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ABSTRACT

The production of conducting composite fibres via wet-spinning is
studied in this thesis. The main objectives pursued are (1) to develop the
knowledge and understanding of such materials, (2) to create new
composites based on biopolymers or synthetic polymers and conducting
materials such as carbon nanotubes (CNTs) or conducting polymers (CPs)
for possible use in medical and bionic applications and (3) study the effects
of pre- and post- processing parameters on the electrical and mechanical
characteristics of the composite fibres.

Two wet-processing techniques are used to produce composite fibres,
i.e. polyelectrolyte complexation and solvent / non-solvent wet spinning.
These methodologies are adapted for the fabrication of electrically
conducting composite fibres by incorporating conducting fillers such as CP
and CNTs.

Fibres made of gellan gum or carrageenan combined with chitosan
can be produced using polyelectrolyte complexation. The mechanical
properties of these fibres are found to be influenced by processing conditions
such as polyelectrolyte pH as well as the order in which the anionic and
cationic biopolymer solutions are added. Using a facile method for
mechanical reinforcement fibres, consisting on wetting the fibres and let them
dry under tension, results in increased Young’s modulus, tensile strength,
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and toughness. Nevertheless, the ability to spin fibres is found to be
dependent on the sonolysis regime (conditions employed to disperse CNT).

The addition of CNT to spinning solution improves the conductivity of
fibres by up to 6 orders of magnitude and, typically, it also results in
mechanical reinforcement.

Stretchable composite fibres based on poly(styrene-ß-isobutylene-ßstyrene) are produced via solvent / non-solvent wet spinning. Conducting
fibres are produced by incorporating conducting fillers such as CNTs or CP.
In all cases fibres can be stretched above 700% and some instances
reaching up to almost 1200% of their original length. In addition, these
composite fibres show interesting reversible electrical properties.

In summary, the work developed in this thesis increases the
knowledge available in wet-spinning techniques (including pre- and postprocessing) in addition to produce new composite materials which may lead
to exciting new applications in tissue engineering or bionic applications, such
as flexible stretchable electrodes for cell stimulation or as neural prosthetic
electrodes.
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1.1. Introduction and Thesis Outline
The work presented in this thesis concerns the production of
conducting composite fibres. Although biocompatibility was not assessed (it
was beyond the scope of this thesis), this project was carried out with the
ultimate goal of producing biocompatible materials. Therefore, the materials
used in this work where chosen for their biocompatibility, or ability to enhance
the electrical properties of the former.

In this chapter an extensive review of attractive materials suitable for
medical applications will be provided, from biopolymers to elastomeric
synthetic polymers. In addition conducting materials such as carbon
nanotubes and conducting polymers will be been discussed as alternatives to
enhance the electrical properties of the aforementioned materials. At the end
of this chapter it will be evident that, although some studies have been done
combining conducting elements and elastomeric polymers or biopolymers,
this is still a fairly new area of research open for new discoveries and
technological advances. Thus, the main two objectives of this thesis are (1)
to develop the knowledge and understanding of conducting composite
materials and (2) to create new composites based on biopolymers or
synthetic polymers and conducting materials such as carbon nanotubes or
conducting polymers.

Polyelectrolyte complexation and polymer solution blending will be
shown as suitable methods to produce composite materials. Moreover, those
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techniques have the potential to be used to include conducting components
into the composites.

Fibre spinning will be shown as an elegant method to produce
versatile structures that can either be used directly as-produced or combined
into more complex structures (i.e. woven fabrics). Gaining understanding and
developing know-how of these flexible techniques is then another main
objective of this thesis (3). Furthermore, processing the composite materials
developed into fibres is a crucial part of the successful progress of this thesis
(4) either by (4.a) polyelectrolyte complexation wet spinning or (4.b)
conventional (solvent / non-solvent) wet spinning.

In addition, a thorough understanding of the different parameters
affecting (5.a) the mechanical, (5.b) electrical properties and (5.c)
composition would result from the analysis of results from repeated
experimentation under controlled conditions and characterisation of the
produced fibres. Then the aims of this thesis can be summarised as follows:

1. To develop and increase knowledge on conducting composite
materials.
2. To create new composite materials based on:
a. Biopolymers with or without carbon nanotubes.
b. Elastomeric

polymers

and

carbon

nanotubes

conducting polymers.
3. To gain and develop know-how on fibre spinning.
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4. To process composite materials into fibres by:
a. Polyelectrolyte complexation wet spinning.
b. Conventional wet spinning.
5. To understand the effect of different processing parameters in:
a. Mechanical properties.
b. Electrical properties.
c. Composite composition.

The first objective (1) has been pursuit thorough the whole Ph.D.
thesis and although big advances have been made, there still are some
areas that offer challenging questions to be addressed as it will be explained
in Chapter 8. Chapter 2 will provide a detailed explanation of the
experimental procedures and a comprehensive description of the process
followed in order to develop those protocols. In addition, that chapter will also
cover the characterisation techniques used to determine and measure the
properties of intermediate and final products.

The first part of this project was to gain understanding and know-how
of spinning techniques, objective 3. The knowledge in wet spinning was firstly
developed with the work that will be showed in Chapter 3. However, the
learning curve continued rising with the work performed in Chapters 4 to 7.

Polyelectrolyte complexes made of biopolymers were produced
(objective 2.a) and characterised (objective 5), this work will be described in
Chapters 3 to 5. Chapter 3 will be an introduction to polyelectrolyte
5
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complexation and how it can be used to wet spin fibres (objective 4.a) made
of gellan gum and chitosan. Chapter 4 will further investigate the
manufacturing of polyelectrolyte complex fibres made of gellan gum and
chitosan including the addition of carbon nanotubes (objective 2a). This was
done in order to enhance the electrical response of those fibres. Pursuing a
wider understanding of polyelectrolyte complex systems a new type of
biopolymer will be used, carrageenan. Carrageenan polyelectrolyte nature is
due to the presence of ester sulphate groups (instead of carboxylic groups
like gellan gum) and the properties of the final composite with chitosan were
suspected to affect the final product. Chapter 5 summarises the work
performed with carrageenans and chitosan as well as the successful
enhancement of electrical properties after the incorporation of carbon
nanotubes into the polyelectrolyte complex (objective 2.a).

In order to further develop the knowledge on fibre spinning a new
research path was started investigating the wet spinning of biocompatible
elastomeric polymers like poly(styrene-ß-isobutylene-ß-styrene), also known
as SIBS), (objectives 2.b and 4.b). The work showed in Chapter 6 involves
the development of the skill-set for the successful spinning of synthetic
polymers via conventional (solvent / non-solvent) wet spinning (objective
4.b). In addition, using a biostable material, like SIBS, as matrix for carbon
nanotubes was a promising platform for possible bionic applications. The
results presented in Chapter 6 also showed how the electrical properties of
the fibres responded to tensile stress (objective 5). Later on, in Chapter 7, a
new conducting material was introduced substituting carbon nanotubes. This
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was polythiophene, a conducting polymer (objective 2.b). The incorporation
of this polymer resulted in much higher conductivity values. Interestingly, the
conductivity values of the composites increased when the fibres were under
high uniaxial deformations, i.e. 800% strain, (objective 5).

However, this chapter will present firstly an extensive review of the
materials as well as the science that allowed us to combine them in order to
produce conducting composite fibres. In addition, some characterisation
techniques will be described, as these were the tools employed to evaluate
whether the stated goals had been achieved.

1.2. Materials – Polysaccharides
Saccharides are heterocyclic hydrocarbon rings containing oxygen,
typically in a 2 to 1 H:O ratio. Monosaccharides (only one saccharide ring)
can

form

glycosidic

bonds1

resulting

in

disaccharides

(two

linked

saccharides), oligosaccharides (a small number of linked saccharides) or
polysaccharides (many saccharides linked).

Saccharides are the most abundant macromolecules in the biosphere
and are used by living organism to store energy or to give structural support.1
Examples of the former are starch and glycogen while examples of the latter
are cellulose and chitin. The wide variety of polysaccharides available, with
different chemical structures and physical properties, conforms an abundant
and renewable source of biodegradable materials.2 These have potential
applications in several fields, which will be discussed later on in this
chapter.2,3
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Polysaccharides tend to form intra- and inter-chain hydrogen bonds
due to the presence of many hydroxyl groups (-OH).2 This gives them good
film-forming properties, and under the right conditions they can form gels.4
Furthermore, many polysaccharides can form helical ordered structures due
to their stereoregularity.5

Most polysaccharides are soluble in water and have been used for
many years as thickeners, gelling agents, emulsifiers or suspending
polymers in applications ranging from oil drilling to foods, including cosmetic,
biomedical and pharmaceutical uses.2,6

Because saccharides are naturally occurring molecules, i.e. derived
from living organisms, they are referred to as biomolecules. Moreover,
polysaccharides are also referred as biopolymers for the same reason. In this
thesis the words polysaccharide and biopolymer will be used to refer any
natural polymer with saccharide rings as monomer units. Typically chitosan,
gellan gum and carrageenan, which were the biopolymers used in this thesis.
Their properties will be explained in detail in the following sections.

1.2.1. Chitosan
Chitosan (CH) is a linear binary polysaccharide, composed of
ß-(1|4)-2-amino-deoxy-D-glucopyranose and ß-(1|4)-2-acetamino-deoxyD-glucopyranose units. It is obtained by alkaline deacetylation from chitin,
ß-(1|4)-2-acetamino-deoxy-D-glucopyranose (Figure 1.1).7 Chitin is the
second most abundant biopolymer after cellulose and its main commercial
sources are obtained from shrimp and crab shells.2 On the other hand, CH is
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not widespread in nature, it naturally occurs in some fungi (zygote) and in the
abdominal wall of queen termites.8

a)
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Figure 1.1: Chemical structures of a) chitin and b) chitosan.

Chitosan is a form of deacetylated chitin, when 50% or more of the
acetyl groups are removed chitin is called chitosan. The deacetylation degree
(DD) is an important parameter to characterise CH and it is defined as the
percentage of deacetylated saccharide rings with respect to the total number
of saccharide rings. The pKa of CH is 6.5 so it is soluble in aqueous acidic
medium.9 At pH ≈ 6 the amine groups (-NH2) in the C2 position protonate
(-NH3+) and CH becomes a polycation. It is the only known pseudo-natural
cationic biopolymer.2 The lower the pH is the stronger the repulsion forces
among charged groups (-NH3+) are and the more soluble CH becomes in
aqueous acidic medium. At pH 4.5 CH is completely protonated.10 However,
the solubility of CH in aqueous acidic medium is also function of the
molecular weight, the ionic concentration, the distribution of the acetyl
groups, the nature of the acid used for protonation, in addition to the
aforementioned DD and pH.2
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Chitosan’s solubility makes it relatively easy to process. Additionally,
other attractive properties of CH are biocompatibility, biodegradability,
antimicrobial activity, non-toxicity, chemically and enzymatically modifiability,
promotion of adhesion, proliferation and viability of cells.2,11 Thus, CH has
great potential for a wide range of applications12 in fields like biology,
pharmacy, regenerative medicine and to a lesser extent cosmetics, foods
and waste water treatment.

1.2.1.1. Medical Applications of Chitosan
Wound healing is a complex process that involves interaction among
cells, extracellular matrix components and signalling compounds.13,14 The
first part of the healing progression is haemostasis and clot formation. Then
gathering of leukocytes and other immune cells in the site of infection
produces inflammation of the area. Fibroblasts, macrophages and vascular
tissues enter in the wound in ordered fashion to begin the construction of
granulation tissue, which is new dermal composite. Later on, fibroblasts and
myofibroblasts lay down connective tissue at the same time that
keratinocytes migrate to the granules and differentiate into epidermis layer.15

Chitosan has been found to stimulate wound healing enhancing the
expression of cytokines.11 In vitro results suggested that CH accelerated
fibroblast’s growth factors production.16 As a result there are several
commercially available bandages and wound dressing products for the repair
of dermal tissue (see Table 1.1).
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There are several studies regarding the immuno-potenciating activity
of CH in vivo.17 Chitosan oligomers, chemo-enzymatically generated in the
wound environment, has been reported to attract macrophages to the
area.18,19 In addition, Ueno et al.20 confirmed CH enhanced the functions of
macrophages, polynuclear leukocytes and fibroblasts. Which are beneficial
for the healing process of open wounds.

