order reflection (002) at 28 = 22.0° is observed, signifying that there is a

certain degree of stacking of the GO sheets with increased in-plane disorder, due

to the presence of defect oxygen containing surface functional groups.
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Figure 4.8 PXRD pattern of graphite and graphene oxide (GO)

Sample 2 Theta
d-spacing (nm)

hkl indices
Experim en tal Theoretical[185]

26.6 0.335 0.338 002

42.5 0.213 0.212 100
Graphite

44.6 0.203 0.202 101

54.6 0.168 0.169 004

11.6 0.759 - 001
Graphene Oxide

(GO) 22.0 0.403 - 002

Table 4.1 Summary of 28 values, d-spacing and corresponding hkl indices for

the peaks observed in the PXRD pattern of graphite and graphene oxide (GO).
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X-ray photoelectron spectroscopy (XPS) provided extensive quantitative

information about the type and extent of functional groups present on the GO

sheets after oxidation of graphite. Analysis of the carbon 1s (C 1s) peak area of

the graphite starting material (Figure 9a) indicated the presence of a dominating

peak at a binding energy of 284.5 eV (81%) associated with the aromatic sp2

hybridised carbon atoms (C=C). Additional, smaller peaks were observed at

binding energies of 285.6 eV (11 %), 286.7 eV (6 %) and 288.1 eV (2 %)

corresponding to the presence of phenol (C-OH), epoxide (C-O-C) and carbonyl

(C=O) groups, respectively, on the surface and edges of the basal planes of

graphite.

In comparison, XPS data of the hydrophilic exfoliated GO sheets presented a

relatively broadened carbon 1s spectrum that contained peaks at binding energies

of 284. 5 eV (16 %), 285.8 eV (27 %), 287.2 eV (36 %), 288.6 eV (17 %) and

290.4 eV (4 %), corresponding to the presence of aromatic (C=C), phenolic (C-

OH), epoxide (C-O-C), carbonyl (C=O) and carboxylic (O-C=O) functional

groups, respectively (Figure 4.9b). The significant reduction in the percentage

composition of aromatic carbon atoms and the corresponding increase in the %

abundance of sp3 hybridised C atoms and oxygen containing carbonyl and

carboxylic acid functional groups, accompanying the oxidative treatment, was

additionally observable in oxygen 1s XPS spectra. The 0 1s spectra of graphite

(Figure 4.9c), presented a negligible presence of oxygen-containing

functionalities on the surface of the sheets. In contrast, the 0 1s spectra of GO

(Figure 4.9d) exhibited a broad band composed of carbonyl, phenol, epoxide and

adsorbed water molecules (90 %) and carboxyl oxygen atoms (10 %) at binding

energies of 532.8 and 534.5 eV, respectively.F": 192]
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Figure 4.9 C Is XPS data of (a) graphite and (b) exfoliated graphene oxide

(GO); 0 Is XPS data of (c) graphite and (d) exfoliated graphene oxide (GO).
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Fourier- Transform Infra-red spectroscopy (FT -IR) provided further qualitative

evidence for the modification of the graphite surface during oxidative treatment.

The FT-IR spectrum of graphite (Figure 4.10a) did not show many prominent

features apart from stretching bands at 3446 ern", 2925/2852 ern" and 1627 cm",

corresponding to O-H, C-H and C=C stretching vibrations from adsorbed water

molecules, alkyl groups (at the edges) and graphitic Sp2 hybridised networks,

respectively. In contrast the FT-IR spectrum of GO (Figure 4.10b) displayed

additional stretching bands at 3378 cm", 1718 cm-I and 1225 cm", characteristic

of hydroxyl, carbonyl/carboxylic acid and epoxide groups, respectively on the

surface of the basal planes of graphite. The band at 3378 cm" was particularly

broadened, due to the extremely hygroscopic nature of the GO sheets, as

previously reportedY67, 168,195-198]

Additional qualitative evidence for modification of the graphene sheets was

obtained using I3C magic angle spinning (MAS) NMR analysis (carried out by

Jessica Martin), which was in good agreement with the XPS data. The l3C MAS

NMR spectrum (Figure 4.11) displayed three strong peaks at 60.8, 70.7 and

132.9 ppm, corresponding to epoxide (C-O-C), hydroxyl (C-OH) and Sp2_

hybridised conjugated double bonds (C=C), respectively.l'I''' 162,199]In addition a

small peak at 31.1 ppm was observed, which is possibly a spinning sideband of

the peak at 132.9 ppm, characteristic of aromatic carbon.[200]Unfortunately, 13C

MAS NMR could not be conducted on graphite powder, possibly due to the

presence of trace ferromagnetic material in the synthetically-derived graphite

starting material.
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Wavenumber (cm")

Figure 4.10 FT-IR spectrum of (a) graphite and (b) graphene oxide (GO)

Sample Peak Shift (cm")
Assignment

Graphite GO

3446 3378 O-H Stretch

2923/2852 2775 (broad) C-H Stretch (alkyl)

- 1718 C=O Stretch (carbonyl)

1627 1624 C=C Stretch

1443 - C-H Deformation (alkyl)

1385 O-H Deformation

- 1225 C-O Stretch (epoxide/hydroxyl)

- 1052 C-C skeletal vibration

831 Epoxide ring vibration

Table 4.3 Table showing the FT-IRpeak assignments for graphite oxide.
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132.9

70.7

200 150 100 o
Chemical Shift (ppm)

50

Figure 4.11 l3C NMR spectrum of graphene oxide (GO), prepared via the

Hummers route (carried out by Jessica Martin).

Chemical Shift (ppm) Functional Group Assignment

132.9 Aromatic C=C

70.7 C-OH

60.8 C-O-C

31.1 Aromatic C=C sideband

Table 4.4 Table showing the C 13 NMR peak assignments for graphite oxide.
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4.4.2 Alternative Preparation of Graphene Oxide via the Staudenmaier

Route

An alternative route to the formation of GO was followed, based on the

Stauderunaier route.[159]This synthetic route involved treating graphite for a

longer period of time (3-4 days) with a mixture of nitric acid, sulphuric acid and

potassium chlorate. Unfortunately, this route proved to be extremely hazardous,

with the combination of reagents exploding, during a repeat reaction, after 12-16

hours treatment. Furthermore as discussed herein, XPS data (Figure 4.13)

suggests that oxidative treatment via this route was not as effective as following

the modified-Hummers route. For these reasons, only limited characterisation

data is included in this section, with the modified Hummers route followed

instead, as a safer route to the high yield production of GO.

The morphological features of the GO sheets were not investigated in detail by

TEM or AFM analysis. However, successful modification of the individual

sheets of graphite was confirmed using PXRD analysis. The PXRD patterns of

GO after 120 h treatment (Figure 4.12) showed a low angle (001) reflection at

29 = 13.6°, corresponding to an increased interlayer spacing of 0.650 run.

Furthermore, it is possible that higher order (002) and (003) reflections are

present providing significant evidence for the formation of an ordered lamellar

structure, comprising a stacked arrangement of oxidised graphene sheets.

However this needs to be addressed with caution as the reflections at 26.4° and

42.3° are also consistent with the peak positions for the 002 and 100 reflections

for graphite (Table 4.5 in blue font).

Analysis of X-ray photoelectron spectroscopy (XPS) data of the hydrophilic

exfoliated GO sheets, prepared via the Stauderunaier route, presented a relatively

broadened carbon 1s spectrum that was deconvoluted into two peaks at binding

energies of284. 5 eV (45 %) and 286.4 eV (55 %) corresponding to the presence

of aromatic sp2 hybridised carbon atoms and carbon atoms attached to oxygen

atoms in phenol (C-OH) and epoxide (C-O-C) functional groups (Figure 4.13a).

The reduction in the percentage composition of aromatic carbon atoms,

accompanying the oxidative treatment, was not as high as observed for GO
- 106-



prepared via the Hummers route (Figure 4.9b), 45 %, in comparison with 16 %.

This suggested that this oxidative route was not as effective as the modified

Hummers-Offeman route, as suggested previously. Complimentary 0 Is spectra

of GO exhibited a broad band composed of a single peak at a binding energy of

532.3 nm, corresponding to the presence of phenol, epoxide and carbonyl oxygen
atomsY91,192]
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Figure 4.12 PXRD patterns of graphite and GO after 120 hours treatment, using

the Staudenmaier Approach

Sample 2 Theta d-spacing (nm) hkl indices

26.6 0.335 002

Graphite 42.5 0.213 100

44.6 0.203 101

54.6 0.168 004

13.6 0.650 001
Graphene Oxide (GO)

26.4 0.337 002

42.3 0.214 003

Table 4.5 Summary of 2 theta values, d-spacing and corresponding hkl indices

for the peaks observed in the PXRD pattern of graphite and (GO) prepared via

the Staudenmaier route.
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Figure 4.13 (a) C is XPS data of GO and (b) 0 Is XPS data of GO prepared via

the Staudenmaier route.

SAMPLE
% Composition

(Binding Energy (eV))

Graphene C=C C-OHI C-O-C C=O. [149 193LIterature Values ' , (284.6) (285.7/286.7) (288.0)1941

Graphite
81.3 11.4 5.6 1.7

(284.5) (285.55) (286.74) (288.17)

Graphene Oxide 44.8 55.2 No
observable

(Staudenmaier) (284.5) (286.4) peak

Table 4.6 Summary of percentage composition of functional groups in CIs XPS

of graphite and GO prepared via the Staudenmaier route with their associated

peak positions in brackets.
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4.4.3 Single-Stranded Deoxyribonucleic Acid Stabilised Grapbene

Dispersions (ssDNA-G)

The results discussed in this section involve the characterisation of ssDNA

functionalised graphene dispersions at weight ratios of ssDNA:graphene oxide

(GO) ranging from 1 to 33.

Chemical reduction of hydrophilic aqueous suspensions of GO, prepared as

discussed in section 4.4.1, with heating under reflux for 1 h at 100°C in the

presence of hydrazine and freshly prepared single-stranded DNA (ssDNA, from

salmon testes, concentration varied from 1-33mgml,"), resulted in the formation

of stable black sols. Samples were subsequently dialysed for 24-48 h to remove

excess hydrazine and ssDNA (Figure 4.14a). An optimum hydrazine:graphene

oxide weight ratio of 0.7 was chosen, based on previous work by the Wallace

group which showed that increasing concentrations of hydrazine resulted in a

decrease in the stability of the graphene-based dispersions.[166] The hydrophilic

nature of the ssDNA-stabilised graphene dispersions was confirmed by zeta

potential analysis which demonstrated that the surface charge of the

functionalised graphene sheets measured -3, -13 and -41 mV for GO: ssDNA

weight ratios of 1:2, 1:4 and 1:33, respectively. Significantly, the black sols were

observed to be stable to sedimentation for several months.

Reduction in the presence of double-stranded DNA (dsDNA) demonstrated the

formation of partially stable aqueous sols possibly due to base-pair disruption

during heating at 100°C. In comparison, control experiments involving the

chemical reduction of GO, under the same conditions in the absence of ssDNA or

dsDNA, resulted in the formation of black sols containing aggregated particles,

which could not be further stabilised post-synthetically by the addition of either

double-or single-stranded DNA (Figure 4.14b).
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Figure 4.14 Photographic images showing (a) an aggregated sol of reduced GO,

in the absence of ssDNA and (b) a ssDNA stabilised graphene sol, after reduction

of GO with hydrazine (ssDNA: graphene wt. ratio = 2), left for 2 months on the

bench.
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Transmission electron microscopy (TEM) images of ssDNA stabilised graphene

dispersions (wt. ratio ssDNA:graphene = 2) revealed similarly ultra-thin sheets,

with a high level of transparency as observed for GO, ranging from 100 nm to up

to 5-10 urn in lateral dimensions. Importantly EDX analysis, conducted on

individual sheets of ssDNA-G showed the presence of phosphorus which is

solely associated with DNA (shown inset, Figure 4.15c), therefore confirming

the presence of single-stranded DNA on the surface of the graphene sheets

(Figure 4.15). TEM images of ssDNA: graphene dispersions, prepared at a

higher ssDNA:graphene ratio of 20, presented similarly highly transparent

overlapping sheets containing curled and folded edges (Figure 4.16).

Figure 4.15 TEM images of exfoliated ssDNA-graphene dispersions (Ratio =

2:1) showing (a) overlapping multi-layers of different geometric shapes, (b) 2

sheets overlapping each other, (c) a single sheet on a holey grid, showing a

curled edge, with EDX analysis shown inset and (d) a single sheet on a holey

grid, demonstrating a high-transparency.
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Figure 4.16 TEM images of exfoliated ssDNA-graphene dispersions (Ratio =

20:1) showing (a) a graphene-based film of overlapping sheets, (b), Cc) and (d)

higher magnification images showing highly transparent ultra-thin sheets of

different geometric shapes with curled and folded edges (shown with arrows).
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Tapping mode AFM studies on ssDNA-graphene dispersions, (ratio of ssDNA:

graphene = 33:1), dried on freshly cleaved mica substrates, indicated that the

apparent height of the sheets measured between 2.1 and 2.7 nm, with an average

height of 2.4 nm (Figure 4.17a-b). The height of the graphene sheets was

significantly greater than the theoretical thickness of individual graphene

sheets/layers (0.35 nm) and slightly greater than the thickness of GO layers

(Average height= 1.8 nm, Figure 4.7). Furthermore, the sheets appeared to show

substantial surface roughness but no strand-like features, as observed in the AFM

image of double-stranded DNA (figure not shown), suggesting that the ssDNA

molecules are forming secondary globular structures (molecular thickness = 1

nm) when adsorbing on the atomically thick graphene sheets. Additional analysis

of ssDNA-stabilised graphene sheets with a lower content of ssDNA, (ratio of

ssDNA: graphene = 2: 1) showed a similar height profile of approximately 2.7 nm

(Figure 4.17c-d).
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(e) 7.2 nm

-0.3 nm

y: 2.0 IJm
x: 2.0 IJm

Figure 4.17 Tapping mode AFM data of ssDNA-stabilised graphene dispersions,

dried on freshly cleaved mica at a ssDNA: graphene wt. ratio of (a-b) 33:1 and

(c) 2:1, with (d) associated height profile showing an initial step onto the ssDNA-

graphene sheet of 2-2.5 nm and a smaller step corresponding to a curled edge,

measuring 0.5-1 nm and (e) corresponding three-dimensional profile.
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Restoration of electronic conjugation in the chemically reduced ssDNA-graphene

dispersions was consistent with UV-Vis spectroscopy measurements (Figure

4.18). In the case of GO, a typical absorption band at 231 nm was observed,

corresponding to the 1[-1[' transitions of aromatic C-C bonds which

bathochromically shifts (red shifts) to a band at 266 nm, after treatment with

hydrazine due to the re-formation of conjugated C-C Sp2 hybridised bonds,

present in graphene.!' 66] The UV-Vis spectrum for ssDNA-stabilised graphene

dispersions did not present a feature at 231 nm but instead displayed a broad

band at 258 nm suggesting that significant reduction of the GO sheets had

occurred. This feature is considerable masked by the ssDNA absorption centre at

258 nm making it difficult to ascertain the exact position of the graphitic band

and subsequently the degree of restoration of the Sp2hybridised carbon network.