Table 1.1: Commercially available wound dressings made of chitosan. Adapted from ref.11

Product

Manufacturer

Description

Chitodine®

IMS

Combined with adsorbed elementary iodine.
Used in surgical dressing.

Chitoflex®

HemCon

Designed to be stuffed into a wound track to
control moderate to severe bleeding.

Chitopack C®

Eisai

Fibres for complete reconstruction of body
tissue, rebuilding of normal subcutaneous
tissue and regular regeneration of skin.

Chitopoly®

Fuji spinning

Polyelectrolyte complex with poly(acrylate).
Antimicrobial dressing suitable to prevent
dermatitis.

Chitosan Skin®

Hainan Xinlong
non-wovens

Skin substitute.

Chitoseal®

Abbott

Used in bleeding wounds

Clo-Sur®

Scion

A non-woven patch.

HemCon®

HemCon

Freeze-dried chitosan acetate salt, for
emergency use to stop bleeding. Used on
battlefields since the time of the Desert
Storm expedition in Iraq.

Tegasorb®

3M

The dressing with chitosan particles that
swell while absorbing exudate and producing
a soft gel. For leg ulcers, sacral wounds,
chronic wounds.

TraumaStat®

Ore-Medix

Freeze-dried chitosan containing highly
porous silica.

Vulnosorb®

Tesla-Pharma

Freeze-dried sponge of collagen and
chitosan, on the European market since
1996.
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Angiogenesis (creation of new blood vessels) is essential in cutaneous
wound healing and necessary to support new tissue formation. The absence
of new vessels yields low quality wound healing due to lack of irrigation.21 An
interesting property of CH is that it fosters angiogenesis in addition to the
adequate granulation for tissue formation and deposition of collagen fibres.
This is translated into correct repair of skin lesions.22 Histological studies
suggested that collagen fibres were more mature in skin wounds dressed
with CH than in the control after 7 days of the operation. Collagen fibres in
CH treated wounds were arranged in similar fashion to those seen in normal
skin. Additionally, their tensile strength was higher than the control.11

Tissue engineering involves seeding and growing cells in an in vitro
scaffold in order to be implanted in the patient.23 Mesenchymal stem cells
have shown good attachment, proliferation and viability on CH.24,25
Furthermore, the addition of collagen into CH scaffolds has been found to
increase the attachment of seeded cells.26 Porous CH (grafted with L-lactide)
scaffolds have been produced by electrospinning.27 Their biodegradability of
these can be tuned varying the CH/lactide ratio.

Hydrogel scaffolds made of CH and glycerophosphate have been
reported to be suitable environment for neural tissue growth.28 Furthermore,
it has been suggested that, if combined with neurotrophic factors, this
artificial skin could be use for transplants.29

In the last decade there has been an increasing number of studies on
CH for cartilage tissue engineering. Chitosan has the ability to maintain the
12
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normal phenotypic characteristics of chondrocytes (round morphology) and
preserve their capacity to synthesise cell-specific extracellular matrix.30,31

Porous scaffolds made of collagen, CH and glycosaminoglycan,
loaded with growth factors, have been reported to promote the regeneration
of cartilage.32

Chitosan promotes the growth of mineral-rich matrix deposition of
osteoblasts in culture and allows osteoconduction.33 Phosphorylated CH and
composites made of CH and calcium phosphate have been successfully
used as osteogenic bone substituents in vivo.34

Biodegradable polymers are good alternative to synthetic ones as
excipients in drug delivery. Therefore, CH is a viable biopolymer for drug
delivery.35 It has been used to deliver drugs via oral, nasal36 and parenteral37
pathways.

The antimicrobial activity of CH involves more than just the activation
of the immunologic system but also shows antibacterial properties. There is a
growing interest in using CH in food applications.12 Edible coatings reduce
moisture transfer, lower respiration and may extend product life. Although
most reported edible films involve the addition of starch38 or oleic acids,39
Tripathi et al. reported a method to produce CH films, without the addition of
cross linkers nor plasticizers, using supercritical carbon dioxide and
microwave techniques.40
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The antimicrobial mechanism of CH is not fully understood yet. It is
believed that the positively charged amino groups interact with the negatively
charged microbial cell membranes. This would lead to leakage of intracellular
constituents and cell death.41 It has been proposed that CH interacts with
nucleic acids in fungi interfering with protein production.42 Additionally it has
been reported that the antibacterial activity of CH depends on molecular
weight, degree of deacetylation, pH of the medium and concentration of
chitosan.43

Chitosan can be use to remove heavy metals from aqueous
effluents.44 The amine groups present in CH are known to be good
complexing agents and are involved in specific interactions with metals.2
Chelation depends on the pH, metal concentration, CH physical state (i.e.
powder, gel, fibre, film) and DD; the higher DD, the better chelant CH is.

45

Due to CH’s polycationic nature it has been also used as flocculant and
clarifying agent to treat water.46

Chitosan has been used to stimulate the natural defences from
plants.47 In addition, it provides a source of nitrogen to plants combining
fertilising and protection activities.46

Polyelectrolytes, i.e. chitosan, have been used for long time in
cosmetics, specially in hair treatments to reduce the static electricity or in
skin care creams (i.e. moisturisers) or for treatment of acne.46
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1.2.2. Gellan Gum
Gellan gum (GG) is an exopolysaccharide produced by Sphingomonas
Paucimobilis bacteria (formerly known as Sphingomonas Elodea). Microbial
biopolymers, produced under controlled conditions, do not have the seasonal
limitations of polymers isolated from plants.48 Native gellan is formed by a
backbone of ß-1,3-D-glucose, ß-1,4-D-glucuronic acid, ß-1,3-D-glucose, α1,3-L-rhamnose with two acyl groups (acetate and glycoacerate) bound to
one of the glucose rings. In commercial gellan (i.e. Gelrite®, Kelcogel®) the
acyl groups are partially or totally removed by alkaline treatment,49 Figure
1.2. The amount of acyl groups present will determine the final properties of
the gels produced. Low acyl gellan gum can form hard and firm gels but
inelastic and brittle. On the other hand, high acyl gellan gum can result in soft
and elastic gels.

OH
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CH2OH
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O

O

O

OH

OH

O

OH

O
O

CH3

O

O
OH

glucose

COO- M+

glucuronic acid

OH

glucose

OH
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n
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Figure 1.2: Chemical structure of gellan gum.

Gellan gum in solution adopts the form of single-stranded chains and
tends to branch or cyclise, increasing the volume of the molecule.50 When
the temperature decreases below a certain temperature, so called setting
temperature, GG forms ordered double-stranded helices. The transition
temperature at which this phenomenon occurs varies (typically from 25 to
50 ºC) depending on the molecular weight and concentration of the GG,
structure of GG, and whether there are cations present in solution.50 The
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double helices bind to one another via salt bridges at “junction zones”. The
presence of divalent cations such as calcium promotes the formation of
bridging zones. In addition, salt bridges are further strengthened by the
formation of hydrogen bonds among helices. It has been reported that
multiple-stranded chains form microcyclic structures.51

Below the setting temperature more chains are concentrated at the
junction zones; this results in the formation a stiff structure.52 Gelation occurs
as water molecules are entrapped in the large molecular networked formed.
However, the gelling ability of GG depends on the acyl content. The lower the
acyl content the greater gel-formation capability is.53

Gellan gum is a versatile polysaccharide with interesting properties
that make it attractive for industrial applications. Gellan gum can be easily
dissolved in water without any preparatory step.48

Typical GG concentrations in commercial products are around 0.04
and 0.05% weight per volume; this concentrations can be further reduced
with the addition of small amounts of divalent cations.48

1.2.2.1. Tuneable Texture
Using gellan of different acyl content the gel texture can be modified.
The texture can be further modified adding cations or varying the pH. The
textures range covers from weak gels, which are elastic and soft, to hard
gels, which are stiff and brittle.54
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The formation of gel structures increases sharply with the addition of
small concentrations of cations, for both low and high acyl content gellan.
The addition of divalent cations increases the gel firmness up to a limit where
it decreases. If monovalent cations are used, ten times higher concentrations
are needed to observe similar results.49 It is economically important to be
able to produce strong gels at low concentrations. Furthermore, if the water
used is hard (it naturally contains calcium and magnesium salts) no
additional salts may be required, which is an economical advantage.55

The viscosity of GG solutions can be modified varying the pH.
Viscosity values increase with lowering pH and they gel at pH below 4. These
“acid gels” tend to be soft and have low stiffness values. Nevertheless, gellan
molecules remain stable (do not undergo degradation) in a wide range of pH,
from pH 3 to pH 13 approximately.49

Varying the ratio low acyl gellan:high acyl gellan it is possible to
produce gels of intermediate characteristics while keeping the total gellan
concentration constant.49

Varying the concentration of cations and the pH the setting
temperature can be tuned so that the melting point of the gel can be set even
above 100 ºC. Similarly, gels can be formulated to be liquid during the
processing and set upon cooling.
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Gellan gum can be easily combined with other gums or polymers (i.e.
starch, gelatine).54,56 The synergisms among the polymers enhance their
behaviour requiring lower concentrations to obtain the same results.49

1.2.2.2. Applications of Gellan Gum
Gellan gum is biocompatible and biodegradable and it is one of the
microbial polysaccharides most widely used in various industries.57

Gellan gum obtained the approval for use in food products for the first
time in Japan in 1988 (Japanese Specifications and Standards for Food
Additives). Since then it has been approved to be used in foods (in addition
to cosmetics and pharmaceutical products) in several countries. Examples of
these are the European Union (E418 in the European Community Directive
EC/95/2), United States (United States Pharmacopeia–National Formulary
USP27/NF22), Canada (Food and Drug Act), Australia and many others in
Latin America and Asia.49

The high melting point of set gels made of GG provides good heat
resistance to a range of products. For example, water-based dessert gels
can benefit of GG as a substitute for gelatine as gelling agent.49

Decorative icings and glazes for baked products are mainly made of
sugar and water, with some optional ingredients like colorants, flavouring or
emulsifiers, just to name a few.49 Gellan gum, in addition to agar, has
become a popular choice as stabiliser. The main advantage of GG over
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traditional gelling agents is quick setting times which are half or even a
quarter from those of starch jellies.55

Gellan gum is a suitable substitute to pectins in the formulation of jams
and

marmalade

as

similar

textures

can

be

obtained

with

lower

concentrations. In addition, high clarity GG can be used to prepared reducedcalorie jams with excellent sheen.55

Traditionally starch has been combined with milk protein and
phosphate to produce the firm consistency of these products. Gellan gum
can be used as substitute of starch to avoid the its weakening effect on food
flavours.55

Negatively charged hydrocolloids like GG combine, via electrostatic
forces, with the positively charged proteins of milk.58 This has led to the use
of GG as structuring and stabilising agent in yoghurts and cheeses. Gellan
gum can be also found in ice creams and milk shakes.55

Gummy candies, pastilles or marshmallows have been traditionally
prepared with starches, pectin, gelatine or agar. Gellan gum can be used
instead improving the setting times and heat stability. Additionally GG can be
used to introduce new textures and flavours.49

Gellan gum has been used for several years in a number of industries
other than food industry. The film forming properties of GG have been utilised
in paper fabrication, improving its internal strength.49 Gellan gum has been
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incorporated into air fresheners gels yielding crystal clarity and high melting
temperatures.49

A wide range of personal care products are formulated with GG, from
hair care to suntan lotions and sunscreens.49 Additionally, other cream-like
products, i.e. tooth pastes, incorporate GG in their formulation as thickeners
(instead of using silica).49

1.2.2.3. Bio-Applications
There are a number of GG based products, commercially available,
suited for cell culturing. These are meant to replace agar and its derivates.
Lower concentrations of GG are needed to produce gels with the same
mechanical properties of agar ones.49 The high melting points of these gels
make them especially suitable for culturing mesophilic and thermophilic
microorganisms (i.e. Bacilus, Metanobacterium, Methanobrevibacter).59

Gellan gum has shown superior properties respect to agar in plant
tissue cultivation. Improved shoot proliferation, rooting and embryogenesis
were observed.60

For the last decades there has been an increasing interest on using
GG as drug delivery agent. Its ability to form gel at low pH or in the presence
of salts has been proposed as an effective mechanism to delivery drugs. This
improves the bioavailability of drugs in the stomach.61 Gellan gum has been
also studied as viable agent to sustain antibiotic62 or drug release.63 It was
found that the drug release was dependent on the ionic properties of the
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polymer and the pH of the release medium. In addition, in vitro and in vivo
studies indicated that GG films could be ideal in the development of protein
delivery systems.64 Such film devices were successfully used to deliver
insulin in diabetic rats.

Most of ophthalmic drugs are delivered onto the eyes as eye-drops.
Their main problem is the low bioavailability and the rapid precorneal
elimination of the solution. Optimized formulations, made with GG, showed
satisfactory viscosity, release behaviour, and microbiological quality.65 Gellan
gum microcapsules have been reported successful for in vivo delivery of
therapeutic levels of cyclosporine in the cornea. It also improved the contact
time between the drug and the cornea.66

More recently, GG has been investigated as a tissue engineering
material. Gellan gum hydrogels were combined with human articular
chondrocytes and implanted in mice. The results showed generation of a
functional cartilage tissue-engineered construct.67

1.2.3. Carrageenan
Carrageenan is the common name of a family of sulphated linear
polysaccharides extracted from certain species of Rhodophytaceae red
seaweeds.68 They mainly consist of alternating 3-linked ß-D-galactopyranose
and 4-linked α-D-galactopyranose or 3,6-anhydro-α-D-galactopyranose,
forming the disaccharide repeating unit of carrageenans. Sulphated
galactans are classified according to the presence of 3,6-anhydro-bridge on
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the 4-linked-galactose residue and the number and positions of the sulphate
ester groups (Figure 1.3).69
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Figure 1.3: Schematic representation of the different structures of the repeating dimeric units
of commercial carrageenans and related structures. a) iota-carrageenan, b) kappacarrageenan, c) lambda-carrageenan, d) mu-carrageenan and e) nu-carrageenan.

The extraction of carrageenan from red seaweeds has been known for
more than 200 years70 and has been done from both naturally occurring and
cultivated populations.71 These polysaccharides are typically split into six
basic forms: iota (ι), kappa (κ), lambda (λ), mu (µ) and nu (ν) carrageenan
(CG). The µCG and νCG are the biological precursors of ιCG and κCG,
respectively. The former are transformed into the latter during the hot alkali
extraction process (Figure 1.3). Different varieties of red seaweed source
different CG; for example κCG and ιCG are mainly extracted from
Kappaphycus alvarezii and Euchema denticulatum,71 respectively, whereas
λCG is obtained from sorophytic plants of the Gigartina or Chondrus
species.72

The commercially available CGs are kappa (κ), iota (ι) and lambda (λ),
which have one, two and three sulphate esters respectively, in positions 2, 4
and/or 6 of the saccharide units. This sulphate contents typically are
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22% w/w (κCG), 32% w/w (ιCG) and 38% w/w (λCG), although the actual
numbers vary with between seaweed species or batches.73

All CG are soluble in water and insoluble in oils, fats or organic
solvents. Their solubility in water depends on the number of sulphate ester
groups, which confer hydrophilic properties, and on their associated
cations.68 For stereoregular charged polysaccharides, like CG, the formation
of a helical conformation and, eventually, gelation depends on the ionic
concentration, nature of electrolyte, temperature molecular weight and
polymer concentration.2,68 There are two different mechanisms that cause
viscosity to increase. The first one is due to the interaction among the linear
chains, which lowers the free space. The increment in polymer concentration
fosters inter chain interactions. The second described mechanism involves
the physical formation of a gel as the chains “crosslink”. Small concentrations
of salt and low temperature increase the viscosity and even promote the
gelation of CG.68

The transition from a disordered coil to the ordered helical state is the
first step in the CG gel formation process. This is a temperature driven
process but the temperature at which the transition occurs can be lowered by
the presence of cations.74 Monovalent salts (i.e. K+, Cs+) reduce the gelling
temperature of κCG whereas divalent salts (i.e. Ca2+, Mg2+) affect ιCG’s
gelling temperature.75 Among commercial CGs kappa and iota are gel
forming whereas lambda is not. The latter is only a thickener agent. Lambda
CG disaccharide units lack the 3,6-anhydro ring and the conformation of their
D-galactopyranosil unit prevents the formation of helical strands. As a result
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λCG

cannot

adopt

helical

conformation,

preventing

the

gelation

mechanism.76

When κCG and ιCG adopt the double helix conformation their sulphate
groups are oriented toward the external part of the helix. This conformation is
suitable for the creation of three-dimensional networks of double helices in
the presence of cations. These cations would screen the charges from the
polyelectrolyte and act as crosslinkers.68 Hydrogen bonds are believed to
stabilise the formed gels. The strength of κCG and ιCG gels can be tuned
varying the nature and concentration of the cross-linking salt. However, in
general terms, the gels produced with κCG are harder, stronger but more
brittle and gels made with ιCG are weaker and softer. In both cases, the gel
state can be reversed into solution by raising the temperature, they are
thermo reversible.

1.2.3.1. Applications of Carrageenans
Carrageenan has a long history of safe food applications. Although
there has been some controversy about it being safe to use in food
products,77 CG is approved for use by the Food and Drug Administration in
the United States, by the European Parliament and Council and by the Joint
World Health Organization and by the Food and Agriculture Organization
Expert Committee on Food Additives.78 Nevertheless, some concern has
been risen as degraded low molecular weight CGs have been found to be
harmful, causing ulcerations, in small animal studies.77
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Carrageenan has been utilised as thickening, gelling and/or stabilising
agent in a wide range of food products, where it can be identified as E407.
For example it has been used to improve the texture of cottage cheese, to
control the viscosity and texture of puddings and desserts, sauces or jellies,
or even used as binder in the processing of meat patties, sausages and lowfat hamburguers.68 Approximately 35,000 metric tones of CG (70 – 80% of
the total world production) are used in the food industry annually.79

Since 1972, when Chiabata et al. pioneered the immobilisation of
enzymes in industrial processes there has been numerous approaches to
immobilisation techniques.75 Carrageenan has been successfully used to
encapsulate either enzymes or whole cells to be use as biosensors or in
industrial bioreactors. Immobilised enzymes in CG have been used to
monitor the rancification process of olive oils (tyrosinase),80 to determine
hydrogen peroxide (catalase).81 Examples of production processes based on
enzymes immobilised in CG are: hydrolysis of tea tannins (tannase),82
esterification of laurate to propyl laurate (lipase),83 ethanol production from
corn starch (glucoamylase).84 Similarly, microorganisms trapped in CG have
been used in the production of a number of products, either in batches or in
continuous flow modes. Some examples found in the literature are:
Acetobacter suboxydans entrapped in κCG was used for the continuous
production of vinegar,85 immobilised Lactococcus lactis has been reported to
increase the inoculation in the cheese production process, reducing by half
the total fermentation time.86 A faster fermentation was also obtained
immobilising Saccharomyces species (yeast), in κCG beads, for brewing
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beer.87 Saccharomyces cerevisiae in a CG matrix has been reported to
produce ethanol from pineapple cannery in a continuous flow method.88

The use of carrageenan has been limited for many years as an
excipient in tablets.89,90 The viscoelastic behaviour of CG during the
compacting process helps to reduce the mechanical stress on the embedded
drug.91

Matrices containing CG can be suitable to tune the release profile of
drugs. Factors like tablet geometry, drug to CG ratio and ionic strength of the
dissolution medium were reported to be important factors in the drug release
from CG matrices.92

Recent studies have suggested the possibility of binding of positively
charged drugs to CG, furthermore, binding was enhanced when the CG was
in the helical form due to the proximity of its charged groups.93

Recent studies have shown that carrageenan blocks human
papilomavirus infectivity in vitro at diluted concentrations. This virus has been
causally associated with the development of cervical cancer.94

In addition to the uses mentioned above, CGs have been used in
different applications such as oil-well drilling95, printing, textiles and
cosmetics.96 It can also be found as stabiliser in toothpastes and shampoos.
Furthermore, when CG interacts with carotene in human skin it gives a
smooth feel, so it has been used in moisturiser creams and hand lotions.68
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1.3. Materials – Poly(Styrene-ß-Isobutylene-ßStyrene)
Poly(styrene-ß-isobutylene-ß-styrene), also known as SIBS, is a block
copolymer made of polystyrene and isobutylene segments.97 As most
styrene block copolymers it follows the formula (SE)nX, where S represents a
hard amorphous polystyrene block, E corresponds to a soft elastomeric block
(i.e. polyisobutylene, IB; butadiene, B; isoprene, I; ethylene butylene, EB)
and X stands for a multifunctional junction point to produce a cross-linked
elastomeric network. In the case of SIBS, 5-tert-butyl-1,3-bis(1-methoxy-1methylethyl)-benzene is used as junction (X).98

Block copolymers are interesting compounds where each molecule is
conformed by two or more segments of simple polymers arranged in different
configurations.99 Block copolymers posses a great advantage over
homopolymers blends. While blends are not compatible and tend to separate
into phases, block copolymers can only separate in a microscopic scale.97
The phase morphology of SIBS (Figure 1.4) is characterised by the
combination of polystyrene domains in a polyisobutylene continuous phase.

A type of block copolymers, so called SES (polystyrene-ß-elastomeric
polymer-ß-polystyrene), has different proportions of polystyrene to produce
the desired hardness levels, e.g. SIS, SBS or SIBS. A small content of
polystyrene (≈ 15 – 40% w/w) is enough to generate a thermoplastic
elastomer.97 The selection of the elastomeric polymer block will vary the
properties of the thermoplastic elastomer, thus its possible applications. For
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example, the use of polyisobutylene, which is a fully saturated hydrocarbon,
gives better aging and ozone resistance.100

Figure 1.4: Phase image obtained by scanning probe microscopy of a SIBS film casted from
solution in chloroform.

Although thermoplastic elastomers based on styrene and isobutylene
have been commercially available since 1965,101 the first patent on medical
grade SIBS was submitted by Kennedy et al. in 1995.102 This type of SIBS
was designed to have long-term stability in living tissue.

After finding deterioration and biodegradation in implants made of
medical

grade

polyurethanes

(and

derivates

containing

polytetrafluoruethylene or polydimethylsiolxane) it was clear there was need
for new thermoplastic materials for long-term in vivo implantation.103

Theoretical work suggested that a fully saturated polymer with stable
primary carbons as pendant groups and without any cleavable group (i.e.
oxidative, hydrolytically and enzymatically stable) would result in lower
biodegradation of the polymer and thus less inflammatory response.104
Polyisobutylene is a polymer that fulfils those requirements (Figure 1.5). It is
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an inert non-vulcanisable rubber relatively inexpensive and easy to produce
by cationic polymerisation of isobutylene.105 It has been used in a number of
industrial applications as tackifier, adhesive, sealant, thickening agent,
among many others. However, PIB is not cross-linked and cannot be used in
applications where shape retention is needed without a supporting frame or
structure.97
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Figure 1.5: Structures of a) polyisobutylene and b) polystyrene.