2.2
2.0
1.8
1.6
1.4

0 1.2.- l.000
t:i
Q) 0.8E- 0.6

0.4
0.2
0.0
-0.2

200 250 300 350
Wavelength (nm)

400

Figure 4.18 UV-Vis spectroscopy showing (a) GO, (b) single-stranded DNA

(ssDNA), (c) ssDNA-graphene and (d) reduced graphene oxide, in the absence of

DNA (control).
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X-ray photoelectron spectroscopy (XPS) enabled detailed structural and

compositional analysis of ssDNA stabilised graphene dispersions, providing

information about the type and extent of surface functionalisation present in

addition to the degree of restoration of Sp2hybridised C=C bonds after reduction

with hydrazine. All C Is XPS data is summarised in Table 4.7.

As discussed previously, in section 4.4.1, C Is XPS of graphene oxide (Figure

4.9) demonstrated a reduction in the abundance of aromatic carbon groups (C=C,

284. 6, 16 %) and a corresponding increase in the abundance of a range of

surface functionalities, including phenol, epoxide, carbonyl and carboxylic

groups, as a result of oxidative treatment. In comparison, CIs XPS data for the

chemically reduced GO control sample, prepared in the absence of ssDNA

(Figure 4.19b), showed considerable restoration of the aromatic Sp2 hybridised

carbon atoms (C=C, 284.6 eV, 70 %), 10 % lower that than the aromaticity

associated with the graphitic starting material (81 %), in addition to small

contributions from residual oxygen-containing surface functionalities including

hydroxyl or phenolic (18 %), carbonyl (7 %) and carboxylic (4 %) groups. This

result highlights the effectiveness of hydrazine as a reducing agent in restoring

electronic conjugation to the graphene sheets.

Data analysis for ssDNA-stabilised graphene samples needs to be approached

with caution due to significant overlap of the peak positions from both the

graphene sheets and ssDNA biomolecule stabiliser. This is important, in

particular, when calculating the % composition of Sp2 hybridised C=C bonds

present in graphene from the peak area at 284.5 eV as a percentage of the total

area. In the case of ssDNA-stabilised graphene dispersions the overall peak area

takes into consideration contributions from carbon containing functionalities

present in both graphene and ssDNA, which means direct comparisons with data

obtained for reduced graphene oxide control sample cannot be made.

C Is XPS of ssDNA (Figure 4.19a) presented peaks at 284.78 eV (47.1 %),

286.21 eV (30.7 %), 287.38 eV (16.6 %) and 288.53 eV (5.6 %) attributed to

carbon functionalities present in the backbone sugar residues and the nucleic

bases (see Table 4.8 for data analysis). Comparable studies conducted on
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ssDNA-graphene dispersions (weight ratio G: ssDNA = 1:2) showed a similarly

broaden peak (Figure 4.19c-d). Deconvolution of the peak area presented peaks

at 284.78 (60 %), 286.28 (23.4 %), 287.59 (11.5 %) and 289.08 (5.1 %),

corresponding to significant restoration of the C=C aromatic network with

additional contributions from functional groups present in DNA (amide/urea

functionalities) and residual oxygen-containing groups on the basal planes of the

graphene sheets.

Furthermore, oxygen 1s, nitrogen 1s and phosphorus 2p XPS data, provided

additional evidence for the presence of ssDNA biomolecules on the surface of

the graphene sheets. The 0 1s spectra presented a broadened peak, with

contributions from oxygen containing functionalities present in the sugar

residues and bases from ssDNA as well as residual groups on the graphene sheets

(Figure 4.20, Table 4.8). Additional N Is and P 2p XPS data (Figure 4.1ge-f)

presented peaks at 400 eV and 133.8 eV, respectively, corresponding to amide,

amine and aromatic nitrogen functionalities originating from the DNA base pairs

and phosphate groups (P-O) on the DNA backbone.[201]
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Figure 4.19 CIs XPS profiles of (a) single-stranded DNA, (b) chemically

reduced GO prepared in the absence of ssDNA, (c) ssDNA-stabilised graphene

dispersions (wt. ratio ssDNA:G = 4) and (d-f) XPS profiles for ssDNA graphene

dispersions (wt. ratio ssDNA:G = 2) ; (d) C Is (e) N Is and (f) P 2p.
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Figure 4.20 0 Is XPS profiles of (a) single-stranded DNA, (b) chemically

reduced GO prepared in the absence of ssDNA and ssDNA-stabilised graphene

dispersions at ssDNA:graphene wt. ratios of (c) 4 and (d) 2.
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Fourier-Transform Infra-red spectroscopy (FT-IR) provided further qualitative

evidence for the functionalisation of graphene sheets with ssDNA. The FT-IR

spectrum of GO, as discussed previously (Figure 4.21b) presented stretching

bands at 3378 ern", 1718 cm-I and 1225 ern", characteristic of hydroxyl,

carbonyl, carboxylic acid and epoxide groups. In comparison, the FT-IR

spectrum of dried, graphene oxide reduced in the presence of no stabilising agent

(Figure 4.21a), showed features from aromatic and residual, saturated cyclic

carbon atoms (1630 ern", C=C str.; 1054 ern", C-C skeletal ring vibration) in

addition to residual oxygen-containing defects and adsorbed water molecules on

the graphene sheets, at lower intensities (3440 ern", O-H str.; 1451 ern", O-H

def.). The FT-IR spectrum of ssDNA-stabilised graphene films displayed, in

addition to these peaks, vibrational structures originating from DNA molecules,

providing significant evidence for the association of ssDNA with graphene sheets

(Figure 4.21b-c, Table 4.9).

Figure 4.21 FT-IR spectrum of (a) reduced graphene oxide in the absence of

DNA (rGO, control) (b) salmon testes DNA (control) and Cc) ssDNA-graphene

films.
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4.4.4 Mechanistic Discussion of the Interaction of ssDNA with Individual

Graphene Sheets

The data discussed in the previous results section provided considerable evidence

for the association of single-stranded DNA with graphene sheets, resulting in

their stabilisation in aqueous solutions. This section includes mechanistic

discussion about how and why this interaction occurs.

The well known double-helical structure of double-stranded DNA occurs as a

result of the hydrogen bonding base-pair interactions between complimentary

nuc1eobasepairs on individual polymer strands of DNA. It is well reported that

thermal treatment of a solution of double-stranded DNA, above the characteristic

melting or denaturisation temperature, results in disruption of the base-pair

interactions and causes the DNA double strand to unwind into separated, single

strands of DNA, which are arranged in random conformations, (Figure 4.22). [179]

In the case of the research discussed in this chapter, denaturisation of dsDNA

resulted in exposure of the aromatic nucleotide bases to the graphene oxide

sheets. Reduction of GO in the presence of ssDNA, enabled restoration of the

carbon Sp2hybridised network, in addition to interaction of the ssDNA polymer

strands with the reduced graphene sheets, enabling their separation and resultant

stabilisation. The ssDNA-stabilised graphene sheets were shown to be highly

hydrophilic as confirmed by zeta potential surface charge measurements, with an

increase in anionic behaviour occurring as the concentration of DNA is

increased. TEM and AFM analysis provided evidence for the ultra-thin,

transparent nature of the sheets, with EDX analysis confirming the presence of

ssDNA on the surface on the sheets due to the presence of a phosphorus K, peak

at 2.0134 KeV.
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_ c::=J = DNA nucleobases

rvvvvv = sugar-phosphate backbone

Figure 4.22 Schematic demonstrating DNA denaturisation, as a result of the

thermal disruption of the base-pairing in dsDNA (left hand side) to form

randomly arranged individual strands of ssDNA.

These observations suggest that ssDNA strands interact predominantly through

hydrophobic (n stacking) in addition to weak electrostatic/hydrogen bonding

interactions between the primary amines associated with the base pairs and the

residual carboxylic and phenolic groups associated with the planes of the

graphene surfaces, allowing the anionically charged/polar moities on the sugar-

phosphate backbone to be orientated at the periphery towards the solvent. This

model is reinforced by similar experiments involving the reduction of GO in the

presence of dsDNA, which resulted in the formation of less stable graphene sols,

due to the unavailability of the base pairs for n-n stacking interactions with the

graphene sheets.

This mechanism is similarly observed in the case of ssDNA stabilization of

CNTs, where the DNA strands wrap the surface of the CNTs in a helical fashion,

due to the flexibility of the sugar-phosphate DNA backbone.[l81] In the case of

graphene, the flattened morphology of the sheets means the ssDNA strands

cannot wrap helically but instead forms secondary structures in the form of

globules of DNA which coat the surface of the graphene sheets. Similar

experiments using, DNA derived from herring testes, composed of a different

DNA sequence, did not appear to stabilise graphene sheets in the same manner,
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demonstrating that the stability of the graphene sheets is highly dependent on the

DNA sequence. This was similarly observed in studies involving the

investigation of DNA stabilisation of CNTsJI80, 181]Studies of the effect of DNA

sequence on the stabilisation of graphene sheets were not studied in detail in this

chapter.

Circular dichroism spectroscopy (carried out by Dr. Avinash Patil) provided

additional supporting structural analysis for the stabilisation of graphene sheets

with ssDNA. CD spectra of ssDNA-graphene dispersions, at room temperature,

displayed positive and negative peaks at 276 and 249 nm, respectively,

characteristic of ssDNA (Figure 4.23). Importantly no evidence was provided for

the presence of dsDNA, which should display CD bands at 275 and 247 nm

(cross-over point 258 nm).[203]These observations provided strong evidence,

firstly, for the stabilisation of graphene sheets with helical ssDNA strands during

the reduction process of GO at high temperature and secondly, for the inhibition

of re-hybridisation of ssDNA as a result of the disruption of base-pairing

interactions.
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Figure 4.23 Circular dichroism (C-D) spectra of (a) double-stranded DNA

(dsDNA), (b) single-stranded DNA (ssDNA) and (c) ssDNA-stabilised graphene

sheets (carried out by Dr. Avinash Patil).

4.4.5 Self-Assembly of ssDNA-Graphene Dispersions to form Lamellar

Nanocomposite Films

The generation of graphene-based films is predicted to be highly applicable in

solar cells and electronic devices fabrication owing to their exceptional electrical,

mechanical and thermal properties. In particular, solution processing of reduced

graphene sheets, using spin coating techniques, has been shown to be highly

attractive for the development of large-area films. [204] This section investigates

the ability to effectively process aqueous graphene dispersions into electrical

conductive films using relatively simple techniques, as follows.

Aqueous dispersions of ssDNA-stabilised graphene sheets were processed using

either vacuum filtration or evaporation-induced assembly techniques resulting in

the formation of free-standing, self-supported graphene-based nanocomposite

films (Figure 4.24a). Preliminary testing of their electrical conductivity, using

the Vander Pauw, four probe technique demonstrated that the conductivity of

ssDNA-graphene films, prepared via drop-casting ranged from 4.76-104 Sm-1 for
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ssDNA:graphene ratios of 2: 1 and 5: 1, respectively. In comparison, control

graphene films prepared in the absence of ssDNA demonstrated a slightly higher

conductivity of 172 s-.:'.

Figure 4.24 Photographic images showing a self-supported ssDNA-graphene

lamellar nanocomposite film obtained via evaporation-induced assembly of the

dispersed sheets on a silicon wafer substrate (ssDNA: graphene ratio of 5: 1).

Powder X-ray diffraction (PXRD) provided conclusive evidence for structural

changes associated with the effective stacking of ssDNA-graphene dispersions,

prepared via evaporation-induced assembly on silicon wafer substrates. The

diffraction pattern of GO films, as discussed previously in section 4.4.1, gave rise

to a strong, single reflection at 28 = 11.65, that corresponded to an interlayer d001

spacing of 0.759 nm (Figure 4.8, Table 1.1). In comparison, thin nanocomposite

films of ssDNA-graphene dispersions, at various ssDNA: graphene weight ratios,

presented lower angle reflections, ranging from 5.86° (ssDNA: graphene wt. ratio

= 1:1) to 6.62° (ssDNA: graphene wt. ratio = 20:1) corresponding to expanded

interlayer dOOlspacings ranging from 1.51 to 1.33 nm (Figure 4.25). Despite the

significant broadening of the d001 reflection, in comparison to that observed for

the GO film, the presence of higher order doo2, do03 and do04 peaks, (see Table

4.10 for peak positions) provided significant evidence for the formation of an

ordered lamellar nanostructure, comprising a stacked arrangement of graphene

sheets, intercalated with a monolayer of surface adsorbed ssDNA molecules.

Increases in ssDNA concentration did not appear to significantly affect the

interlayer spacing, suggesting that ssDNA is not re-hybridising to form dsDNA.
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Furthermore, analysis of aggregated black particles produced by the reduction of

GO in the absence of ssDNA biomolecules, gave rise to a single, sharp reflection

at 29 = 28.35°, corresponding to an interlayer spacing of 0.315 nm, consistent

with the reformation of graphitic-based nanoparticulate material. These

observations indicate that the formation of graphene-based nanocomposite films

is facilitated by biomolecule-induced stabilisation of the individual graphene

sheets. Aggregation of the graphene sheets is prevented by the intercalation of

single-stranded DNA.

(g

a

5 10 20 302515

20
Figure 4.25 PXRD pattern of evaporation-induced assembled films of ssDNA

stabilised graphene dispersions at various ssDNA: graphene weight ratios as

follows: (a) 1:1, (b) 2:1, (c) 5:1, (d) 10:1, (e) 20:1, (t) 33:1 and (g) reduced GO.
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Ratio 29 d- hkl Ratio 29 d- hkl
ssDNA:G spacing indices ssDNA:G spacing indices

(nm) (nm)

5.86 1.51 001 6.08 1.45 001

11.36 0.78 002 12.35 0.72 002
1:1 10:1

19.73 0.45 003 19.00 0.47 003

23.95 0.37 004 24.50 0.36 004

6.32 1.40 001 6.62 1.33 001

12.59 0.70 002 13.35 0.66 002
2:1 20:1

18.95 0.47 003 20.00 0.44 003

23.93 0.37 004 23.92 0.37 004

5.84 1.51 001 6.15 1.44 001

11.58 0.76 002 12.44 0.71 002
5:1 33:1

17.75 0.50 003 18.51 0.48 003

23.88 0.37 004 24.11 0.37 004

Table 4.10 Table showing the PXRD peak assignments for ssDNA-stabilised

graphene films and reduced graphene oxide in the absence of ssDNA.
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4.4.6 Co-Intercalation of Proteins to Form Graphene Bio-Nanocomposites

The preparation of bio-inorganic nanocomposites has become an emerging area

of interest due to the generation of hybrid materials with advanced and versatile

applications.[13] In particular, as discussed in chapter 1, the intercalation of

biomolecules in layered materials has generated hybrid nanocomposites with a

wide range of applications in biosensor devices and non-viral vectors in gene

therapy.[4] The work discussed in this section investigates the possibility of

effectively co-intercalating cationic biomolecules in the gallery regions of

ssDNA-stabilised graphene sheets.