The addition of PS to PIB yielded a stable thermoplastic polymer
(SIBS) with potential for medical applications.106,107 The two-step synthesis of
SIBS

starts

with

the

addition

of

a

bifunctional

initiator,

5-tert-butyl-1,3-bis(1-methoxy-1-methylethyl)-benzene, to the isobutylene.
The initiator thus will be incorporated into the polymer chain. When the PIB
core reaches the desired molecular weight, styrene is added. The
polymerisation process continues until the outer PS blocks also reach the
required molecular weight. The cationic polymerisation process is then
terminated adding methanol.108

Poly(styrene-ß-isobutylene-ß-styrene)

is

a

self-assembled

and

physically cross-liked PIB where the hard glassy PS domains hold together
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the soft and rubbery PIB domains and the PIB contributes to the load-bearing
capacity of the network.97 See Figure 1.6.
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Figure 1.6: Structure of poly(styrene-ß-isobutylene-ß-styrene).
The junction (X) is 5-tert-butyl-1,3-bis(1-methoxy-1-methylethyl)-benzene.

The initial SIBS’s biocompatibility studies showed no biodegradation
(by electron microscopy and tensile strength) after 24 months implantation of
microfilaments.109,110 In addition, SIBS showed high resistance to metal ion
oxidation111 and harsh chemical oxidative environment (30 minutes
immersion in boiling concentrated nitric acid).106

SIBS is thermo- and solution-formable and it is suitable for injection
moulding, compression moulding, extrusion and solvent casting from
non-polar solvents, thus components made from SIBS can be solventbonded.97

Medical Applications
In 2002 Boston Scientific Corporation launched into the market the first
SIBS-based commercial product with medical applications. Since then an
increasing number of studies on medical applications for SIBS has been or
are being developed.
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SIBS has been found to possess attractive properties which have
great potential in medical applications: (1) it does not activate platelets in the
vascular system; (2) it generates low polymorphonuclear leukocyte response;
(3) good long-term in vivo implantation stability, neither calcification nor
degradation has been observed. However, SIBS also has some limitations:
(1) it has poor creep properties; (2) due to its non-polar nature it cannot form
hydrogen bonds, limiting its ultimate tensile strength; (3) it is difficult to
sterilise, it is not gamma-ray sterilisable and it has poor gas permeability,
which limits the usage of ethylene oxide; (4) it is susceptible to stress
cracking in the presence of organic solvents (although it is unlikely to happen
in vivo it may limit its process-ability); (5) its availability is very limited due to
patent restrictions.97

SIBS has been used as coat for metallic stent-grafts.97 A stent graft is
a tubular device supported by a rigid structure, usually made of metal. The
device is used primarily in endovascular surgery. Stent-grafts are used to
support weak points in arteries, such a point commonly known as
aneurysms.

The results of the studies performed by Boston Scientific Corporation
after implantation showed that there was very few, if any, polymorphonuclear
leukocyte response. This suggested the biostable nature of SIBS reduced the
foreign body immunologic response.111

In the first SIBS-coated coronary-stent commercialised, Boston
Scientific Corporation’s TAXUS®, SIBS had a two-fold function. In addition to
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provide a biostable and biocompatible coating to the stent SIBS delivered
paclitaxel in a controlled manner after deployment.97

Paclitaxel is a miotic inhibitor drug used to minimise the restenosis.112
Restenosis is the process of re-occlusion of the coronary artery after the
implantation of the stent. A 35% of the patients receiving a coronary stent
suffer restenosis.97 Paclitaxel reduces the proliferation and migration of
smooth muscle cells in the artery wall avoiding the narrowing of the artery
lumen.

Extensive clinical trials have confirmed that paclitaxel released from
SIBS-coated coronary stents reduced the restenosis in animals113 and
humans.114

The first application of SIBS implants in ophthalmology was the
“MIDI-Tube”, a glaucoma drainage tube.115 The device was an 11 mm long
tube made of SIBS with an outer diameter of 250 µm. The tube had a small
fin half way the longitudinal axis to avoid any movement or displacement.
The inner diameter of the tube ranges from 60 to 100 µm. The actual size of
the lumen is calculated according to fluid dynamics to allow the drainage of
the excess liquid in the eye without causing hypotony (deflation of the eye).

Previously, Acosta et al. had showed the biocompatibility of SIBS
discs implanted in the eye.116 The discs had been placed in the stroma of the
cornea and in the sub-Tenon space. The results showed significant less
irritation that control polydimethylsiloxane discs.
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The MIDI-Tube is inserted into the subject’s eye so that it connects the
eye’s anterior chamber and the subconjuntival/Tenon flap. A shallow
blister-like structure (bleb) forms as the excess aqueous humor drains from
the anterior chamber. The fluid is absorbed by the vascular system in the eye
or into the tear ducts. The device effectively alleviated the excess pressure in
the eye.115

Clinical studies in animals showed no inflammation and flow through
the tube was confirmed injecting labelled saline in the anterior chamber of the
eye.117 Independent studies corroborated the absence of myofibroblasts and
minimal scarring in test subjects.118

To correct the creep behaviour of thermoplastics (i.e. SIBS) reinforcing
elements such as fibres or fabrics can be used. If the creep deformation can
be rectified SIBS is a suitable candidate for through-flow heart leaflet valve
as SIBS possesses excellent haemocompatibility and biostability.119,120

A low modulus SIBS (7 – 9 mol% styrene) reinforced with knitted
polyester fabric has been used to design an artificial trileaflet valve. The
composite fabric was set in a frame made of higher modulus SIBS
(35 – 40 mol% styrene). Long term in vivo flex fatigue studies have proven
the valve effective for over 400 million cycles in animal models, which
approximates to 10 years of operation in humans. SIBS’s biostability is
believed to play an important role to prevent calcification and degradation.121
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1.4. Materials – Carbon Nanotubes
Carbon nanotubes (CNTs) are allotropes of carbon (Figure 1.7) with a
cylindrical nanostructure. CNTs can be thought as layers of graphene (single
layer graphite) rolled up into tubes.122 According to the number of layers they
can be classified as single-walled (one) nanotubes (SWNT), double-walled
(two) nanotubes (DWNT) or multi-walled (more than two) nanotubes
(MWNT).123 Since they were reported by Iijima124 (in 1991) carbon nanotubes
have been widely investigated. However, tubes made of carbon of diameter
in the nano scale had been published before, i.e. Radushkevic et al.125 in
1952.

a)

d)

b)

c)

e)

Figure 1.7: Some allotropes of carbon: a) diamond, b) graphite, c) lonsdaleite, d) fullerene
and e) single-walled carbon nanotube.

Carbon nanotubes have high length-to-diameter ratio126 and possess
interesting mechanical and electrical properties. They combine high flexibility
and strength with high stiffness. CNTs’ moduli range between 0.3 and
1.2 TPa (1012 Pa)127,128 and their tensile strength can be as high as
150 GPa (109 Pa).129 This together with low density, around 1.3 g·cm-3,
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provides significant reduction in the density and volume if used as structural
materials.130

1.4.1. Electrical Characteristics of Carbon Nanotubes
The electrical properties of CNTs depend on the chirality of the
hexagons spiralling around the cylindrical structure, which translates into
having a metallic or semiconductor-like behaviour. Metallic CNTs have
ballistic transport, this is zero resistance along the tube and high currentcarrying capacities (up to ~109 A·cm-2).131,132

In a simplistic approach it is possible to describe a carbon nanotube as
a single sheet of graphite rolled up. The multiple directions possible, shown
in Figure 1.8, determine the electrical properties of the carbon nanotube. The
vector that describes the “rolling” can be defined as n·a1, m·a2 where n and m
are integer numbers, a1 and a2 are the unit vectors of the possible rolling
directions.

Calculations133 predict that for a given (n,m) nanotube, if n equals m
(armchair configuration) the tube has bands crossing the Fermi level and is
therefore metallic; if the difference n minus m is a multiple of 3, then the
nanotube is semiconducting with a very small band gap, otherwise (zigzag
configuration) the nanotube is a moderate semiconductor with an energy gap
of the order of approximately 0.5 eV.134 However, in practice curvature
effects in small diameter CNTs can affect the electrical properties. Thus, (5,0)
SWNT that should be semiconducting is in fact metallic according to the
calculations. And vice versa, zigzag and chiral SWNTs with small diameters
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that should be metallic have finite gap.134 On the other hand, MWNT are
always conducting as they all have the armchair configuration.

a1
T

a2

(n,0) zigzag
Ch = n·a1 + m·a2
(n,n) armchair
Figure 1.8: The (n,m) nanotube naming scheme can be thought of as a vector (Ch) in an
infinite graphene sheet that describes how to 'roll up' to graphene sheet to make the
nanotube. T denotes the tube axis, and a1 and a2 are the unit vectors of graphene in real
space.

There are many possible applications for CNTs and more being
developed every day. For example CNTs have been proposed or used to
produce

super

capacitors,138

strong
fuel

nanowires,135
cells,139

sensors,136

nanosized

batteries,137

electronic

super

devices,140

electromechanical actuators141 or tiny electron guns for flat screen
displays.142 In addition, CNTs have been incorporated into composite
materials in order to enhance the electrical characteristics of those, this will
be discussed in further detail in following chapters (i.e. Chapters 4 to 7).

* * * * *

As it was stated at the beginning of the chapter, the ultimate goal of
this work has been to develop conducting composites that may be use in
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biological applications in the near future. During the last few years there has
been an ongoing debate about the consequences of using CNTs in the body
and different studies show opposite results.143,144,145,146

The electrical and mechanical properties of CNTs vary not only from
one type to another (i.e. SWNT, MWNT) but also from batch to batch.
Therefore it is possible to suggest that the physiological effect of CNTs may
also vary according to the type of CNT used. It has been shown that the
inhalation of CNTs produces similar responses to those from the first stages
after inhalation of asbestos fibres.147 However, little is known of the effect of
individual CNT in other organs. In addition, the toxicity is suspected to be due
to their size and geometry. Studies on CNT composites have been reported
with promising results, for example, growing viable cells on CNT-polymer
composites.148

1.4.2. Carbon Nanotube Production Methods
Although there are a number of processes available in order to
synthesise CNTs, there still remain two major problems in their synthesis:
large scale production and reproducible synthesis. However, the properties
shown by CNTs make the pursuit for controlled production processes worth
to be studied. The more popular production methods are arch discharge,
laser ablation, chemical vapour deposition and gas phase metal catalyst.

The arc discharge was the first reported method to produce carbon
nanotubes.124 It consisted in two vertical thin graphite electrodes arranged
vertically in an arc discharge chamber filled with an inert gas (i.e. argon) and
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a carbon source (i.e. methane). The cathode had a shallow dip to hold a
small piece of iron. Applying direct current (i.e. 200 A at 20 V) the carbon
contained in the negative electrode sublimates because of the high discharge
temperatures and forms cylindrical carbon structures on the iron at the
cathode. The use of the three components (argon, iron and methane) was
critical for the synthesis of CNTs. By varying the pressure in the chamber as
well as the metal in the cathode some degree of control can be exercised on
the CNT production.149,150

High yields of SWNT (> 70%) can be produced by laser ablation
(vaporisation) of graphite rods at 1200 ºC. The CNTs grow until the catalyst
are poisoned by carbonaceous coating. The tubes terminate in a fullerenelike tip due to the aggregation of catalyst particles.151

Laser ablation and arch discharge share the advantage of having the
capability of producing high CNTs yields but also the drawback that they rely
on evaporation of carbon atoms from solid targets at very high temperatures
and the fact that the CNTs are tangled, which makes difficult their purification
and use in further applications.Error! Bookmark not defined.

The chemical vapour deposition (CVD) method consists in heating a
mixture of hydrocarbon gas (i.e. acetylene, methane or ethylene) and
nitrogen in a reaction chamber in the presence of a catalyst, which is
deposited on a substrate, at atmospheric pressure. CNTs are formed on the
substrate by the decomposition of the hydrocarbon gas at relatively high
temperatures (700 – 900 ºC).152
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The process has two main advantages: the nanotubes are obtained at
much lower temperature, although this is at the cost of lower quality, and the
catalyst can be deposited on a substrate, which provides versatility to
construct novel structures.Error! Bookmark not defined.