As discussed previously, the as-synthesised ssDNA-graphene dispersions

consisted of anionically charged graphene sheets, functionalised with single-

stranded DNA biomolecules. The high negativity of the functionalised graphene

sheets enabled them to be further assembled in the presence of oppositely

charged species. Slow addition of graphene sols containing negatively charged

ssDNA-stabilised graphene sheets to positively charged protein solutions,

resulted in sedimentation, not observed in the absence of the cationic protein.

Two different cationic proteins were investigated including the metallo redox

protein ferri-cytochrome c (ferri-cyt c, zeta potential = + 24.49 mY) and

lysozyme (zeta potential = + 46.24 mV). Self-assembly of both the anionically

charged ssDNA-coated graphene sheets and the cationic metallo protein ferri-

cytochrome c (ferri-cyt c), occurred slowly (24-48 h) due to charge

neutralisation. Addition of lysozyme, on the other hand, resulted in slightly

quicker sedimentation (within 24 h) due to the higher surface charge density of

the protein.

Powder X-ray diffraction (PXRD) provided conclusive evidence for the

spontaneous assembly of cationic proteins and ssDNA molecules to effectively

produce a stacked array of graphene sheets and biomolecules. The diffraction

pattern of graphene oxide and ssDNA-graphene (wt. ratio = 2:1) films, as

discussed previously in sections 4.4.1 and 4.4.5 gave rise to single reflections

corresponding to interlayer dool basal spacings of 0.759 and 1.40 nm,

respectively (Figure 4.8 and 4.25). Addition of ssDNA-graphene sols (ssDNA:
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graphene wt. ratio = 2:1) to ferri-cyt c sols (1 mgml."), resulted in overnight

sedimentation of a redlblack solid. Isolation of the sedimentation using

centrifugation/washing cycles and subsequent PXRD analysis presented a broad,

low angle reflection at 1.75°, corresponding to an expanded interlayer dOOI

spacing of 5.06 nm, which was 3.66 nm larger than the basal spacing observed in

ssDNA-graphene films (Figure 4.26a).

No additional reflections were observed suggesting that ferri-cyt c (molecular

dimensions: 2.5 x 2.5 x 3.7 nm)[125] and ssDNA molecules were effectively fully

co-intercalated within the gallery regions of the stacked array of graphene sheets,

to form a stacked meso lamellar structure. PXRD analysis of repeat preparations

of ferri-cyt c-ssDNA-graphene composites, displayed similarly broadened, low

angle reflections at 1.88° and 1.86° corresponding to interlayer dool basal

spacings of 4.69 and 4.74 nm. This slight variation in d-spacing could be

attributed to the different orientation of the cyt c biomolecules within the

interlayer spaces of the ssDNA-graphene sheets.

Addition of ssDNA-graphene sols (ssDNA: graphene wt. ratio = 5:1) to

lysozyme sols (0.5 mgml,"), resulted in the overnight sedimentation of a black

solid and subsequent isolation as discussed previously using

centrifugation/washing cycles. PXRD analysis, of this solid, presented a low

angle reflection at 2.50°, corresponding to an expanded interlayer dool spacings

of 3.53 nm, 2.0 nm larger than the basal spacing observed in the comparable

ssDNA-graphene films (Figure 4.26b). These results implied that lysozyme

(molecular dimensions: 3.0 x 3.0 x 4.5 nmi205] was partially co-intercalated

within the gallery regions of the functionalised graphene sheets.

Protein Dimensions (nm)

Cytochrome c 2.5 x 2.5 x 3.7

Lysozyme 3.0 x 3.0 x 4.5

Table 4.11 Summary of the dimensions of the co-intercalated proteins.
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1 2 3 4 65

28
Figure 4.26 PXRD pattern of protein-ssDNA-graphene meso-lamellar

composites showing the co-intercalation of ssDNA with (a) ferri cytochrome c

and (b) lysozyme.

Sample d(001) Interlayer Increase in d(001)
Spacing (nm) Spacing (nm)

ssDNA-graphene (wt. ratio 2:1) 1.40 -
ssDNA-graphene (2:1)-ferri- 5.06 3.66cytochrome c

ssDNA-graphene (wt. ratio 5:1) l.51 -

ssDNA-graphene (5:1)-lysozyme 3.53 1.99

Table 4.12 Summary of the inter-lamellar basal spacing of graphene-based

nanocomposites.

A generalised schematic for the development of DNA stabilised graphene

dispersions and their subsequent assembly in the presence of cationic proteins is

shown in Figure 4.27, with the potential of extending this strategy to the co-

intercalation of alternative cationic species, including biomolecules and

nanoparticles.
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UV -Vis spectroscopy was conducted on ferri-cyt c-ssDNA-graphene

nanocomposite to assess the protein structure and function on entrapment within

ssDNA-functionalised graphene layers. The UV-Vis absorption spectrum of the

co-intercalated ferri-cyt c nanocomposite (Figure 4.28a) displayed a strong Soret

band at 408 nm and a broad band at 530 nm, as observed previously for the

oxidised form of the redox protein (ferri-cyt c), consistent with the retention of

the protein terniary structure on entrapment within the ssDNA-G lamellar sheets.

The accessibility of the incarcerated protein to small molecules present in the

external solution was subsequently examined by treating the cyt c-based

nanocomposite with a reducing agent, in this case, sodium dithionite. The UV-

Vis absorption spectrum of reduced co-intercalated cyt c nanocomposite (Figure

4.28b) displayed a characteristic shift in the position of the Soret band from 408

to 432 nm and corresponding formation of Q band features at 520 and 550 nm,

consistent with reduction of the heme, iron centre from ferri-cyt c to ferro-cyt c.

This result provided conclusive evidence that the entrapped protein molecules,

residing in the expanded gallery regions between ssDNA-stabilised graphene

sheets, can be readily accessed by small molecules.

(a)
0.6

Cl)
(,)
t:ca
..0...
0
r/)

..0
<C

0.5

400 500
Waye len g t h (n m)

600

Figure 4.28 UV -Vis absorption spectra of (a) as-prepared oxidised ferri-

cytochrome c nanocomposite and (b) reduced cytochrome c nanocomposite,

showing characteristic changes in the position of the Soret band and the Q band

features, consistent with the formation of reduced ferro-cytochrome c.
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4.5 Conclusions and Further Work

The first part of this chapter demonstrated the stabilisation of graphene sheets

with single-stranded DNA biomolecules, by chemical oxidation of graphite

followed by subsequent in situ reduction of GO in the presence of ssDNA. This

is the first known example of the use of a biopolymer to stabilize graphene

sheets. Both graphene oxide and ssDNA coated graphene sheets were fully

characterised using a range of physico-chemical techniques including TEM,

AFM, EDXA, PXRD, UV-Vis, FT-IR, XPS and MAS solid state NMR. TEM

images revealed highly transparent ssDNA functionalised graphene sheets with a

high degree of flexibility shown from the presence of folded or curled edges.

Additional AFM analysis of the sheets displayed individual sheets with

roughened surfaces and an average apparent height of 2.4 nm due to the

formation of secondary globular DNA structures on the surface of the graphene

sheets.

GO is well reported to be a poor electrical conductor due to the loss of in-plane

electronic conjugation, during oxidative treatment. However, reduction of GO is

shown to restore conjugation to the sheets and subsequently improve the

electronic transport properties. Both UV-Vis and XPS analysis demonstrated

chemical restoration of the Sp2hybridised aromatic carbon network of ssDNA-

graphene dispersions, however, detailed electronic measurements of these

materials was not available in-house. Further investigation of the electrical

conductivity of ssDNA-graphene films would enable more detailed information

to be obtained.

Previous work, involving the stabilisation of carbon nanotubes with DNA

biomolecules, demonstrated a relationship between the DNA sequence and the

resultant degree of CNT stabilisation. The effect of DNA sequence on the

stability of the graphene sheets was not investigated in detail in this study. It

would therefore be interesting to assess if this relationship is applicable to the

stabilisation of graphene sheets, making these dispersions potentially applicable

in DNA sensing and other biotechnological applications.
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The final stages of this chapter showed that simple vacuum filtration or

evaporation-induced self-assembly of ssDNA-graphene dispersions enabled

effective fabrication of mesolamellar, nanocomposite films composed of stacked

graphene sheets, intercalated with globularised ssDNA, as shown from the

expanded inter-lamellar spacing in the PXRD data. Increases in the ssDNA

concentration did not correspond to an increase in the inter-lamellar spacing,

suggesting that rehybridisation of ssDNA did not occur after in situ reduction of

GO. Furthermore, post synthetic addition of cationic proteins to ssDNA-

graphene dispersions demonstrated a general strategy for the spontaneous, co-

intercalation and assembly of ssDNA-graphene sheets to produce ordered

graphene-based lamellar hybrid bionanocomposites.

PXRD analysis showed that addition of positively charged proteins, ferri

cytochrome c and lysozyme, resulted in further expansion of the inter-lamellar

spacing due to charge neutralisation driven co-intercalation. UV-Vis

spectroscopy of ferri-cyt c-ssDNA-graphene nanocomposites demonstrated that

the co-intercalated protein was fully accessible to external molecules. The

encapsulation and intercalation of protein molecules is well reported to

contribute towards an enhancement in the protein activity. It would, therefore, be

applicable to investigate the effect of co-intercalation on the enzyme activity in

future studies. Furthermore, as cytochrome c is a redox protein, further work on

the electrochemical properties of the cyt c-ssDNA-graphene nanocomposites

would be extremely applicable to this work.

In summary, the work discussed in this chapter represents a potential high-yield

route to the production of aqueous, processable graphene sheets via oxidative

treatment of graphite, enabling subsequent formation of lamellar, multifunctional

nanocomposites.
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CHAPTERS FABRICATION OF GRAPHENE-POLYMER

NANOCOMPOSITES WITH HIGHER-ORDER

ARCHITECTURES USING TEMPLATING TECHNIQUES

(Published in Advanced Materials, 2009, 21, 3159-3164)

5.1 Introduction

5.1.1 Chapter Outline and Aims

The ability to prepare stable, aqueous dispersions of graphene on a large scale

opens up the possibility of using graphene sheets as a viable and inexpensive

alternative material in carbon-based fillers and nanocomposites. The main goal

of this chapter was to demonstrate, for the first time, the conceptual application

of well established self-assembly principles to the organisation of polymer-

stabilised graphene sheets for the fabrication of graphene-polymer

nanocomposites. Two main templating strategies are discussed, demonstrating

the effective assembly of polymer-stabilised graphene sheets into highly-ordered

architectures.

The first approach, examined the application of cryogenic processing to

homogenous mixtures of PSS-stabilised graphene sheets and poly(vinyl alcohol)

(PVA) to form self-supported sponge-like monoliths with internally aligned

macroporosity. In particular, uni-axial freezing protocols were applied, more

commonly known as ice-segregation induced self-assembly (lSISA). The second

approach involved the electrostatic-induced assembly of negatively charged PSS-

G dispersions and positively charged poly(allylamine hydrochloride) (PAH)-

functionalised polystyrene (PS) beads to form PSS-G coated polymer

microparticles, with the possibility of forming hollow graphene-based

micrometer-sized spheres by dissolution of the sacrificial latex core. The

complex morphologies produced in both templating strategies are fully

investigated using scanning and transmission electron microscopy (SEMITEM)

with additional mechanical compressional testing conducted on the ice-templated
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monoliths demonstrating the enhanced mechanical properties of the graphene-

based scaffolds.

5.1.2 Templating and Self-Assembly based on Cryogenic Processing

In recent years, the formation of ice crystals during cryogenic processing, has

attracted significant attention as a simple, versatile, cheap and environmentally

benign structural template for the fabrication of organised materials with a high

level of macro-, meso- and micro-porosity. In particular, structurally organised

materials with high internal surface areas and extended, hierachial porous

channels are of current technological interest in a range of fields including

catalysis, drug storage and release, bioremediation and tissue engineering. [206-209]

Typically, cryogenic processing refers to a two step protocol, involving initial

freezing of a desired material in liquid nitrogen followed by thawing of the

frozen construct using freeze-drying techniques. Interestingly, structural

organisation based on ice templating is naturally observed at the surface of

frozen ocean water, where impurities, including salt and biological organisms,

are observed to be segregated in channels between neighbouring ice crystalsYIO]

Traditionally, cryogenic processing was well exploited in the field of

regenerative medicine to produce biocompatible, porous scaffolds with

applications in drug delivery systems and tissue and bone engineering. In

particular, scaffolds containing a range of biopolymers, proteins and inorganic

materials including poly(L-lactic acid) (PLLA),[211] poly(DL-lactic-co-glycolic

acid) (PGLA),[211] chitosan,[212, 213] alginate,[213] chitosan-alginate hybrid,[214]

gelatine_based,[2IS-217] poly(glutamic acidj-chitosan hybrid,[218] collagen-

based, [219-221]silk sericin, [222] agarose[223] and hydroxyapatite, [224] were

successfully fabricated following freezing and thawing protocols. In addition,

various ceramic materials were successfully processed using cryogenic methods

including silica,[22S]titania[226]and alumina. [227,228]

Cryogenic processing is highly effective in producing porous architectures as a

result of stepwise freezing and defrosting. The initial step of freezing results in

the formation of ice crystals, which forces all solute to assemble in the external
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or outer regions surrounding the ice crystals. Subsequent removal of these ice

crystals by sublimation and thawing results in the formation of voids or vacant

pores, in the positions where the ice crystals originally resided. The size and

shape of the ice crystals formed during the freezing step is therefore crucial to

controlling the final morphology of the scaffolds and this is affected by a range

of factors including the freezing rate, freezing temperature, size and

concentration of the solute and the freezing direction, as demonstrated
previously. [229,230]

Recent developments in ice-templating processes have sought to optimise this

technique to develop a reproducible method for the production of highly ordered,

micro-, meso- and macroporous hybrid scaffolds. One way to do this is to control

the freezing direction, which effectively orientates the growth of arrays of

polygonal ice crystals, as demonstrated in the schematic in Figure 5.1. This

technique has recently become defined by the Del Monte group as ice-

segregation induced self-assembly (ISISA). [231]Uni-axially freezing processes

enable the formation of highly ordered micro-, meso- or macro-channelled

structures, which are well-aligned in the direction of freezing. To date, a range of

inorganic, ceramic and polymeric materials have been uni-directionally frozen,

demonstrating the high versatile nature of this method, including silica[232-235]and

titania hydrogels, [226] platinum nanoparticle decorated multi-walled carbon

nanotubes, [236]water-soluble polymers[209,229]and inorganic/metal nanopartic1e

composite SOlS[209]to produce orientated fibrous, honeycomb or lamellar

structures, with some examples shown in Figure 5.2. Furthermore, biological

hybrid materials have been uni-axially frozen to produce biohybrid composite

materials comprising immobilised proteins,[237]liposomes,[238] bacteria cells[231]

and antibiotics[229] with applications in drug delivery systems, biocatalysis and

bioremediation. [230]

Recent work in the Mann group has sought to further extend the ISISA technique

to a broader range of materials, including Ti02 chitosan-based composite

scaffolds containing Ti02 nanoparticles, with potential applications in the

photocatalytic degradation of organic pollutants. [239]This chapter demonstrates,

for the first time, the application of ISISA to homogeneous dispersions of
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polystyrene sulfonate-stabilised graphene sheets and poly (vinyl alcohol) (PVA),

to produce porous architectures with internally aligned macroporosity.

Figure 5.1 Schematic showing the segregation of inorganic, polymer or

biological particles (red particles) in the channels between adjacent ice crystals

during directional freezing in the direction of the arrows, adapted from Deville

and co-workersY401
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5.1.3 Ice Crystallisation

The formation of ice is a naturally observed crystallisation phenomenon, with

approximately 5% of the earth's surface covered by ice throughout the year.[242]

At the molecular level, ice crystallisation occurs through the formation of

hydrogen bonds between neighbouring water molecules, when water is frozen.

The phase diagram in Figure 5.3 illustrates the equilibrium between the ice,

liquid and vapour phases at different temperatures and pressures.

freezing

/
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1 ~boiling

Triple . point
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(steam)

600 700200 400 500
273.15 273.16 373.15
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Temperature/K
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Figure 5.3 Schematic illustrating the equilibrium between the ice, liquid and

vapour phases, with a change in the vertical scale at a pressure of 2 atmospheres,

adapted from Atkins' Physical Chemistry.[243]
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The most commonly observed crystal structure of ice is the hexagonal form (h),

present in ice and snow, which forms when water is cooled below 0 QC at

ambient pressures. The molecular structure of hexagonal ice was well established

by Linus Pauling (1935) and is composed of oxygen atoms arranged in a

hexagonal lattice, with each 0 atom surrounded by four neighbouring 0 atoms at

the edge of a tetrahedron, as shown schematically in Figure 5.4Y42]

o
H

Covalent Bond
Hydrogen Bond

Figure 5.4 Diagram showing the hexagonal crystal structure of ice, adapted from

Petrenko and Whitworth. [242]

In addition to the hexagonal crystal structure, ice exists in different polymorphs

depending on the temperature and pressure applied during the freezing process,

due to the structural versatility of the water molecule and the modification of the

hydrogen bonding at high pressures. These phases include ice II, III, V, VI, VII,

as shown in the phase diagram in Figure 5.3. Furthermore, if pure water is

cooled rapidly (supercooled), at rates exceeding 106 QC/s, below its glass
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transition temperature (Tg = -137°C), ice crystal nucleation is prevented and

instead amorphous ice is formed. [230)

The cryogenic processing demonstrated in this chapter is conducted by freezing

monoliths in liquid nitrogen at -196 °C at relatively low freezing rates and

ambient pressure, suggesting that hexagonal ice crystals will form.

5.1.4 Templating based on Electrostatic Interactions and Layer-by-Layer

Self-Assembly

An alternative, highly versatile templating route, commonly known as layer-by-

layer assembly (LbL) can be achieved through the exploitation of electrostatic

interactions and van der Waals forces between oppositely charged species

resulting in alternating adsorption or deposition. This technique was first

demonstrated by Her in 1966, when oppositely charged colloidal silica and

alumina particles were selectively assembled onto a glass substrate[244) and has

since been used to prepare an extended portfolio of hybrid materials with

different architectures including multi component films, [245-247] hollow

nanotubes, [248,249]and core shell particles. [250-253]

Core shell particles and hollow capsules have attracted significant interest due to

their extended range of potential applications as delivery systems for the

controlled release of drugs, cosmetics and dye molecules, catalyst supports and

light-weight composites.l'?: 251,254,255]The fabrication of these materials is based

on alternate LbL assembly of a range of polymers, inorganic nanoparticles or

biomolecules on a core template, for example latex, polystyrene particles or other

inorganic and metal particles, followed by removal of the template using thermal

(calcination) or chemical dissolution techniquesys5] For example the Caruso

group fabricated core-shell particles composed of titania by alternating templated

layers of an anionic titanium precursor and a cationic polyelectrolyte,

poly( diallyl dimethyl ammonium chloride). (PDADMAC) on polystyrene (PS)

particles, followed by removal of the PS core using calcination (Figure 5.5).[252]

Uniform. hollow spheres have additionally been fabricated from a range of

inorganic materials including, for example, silica,[250,256]zeolite (silicalite),[206]
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titanium dioxide[257] and magnetite (Fe304)Y58] The main advantage of LbL

assembly is control of both the structural composition and morphology of the

assembled hybrid composite materials by careful selection of the type, diameter

and shape of the colloidal template in addition to the number of layers
deposited. [245,251,255]

Sequential Ad'lOrptlon .
01 Polydt.drolytrs•(I)

!TALH(')
o\dsorption

(2)

!
~ (2). (J) etc,

Figure 5.5 Schematic showing the procedure followed by the Caruso group to

construct hollow titania spheres, using titanium (IV) bis( ammonium lactate)

dihydroxide (TALH) as a water-soluble and stable inorganic precursor and PS

beads which were initially coated with three alternating PDADMAC/PSS layers

with associated TEM images of (a) Uniformly coated PS spheres with five

TALH/PDADMAC layer pairs and (b) the corresponding high magnification

image showing the surface of the beads. [252]

The assembly of CNTs using LbL assembly has, additionally, been of interest as

an alternative route to fabricate hybrid CNT materials. The formation of self-

supporting and mechanically strong CNT -polymeric multilayer hybrid films was

reported to be extremely successfully using the LbL approach, enabling the film

- 147 -



thickness and CNT content to be tightly controlled, by varying the concentration

and number of layers of CNT deposited. [259,260]

This strategy was further extended to produce composite core-shell particles and

hollow capsules or cage-like structures based on the assembly of single-walled

(SWNTs) and multi-walled (MWNTs) carbon nanotubes onto the surface of a

range of spherical templates including amine-functionalised silica gel,

poly(methacrylic acid), (PMAA) microspheres, polystyrene (PS) beads, silica

nanoparticles and melamine colloidal particles.[26I] Alternatively, sophisticated

SWCNT and MWCNT-polymeric assemblies could be prepared by adsorbing

CNTs onto preformed heaxagonal arrays of PS beads deposited on external

substrates to produce hemi-spherical arrays of CNT coated microspheres with

application, for example, as a sensor device in the detection of uric acid, which is

highly relevant in the diagnosis of certain diseases.[262] Subsequent removal of

the colloidal PS bead template by slow sintering resulted in the formation of

CNT -based polymeric films with a curved morphology based on the hexagonal

templated array of spherical beads, as shown in Figure 5.6. [263]

a) , LBL assembly

b) , Sintering

Cross section

t
Figure 5.6 Schematic showing the preparation of CNT -polymeric films

comprising (a) the LBL assembly of CNTs onto a hexagonally ordered array of

PS spheres, followed by (b) sintering of the array, to remove the PS bead

template and form a CNT-polymer film as shown in the cross-sectional image on

the right hand side. [263]
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Despite the successful application of the LbL strategy to the assembly of CNTs,

this approach has not been extended, to date, to the assembly of graphene sheets

to form highly-ordered graphene-based nanocomposites. This chapter

demonstrates for the first time, the application of electrostatic induced assembly

to the organisation of graphene sheets to produce graphene-polymer

nanocomposites with higher order three dimensional architectures.

5.1.5 The Applications of Graphene Sheets in Nanocomposites

As a relatively 'young' material few reports, to date, have investigated the

fabrication of more complex graphene-based architectures, exploiting self-

assembly and ternplating techniques, some of which have already been

introduced in this section. Recent reports have shown that graphene sheets can be

used as fillers in polymeric matrices. Studies of interest include work conducted

by Verdejo and co-workers, which demonstrated the fabrication of graphene-

based silicone foam nanocomposites, prepared from thermally-derived

functionalised graphene sheets.[264] These nanocomposite foams exhibit efficient

heat dissipation properties, making them potentially applicable in the production

of lightweight and thermally stable materials. Alternative studies by Stankovich

and co-workers demonstrated the preparation of graphene-based polymer

nanocomposites by incorporation of chemically modified graphene sheets, in a

polystyrene host matrix to produce an electrically conductive nanocomposite, at

a percolation threshold of 0.1 volume per cent.[169] More recent work by Liang

and co-workers demonstrated the fabrication of graphene oxide-poly(vinyl

alcohol) nanocomposites, with enhanced mechanical properties.[265]

However, despite several examples of the application of graphene and graphene

oxide sheets in the preparation of graphene-based nanocomposites, as discussed

above, there are no known reports to date reporting the use of templating routes,

as a means of fabricating highly-ordered, three-dimensional graphene-based

composites with complex architectures. The work discussed in this chapter

investigates the application of ice-templating and electrostatically-induced

assembly for the formation of graphene-based structures with sophisticated

architectures.
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5.2 Materials

All materials were purchased from Aldrich, UK and used without purification,

unless otherwise stated.

5.2.1 Preparation of Graphene Oxide

As described in section 4.3.1.

5.2.2 Preparation of Polystyrene Sulfonate-Stabilised Graphene

Dispersions (PSS-G)

Chemical Molecular Formula Supplier

Poly (sodium 4-styrene 70,000
sulfonate) (PSS), sodium salt Aldrich

0=5=0

I
ONa

Hydrazine hydrate Aldrich

Graphene oxide (GO) Synthesised as described in chapter 4
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5.2.3 Polymer-Based Ice Templating of PSS-G Dispersions

Chemical Molecular Formula Supplier

Poly(vinyl alcohol)
(PVA)

r ?Hl
~ 70,000

n

Aldrich

PSS-G As described in section 5.2.2

5.2.4 Polystyrene Bead Templating of PSS-G Microspheres

Chemical Molecular Formula Supplier

Poly (allylamine hydrochloride),
PAH

r (:~~ 8500-

~ 11000
n

Aldrich

Poly (4-styrene sulfonate), PSS As described above Aldrich
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5.3 Experimental Details

5.3.1 Preparation of Graphene Oxide based on the Hummers-Offeman

Route

Graphene oxide was prepared as discussed in section 4.3.1.

5.3.2 Preparation of Polystyrene Sulfonate-Stabilised Graphene

Dispersions

A stable dispersion of GO sheets (10 mgml."), prepared as described previously

(section 4.3.1), was sonicated for 2 hours to ensure complete exfoliation and

subsequently dialysed (12-14 kD cut oft) for 2 hours to remove any excess salts

and acids. The dispersion was centrifuged for 20 mins (3000 rpm), to remove the

non-exfoliated material and the supernatant, containing the exfoliated GO sheets

was removed. The GO supernatant (ranging, in general, from 7-9 mgml,") was

diluted further to obtain solutions with a concentration of 1 mgml.". Polystyrene

sulfonate-stabilised graphene sheets (PSS-G) were prepared referring to a

method developed by Ruoff and co-workers, as follows. [149] A stable dispersion

of the exfoliated GO sheets (10-20 mL, 1 gL-I) was mixed with hydrazine

hydrate (0.5-1 mL, 17.7 mM) and PSS ( 10-20 mL, 10 gL-1, Mw= 70000,0.143

mM) and heated at 100°C for 24 h. Excess polymer and hydrazine hydrate were

removed by repeated centrifugation and washing cycles (13200-20,000 rpm, 20

mins-l h), followed by redispersion of the PSS-stabilised graphene nanoplatelets

in deionised water.

5.3.3 Ice Nucleation-Induced Templating of Macroporous PVA Monoliths

Poly(vinyl alcohol) (PVA) monoliths were prepared similar to previously

reported protocols. [209,229] PVA (0.5 mL, 1-10 wt. %, Mw= 70,000) was added to

water (0.5 mL) and homogenised using a pipette. The resulting mixture was then

transferred to a 1 ml insulin syringe and immersed in liquid nitrogen at constant

dipping rates (2.0, 5.9 or 10.0 mm min-I). The unidirectionally frozen cryogels

were subsequently freeze-dried for 24-48 h and removed from the syringes as
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intact white monoliths. Cross-sections and longitudinal (vertical) sections were

prepared by cutting with a sharp razor blade, for SEM and mechanical analysis.

5.3.4 Ice Nucleation-Induced Templating of Macroporous PSS-G/PVA

Monoliths

PVA (0.5 mL, 5 wt. %, Mw= 70,000) was added to a PSS-G dispersion (0.5-1.5

mL, approx concentration ranged from 0.1-0.5 wt.%) and homogenised using a

pipette. PSS-G:PV A weight ratios between 1:5 and 1:10 were typically used. The

resulting mixture was then transferred to a 1 ml insulin syringe and immersed in

liquid nitrogen at a constant dipping rate (5.9 mm min-I). The unidirectionallly

frozen cryogels were subsequently freeze-dried for 24-48 h and removed from

the syringes as intact black monoliths. Cross-sections and longitudinal (vertical)

sections were prepared by cutting with a sharp razor blade, for SEM and

mechanical analysis.

5.3.5 Mechanical Testing of the Monoliths

Compression testing of the PVA control and PSS-G/PV A monoliths was

conducted using a TA-XT plus texture analyzer (load cell = 50 N), at room

temperature. Specimens for testing were approximately 4 mm in radius and

length and were cut from the different sections of the main scaffold with a sharp

razor blade. Stress versus strain measurements were plotted at a compression rate

of 0.06 mm S·I.

5.3.6 Polystyrene Bead Templating of PSS-G Microspheres

Positively charged polystyrene (PS) beads (diameter = 990 nm, Bangs

Laboratories, Inc.) were prepared by addition of 0.5 mL of poly (allylamine

hydrochloride) (PAH, 1 mgml," in 0.5 M NaCI, Mw= 8,500-11,000) to 0.5 mL of

a 2.5 wt. % dispersion of polystyrene beads. The mixture was left for 30 min and

then repeatedly centrifuged (3000 rpm, 20 mins, 3 times) and washed to remove

excess polymer, redispersing the beads in deionised water after each step. Zeta

potential measurements were obtained to confirm adsorption of PAH onto the
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surface of the beads. Prior to use the PAH-coated PS beads were sonicated for

10-30 mins in an ultrasonicator bath to disassemble any large aggregates.