This is a process suitable for large scale synthesis, because the
nanotubes are free from catalytic supports and the reaction can be operated
continuously. A gas phase introduces both the catalyst (Fe(CO)5) and the
carbon source (CO) at high pressure, for which this method is often referred
as “HiPCO” (high pressure carbon monoxide).153 The reaction occurs in gas
phase and the CNTs are carried out of the furnace by a gas stream to be
collected.

1.4.3. Processing Carbon Nanotubes
Carbon nanotubes have limited solubility in water and most solvents.
Solubilisation of CNTs is expected to facilitate both their chemical
derivatisation and investigation of CNT properties.154 It should be noticed that
the term “solubility” is defined in differently across studies. In some cases the
research is done using small amounts of CNTs and obtain dispersions
without sedimentation. An alternative approach is to separate “insoluble”
nanotubes from dispersed ones using centrifugation.155 However, the speed
and centrifugation times make it difficult to compare directly the results,
typically centrifuging at higher speed and for longer time yields thinner
bundles in the supernatant and more individual nanotubes.156,157
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In the recent years there have been several studies on chemical
modification and functionalisation methods that make possible to disperse
CNTs in water and organic solvents. This has opened paths for easier
processing of CNT.155 Functional groups covalently attached to CNTs can
stabilise them in colloidal dispersions by inducing steric or electrostatic
repulsive interactions. Furthermore, the interaction between the solvent and
the functional groups lowers the enthalpy of mixing and can increase the
entropy of mixing (solvent configurational effects) resulting in a lower free
energy of mixing. In some cases the free energy of mixing may even be
negative resulting in a true solution.158

Some of the most common strategies to covalently functionalise CNTs
are defect site creation first, i.e. creating carboxylic acids on the end caps or
sidewall, and then functionalise at those places.159 Moreover, sidewall
covalently modified CNTs dissolve without sonication.159 A wide range of
molecules and polymers have been covalently attached to CNTs through
these methods, for example poly(propionylethylenimine-coethylenimine), and
amphiphilic amino polymer resulting in CNTs soluble in chloroform and
water.160 Other polymers for the functionalisation and aqueous solubilisation
of CNTs include poly(vinyl alcohol),161 poly(vinyl acetate-co-vinyl alcohol),160
oligomeric and polymeric species containing poly(ethylene glycol),162,163 or
octadecylamine molecules, which made CNTs easily dispersible in a wide
range

of

organic

solvents,

i.e.

chloroform,

tetrahydrofuran,

1,2-dichlorobenzene.163 However, covalent functionalisation has an important
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drawback, the measured conductivity values of functionalised CNTs are
lower than those of pristine nanotubes.164

On the other hand, non covalent stabilisation of CNTs in solution has
been suggested as an alternative. This approach does not modify the
physical or electrical properties of the nanotubes. In addition, the dispersion
procedures are often straightforward, involving only ultrasonication and
centrifugation or filtration. A wide variety of molecules have been used for
non covalent functionalisation such as surfactants, polymers, biopolymers or
proteins.155

Surfactants have been a popular option for processing CNTs in
aqueous media. They are commercially available, low cost and there is a
wide range to choose from (i.e. cationic, anionic, amphoteric, non-ionic).
However, the stability of the suspensions vary with the surfactant used from
less than a week to several months.165

Polymers have been used to stabilise CNTs dispersions in a similar
fashion to surfactants. Although polymers typically adsorb more robustly as
they usually have more interaction places, the results are as varied as
polymers are.166 Some polymers, specially biopolymers, have been used to
add properties to the CNT i.e. antifouling, discriminative or biocompatible
nature of the composite coating.167,168
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1.4.4. Carbon Nanotubes as Mechanical Reinforcing
Elements
Macroscale composites made of CNTs have not yet fully produced the
impressive

mechanical

characteristics

possessed

by

the

nanoscale

constituents. The inefficient stress transfer between CNTs and polymeric
matrix is commonly the cause for the reduction in performance, although the
orientation and/or length of the CNTs can contribute too.169 Alignment of
reinforcing fillers usually help distribute the stress in the material better than
randomly oriented fillers.170

Polymer-CNT composites can be divided into two major categories,
unidirectional fibres and bulk composites. Both of them require strong matrixCNT bonding, dense packing of CNT fillers and fully exfoliated (de-bundled)
CNTs. In addition, uniform distribution of CNT diameter is critical to
effectively transfer load from the matrix to nanotubes.171

An efficient way to introduce alignment of CNT is the utilisation of
shear dynamic forces. Using “solution fibre spinning” techniques to produce
CNT composites is a relatively easy way to generate such forces.169 These
techniques will be described in detail later on (page 59).

Bulk composites typically have lower mechanical parameters than
those of the fibres. There are a number of factors that play an important part
in the performance of homogeneous bulk CNT composites. For example,
CNT need to stretch and reorganise during the deformation while, in the
aligned fibres, the stress is transferred in a more efficient manner. In bulk
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composites segregation of components is more likely to happen. When this
occurs, even at a nanoscale, creates defects, which is detrimental for the
mechanical properties.169

In addition, the mechanical performance of CNT composites can be
improved via chemical cross-linking between the CNTs and the matrix. This
can be done by in situ polymerisation172 or polymer functionalisation of
CNTs.173

1.5. Materials – Conducting Polymers
Conducting

polymers

(CPs)

are

organic

materials,

generally

comprised of carbon and hydrogen and sometimes heteroatoms such as
nitrogen or sulphur (Figure 1.9). Conducting polymers have been intensively
and extensively studied since McDiarmid et al. published their work on
polyacetylene in 1971.174 However, polymers with conducting properties had
been reported before that date, for example pyrrole was known to form a
conductive “pyrrole black”,175 and conducting polymers from thiophene176 and
aniline177 had been reported prior to 1971.
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Figure 1.9: Structures of a) polypyrrole, b) polythiophene and c) polyaniline.

CPs have backbones of contiguous sp2 hybridized carbons whose π
orbitals overlap. This π-conjugation is the source of their inherent electrical
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properties. Thus, conducting polymers are intrinsically conducting and do not
require the addition of conductive fillers.178

The polymeric backbone needs to be oxidised (sometimes reduced,
i.e. polyacetylene) to introduce charge centres so that the polymer becomes
conducting. The oxidation of the CP leads to the presence of charges on it.
These charges are delocalised over several monomer units in the polymer.
The charge centres can be anionic or cationic species and are called
“dopants”. Although this term has been borrowed from condensed matter
physics it has a different meaning in this context. It refers to the analogy
among the addition of “impurities” to cause the addition or removal of
charges from the conduction band. Thus counterions were called dopants,
however, in CP doping/dedoping refers to the oxidation/reduction of the
polymer and the oxidant agents are called dopants.178

When CPs are doped, due to various constrains in the polymer, they
rarely fully oxidised, this is, less than 100% of the polymer. The extension of
the oxidation is called “doping level” and it is defined as the number of
counterions (dopants) per monomer unit. For example, a CP with one dopant
every four monomer units has a doping level of 0.25 or 25%. The larger the
doping level, the higher the conductivity of the CP is. There are more mobile
charges.178

The oxidation of CPs from their natural state to their conducting state
can be achieved in a number of ways. For example, electrochemically,179
exposing the CP to the dopant in solution180 or in vapour phase.181
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1.5.1. Synthesising Conducting Polymers
From

the

elementary

polymer

chemistry

point

of

view

the

polymerisation of CPs can be classified as either condensation or addition
polymerisations. The former is also referred as step-growth polymerisation
and the latter as chain-growth polymerisation.178

Condensation polymerisation generally involves the elimination of
chemical species resulting from the reaction of end groups on monomer
chains, i.e. water from the reaction between an alcohol and an acid group
(yielding a polyester). On the other hand, addition polymerisation involves
first the chain initiation through the generation of highly reactive centres (i.e.
radicals). Then the chains grow propagating the active centres until these are
neutralised, termination step.182

However, CP syntheses are typically classified as chemical or
electrochemical, based on the processes conditions rather than in the
polymerisation mechanism. Most electrochemical syntheses are addition
polymerisations

and

many

chemical

syntheses

are

condensation

polymerisations.178

Conducting polymers obtained through chemical synthesis routes tend
to have superior conductivities than those produced by electrochemistry.
However, the latter has a better control over the CP morphology,
reproducible doping and conductivity values.178
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The chemical and electrochemical synthesis routes will be described
in detail in the following sections.

1.5.1.1. Electrochemical Synthesis
Most electrochemical syntheses are oxidative and follow a similar
reaction pathway. Firstly, the initiation step, which involves the formation of
monomer radical cations via electrochemical oxidation. The following step is
propagation. This can be a radical-radical recombination, the loss of two
protons from the radical-radical intermediate species, electrochemical
oxidation of the dimmer (generating an oligomeric radical cation) or
combination of oligomeric radical cations with other radicals (monomer or
oligomeric radical cations). The polymerisation continues until the reaction
terminates due to the exhaustion of all reactive species in the vicinity of the
electrode.178

During the electrochemical polymerisation of CPs, the neutral
monomer concentration at the electrode decreases rapidly. This is due to the
electron transfer kinetics of the monomer electro-oxidation, which is faster
than the diffusion of monomer from bulk of reaction medium to electrode.
Therefore, most neutral monomers are oxidised to monomer radicals rapidly
and are more likely to be surrounded by other monomer radicals than by
neutral monomers, oligomers or other species.178

The solvent employed in electrochemical polymerisation will affect the
quality of the CP produced in terms of conductivity, morphology and
electrochemical behaviour. An ideal solvent would be a good nucleophylic,
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would facilitate proton removal in the polymerisation, good solubility of the
monomer, oligomers and reduced polymer.178

Similarly, the electrode choice plays an important role in the
electrochemical synthesis of CPs. The electrode must not undergo oxidation
at a potential equal or lower than the oxidation potential of the monomer. A
number of materials have been used as electrodes, for example, indium tin
oxide, gold, platinum and even stainless steel or n-doped silicon. Those
same materials can be used as counter electrodes. A 2-electrode
configuration is commonly used in bulk syntheses or emulation of
electrochromic devices whereas a 3-electrode configuration is preferred for
most electrochemical work.178

Conducting polymers are typically electrochemically grown applying a
constant potential (potentiostatic deposition), applying constant current
(galvanostatic deposition) or repeating potential cycles. Potentiostatic
deposition provides a better control of the polymer morphology while
galvanostatic deposition enables to control the thickness of the polymer.178

The dopant choice affects doping level and the conductivity of the CP.
The incorporation of the counterions seems to be more dependant on the
“dopant affinity sites” in the polymer morphology than on their size. Thus it is
commonly accepted that dopants are better incorporated if added during the
electropolymerisation itself.178 A list of some commonly used dopants is
presented in Table 1.2.
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1.5.1.2. Chemical Synthesis
The chemical polymerisation process differs from the electrochemical
one in a fundamental step. After the initial radical ion generation, instead of a
radical-radical coupling, coupling occurs between radical and monomer.
During chemical polymerisation, there is an excess of monomer around the
generated radical monomers. In addition, chemical polymerisation usually
requires the presence of an initiator or a precursor. This usually consists in
the synthesis of the CP in its non-conducting state, which is more soluble
than the conducting state.178

Table 1.2: List of commonly used dopants and reported doping levels for polypyrrole and
polythiophene. Adapted from ref.178.