Graphene-wrapped polystyrene beads were prepared by adding 100-200 JlL of

PAH-coated polystyrene beads (typicaI2.5 wt% aqueous solution) to 250 ul. ofa

PSS-G dispersion (0.02-0.1 wt%). The solution was vortexed at high speed for

20-30 s. A black precipitate was immediately observed and isolated using

centrifugation (3000 rpm, 10 min), followed by washing, redispersion in

deionised water three times to remove residual and unattached PSS-G sheets

followed by drying overnight.

5.3.7 Chemical Removal of Sacrifical Core Template

Dissolution of the polystyrene-bead template was achieved by immersion of

dried PSS-G/PS bead composite in toluene for 15-20 mins, at room temperature.
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5.4 Results and Discussion

5.4.1 Characterisation of Poly(sodium styrene sulfonate) Stabilised

Graphene Dispersions

Black, aqueous dispersions of polystyrene sulfonate-stabilised graphene sheets

(PSS-G, zeta potential = -30.51 mV) were readily prepared as described in

section 5.3.2 using a previously reported method,P49] involving the chemical

reduction of hydrophilic aqueous suspensions of GO, in the presence of

polystyrene sulfonate and hydrazine hydrate, with heating under reflux for 24 h

at 100 QC. The PSS-G dispersions were highly stable, compared with control

samples prepared in the absence of PSS, which contained aggregated black

material (Figure 5.7a-b).

Figure 5.7 Photographic images showing (a) an aggregated sol of reduced GO,

prepared in the absence of PSS and (b) a PSS-stabilised graphene sol, which was

stable for several months.
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As demonstrated in the case of GO, the morphological features of the PSS-

stabilised graphene sheets were successfully observed using transmission

electron microscopy (TEM). TEM images of PSS-G dispersions revealed highly

translucent sheets ranging from 166 nm to 1.516 urn in lateral dimensions, with

an average size of 549 nm (Figure 5.8a-d). The atomically thin nature of the

sheets can be observed from the folds and curled edges (Figure 5.8, arrows).

Energy dispersive X-ray analysis (EDXA) on individual sheets showed a high

intensity sulfur Kalphapeak at 2.308 KeY, confirming the presence of polystyrene

sulfonate (Figure 5.8c).

Figure 5.8 TEM images of exfoliated PSS-graphene sheets (Ratio = 10:1)

showing examples of (a) folded edges, demonstrating the sheet flexibility, (b)

edge features from highly transparent overlapping sheets, (c) overlapping sheets

and (d) apparent crinkled features corresponding to in-plane defects or rolled

edges. EDX analysis is shown inset in Figure (c) demonstrating the presence of

sulphur from the PSS stabilising polymer, which effectively functionalises the

surface of the graphene sheets.
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Additional evidence for the ultra-thin nature of PSS-stabilised graphene sheets

was obtained from atomic force microscopy (AFM) images. Height images

(Figure 5.9a, c) and associated height profiles (Figure 5.9b, d) of dilute PSS-G

dispersions, dried on freshly cleaved mica, enabled calculation of the thickness

of graphene sheets with respect to the mica substrate. Analysis of the height

profiles, revealed individual sheets with a roughened surface morphology and

initial height steps of 2-2.2 nm, approximately 2 nm smaller than previously

reported by Stankovich and co-workers (Figure 5.9b, d; step i).[149] Additional

steps of 1.2 and 1.6 nm were observed due to the presence of adsorbed polymer

and in-plane buckling or crinkling, respectively (Figure 5.9b, d; step iii). In

comparison with previously reported AFM data of graphene oxide sheets

(Chapter 4, section 4.4.1) which demonstrated the thickness of GO sheets to

range from 1-1.5 nm, PSS-coated sheets were up to a nanometre larger in

thickness corresponding to a single atomically thick sheet of graphene with a

layer of polymer adsorbed on both the upper and lower surface. Three-

dimensional images (Figure 5.10) further highlighted the roughened surface

morphology of the sheets due to the uneven adsorption of PSS on the surface of

the sheets.
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(a)

16 nm

o nm

x: 1.20 pm
y: 1.20 urn

(b)

5.4 nm

0.0 nm

x: 1.00 urn
y: 1.00 urn

Figure 5.10 Three-dimensional AFM images of (a) figure 9a and (b) figure 9c.
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PXRD analysis of PSS-G films, dried onto Si wafer substrates at room

temperature, using evaporation-induced assembly, presented a low angle

reflection at 28 = 5.4°, that corresponded to an expanded interlayer doolspacing

of 1.64 nm (Figure 5.11) which was 0.88 nm larger that the interlayer dool

spacing observed for GO (See chapter 4). As observed with ssDNA-stabilised

graphene sheets, discussed in chapter 4, PSS-G forms an ordered mesolamellar

nanostructure, when dried into a film, comprising a stacked arrangement of

graphene sheets intercalated with a monolayer of surface-adsorbed PSS polymer

chains. This was not reported originally by Stankovich and co-workers.[149]
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Figure 5.11 Powder X-ray diffraction (PXRD) data showing dried PSS-G film

with low angle doo!, do02, docs and do04 reflections (see table 5.1 for positions),

indicating the formation of an expanded meso lamellar graphene-based structure

due to the intercalation of PSS between a stacked array of graphene sheets.

Sample 2 Theta
d-spacing (nm)

hkl indices
Experimental Theoretical

5.37 1.64 - 001

PSS-Graphene 11.83 0.747 0.82 002

22.84 0.388 0.41 004

Graphene Oxide 11.6 0.759 - 001

(GO) 22.0 0.403 - 002

Table S.l Summary of 28 values, d-spacing and corresponding hkl indices for

the peaks observed in the PXRD pattern of graphene oxide (GO) and PSS-

stabilised graphene sheets.
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X-ray photoelectron spectroscopy (XPS) was consistent with previously reported

data[149,193,194]Analysis of the carbon Is (C Is) peak area of PSS-G (Figure

5.l2a, Table 5.1) indicated the presence of a dominating peak at a binding

energy of 284.5 eV (72 %, compared with 81 % in graphite) associated with

effective restoration of the aromatic carbon atoms (C=C). Additional peaks were

observed at binding energies of 285.3 eV (21 %),286.6 eV (6 %) and 288.6 eV

(1 %) corresponding to a small percentage of residual phenol (C-O), epoxide (C-

O-C) and carbonyl or carboxylate (C=O/C(O)O) groups, respectively, on the

basal planes and edges, which unfortunately could not be completely removed

using chemical reduction with hydrazine hydrate. The peak at 285.3 eV, which

contributes towards 20 % of the total carbon atoms present, is consistent with the

presence of sulfur atoms bonded to carbon atoms in PSS (C-S), as seen in the C

Is spectrum of PSS (Figure 5.l2e, Table 5.1), providing further complimentary

evidence for the presence of PSS on the surface of the graphene sheets. [149]

AdditionalO Is XPS ofPSS-G (Figure 5.l2b, Table 5.2) provided evidence for

the presence of some residual oxygen containing groups, in addition to oxygen

atoms originating from PSS. Analysis of the oxygen Is (0 Is) peak area

presented a broad band composed of contributions from S=O groups in PSS

(71%,531.1 eV), as seen in the 0 Is spectrum ofPSS (Figure 5.l2d, Table 5.2)

and residual oxygen-containing functional groups originating from the graphene

sheets including phenol, carbonyl, epoxide and carboxyl group (23 %, 533.4 eV).
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282

(a)

292 290 288 286 284

(b)

Binding Energy (eV)

280 540 538 536 534 532 530 528 526
Binding energy (eV)

(c)

290 288 286 282284
Binding energy (eV)

(d)

280 540 538 536 534 532 530 528 526
Binding energy (eV)

Figure 5.12 (a) C Is and (b) 0 Is XPS data ofPSS-G, respectively; (c) C Is and

(d) 0 1s XPS data of a control film of PSS.
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SAMPLE
% Composition

(Binding Energy (ev)

C=C/C-C

Graphene Literature (283.6/284.6, C-OH C-S C-O-C C=O/ C(O)O
V 1 [193,194] 283.6-charging (285.7) (285.2)[149] (286.7) (288.0/289.1 )a ues

effects)

81.3 11.4 5.6 1.7
Graphite -

(284.5) (285.55) (286.74) (288.17)

9.8/85.4 4.8 (C-S)
PSS - - -

(283.6/284.9) (286.2)

72.2 20.7 6.3 0.8
PSS-Graphene

(284.48) (285.33) (286.55) (288.57)

Table 5.2 Summary of percentage composition of carbon functional groups in

XPS of PSS-stabilised graphene, compared with graphite, with their associated

peak positions in brackets.

SAMPLE
% Composition

(Binding Energy (eV»

C-OH (532.9-533.6)
Charged

Literature PSS-Na+ S=O C=O (532.3) C(O)-OH

(530.7)[2661 (531.72)1192] (534.2)[19IJ
O-H or

Values C-O-C (Epoxide, 533.1)

Physioadsorbed H20 1192]
C=O

Graphene 10
- - 90 (532.82) -

Oxide (534.47)

15
PSS 4.3 (530.3) 80.7 (531.9) -

(536.4)

71.2 6.3
PSS-G - 22.6 (533.42)

(531.71) (536.01)

Table 5.3 Summary of percentage composition of oxygen functional groups in

XPS of PSS-stabilised graphene, compared with graphite, with their associated

peak positions in brackets.
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Fourier-Transform Infra-red (FT-IR) and UV-visible (UV-Vis) spectroscopy

provided supporting evidence for the restoration of electronic conjugation to the

graphene sheets, in addition to, the association of PSS with the graphene sheets,

contributing to their stabilisation. The FT-IR of PSS-G (Figure 5.11, Table 5.4)

showed that reduction of GO, in the presence of PSS, resulted in the loss of the

carbonyl/carboxyl and epoxide bands at 1718 and 1225 ern", respectively which

were instead replaced by a sulfonate band at 1075 cm", inherit of PSS polymer

chains on the surface of the graphene sheets.

UV -Vis spectroscopy displayed, in the case of GO, a typical absorption band at

231 nm, as discussed in chapter 4, which was shifted to a band at 270 nm, after

treatment with hydrazine hydrate, exhibiting significant restoration of in-plane

electronic conjugation (C=C) (Figure 5.12). Furthermore, an additional band at

227 nm, inherent of PSS provided significant evidence for the association of

polymer with the surfaces of the graphene sheets. [267]
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Figure 5.13 FT-IR spectrum of (a) graphene oxide (GO), from chapter 4, (b)

PSS-stabilised graphene dispersions.

Sample Peak Shift (cm") Assignment

GO PSS-G

3378 3437 O-H Stretch

2775 (broad) 2919/2850 C-H Stretch (alkyl)

1718 - C=O Stretch (carbonyl)

1624 1627 C=C Stretch

- 1449 C-H Deformation (alkyl)

1385 - O-H Deformation

1225 - C-O Stretch (epoxide/hydroxyl)

- 1075 S=O /C-C skeletal vibration

1052 - C-C skeletal vibration

831 Epoxide ring vibration

Table 5.4 Table showing the FT-IR peak assignments for dried, PSS-stabilised

graphene dispersions.
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Figure 5.14 UV-Vis spectra of (a) graphene oxide, showing absorption band at

231 nm associated with oxidised conjugated carbon centres, and (b) PSS-G

sheets showing bands at 227 and 270 nm corresponding to PSS and reduced

graphene sheets, respectively.
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5.4.2 Ice-Crystal Templating (ISISA) of Poly(vinyl alcohol) Control

Solutions

Previous reports involving the application of the ice-segregation induced self-

assembly (ISISA) technique demonstrated that the morphology of cryogenically

processed monoliths is effected by a range of variables, including the

composition of solutets), solute(s) concentration and molecular weight (Me),

freezing rate, freezing direction and the size and shape of the mould that the

solute is frozen inY30jThe porous morphology produced is ultimately based on

the size and shape of ice crystals that form during the unidirectional freezing

procedure, and this is fundamentally controlled by the factors listed above. As a

consequence of this, there are a vast number of potential studies that can be

conducted to fabricate scaffolds with finely tuned meso- and macroporous

morphologies.

The primary aim of this chapter was to demonstrate the application of ISISA

processing to aqueous dispersions of graphene sheets to fabricate macroporous

monoliths. In general, the samples were transferred to 1 mL plastic, insulin

syringes and unidirectionally frozen at freezing rates of 2, 5.9 and 10 mm min"

in liquid nitrogen, as shown in the experimental set-up in Figure 5.15. Initial

attempts to freeze aqueous dispersions containing PSS-stabilised graphene

dispersions were unsuccessful, possibly due to the low solution viscosity and

concentration, which contributed to the formation of scaffolds with poor

mechanical properties. In order to provide structural stability to the graphene-

based monoliths, an additional polymer was initially mixed with the graphene

dispersion, prior to freezing, to provide precursor homogeneous sols with a

higher viscosity than graphene dispersions alone.
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Figure 5.15 Photograph showing the experimental set-up for uni-directional

freezing.

Previous investigations demonstrated that there are a range of polymeric

materials that can be cryogenically processed using the ISISA technique to

produce scaffolds with meso- and macroporous morphologies, including

poly(vinyl alcohol) (PVA), chitosan, agar and a range of alternative biopolymers,

as discussed in section 5.1.2. PVA proved to be an ideal candidate, for this study,

due to its water-solubility and compatibility with PSS-G to form aqueous,

homogenous sols. Furthermore, previous reports showed that PVA sols can be

successfully cryogenically processed individually and in combination with

various additives including silica (Ludox particles), cerium oxide colloidal

suspensions and biomolecules to produce self-supporting, functional

microporous monoliths. [209,229] In order to choose an appropriate concentration of

PVA to combine with PSS-G sols, a range of control PVA scaffolds were

prepared with variation of the polymer molecular weight and the freezing rate.

Poly (vinyl alcohol) (PVA) control monoliths were initially prepared by placing

aqueous polymer solutions (0.5 mL, 1, 5 and 10 wt.%, diluted with 0.5 rnL H20)

into 1 mL insulin syringes, which were subsequently uni-directionally frozen at
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constant dipping rates of 2, 5.9 and 10 mm min-I by lowering the syringe

perpendicularly into liquid nitrogen (-196 QC). Once completely immersed in

liquid nitrogen, the samples were kept in a liquid nitrogen bath (1-2 h), before

being freeze-dried for 24-48 hours to remove the ice crystals by sublimation,

resulting in the formation of intact, white, handleable monoliths, which were

typically 5 cm in length (Figure 5.16).

(a)
(b)

Figure 5.16 Photographic images ofPVA control monoliths (2.5 wt.%) prepared

by the ISISA technique at dipping rates of 5.9 mm min-I, (a) before removal from

the syringe showing the different sections X (immersion end), Y and Z and (b)

after removal from the syringe showing white, handleable monoliths, scale bar is

approximately 1 cm.

The effect of variation of the concentration of PVA on the monolith formation

was initially investigated. PVA monoliths prepared at the lowest concentration

(0.5 wt.%) exhibited poor mechanical properties and as a result could not be

removed from the syringes and cut into sections for further analysis. This is a

consequence of the small amount of polymeric matter in the solution which

cannot support the macroporous channel formation. Scaffolds prepared at higher

concentrations (2.5 and 5 wt.%) were much stronger but care was still required

when cutting the scaffolds into sections for morphological assessment, to ensure

their structure was not greatly distorted. Unfortunately, sections from the Z

region could not be analysed as this region was particularly soft and as a result,

difficult to cut efficiently without damaging and distorting the shape of the

monolith. For this reason, the morphology of sections from the regions proximal

to the immersion end (X) and in the middle of the scaffold (Y) were investigated.

The effect of the freezing rate on the monolith formation, in addition to PVA

concentration, was subsequently investigated. Closer inspection, using scanning
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electron microscopy (SEM) analysis, of cross and longitudinal sections obtained

from regions proximal to the immersion end of the syringe (X) and in the middle

(Y) of the monolith showed that the monoliths were highly porous (Figures

5.15-5.18). Furthermore it was apparent that the pore diameters and shapes were

highly dependent on the initial concentration of PVA, the freezing rate and the

area of the scaffold being examined (section X or V).

SEM images of cross-sections from the X regions of control PVA scaffolds (2.5

wt.%) displayed pores with a distorted, spherical shape (Figure 5.17a-c). In

general scaffolds prepared at the lowest dipping rate of 2 mm min-I displayed

smaller pores observed at the centre, with average diameters of 6.93 urn and

larger pores at the edges, with larger, average pore sizes of 19.5 urn (Figure

5.17a). Increasing the freezing rate, displayed comparable, irregularly shaped

pores with average diameters which decreased in size with increasing freezing

rate, measuring 12.1 and 7.2 urn for dipping rates of 5.9 and 10 mm min-I,

respectively (Figure 5.17b-c).

In comparison, SEM images of sections taken from the central region (Y) of the

scaffold prepared at the slowest freezing rate of 2 mm min-I, revealed, in general,

well-defined, cross-linked pores, with increased average diameters of 23.6 urn

(Figure 5.17d). In contrast, SEM images from the comparable regions (Y) of

scaffolds prepared at faster freezing rates of 5.9 and 10 mm min-I revealed the

formation of layered architectures, consisting of poorly connected parallel layers

of PYA sheets (Figure 5.17e-t). (Average pore diameters and ranges are

summarised in Table 5.5).

Furthermore SEM images of longitudinal sections of control PVA scaffolds (2.5

wt.%), cut parallel to the direction of freezing, revealed well-aligned

macroporous channels. In general, the channels observed in the region proximal

to the immersion end (X) were not as well defined as in the central region (Y).

The average separation of the channels in the central region of the scaffold (Y)

was 30.2, 33.0 and 32.5 urn at freezing rates of 2, 5.9 and 10 mm min-I,

respectively, showing a high degree of consistency (Figure 5.18).
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Figure 5.17 Cross-sectional SEM images of PYA monoliths (2.5 wt.%)

originating from (a-c) the X and (d-f) Y regions, respectively, prepared at

dipping rates of (a, d) 2 mm min-I, (b, e) 5.9 mm min-I and (c, f) 10 mm min-I.

Scale bars: (a), (c- f) = 20 urn and (b) = 50 urn (*).
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Figure 5.18 Longitudinal-sectional SEM images of PYA monoliths (2.5 wt.%)

originating from (a-c) the X and (d-f) Y regions, respectively, prepared at

dipping rates of (a, d) 2 mm min-I, (b, e) 5.9 mm min-I and (c, f) 10 mm min-I.

Scale bars: (a), (d-e) = 50 urn and (b-c) and (f) = 10 urn (*).
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Average pore diameters or

Freezing Rate (mm min-I)
channel separations (*)/J.1m
(Pore diameter ranges/um)

X region Y region
Interior: 6.9 J.1m

2 (0.57-18.9 urn) 23.61lm
Exterior: 19.5 urn (3.0-71.4 J.1m)
(4.9-43.9 urn)

5.9 12.1 um 26.5 urn (*)
(1.4-42.6 urn) (23.7-28.7J!.ml

10 7.21lm 33.3 urn (*)
(0.9-20.9 urn) (15.7-86.3 urn)

Table 5.5 Average pore diameters and ranges of cross-sectional images of PYA

scaffolds (2.5 wt. %).

Cross-sectional SEM images of the X regions of PVA scaffolds, prepared at an

increased concentration (5 wt. %) revealed similarly porous morphologies

(Figure 5.19). In general, the average pore diameters decreased in size with

increasing freezing rates, as observed previously with the PVA scaffolds

prepared at a lower concentration (2.5 wt. %). Average pore diameters and

ranges are summarised in Table 5.6. Scaffolds prepared at the lowest freezing

rate (2 mm min-I) displayed inter-connected channels, with an average pore

diameter of 15.2 urn (Figure 5.19a). In comparison, PYA scaffolds prepared at

an increased freezing rate (5.9 mm min-I) displayed pores with a reduced average

pore diameter of 6.2 urn (Figure 5.19b). Furthermore, scaffolds prepared at the

fastest freezing rate (10 mm min-I) displayed an irregularly-shaped, closed

porous network, containing small pores, with average diameters of 4.5 urn

(Figure 5.19c)

Comparable cross-sectional, SEM images of PVA scaffolds (5 wt.%) from the Y

region displayed lamellar architecture, with the separation and nature of the

channels dependent on the freezing rate. Images from scaffolds prepared at a

freezing rate of 2 mm min-I revealed well-defined walls, with an average

thickness and separation of 33.4 and 16.3 J.1m,respectively. Interestingly, the

walls of these structures were composed of highly sophisticated porous pillars.

Increases in the freezing rate to 5.9 and 10 mm min-I produced similar lamellae

structures with "fish-bone" morphology, as reported previously by the Cooper
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group. [209] The channels were separated by an average distance of 9.2 and 44.4

urn for freezing rates of 5.9 and 10 mm min-I, respectively (Figure 5.1ge-t).

SEM images of longitudinal sections of PVA scaffolds (5 wt.%) from region X,

displayed aligned macroporous channels for freezing rates of2 and 5.9 mm min-1

corresponding to the direction of the growth of the ice crystals, which is

consistent with the freezing direction (Figure 5.20a-c). In the case of freezing at

the fastest rate of 10 mm min-1 the channels were extremely poorly defined

(Figure 5.20c). Analysis of sections originating from region Y, displayed, on the

other hand, well-alligned channels (Figure 5.20d-t).

- 175 -



Figure 5.19 Cross-sectional SEM images ofPVA monoliths (5 wt.%) originating

from (a-c) the X and (d-f) Y regions, respectively, prepared at dipping rates of (a,

d) 2 mm min", (b, e) 5.9 mm min-I and (c, f) 10 mm min-I. Scale bars: (a-d) = 20

11mand (e-f) = 50 11m(*).
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Figure 5.20 Longitudinal-sectional SEM images of PYA monoliths (5 wt.%)

originating from (a-c) the X and (d-f) Y regions, respectively, prepared at

dipping rates of (a, d) 2 mm min-I, (b, e) 5.9 mm min-I and (c, f) 10 mm min-I.

Scale bars: (a) = 100 urn (*) and (b-f) = 20 urn.
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Average separation of channels/um
Freezing Rate (mm min-I) (Pore diameter ranges/am)

X region Y region
16.3 J.Lm

2 15.2 urn (5.4-28.7 J.Lm)
(7.3-25.6 J.Lm) Thickness of walls: 33.4 urn

(20.9-46.8 Ilm)

5.9 6.2 urn 9.2 J.Lffi
(1.4-14.5 urn) (3.0-21.1 urn)

10 4.5 urn 44.4 um
(1.0-13.0 urn) (28.7-56.3 J.Lm)

Table 5.6 Average pore diameters and ranges of cross-sectional images of PYA

scaffolds (5 wt.%).

Both the X and Y regions of the PYA scaffolds (5 wt. %) displayed a degree of

radial heterogeneity in the cross-sectional images, with larger pores observed at

the exterior of the scaffold and smaller pores observed in the interior. This

observation was similarly reported by Gutierrez et al. (229) The extent of this effect

increased with increases in the freezing rates, demonstrating an increase in the

area of the non-porous core, as shown in the SEM images in Figure 5.21. This

observed heterogeneity may be due to inefficient cooling of the monolith due to

increasing freezing rates, which impedes the formation of ice crystals at the core

but enables effective ice crystal formation to occur at the periphery.
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Figure 5.21 Cross-sectional SEM images ofPVA scaffolds C5wt. %) prepared at

dipping rates of ia) 2 mm min-I, (b) 5.9 mm min-I and Cc) 10 mm min-I, showing

an increase in the degree of radial heterogeneously with increasing freezing rate,

scale bar = 0.5 mm.
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In summary, the application of the ISISA technique to PYA, appears to produce

monoliths with different degrees of macroporosity, depending on the section of

the monolith being investigated (region X or Y), the concentration of PVA (2.5

or 5 wt. %) and the freezing rates (2, 5.9 or 10 mm/min). Ultimately the

morphological features that are produced are directly controlled by the size of ice

crystals that form.

Investigation of different areas of the scaffold presented varied morphologies. In

general, the middle regions of the scaffold (Y) displayed more regular and well-

defined features, forming either interconnected porous or lamellar architectures.

In comparison the regions proximal to the immersion end presented less well-

defined features and smaller, closed pores. These regional variations may be due

to the presence of temperature gradients in the monolith, which will have a

retarding effect on the formation of ice crystals in the scaffold. One reason for

the temperature gradient is related to the fact that liquid nitrogen is a poor

thermal conductor, which means that regions proximal to the immersion end will

not be effectively cooled and frozen, contributing to the formation of smaller ice

crystals and irregularly shaped pores. [229)

Increasing the concentration of PVA from 2.5 to 5 wt. %, appeared to contribute

towards the formation of macroporous structures with increased order after

sublimation of the ice crystals. Although previous reports predict that increases

in the concentration of PVA impede the ice crystal growth, there are additional

factors which influence the crystallisation processY29, 268) In particular, the shape

and size of the polymer, including the molecular weight and degree of hydrolysis

will determine the effectiveness of ice crystal formation in PVA solutions.

Indeed, these results demonstrate that increases in the PVA concentration

provided more structural integrity to the macroporous channel, possibly due to

the presence of an increased amount of matter in the walls and therefore

contributed to the formation of larger channels and pores.

Variation of the freezing rate for PVA scaffolds (2.5 wt. %) demonstrated a

general decrease in the pore diameters for scaffolds obtained from region X, with

increasing freezing rates. This similar trend was more evident in scaffolds with a
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higher PYA concentration (S wt. %), with pore diameters decreasing from IS.2

to 4.S urn, as the freezing rate was increased from 2 to 10 mm min-I,

respectively. This is intuitive because lower freezing rates provide more time for

ice crystallisation to occur, contributing to the formation of larger ice crystals.

In comparison, SEM analysis conducted on PYA scaffolds (2.S wt. %) from

regions obtained from the middle of the scaffold (Y), demonstrated that the

slowest freezing rate in general produced porous macroporous morphologies,

with increases in the freezing rate contributing to the formation of lamellae

channels. In comparison, PYA scaffolds at a higher concentration (S wt.%)

demonstrated the consistent formation of lamellae features, with the slowest

freezing rate producing channelled structures with well-defined thick walls and

open porous channels, again possibly as a result of the increased amount of time

for ice crystals to form contributing towards the formation of large ice crystals.
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5.4.3 Ice-Crystal Templating (ISISA) of PSS-G/PV A Homogeneous

Solutions

As discussed previously in this chapter, in order to fabricate graphene-based

scaffolds which are self-supporting, an additional polymer is required to provide

structural support to the scaffold. As demonstrated in the previous section, ISISA

processing of PVA solutions, with concentrations of 2.S and S wt. %, resulted in

the formation of white monoliths with macroporous architecture. For this reason,

PVA was chosen to fabricate PSS-G/PV A composite scaffolds. Given the

previous observations, an optimum PVA stock sol concentration and freezing

rate of Swt. % and 5.9 mm min-I, respectively were chosen to investigate the

formation of PSS-G/PV A scaffolds. PVA stock sols with lower concentrations

were desirable for a number of reasons. Firstly, the lower solution viscosity made

it easier to form homogeneous sols, which could be subsequently transferred to

the syringes for freezing. Furthermore, lower polymer concentrations are

favourable as they help to promote ice crystal formation on freezing and reduce

the degree of heterogeneity observed in the pore diameters. [229]

PSS-G/PV A monoliths were successfully prepared by combining PVA sols (0.5

mL, 5 wt. %) with PSS-G sols (0.5 mL, 0.5 wt.%). The PSS-G/PVA

homogeneous sols (1: 10 wt. ratio) were subsequently transferred to 1 mL

syringes and uni-directionally frozen in liquid nitrogen, as described previously

for PVA, resulting in the formation of black, handleable monoliths, which were

typically 5 cm in length (Figure 5.22). Importantly, the PSS-G/PV A monoliths

were fully intact and at first site appeared to be mechanically stronger, compared

to frozen monoliths prepared in the absence of PVA. SEM was applied for closer

inspection of the morphological features of the PSS-G/PVA freeze-dried

monoliths (1:10 wt. ratio), prepared at a freezing rate of 5.9 mm min-1 in the

regions proximal to the immersion end (X) and the centre of the scaffold (Y).

- 182 -



Figure 5.22 Photographic images of PSS-G/PV A freeze-dried monoliths

prepared by the ISISA technique, (a) before removal from the syringe showing

the different sections investigates X (immersion end), Y and Z; (b) at 1:5 wt.

ratio; (c) 1:10 wt. ratio; (d) 3:20 wt. ratio.

SEM images of cross-sections from region X displayed ordered, lamellar

architecture with poorly cross-linked channels separated by an average distance

of 5 urn, which ranged from 3.7 to 12.2 urn (Figure 5.23a-b). In comparison,

SEM images from the Y region displayed cross-linked, channel-like architectures

with larger pore diameters ranging from 5 to 25 urn (Figure 5.23c). Moreover,

higher-magnification SEM images of the lamellar region indicated that the walls

were approximately 1 urn thick and particularly textured, comprising a network

of loosely packed graphene sheets, embedded in the polymer matrix (Figure

5.23d). Furthermore, SEM images of longitudinal sections, displayed well-

alligned macroporous channels oriented in the freezing direction, as described

previously for PVA monoliths (Figure 5.24).
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Figure 5.23 Cross-sectional SEM images of PSS-G/PV A monoliths (1: 10 wt.

ratio), (a, b, d) from region X and (c) from region Y. Scale bars = 10 urn, figure

(a) and (c) and 1 urn, figures (b) and (d).