Dopant

Doping level

Tetrafluoroborate

5 – 33%

Hexafluoroarsenate

5 – 33%

Hexafluorophosphate

5 – 33%

Perchlorate

4 – 30%

Sulphate

5 – 22%

Chloroferrate

3 – 42%

Benzene sulphonate

2 – 33%

The polymerisation involves a monomer molecule and an oxidant,
which can be the dopant. The monomer molecule is chemically oxidised and
forms a radical cation. This radical attacks another monomer molecule
generating a dimmer radical cation, which will further attack another
monomer molecule. The propagation process continues until the termination,
i.e. no more monomer is present in solution.178 After polymerisation chemical

48

Thesis Outline and Literature Review

doping can be used to incorporate new dopants not present during the
original synthesis.183 The quality and morphology of the CP obtained via
chemical synthesis depend on the solvent as well as the redox potential of
the polymerisation medium.184 The specific requirements vary among CPs.

Several organic chemistry routes have been used to synthesise CPs.
For example several coupling reactions,185 Ziegler-Natta stereospecific
reactions,186 UV polymerisation,187 plasma polymerisation188 or chemical
vapour polymerisation.189

1.5.2. Polythiophene
Polythiophene (PTh) is a polyheterocycle where the sp2px carbon
chain is stabilised by sulphur atoms, see Figure 1.9-b. From a theoretical
point of view PTh has been considered as a model for the study of charge
transport in CPs. PTh structure can be easily modified and its derivatives
have been used in several applications such as conductors, electrode
materials and organic semiconductors.190

Due to the rigidity of the conjugated backbone PThs have limited
solubility in most solvents, as most CPs. The grafting of alkyl chains on PThs
has been used to increase their solubility in common solvents, i.e.
tetrahydrofuran, chloroform or benzene.191

Polythiophenes can be synthesised either by electropolymerisation or
chemical oxidation following the mechanism described earlier in this section.
However, when PThs are produced by electrochemical synthesis bi- or
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ter-thiophene can be added to the starting materials in order to reduce the
polymerisation potential.192 This is important because the potential at which
thiophene monomer becomes polythiophene, polythiophene overoxidises.
The overoxidation affects negatively the chemical and electrical properties of
PTh.193 Grafting alkoxy or alkyl groups has been found to reduce the
polymerisation potential.194

1.5.2.1. Poly(3-Alkylthiophenes)
The addition of alkyl chains in the 3 position in PTh rings improves the
not only the solubility but also reduces the electropolymerisation potential as
well as polymer overoxidation. However, the presence of ring substituents
introduces a further structural complication.195

Coupling of the substituted thiophene can lead to different
regioisomers:

2,5’-head-to-tail

(HT),

2,2’-head-to-head

(HH)

and

5,5’-tail-to-tail (TT). Then the polymer conformation can be HT-HT, HT-HH,
TT-HT, TT-HH (Figure 1.10). Random mixtures of these are called
“regiorandom” where as regularly repeating configurations have been called
“regioregular”.195 The less sterically crowded is the HT-HT configuration and
it has been reported to be more conducting than regiorandom structures.196 A
number of synthesis routes are available in order to obtain HT regioregular
poly(3-alkylthiphene).197,198

The applications of PTh and its derivates are many and diverse,
including from corrosion protection,199 tissue engineering,200 coatings for
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microelectrodes in biosensors,201 light emitting diodes202 and antistatic
coatings and electromagnetic shielding.203
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Figure 1.10: Possible polymer conformations of poly(3-alkylthiophene). a) HT-HT, b) HT-HH,
c) TT-HT and d) TT-HH.

In addition, a type of PTh, poly(3-alkylthiophene) and more specifically
poly(3-hexylthiophene) (P3HT), have been studied for several applications.
For example, spin coated P3HT thin films, partially doped with PF6- have
been proposed as sensor for hydrazine and monomethyl hydrazine (both
highly toxic) at concentrations as low as 0.1 – 100 ppb. P3HT has also been
used in the development of organic thin film transistors,204 and polymer
based solar cells.205

1.6. Composite Materials
All the materials described in this chapter have their pros and cons.
Combining them in different ways may produce composites that combine the
desired properties of those materials while overcoming the drawbacks they
can have. For example, the process ability of carbon nanotubes could be
improved if combined with biopolymers at the same time these become
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conducting, additionally elastomeric polymers can gain conductivity while
conducting polymers can benefit from reinforced mechanical properties.

1.6.1. Polyelectrolyte Complex Composites
The

polysaccharides

described

earlier

in

this

chapter

are

polyelectrolytes, this is they are polymers that carry functional groups with
the capacity of being charged within their intrinsic molecular structure.206
When two oppositely charged polyelectrolytes interact with each other to
neutralise part or all the charges in the chain they form what is called
polyelectrolyte complexes (PEC).206 The interaction among polyelectrolytes is
mainly electrostatic (Coulombic)207 being the driving force of the process the
entropy gain associated with the release of counter-ions.208 Although PEC
can be formed between any type of oppositely charged particles,
polymer-polymer, polymer-salt, polymer-drug, polymer-drug-polymer, etc.,209
here we will discuss PEC of the polymer-polymer type.

The formation of PEC has been described as a three step process
(Figure 1.11).210 First it is the formation of a primary complex by Coulombic
forces. Then, the chains readjust in an intra-complex process. The last step
is the inter-complex aggregation process, which is theorised to be influenced
by hydrophobic interactions and Van der Waals forces.211 The first two steps
lead to PEC in solution and if the intra-complex interactions are strong
enough (i.e. high enough complex concentration) a coacervate is formed.
Coacervation is the separation of aqueous polymeric solutions into two
immiscible phases, a dilute phase and a coacervate phase (concentrate in
polymers).212
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Figure 1.11: Schematic representation of polyelectrolyte complex formation.

There are several parameters that controls the formation of PEC, for
example

molecular

weight,

chain

conformation,

charge

density,

polyelectrolyte concentration, pH, ionic strength and temperature of the
medium.209,213 Ionic strength and pH are of special importance as they affect
the charge interactions among polyelectrolytes’ functional groups. Adding
inorganic salts into the medium increases the ionic strength, screening the
charges in the polyelectrolytes thus hindering the complexation between
polyions.214 Furthermore, the degree of ionization of weak polyelectrolytes
can be controlled varying the pH of the solution, hence increasing or
decreasing the charge density of the polyion.215

Polyelectrolyte complexes are versatile composites and can be
processed in a variety of morphologies including films, fibres and capsules.207
Similarly, a wide range of polyelectrolytes have been used in several
applications, some of them will be discussed in following sections.
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1.6.1.1. Chitosan-Based Polyelectrolyte Composites
As it was described earlier, chitosan (CH) is the only known pseudonatural cationic biopolymer.2 Due to its versatility and biocompatibility CH has
become the polymer of choice for PEC applications such as membranes for
controlled release,216 drug delivery,217 tissue scaffolding218 or cartilage
regeneration.219 CH has been complexed with a number of biopolymers
(xanthan gum,220 alginate,221 hyaluronic acid,222 DNA,223 poly-α,L-glutamic
acid)224 as well as synthetic polymers (polyacrylic acid).225 The chitosan
polyelectrolyte

composites

studied

in

this

work

were

CH–GG

(chitosan – gellan gum) and CH–CG (chitosan – carrageenan).

Chitosan-gellan gum composites are formed by polyelectrolyte
complexation, the ß-1,4-D-glucuronic acid in the GG repeating unit interacts
with one of the ß-(1|4)-2-amino-deoxy-D-glucopyranose in CH’s backbone.
The result is the formation of an insoluble coacervate.226

When CH and GG are put in contact a PEC layer is formed at the
interface.227 The interface can be pulled to produce fibre-like structures and,
interestingly, the interface is regenerated by continuous self-assembly of
more CH–GG PEC.228

The rapid formation of an interface between both polyelectrolytes can
be used to form different architectures. If one of the biopolymers is added
into a vigorously stirred solution of the other biopolymer it forms droplets or
capsules. However, if the gelling process is not fast enough it can generate
honeycomb-like structures.227,228
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Micro capsules formed by polyelectrolyte complexation of CH and GG
have been studied as means for controlled release of proteins. It was found
that only low molecular weight proteins inside the capsule could permeate
through the PEC layer.229

In addition, CH–GG PEC has been reported to be environmentally
biodegradable. It can be degraded by soil filamentous fungi.230

Polyelectrolyte complex made of CH and CG are formed by the
interaction between CH’s amino groups and the ester sulphate groups in CG.
As each type of CG has different numbers of ester sulphate groups per
repeating unit this results in different mechanical properties of the PEC gels
formed.211 Nevertheless, all commercially available CG types (ι, κ, λ) form
PEC when combined with CH in an equimolar pairing of oppositely charged
groups.

Polyelectrolyte complex capsules made of CH and CG have been
studied for different uses. On the one hand they have been designed to
release drugs in a controlled fashion.231,232 On the other hand, they have also
been prepared to immobilise yeast for brewing purposes.233

1.6.1.2. Carbon Nanotubes Laden Polyelectrolyte
Composites
In the recent years there has been an increasing interest on combining
the biofunctionality of biopolymers and the electrical and mechanical
properties of CNTs. 234,235 Polyelectrolyte complexation has been reported as
a suitable process for the production of chitosan-hyaluronic acid composites
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with high CNT loads.236 This opened the door to a new approach to
incorporate CNT into biopolymeric composites.

1.6.2. Conducting Elastomeric Composites
The creation of new composites based on elastomeric polymers
combined with conducting materials has attracted the attention of
scientists.237,238 These composites can combine the mechanical properties of
the elastomeric polymers (i.e. flexibility, toughness, elongation before
breakage) and more important, their process-ability (i.e. solution or melt
processes), with the electrical properties of conducting materials. Some
elastomeric composite materials have been reported to retain and even
increase their electrical properties at high strains,239 even over 500% their
initial length.240 Thus, elastomeric conducting composites are attractive
materials for quenching electromagnetic interference,241 anti electrostatic
coatings,242 flexible electronics,243 sensors,244 actuators,237 batteries237 or
electro-optical devices,237 for example.

Different conducting materials such as metallic particles, carbon
nanotubes, carbon black or conducting polymers have been used in
combination with elastomeric polymers. Several approaches have been used
to prepare those composites.

1.6.2.1. Conducting Material as Filler
A common approach to produce conducting elastomeric composites is
to use conducting material as filler.
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The electrical conductivity in composites has been theorised to be a
function of the electronic transfer among the conducting material domains
within the polymeric matrix.240 The interaction between discrete domains and
the formation of a network in a continuous matrix is described in mathematics
as percolation theory.245 Applying this theory to material science the
minimum amount of filling material needed to form a continuous network
within the matrix is called the percolative threshold. In theory, increasing the
concentration of conducting filler will increase the conductivity of the
composite slowly until the percolation threshold is reached. After that, a small
increment in filler concentration will result in remarkable enhancement of the
composite electrical properties.246

However, the actual amount of filler needed to reach the percolation
threshold varies from a system to another. For example, the percolation
threshold of multiwalled carbon nanotubes in blends of butadiene and
styrene-butadiene rubber was found to be lower than 2% w/w,247 a
polyurethane-substituted polythiophene reaches the percolation threshold at
8% w/w in polyurethane,248 whereas a concentration between 15 and
30%

w/w

of

polyaniline

in

poly(ethylene-propylene-5-ethylidiene-2-

norbornene) was needed.240 This suggests that the unidimensial nature of
carbon nanotubes may facilitate the formation of a network even at low
concentrations. On the other hand, the ability of conducting polymers to form
percolative networks seem to be dependent on the degree of interaction with
the matrix they are in.
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There are several methods to introduce conducting fillers in polymer
matrices. The most common approaches are either mechanical blending or
solution mixing. The former has been successfully used to produce
conducting polyaniline and poly(ethelyne-propylene-diene) blends,249 carbon
nanotubes

dispersions

in

SIBS250

or

carbon

black

dispersions

in

poly(styrene-ß-ethylene-butylene-ß-styrene).251 The solution process was
used

to

produce

conducting

poly(3,4-ethylenedioxythiophene)

and

polyurethane composites.239

A more complex method involves the copolymerisation of conducting
polymer blocks and elastomeric polymer blocks.252 A stretchable conducting
polyurethane – fullerenol copolymer was synthesised using such procedure.

1.6.2.2. Conducting Coatings
Coating the elastomeric polymer with a conducting material is simple
in concept but not that easy to implement. The main drawback is that the
conducting materials used are not easy to process. However, the amount of
conducting material needed is lower than in filled matrices.237

Under the appropriate conditions it is possible to deposit or grow a
layer of conducting polymer on a substrate, even on an elastomeric
polymer.253

Polythiophene

has

been

growth

on

polyurethane

via

electrochemical polymerisation and polypyrrole has been polymerised (by
vapour phase polymerisation) on SIBS.254
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Fabrics coated with gold or copper have been used as flexible
electrodes in actuators.255 Coating processes are not a viable option in many
cases as they have an important drawback, coatings easily crack or are
damaged when the substrate stretches or shrinks. However, metal ion
implantation on the surface of poly(dimethylsiloxane) has been reported as a
suitable method to produce stretchable electrodes.256

An alternative, although seldom used, consists on casting a dispersion
of the conducting material (i.e. carbon nanotubes) on top of the polymer. If
the elastomer is soluble (or partially soluble) in that solvent when it
evaporates will leave the settled conducting material incrusted on the
polymer surface. Conducting SIBS – carbon nanotubes composites produced
by this method were reported as good substrates for cell growth.148

Combining conducting materials and elastomeric polymers increases
the process-ability of those. The composites are mainly solution casted257 or
moulded and they can even be processed into fibres.258

1.7. Fibre Spinning
Fibre spinning is a widely used and versatile industrial process. It is
mainly utilised to produce yarns of natural and synthetic fibres but it is also
employed to manufacture optic fibre cables and wires. Only synthetic fibre
spinning has been studied in this thesis, this is, the production of fibres from
non-fibrillar materials. Hence the expression “fibre spinning” will be used only
to refer to synthetic fibre spinning processes. The word processing has been
used to describe operations carried out to increase the utility of a material.259
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Typically fibres are formed by extruding a viscous fluid (melt spinning)
or a solution of the polymer (solution spinning) through the small orifices of a
spinneret (Figure 1.12). Melt spinning processes use heat to melt the
polymer to a viscosity suitable for extrusion through the spinneret and upon
cooling it solidifies into a fibre. In solvent spinning the polymer is dissolved
and it precipitates after being forced through the spinneret. Examples of
fibres produced by melt spinning and solvent spinning processes are shown
in Table 1.3.

2

3

1

Figure 1.12: Schematic representation of a spinneret. (1) Spinning solution, (2) spinneret and
(3) fibres.

After spinning, fibres may be post processed to meet the required
physical properties for their intended use. Examples of treatments include
drawing, lubrication, crimping, heat setting, twisting and cutting.

Table 1.3: Types of spinning methods and fibre types produced.

Spinning Method
Melt Spinning

Dry Solvent Spinning
Wet Solvent Spinning
Reaction Spinning
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Fibre Type
Polyesters
Nylon 66
Acrylics
Spandex
Acrylics
Spandex
Rayon
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Melt spinning and solution spinning produce different surface
morphologies. The former produces filaments with smooth surfaces whereas
the latter results in rough surfaces. The different spinning processes will be
discussed in detail in the following sections.

1.7.1. Melt Spinning Process
In melt spinning the polymer is first heated above its melting
temperature and filtrated to remove any impurity or non-molten solid residue
(Figure 1.13-1). The polymer is then extruded through the spinneret to form
continuous strands of polymer filaments. Upon cooling they will form fibres
(Figure 1.13-4). Cooling gases are often employed to accelerate the process
(Figure 1.13-3). A number of rollers collect the formed fibres and may re-heat
them to improve molecular orientation by uniaxial stretching. Finally, the fibre
is taken up onto bobbins. Typically a special tension control device is used to
control the rate of rotation in order to maintain constant yarn speed.260

1.7.2. Solution Spinning Processing
In solution spinning processes the polymer of interest is dissolved in
an appropriate solvent. Removing the polymer from the solvent, it will solidify
promoting the fibre formation. Solution spinning processes are used in cases
where the polymer may degrade thermally if attempts to melt it are used.

A number of techniques can be used to extract the polymer from the
solvent. These involve solvent evaporation, polymer extraction or polymer
reaction.261 These techniques will be discussed in the following section but
first the appropriate solvent selection will be addressed.
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Figure 1.13: Schematic representation of the melt spinning process. (1) Filter, (2) spinneret,
(3) cooling gases and (4) produced fibre.

Since before chemistry was called as such it has been known that
“simili similis solvultur”, this is “like dissolves like”. However, it was not until
1936 that a serious attempt to quantify solubility was done. Joel H.
Hildebrand proposed a simple definition for a “solubility parameter” to
describe systematically the miscibility behaviour of solvents.262 This
parameter, δ, is a measure of the attractive strength between molecules of
the material and it was defined as the square root of the cohesive energy
density (the heat of vaporization divided by the molar volume).

Hansen proposed an extension to Hildebrand’s parameter in order to
estimate the relative miscibility of polar and hydrogen bonding systems.263,264
In Hansen’s approach the solubility parameter is split into three components:
polar, dispersion, and hydrogen bonding.
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Both solubility theories are semi-empirical and their results vary
depending on the method used to determine the values and the test
conditions. Thus they have led to large uncertainties, and inconsistencies.
However, they have been successfully used to predict the segregation of
products during their synthesis and to develop stable commercial chemical
formulations.265

Although complex experimentation and/or mathematical models are
required to calculate Hildebrand’s or Hansen’s solubility parameters these
have the advantage of ease of use. A simple comparison of the solubility
parameters of any compound (δcompound) and a solvent (δsolvent) would allow
the prediction of their miscibility. The lower the difference, the higher the
miscibility will be. In addition, the solubility parameters can be used to
determine the solubility of a solvent mixture. The Hildebrand value of a
solvent mixture can be determined by averaging the Hildebrand values of the
individual solvents by volume. For example a mixture of 2 parts of solvent A
and 1 part of solvent B with solubilities δA and δB, respectively will have a
final solubility parameter δF equal to ⅔·δA + ⅓·δB.262

1.7.2.1. Dry Spinning
Although it is called “dry spinning”, the polymer is obviously wet by the
solvent in which it is dissolved. Dry spinning, however, does not require a
coagulation bath as other solution spinning processes do. In dry spinning the
solvent (volatile organic solvent) evaporates as the spinning solution is forced
through the spinneret (Figure 1.14-1) leaving solid polymer filaments. Direct
heat or heated gases usually are employed to enhance the evaporation of
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the solvent (Figure 1.14-2). This type of spinning is used for easily dissolved
polymers such as cellulose acetate or acrylics.266

1
2

3

4

Figure 1.14: Schematic representation of the dry spinning process. (1) Spinneret, (2) cooling
gas inlet, (3) cooling gas (solvent rich) outlet and (4) produced fibre.

1.7.2.2. Wet Spinning
In wet spinning, the spinning solution is extruded through a spinneret
(Figure 1.15-1) into a coagulation bath (Figure 1.15-2) that would force the
precipitation of the polymer. This is caused because the polymer is insoluble
in the coagulation bath (see Hildebrand’s solubility parameters in page 61).
Fibres are formed as the solvent is extracted from the polymer
(Figure 1.15-3). As the fibres form a solid shell in their outside fibre
aggregation is prevented, which is an advantage compared to dry or melt
spinning. On the other hand, the drag forces generated by drawing through a
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viscous fluid (compared to flowing through a gas) lead to lower spinning
speeds to avoid breakages due to the excess of tension in the line.267

3

1

4

2

5

Figure 1.15: Schematic representation of the wet spinning process. (1) Spinneret, (2)
coagulation bath, (3) produced fibre, (4) fresh coagulant inlet and (5) coagulant outlet.

Wet spinning is a versatile process and it has been adapted to spin
fibres from non-polymeric products or low molecular weight polymers. CNT
fibres have also been produced by wet spinning, for example from CNT
dispersions in poly(vinyl alcohol)268,269,270 or in poly(p-phenylene-2,6benzoxazole).271

1.7.2.3. Reaction Spinning
The spinning solutions for reaction spinning are made dissolving either
low molecular weight polymers or monomers. Then, when they are spun into
the coagulation bath, this causes the polymerisation of the monomer or the
cross-linking of the polymer chains. Thus the molecular weight increases
yielding an insoluble polymer.272 For example, gellan gum fibres have been
produced using cross-linkers such as calcium ions.273
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1.7.2.4. Polyelectrolyte Complexation Wet Spinning
Fibres made by polyelectrolyte complexation involve the formation of
an insoluble complex between two oppositely-charged polymers. A PEC is
formed at the interface of both solutions, spinning solution and coagulation
bath, as it was described in page 52.274,275

Gellan gum – chitosan PEC fibres have been traditionally obtained by
pulling the PEC gel formed at the interface between static polyelectrolyte
solutions.227,228

1.7.2.5. Dry Jet Wet Spinning
Dry jet wet spinning is similar to wet spinning. The difference is the
addition of a gap between the spinneret and the coagulation bath
(Figure 1.16-2). The distance of the gap varies from one system to another.
As the spinning solution passes from a low viscosity fluid (air) into another
with a much higher viscosity (liquid) high shearing stresses on the surfaces of
the filaments occur. This lead to increased mechanical properties.276

1.7.2.6. Electrospinning
Electrospinning is a variation of fibre spinning. The techniques
described above produce macroscopic filaments, which can be turned into
yarns or used as individual fibres. On the other hand, electrospinning
produces mats of fibres with diameters in the nanometre scale.
Electrospinning is based on a similar principle to dry spinning. Fibres are
formed as the solvent in which the polymer (or blend) is dissolved into
evaporates. However, the driving force for the filament formation is the
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potential applied between the spinneret (i.e. a needle, Figure 1.17-2) and a
collector (Figure 1.17-4), typically over 10 kV.225

1

2
4

5

6

3

Figure 1.16: Schematic representation of the dry jet wet spinning process. (1) Spinneret, (2)
air gap, (3) coagulation bath, (4) produced fibre, (5) fresh coagulant inlet and (6) coagulant
outlet.

The main parameters that affect the formation of fibres are the
polymer molecular weight, the presence of conducting or charged material in
the spinning solution, the distance between the spinneret and the collector
and the potential applied.10

3

1
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4

5

Figure 1.17: Schematic representation of the electrospinning process. (1) Spinning solution,
(2) needle, (3) fibres, (4) collector and (5) power source.

Carbon

nanotubes

dispersed

in

SIBS,250

polyurethane277

or

polyacrylonitrile278 have been used to produce composite mats by
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electrospinning. This technique has also has been used to produce mats of
SIBS fibres, which were later coated with polypyrrole to make them
conducting.254 Furthermore, biopolymers such as chitosan have been
successfully electrospun,10 even after polyelectrolyte complexation with
polyacrylic acid.225

1.8. Characterisation Techniques
1.8.1. Mechanical Characteristics
Often materials are subject to forces (loads) and it is necessary to
know how they behave when they are deformed (i.e. elongated, compressed
or twisted) or how they break as a function of applied load, time, temperature
or other conditions. In order to determine those properties tests are required.

There are two ideal models, which are often used to describe the
properties of matter, the elastic solid and the viscous liquid. The elastic solid
has a definite shape and is deformed by external forces into a new
equilibrium shape. Once the force is remove the solid returns to its original
shape. The solid stores all the energy applied and uses it to recover the
original shape of the body once the external force is removed. On the other
hand, a viscous liquid has no shape and flows irreversibly when external
forces are applied. However, real materials rarely behave as truly viscous
liquids or elastic solids but as a combination of the two (viscoelastic
behaviour), responding only to these models at low strain rates or forces.
Furthermore, polymers can display a wide range of intermediate states
depending on factors such as temperature.279
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Previously in this chapter terms like Young’s modulus, tensile strength
or ductility have been used. Here they are defined.