Figure 5.24 Longitudinal SEM images of PSS-G/PV A monoliths (1: 10 wt.

ratio), (a) from region X and (b) from region Y. Scale bars = 10 urn.
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5.4.4 Mechanistic Discussion for the Formation of Macroporous Scaffolds

The formation of macroporous architecture is ultimately controlled by the size

and shape of ice crystals that form during the freezing process which act as

templates and cause all matter residing in the aqueous solution to be segregated

to the external regions of the ice crystals. Therefore, in order to understand the

mechanism of formation of well-aligned scaffolds, attention must be placed on

the mechanism of formation of the ice crystals.

It is well known that cooling of water, below the freezing point, results in the

formation of crystalline ice. Ice crystallisation is highly dependent on the

freezing temperature and rate in addition to the presence of any external

impurities or components in the water and can be inhibited if the freezing rate

exceeds 106 °C/s and the freezing temperature drops below the glass transition

temperature (-137°C) in addition to increases in the solute concentration above a

certain threshold level.[269] In this study we demonstrated the effective ice-

templating of PVA and PSS-G/PVA solutions to produce macroporous

architectures, however there were significant variations in the size and shape of

the channels, with certain regions exhibiting larger pores compared to others.

The pore size is tightly controlled by the nature and concentration of the solute,

the freezing rate and freezing temperature. In general, large solutes and/or high

solute concentrations yield small crystals, while small solutes and/or low solute

concentration yield large one. Furthermore, variation in the scaffold morphology

can be created due to the generation of temperature gradients which form when

the sample is lowered into the liquid nitrogen, as follows,l230]

When samples are uni-directionally lowered into liquid nitrogen, a temperature

gradient is created, parallel to the freezing direction. Furthermore, an ice front is

created, which is located along the non-immersed section, perpendicular to the

direction of freezing. Diffusional heat losses cause the temperature at the ice

front to be greater than the temperature of liquid nitrogen (-196°C). As the

sample is gradually lowered into liquid nitrogen, the ice front moves further

away from the immersion end, with a corresponding further increase in the
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temperature, until it is high enough to promote ice crystal growth. In general,

larger ice crystals form at higher freezing temps and vice-versa. This means the

pore diameter is directly related to the distance from the immersion end. In

regions which are closer to the immersion end (region X), the freezing

temperature is lower, contributing to the formation of small ice crystals and as a

consequence of this smaller pores after sublimation of the ice. The size of ice

crystals are additional affected by the freezing rate. Fast freezing rates have the

consequence of reducing the gap between the ice front and the immersion end,

resulting in lower freezing temperatures and the formation of small ice
crystals.[230]

Furthermore, previous reports demonstrated that it is possible to grow ice-

crystals in the form of platelets, with a high aspect ratio, if steady-state

conditions are applied, contributing to the formation of lamellar microstructures

after sublimation of the ice, with the lamellae thickness dependent on the
freezing rate.[224]

5.4.5 Compressional Testing of the Ice-Templated Macroscopic Graphene-

Polymer Composites

The incorporation of PSS-G sheets into the walls of the PVA scaffold as

discussed in the previous section, did not appear to hinder the formation of

macroporous architecture. Furthermore, the preparation of sections for SEM

analysis demonstrated that the scaffolds were in general, much tougher to cut,

this led to further investigation of the mechanical and structural properties of the

PSS-GIPVA composite scaffolds. Mechanical testing was performed by applying

compressional loads to cylindrical sections (4 mm in diameter, 5 mm in length)

taken from regions proximal to the immersion end of the syringe (X) and the

middle region (Y) of both PVA control and PSS-GIPVA composite monoliths.

Stress-strain graphs acquired from mechanical testing displayed linear elastic

properties at low stress, followed by a collapsed plateau, indicative of failure of

the polymeric wall structure (Figure 5.25). Compressional moduli were

subsequently calculated from the linear slope of the elastic region. The small,

curved region observed in the initial stages of the graph corresponded to non
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conformed contact between the plate and the specimen, which contributed

towards an underestimate of the initial range of strains place on the sample.

Mechanical testing of the graphene-containing macroporous monoliths indicated

that although the structures had low average compressional moduli, these were

threefold higher then ISISA-derived samples of PVA scaffolds alone. Typical

values ranged from 1.49 to 5.65 and 0.23-1.87 MPa for PSS-G/PVA monoliths

(PSS-G/PV A wt. % = 1:50) and PVA scaffolds, respectively. Interestingly, the

mechanical properties of the scaffolds appeared to depend on the region tested.

In general, PVA monoliths derived from the region in the middle of the scaffold

(region Y) exhibited a tenfold increase in the Young's moduli, when compared

with the X region (Table 5.7). The opposite trend, however, was observed in the

case of PVA scaffolds reinforced with PSS-stabilised graphene sheets (PSS-G),

where a higher Young's modulus was observed in sections originating from the

region proximal to the immersion end of the syringe (region X).

This is consistent with previous SEM observations which demonstrated that in

the case of sections of PVA monolith, derived from the middle of the scaffold

(Y), a more ordered structure is displayed, compared with the X region,

contributing to a stronger matrix. In the case of PSS-G/PV A scaffolds, on the

contrary, where the X region appears to be stronger than the Y region, this may

be related to increased structural order in addition to gravitational effects causing

PSS-G sheets to sink to the bottom of the syringe, contributing to a greater

proportion of PSS-G sheets to be present in the walls of the macroporous matrix,

resulting in significant strengthening of the scaffold.

These preliminary results indicated that incorporation of PSS-G sheets into the

scaffolds appeared to increase the structural stability of the microstructured

walls. Further work in this area could investigate the effects of increase graphene

loadings and variation of freezing rate on the compressional properties of the

scaffolds.
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Figure 5.25 Stress-strain graphs of (a-b) PYA monoliths and (c-d) PSS-G/PVA

monoliths (1:50 wt. ratio). Samples (a,c) correspond to sections from region X

and samples (b,d) correspond to sections from region Y.

Sample
Young's Compressional Moduli (MPa)

X Region YRegion

0.290 2.002
PVA control scaffold

(0.23-0.36) (1.87-2.13)

5.168 1.636
PSS-G/PV A scaffold

(4.88-5.65) (1.49-2.07)

Table 5.7 Comparison of the Young's compressional moduli for control PYA

and PSS-G/PV A monoliths, from the X and Y regions.
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5.4.6 Electrostatically-Induced Assembly of PSS-G Dispersions onto

Colloidal Polymer Beads

In the previous section, unilamellar PSS-G sheets were successfully templated

into higher-order three-dimensional macroporous architectures, based on the

stepwise formation of ice crystal templates during unidirectional freezing

processes and their subsequent removal on sublimation. In this section,

templating of polymer-stabilised graphene sheets on the micro-scale is

investigated using electrostatic-induced assembly of negatively charged PSS-

stabilised graphene sheets and positively charged polymer coated colloidal beads

or microparticles.

As discussed in section 5.1.4, there are numerous reports demonstrating the

application of colloidal beads or particles, as templates for a range of organic

(biological), inorganic or polymeric materials, based on electrostatic-induced

assembly. In many case, these colloidal microparticles act as sacrificial templates

and can be readily removed by dissolution or calcination processes. As the

portfolio of particle templates is vast, this section seeks to demonstrate the

methodology of graphene templating on the micro-scale, through the application

of polystyrene particles (PS). PS beads were chosen for these studies, not only

because they are readily available but also because they can be easily dissolved

with an organic solvent, for examples dichloromethane or toluene to produce

hollow micrometre-sized spheres.

PSS-G dispersions are highly negatively charged (zeta potential = -73 mV) due

to the presence of sulfonate groups attached to the backbone of the stabilising

polymer, in additional to residual oxygen-containing functional groups on the

basal planes of the graphene sheets. Direct addition of PSS-G dispersions to a

colloidal suspension of negatively charged PS beads (zeta potential = -48 mV),

did not result in precipitation or sedimentation. In order to successfully assemble

the polyanionic PSS-G sheets onto the surface of negatively charged micro-metre

sized PS bead (diameter - 990 nm), the surface of the beads had to be initially

primed with a positively charged polymer. Poly(allylamine hydrochloride)

(PAH) is a well established polymer for this application and PS beads were
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repeatedly incubated in PAH sols for 30 mins (three cycles), followed by three

centrifugation/washing cycles to ensure effective removal of unassociated

polymer and uniform distribution of the positively charged polymer on the

surface of the bead. Zeta potential measurements of PAH-coated PS beads

demonstrated successful association of the polymer with the bead surface (PAH-

PS beads, zeta potential = +37 mV).

Addition of PAH-PS beads to PSS-G sols and subsequent agitation of the

solution, through the use of a vortexer, resulted in immediate sedimentation. The

black sediment was isolated via centrifugation and subsequently washed. SEM

was applied for closer inspection of the morphological features of the PSS-G/PS

bead nanocomposite. SEM images of the black precipitate indicated that the

surface of the polystyrene beads was uniformly coated in sheet-like features

consistent with PSS-G sheets (Figure 5.27). Closer inspection of the topographic

features of the graphene-coated PS beads, using higher magnification SEM

images, revealed crinkled features and roughened textures, previously observed

in TEM images of flexible, ultrathin polymer-coated graphene sheets.

Furthermore, edges of overlapping and individual sheets were observed,

particularly at the interface between aggregated particles, where they appeared to

link neighbouring beads. In contrast SEM images of uncoated beads (PS beads)

displayed smooth, untextured surfaces (Figure 5.26).

Figure 5.26 SEM images of uncoated polystyrene beads at (a) low and (b) high

magnification, showing the smooth bead surface. Scale bars = 1 urn and 500 nm,

respecti vel y.
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Figure 5.27: SEM images of PSS-G coated PAH-functionalised polystyrene

beads. (a) View showing coated beads with surface textures. The inset displays

an enlarged image showing the curled edge of an adsorbed PSS-G sheet and (b)

high-magnification image showing over-lapping PSS-G sheets on neighbouring

beads. Scale bars = 500 nm.

Further investigation of the morphological features of the coated PS beads

surface was conducted using TEM, which displayed a coating of PSS-G sheets

on the surface of PS beads. The outer shell appeared to be extremely thin, from

particle sizing measurements (less than 50 nm), suggesting that the walls of the

beads were coated in a nanocomposite PSS-G coating (Figure 5.29). In
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comparison polystyrene beads with no coating, displayed an extremely clean

surface (Figure 5.28).

Figure 5.28 TEM images of control polystyrene beads with no PSS-G coating.

(a) low magnification image showing several PS beads with no features

connecting the beads and (b) high magnification image showing the clear surface

of a bead with no surface features observable. Scale bars = 500 and 200 nm,

respectively.

Figure 5.29 TEM images of PSS-G coated PAH-functionalised polystyrene

beads. (a,d) Images showing highly transparent PSS-G sheets connecting

neighbouring beads; (b-e) Images showing crinkled PSS-G sheet anchored to the
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surfaces of the PAH-functionalised beads. Scale bars = 1 urn, 500, 200 and 100

nm, for figures a, b, c and d respectively.

Removal of the sacrificial core was achieved by addition of toluene to dried

aggregates of PSS-G coated beads, which resulted in dissolution and removal of

the polystyrene template. SEM images (Figure 5.30) showed the presence of

deflated hollow spheres often with continuous walls. Sizing of the deflated

shells, which were often continuously deformed into elliptical structures,

produced values in the range of 540-930 nm, and 652-1234 nm for the short and

long range axes, respectively. The results indicated that removal of the template

beads was possible but the resulting graphene shells were extremely fragile when

dried and exposed to the high-vacuum conditions of the SEM.

Figure 5.30 SEM images of (a-b) PSS-G coated PAH-functionalised polystyrene

beads after treatment with toluene showing aggregated film of deflated and

fractured hollow graphene micro spheres and (c-e) higher magnification images

showing individual, single deflated hollow graphene microsphere. Scale bars = 1

urn.
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A generalised schematic for the potential development of hollow PSS-G

microspheres, via the electrostatically driven templating of PSS-stabilised

graphene sheets on PAH-functionalised PS beads, as demonstrated from SEM

and TEM imaging, is shown in Figure 5.31.

A B c

Figure 5.31 Schematic showing the colloidal templating of hollow PSS-G

microspheres: (A) functionalisation of polystyrene beads with poly(allyl amine

hydrochloride) (PAH); (B) electrostatically-induced templating of negatively

charged PSS-G sheets on the positively charged bead surface; (C) removal of the

core template by subsequent treatment with toluene to produce hollow PSS-G

microspheres, which become deflated under the high-vacuum conditions of the

SEM.
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5.5 Conclusions and Further Work

In summary, the work discussed in this chapter highlights the potential of

applying two well-established template-directed methods on the micro-and

macroscale to control the assembly of complex three-dimensional structures of

technologically important graphene lamellae.

The formal methodology discussed in this chapter involved macroscopic

processing of PSS-G dispersons, using an internal patterning protocol induced by

directional freeze-casting. This technique is more commonly known as ISISA,

and involves the formation of close-packed ice crystals, which act as effective

templating agents, during cryogenic processing. Direct application of ISISA to

PSS-G sols resulted in the formation of poorly formed scaffolds due to the low

sol viscosity. Further development of this strategy showed that homogenous sols

containing PVA and PSS-G sols, could successfully be uni-directionally frozen

in liquid nitrogen and subsequently submitted to high vacuum freeze-drying,

causing sublimation of the ice crystals to produce monolithic scaffolds with well-

ordered macro-channelled structures. This technique is a highly effective

templating strategy due to the oriented growth of ice crystals in the freezing

direction, which has the resulting effect of compacting or segregating the PSS-G

and PVA components to the channel regions between neighbouring ice crystals.

Subsequent sublimation of the ice crystals resulted in the formation of vacant

pores, where the ice was originally situated, with PSS-G and PVA components

location in the walls of the pores.

Unfortunately, experiments undertaken to measure the conductivity of the

graphene scaffolds, demonstrated that the scaffolds did not conduct electricity,

this is primarily due to the low concentration of graphene sheets in the as-

prepared scaffolds and the resistance of the PVA matrix. Previous work

investigating the fabrication of carbon nanotube (CNT)/Chitosan composite

scaffolds fabricated electrical conductive monoliths but at a much higher content

of CNT. [236] Further work in the fabrication of conducting PSS-G/PV A monoliths

could investigate increasing the weight percent of graphene dispersion present in

the scaffolds, in an attempt to improve the electrical conductivity properties.
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As discussed and demonstrated in this chapter there is a vast array of variables

which effect the formation of macroporous architecture in cryogenically

processed monoliths. This in turn provides a multitude of additional experiments

which could be conducted to optimise this procedure. Further to variation of

PSS-G content to improve the electrical properties of the monoliths, alternative

studies could investigate the effect of varying factors including freezing rates,

polymer molecular weight and the shape of the vessel used for freezing. In

addition, studies involving the application of other polymers, in place of PVA,

could provide interesting further work for improvement of both the mechanical

and electrical properties of PSS-G based scaffolds. Polymers of interest include

chitosan, due to its previous success in producing well-defined CNT composite

scaffolds, conducting polymers, as a means of increasing electrical conductivity

and dextran, an effective biopolymer metal nanoparticle stabiliser, creating the

opportunity to incorporate metal nanoparticles into the scaffold and add

additional functionality to the scaffolds.

The latter methodology discussed in this chapter, demonstrated the possibility of

templating polymer-stabilised graphene sheets at the micro-scale. This was

achieved through the assembly of highly negatively charged PSS-stabilised

graphene sheets onto the surface of positively charged poly(allyl amine

hydrochloride)-coated polystyrene beads, indicating that electrostatically induced

assembly provides an alternative feasible assembly route for controlling the

higher-order assembly of graphene-based architectures from polymer-stabilised

graphene sheets dispersed in aqueous solutions. This study was limited to the

assembly of graphene dispersions on polystyrene beads with a diameter of

approximately 1 J,1m.Further work could investigate the application of alternative

bead templates including silica and melamine beads, in addition to beads with

larger diameters.

In conclusion, the two methods described in this chapter have particular

advantages and disadvantages. For example, although the fabrication of

macroporous scaffolds is inexpensive, relatively facile, highly reproducible and

readily tailored by varying the experimental conditions, as discussed above, the

process demands considerable amounts of dispersible graphene if conductive
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frameworks are to be produced. On the other hand, relatively small quantities of

polymer-stabilised graphene dispersions are required for the formation of hollow

microspheres, but the process involved judicious control over the wrapping and

template-removal processes. Nevertheless, the work discussed in this chapter

indicates that given the current diversity of template-directed strategies, and the

relative ease of producing PSS-G dispersions in high yield, new advances in the

fabrication of graphene-polymer micro- and macroscopic structures should be

forthcoming. It is possible that such materials could play a key role in the

development of the next generation of electronic components, including batteries

and transistors, solar cells and catalytic supports.
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CHAPTER6 SUMMARY

Materials with a layered structure are an extensively studied topic in chemistry,

with significant focus on their application as host matrices in intercalation studies

to produce hybrid nanocomposites with advanced functions. Intercalation in

layered materials is achieved primarily by swelling, ion-exchange or

exfoliation/re-assembly protocols.

Organoclays in particular, are highly attractive host materials for a broad range

of intercalants due to their facile synthesis under ambient conditions.

Furthermore the exfoliation of clay is controllable and reproducible in water, due

to the presence of organic functional groups anchored to the phyllosilicate clay

framework. The work presented in chapter 3 demonstrated the effective polymer-

mediated immobilisation of cytochrome c in an aminopropyl functionalised

phyllosilicate clay matrix to produce a hybrid bio-inorganic composite with the

immobilised proteins demonstrating sustained structure and activity. Further

work could be directed towards the development of alternative novel organic

functionalised clays which exfoliate in water to fabricate anionically charged

sheets and could therefore be directly assembled in the presence of cationic

biomolecules to produce fully intercalated nanocomposites.

The application of graphite as a host matrix in nanocomposite assembly is

potentially highly attractive due to the exceeding electrical, mechanical and

thermal properties associated with this layered material. Despite these

advantages, intercalation in graphite layered hosts, in comparison with

organoclays, requires a more vigorous approach. Graphite intercalation

compounds are well established but require synthesis under relatively harsh

conditions, including high temperatures and pressures. In addition, intercalation

is restricted to specific types of donor and acceptor guests, which must be able to

endure the extreme synthetic conditions. Furthermore, the stability of GICs, in

general, can be a significant problem, which promotes the requirement for their

careful storage and handling.
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The recent discovery of 2D atomically thick sheets of graphene has provided an

alternative approach for the generation of exfoliated graphene sheets allowing

their facile assembly and formation of intercalation compounds under amenable,

aqueous conditions. The work reported in chapter 4 investigated the fabrication

of reduced graphene sheets using chemical synthetic pathways. In particular,

graphite was initially oxidised in the presence of a mixture of sulphuric acid and

potassium permanganate, resulting in the modification of the individual graphene

sheets and effective dispersion in aqueous solutions. Stepwise reduction of

graphene oxide, maintaining the separation of the individual sheets using single-

stranded DNA polymer strands, effectively produced aqueous dispersions of

exfoliated functionalised reduced graphene sheets.

The relative ease of processing these aqueous graphene dispersions is displayed

by the facile preparation of electrically conductive mesolamellar films using

direct evaporation or vacuum-induced assembly. Furthermore, the cationic

biopolymer functionalisation of the graphene sheets can be exploited for further

assembly of the sheets in the presence of oppositely charged anionic guest

species. This strategy was successfully demonstrated through the co-intercalation

of the cationic proteins cytochrome c and lysozyme.

The work reported in chapter 4 is the first example of the integration of two of

nature's fundamental biological building blocks, DNA and graphene sheets,

which creates a huge scope of opportunities. The functionalisation of graphene

sheets with specific and biologically relevant polymer strands could potentially

be applied in highly sensitive DNA based sensors. However, further work is

required including full electrochemical testing of the ssDNA-graphene hybrid

material to assess its suitability for the development of a biosensor device. The

co-intercalation behaviour of ssDNA-graphene sheets is a further attractive

property of this system as it enables potentially a wide array of guest species to

be further incorporated into the graphene matrix, provided they are appropriately

charged.

The relative ease of producing graphene-based films is an additional outcome of

the work presented in chapter 4, which could be used to fabricate electrically and
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thermally conductive thin, flexible films. The specific mechanical and electrical

properties of these films could be further tailored through the use of alternative

polymers or biopolymers. Preliminary studies involving the stabilisation of

graphene sheets with dextran and poly(vinyl pyrrolidone) resulted in the

fabrication of stable graphene dispersions. Subsequent vacuum filtration of these

polymer-stabilised graphene dispersions enabled thin, handleable, flexible

graphene-based films to be generated. Further work in this area with respect to

investigation of the mechanical and electrical properties of the graphene-based

films would be beneficial in the progress and development of this study.

As shown in chapter 4, aqueous dispersions of graphene sheets could be easily

processed into self-supporting films. Chapter 5 extended these studies by

investigating the application of templating protocols as alternative processing

routes. The work reported in this chapter successfully demonstrated the

possibility of developing both micro- and macroporous graphene-based

architectures. Macroporous monoliths were fabricated using ice-templating

routes, whereas graphene-based assemblies on the micro scale were produced

using electrostatically driven assembly techniques. Both templating strategies

involved relatively facile approaches conducted at room temperature and normal

pressure.

The incorporation of graphene sheets into the walls of a PYA-based monolith

demonstrated inprovements in the mechanical compressional testing. Electrical

testing of these architectures, however, proved to be unsuccessful, due to their

low graphene content. Future work involving the ice-segregation induced self-

assembly protocol could investigate increasing the content of graphene in the

starting solutions, to try and produce an electrically conductive monolith. In

addition, further functionality could be incorporated into the monolith before

cryogenic processing, including biomolecules and metal nanoparticles, for

example, which might increase their potential application in catalysis and solar
cell devices.

Initial studies involving the templating of graphene sheets on a sacrifical

colloidal polymer bead demonstrated both the effective wrapping of the bead and
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the possibility of its removal using chemical dissolution techniques. Further work

could extend this strategy and investigate variation in the diameter and nature of

the polymer core, in addition to the number of layers applied to the bead.
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CHAPTER8 Appendix

8.1 Analysis of Enzyme Kinetics"

This section provides a brief introduction to the kinetic analysis of enzyme-

catalysed reactions, which was presented in chapter 3. In particular steady state

kinetics conditions can be applied which involve experimental conditions where

the enzyme-substrate (ES) complex builds up to a "steady state" level.

When an enzyme is initially mixed with a substrate in solution, the concentration

of the substrate [S] decreases whilst the concentration of product [P]

simultaneously increases and this can be modelled by first order kinetic

behaviour.

In the early stages of the reaction, the rate of formation of [P] or rate of loss of

[S] has a liner relationship, which allows the initial velocity of the enzyme-

substrate reaction to be approximated from the initial slope of the linear plot of

[S] or [P] as a function of time. One would expect, based on first order kinetic

behaviour, that the velocity should increase linearly with increases in [S].

However, further analysis of the velocities of enzyme-catalysed reactions at

different starting [S] displayed a saturation point at high [S]. Brown (1902)

proposed a qualitative explanation for this observation, suggesting that is it

related to the formation of an enzyme-substrate complex, as shown in Equation

8.1.

k}
E+ S \ 'ES

k.,

Equation 8.1

a R. A. Copeland, Enzymes A Practical Introduction to Structure, Mechanism,
and Data Analysis, 1996.
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The substrate is bound to the active site of the enzyme, which is the region that

directly binds with the substrate and contains the catalytic residues that are

involved in the bond making and breaking process, enabling the formation of the

product. From Equation 8.1 it can be deduced that there are two possible routes

for the ES complex to proceed in, it can either dissociate to from free enzyme

and substrate, with a rate constant k., or the reaction can proceed in a forward

direction to form enzyme and product, with a rate constant k2• It is assumed that

the latter option is the primary route for enzyme-catalysed reactions, which

contributes to a catalytic rate of reaction as shown in Equation 8.2.

Equation 8.2

Henri and Michaelis and Menten, in the early 1900s, subsequently provided a

quantitative description of the enzyme kinetics, based on Brown's model. This

approach involved applying a steady state approach with a few assumpions as

follows. Firstly in the early stages of the reaction all the enzyme molecules can

be accounted for in the form of free enzyme or the enzyme-substrate complex, as

shown in Equation 8.3.

[ET]= [E] + [ES]

Equation 8.3

The enzyme-substrate complex is an intermediate in the catalytic reaction and its

rate of change of concentration can be approximated to be zero, through the

application of steady state kinetics. This allows an expression for the rate of

formation and rate of loss of the enzyme-substrate complex to be derived, using

Equation 8.1 as shown in Equation 8.4 and Equation 8.5, respectively.

Rate of formation ofES complex = k1[E][S]

Equation 8.4

Rate of loss ofES complex = (k-l + k2)[ES]

Equation 8.S
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Under steady state conditions the concentration of the intermediate complex, ES

essentially remains the same, this means the expressions in Equation 8.4 and

Equation 8.5 can be equated, as shown in Equation 8.6 and subsequently re-

arranged to give an expression for [ES], as shown in Equation 8.7.

Equation 8.6

Equation 8.7

Equation 8.7 can be simplified by combining the rate constants in a single term

know as the Michaelis constant, Km, as shown in Equation 8.8, resulting in an

expression for [ES] as shown in Equation 8.9.

K =m

Equation 8.8

[E][S]
[ES]=---Km
Equation 8.9

Equation 8.9 can be subsequently arranged by substituting Equation 8.3 in

terms of [E], resulting in a simplified expression for the concentration of

enzyme-substrate, as shown in Equation 8.10.

[ES]= [Er] _[_S]_
[8] +Km

Equation 8.10
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We can subsequently substitute Equation 8.10 into Equation 8.2 to obtain an

expression for the overall rate of the reaction shown in Equation 8.11.

[S]
v=k2[ET] ---

[S] + Km

Equation 8.11

At high concentrations of substrate, all the catalytic sites are saturated and the

reaction velocity reaches a maximum value, Vmax, resulting in the expression

shown in Equation 8.12.

Equation 8.12

Combining Equation 8.11 with Equation 8.12 results in the Michaelis-Menten

Equation 8.13.

Vmax[S]
v=

[S] + Km

Equation 8.13

Experimentally the maximum rate of reaction, Vmax and the Michaelis constant,

Km can be determined by calculating the rate of catalysis at a range of substrate

concentrations. The kinetic parameters associated with a particular enzyme can

be deduced by linearising the Michaelis-Menten equation (Equation 8.13) by

calculating the reciprocal of both sides of the expression, as shown in Equation

8.14. This results in a standard equation for a straight line graph, in the form of

y = mx +c. Plotting IN against 1/[8] results in a linear plot, commonly known as

a Lineweaver-Burk plot, with the gradient equal to KmN max, the y-intercept equal

to INmax and the x-intercept equal to -llKm. This allows Km and Vmax to be

calculated from the slope and y-lntecepts of the Lineweaver-Burk plot,

respectively, as shown in Figure 8.1. Vmax can be calculated from the reciprocal

of the y-intercept, Km can be calculated either from the slope of the linear plot
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multiplied by the calculated Vmax value or from the negative, reciprocal of the

extrapolated x-intercept value.

1 1 +
V Vrnax

Equation 8.14

x-interecept =

-1\"

y-interecept =
IN

max

Gradient = K Nm max

o 1/[S]

Figure 8.1: Lineweaver-Burk Plot of enzyme kinetics

8.2 Measurement of Specific Enzyme Activity

In chapter 3, the enzyme activity was measured using a peroxidase-type assay,

involving an electron donor, ABTS, which is oxidised to form the cationic

radical, ABTS·+ and can be conveniently followed spectrophotometrically, by

measuring the change in absorbance at 414 nm. The increase in concentration of

the product, [ABTS+·] is directly proportional to the increase in absorbance and
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can be calculated by re-arranging the Beer-Lambert Law in terms of the

concentration, (units: M or molL-I), as shown in Equation 8.15.

AA = E.C.l
AA

c=--
s.l

Equation 8.15

Where !lA is the increase in absorbance of ABTS+', E is the extinction coefficient

of ABTS+', 3.6xl04 M-I ern" at 415nm, c is the concentration of ABTS+' and I is

the thickness of the sample, this is controlled by the path length of the cuvette

which is usually 1cm.

The rate of reaction can subsequently be calculated from Equation 8.16. The rate

of reaction is the decrease in the concentration of substrate per unit time or the

increase in the concentration of product produced per unit time,

(units: moIL-lmin-1 or Mmin"),

Rate= ----
[product]

time

Equation 8.16

The enzyme activity (E.A.) is a measure of the number of moles of enzyme

converted per unit time and can be calculated from Equation 8.17,

(units: umol min-I).

E.A. = Rate x Reaction Volume

Equation 8.17

Finally, the specific activity (S.A.), which quantifies the enzyme efficiency and

is equivalent to the number of moles of enzyme converted per unit time per unit

mass of enzyme, can be calculated from Equation 8.18, (units: umolmg'lmin").

E.A.
S.A. = --------

Mass of Enzyme Present

Equation 8.18
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