Young's modulus quantifies the elasticity of the polymer. It is defined,
for small strains, as the ratio of rate of change of stress to strain. The
modulus is strongly dependent on temperature.280

The tensile strength of a material quantifies how much stress the
material will endure before suffering permanent deformation. This is very
important in applications that rely upon a polymer's physical strength or
durability.280

Elongation is uniaxial change in shape when the sample is under
stress, that is stretching or strain. Typically elongation is expressed as
percentage of how much the sample has been strained respect to its original
length.280 Toughness is the amount of energy per unit volume that a material
can absorb prior to fracture.280 For most applications polymeric materials are
required to retain their shape even if subjected under small forces over long
periods of time. Creep is defined as an increase in strain of a material (i.e.
polymer) under a constant stress over a period of time.

Stress is a measure of the force per unit area and it is calculated
knowing the force a sample is under and the cross sectional area of that
sample. The characteristics described above (except creep) can be easily
derived from strain-stress curves. These curves can be obtained by
subjecting the specimen to a tensile force applied at a uniform rate and
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measuring the resulting deformation.281 Examples of stress-strain curves are
shown in (Figure 1.18).

1

2
Load

3

Elongation

Figure 1.18: Typical load-elongation curves for (1) brittle fracture, (2) ductile failure and (3)
homogeneous deformation.

The shape of the curve is dependent of the rate of testing, which is
important if a comparison of the data is to be made. The first region of the
curve (line OA in Figure 1.19), is linear and Young’s modulus can be
obtained from its slope. The point B, elastic limit, represents the stress
beyond which a brittle material would break. The area under the curve is the
energy (per unit of volume) needed for a brittle fracture.

A
C
D

Stress

B

O

Strain

Figure 1.19: Example of stress-strain curve.

Tough materials go beyond that point, the slope of the curve lowers
until the curve reaches a maximum (C), yield point. The load at this stage
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decreases and sometimes a neck appears in the material, this is a change in
the geometry of the sample and is called ductile failure. If the strain
continues, ultimately the sample will fracture (D), break point. The area under
this part of the curve is the energy per unit of volume required for a tough
fracture.281

Creep can be easily tested suspending a load from the sample and
following the strain over time. The initial deformation (segment OA in
Figure 1.20) corresponds to the initial elongation produced by the application
of the tensile stress and it is inversely proportional to the rigidity (modulus) of
the material. This is followed by a region of creep (AB), which is fast at the
beginning but then it slows down to a constant rate (BC). When the stress is
removed an instant recovery is observed (CD), the initial response is
recovered (OA). Then the material recovers at a slower rate but not to the
original state, thus this is a way to measure the non-recoverable response of
the material.

C
B

Strain

D

A
O

Time
Stress Applied

Stress Removed

Figure 1.20: Example of strain – time curve.
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1.8.2. Electrical Response Characterisation
Many common electrical measurements in direct current (DC) are
based on Ohm’s law: the current (I) through a conductor between two points
is directly proportional to the potential difference or voltage (V) across the two
points, and inversely proportional to the resistance (R) between them.282
Which is mathematically expressed as:

I=

V
R

Equation 1.1

or more commonly rearranged as:
V = I⋅ R

Equation 1.2

1.8.2.1. Two-Point Probe Method
The resistance of a sample can be easily calculated if voltage is
applied between the extremes of a sample and measuring the current
passing through it (Figure 1.21). Alternatively current may be applied and
voltage measured. However, the resistance measured in both ways is the
total resistance (RT) of the whole loop system.282

V

I

Figure 1.21: Schematic representation of a two-point probe setup.

The total resistance is then, the resistance of the sample (RS), the
electrodes (RE), wires (RW) and their contact resistances (RC):
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RT = RS + RC + RW + RE

Equation 1.3

In addition, an object of uniform cross section will have a resistance
proportional to its length (LS) and inversely proportional to its cross-sectional
area (A0S), and proportional to the resistivity (ρ, a measure of how strongly a
material opposes the flow of electric current) of the sample:

RS =

ρS ⋅ LS
A0S

Equation 1.4

If short lengths of low resistivity materials are used, their resistance
can be neglected compared to that of the sample and the contacts. Then, the
total resistance can be expressed as:

RT =

ρS
⋅ L + RC
A0S S

Equation 1.5

Given a sample of uniform cross section the Equation 1.5 describes a
straight line (y = m·x + C), where m is the slope (in the above equation
ρS/A0S). If several resistance measurements are taken at different sample
lengths, plotting resistance versus length would fit to a straight line with a
slope equal to ρS/A0S and crossing the y axis at RC. Thus the contact
resistance can be calculated as well as the resistivity of the sample, the
inverse of which is conductivity of the sample.283,284 However, this method is
not accurate when the resistivity of the sample is low, this is, when the
contact resistance is close to the resistance of the sample itself.285
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1.8.2.2. Four-Point Probe Method
The four-point probe method consists in applying current and reading
potential in two different loops (see Figure 1.22). Current is applied in two
probes while voltage is being measured with two different probes. So there is
no potential difference into the wires and contact resistance is not high.285

I
V

Figure 1.22: Schematic representation of a four-point probe setup.

Although the probes can be arranged in several ways (provided a
geometric correction factor is included in the calculations), the most common
one is having all four probes aligned at equal spaces. The resistance of the
sample is measured contacting all four probes to the surface of the sample.
Typically current is applied between the outer probes and voltage is
measured between the two central ones. Thus the resistance of a sample
can be calculated using the following equation:

RS =

V
⋅ CF
I

Equation 1.6

where CF is a correction factor that accounts for geometry, sample thickness
and the effect of temperature on the resistance of the sample.285

74

Thesis Outline and Literature Review

1.8.3. Zeta Potential Determination
Solid particles in solution or dispersed in a liquid medium (specially in
water) develop nett charge at the surface. This affects the distribution of ions
in the surrounding interfacial region, resulting in an increased concentration
of counter ions (ions of opposite charge to that of the particle) forming an
ionic double-layer. The liquid layer surrounding the particle can be divided in
two regions. The inner one, called Stern layer (Figure 1.23), where ions are
strongly bound to the surface and the outer one, diffuse layer, where ions are
more loosely attached. A boundary, called hydrodynamic plane of shear or
slipping plane, has been defined between the two. Within the slipping plane
the particle and bounded ions form a stable entity. When the particle moves
ions within the slipping plane do too but not the ions in the diffuse layer. This
creates what is called streaming potential.286

Figure 1.23: Schematic representation of ζ-potential on (1) a particle with negative surface
charge; (2) slipping plane, (3) Stern layer, (4) diffuse layer.

The electric potential of solids surfaces cannot be measured directly
with current technologies. However, the zeta (ζ) potential, the electrical
potential at the slipping plane, can be determined. Although the ζ-potential is
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somewhat different from the surface potential, it is an important and reliable
indicator of the surface charge.287 Surface charge is one of the most
important factors (together with steric interactions) to determine the stability
of a colloid system. Therefore, the ζ-potential can be used, for example, to
predict the stability of colloids and suspensions.288

1.8.3.1. Factors Affecting Zeta Potential
The most important factor that affects ζ-potential is pH. If a given
particle is in suspension with a negative ζ-potential, the addition of alkali will
make the particle to acquire more negative charge. However, if acid is added
the charge of the particle will be less negative until it is neutralised (if enough
acid has been added). This point is called the isoelectric point. If more acid is
added beyond the isoelectric point positive charge will build up on the surface
of the particle. In the regions, either positive or negative, near the isoelectric
point colloidal systems are least stable.286

The thickness of the double layer (κ-1) depends upon the concentration
of ions in solution and can be calculated from the ionic strength of the
medium. The higher the ionic strength, the more compressed the double
layer becomes. Factors affecting the double layer thickness are the
interaction of the ion and the surface (specific or non-specific adsorption) and
the ion valence (trivalent ions will compress the double layer more than
monovalent ions).286
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Other additives present that can interfere with the surface charge or
the double layer will affect the ζ-potential and stability of colloidal
suspensions.286

1.8.3.2. Zeta Potential Determination
The ζ-potential can be determined based on the electrophoretical
movement of charged particles. This is, their relative movement respect to
the liquid they are suspended in when an electric field is being applied.

When an electric field is applied across an electrolyte, charged
particles suspended in the electrolyte are attracted towards the electrode of
opposite charge. However, viscous forces will oppose the movement of the
particles. When the equilibrium between the two forces is reached the
particle movement is constant in velocity. The electrophoretic mobility (UE) is
calculated dividing that velocity by the electric field. Hence the electrophoretic
mobility depends on the strength of electric field, the dielectric constant of the
medium (ε), the viscosity of the medium (η) and the ζ-potential of the particle
and it can be defined using Henry’s equation:

UE =

2⋅ ε⋅ ζ⋅ f(k⋅ a)
3⋅ η

Equation 1.7

where ζ is the ζ-potential and f(k·a) is Henry’s function. Two values are
generally used as approximations for the f(k·a) determination, either 1.5 or
1.0 (Figure 1.24). The former, 1.5, is referred to as the Smoluchowski
approximation and is used in aqueous systems with salt concentrations
greater than 10-3 M and particles larger than about 0.2 microns. The latter,
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Huckel approximation, is used for small particles in low dielectric constant
media such as organic solvents.286

Non-Polar Media

Polar Media

a

1/k

1/k

a

Smoluchowski approximation
f(k·a) = 1.5

Huckel approximation
f(k·a) = 1.0

Figure 1.24: Graphical representation of Huckel’s and Smoluchowski’s approximations to
Henry’s function f(k·a).

Using laser Doppler velocimetry it is possible to measure the
electrophoretic

mobility

of

particles

in

a

micro-electrophoresis

cell

(Figure 1.25) while a potential is being applied between the electrodes.286 A
drawback in this technique is the electroosmotic phenomenon, this is, the
movement of a liquid relative to a stationary charged surface (i.e. the cell
walls) under the influence of an electric field. However, a theoretical
electrokinetic analysis has shown that after the application of an electric field
to a capillary cell, colloidal particles suspended in the liquid reach terminal
velocity at least an order of magnitude more quickly than the establishment of
electroosmosis.289

Electrode

+

-

Electrode

+
Capillary

+

-

-

+
+

Figure 1.25: Micro-electrophoresis flow cell.
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Nevertheless, the interpretation of the ζ-potential at non-ideal solid
surfaces is ambiguous due to physicochemical heterogeneity of the surface,
i.e. roughness, porosity, hairy layers or an uneven distribution of chemical
properties.290

1.8.4. Elemental Analysis
Elemental analysis is a process where a sample is analysed for its
atomic composition. Elemental analysis can be qualitative (determining what
elements are present) or be quantitative (determining how much of each are
present). In organic chemistry carbon, hydrogen and nitrogen are the most
common elements determined but it is frequent to analyse halogens or
sulphur too. The quantitative results typically exclude oxygen, which is
calculated as the difference to 100%. The simplest methods to determine the
C, H, N content of a sample is done by combustion in excess of oxygen and
analysis the gases produced in the reaction. However, if other elements are
suspected to be present, oxygen may needed to be quantified by more
specific analysis techniques.291 Although elemental analysis is mainly used to
determine the composition of molecules, it can also be used to verify the
composition of bulk polymers, i.e. to calculate the amount of acetyl groups
remaining in chitosan.7
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2.1. Introduction
Every chapter describing and discussing results (Chapters 2 to 7) has
a section detailing the experimental procedures used. Those protocols were
not arbitrarily chosen. These were developed by testing extensively,
modifying multitude of variables and conditions. The evolution of which will
be discussed in this chapter.

In addition, a brief description of the materials used as well as the
characterisation techniques will be included in this chapter.

2.2. Materials
The materials used in the experiments performed for the production of
this thesis were the following: gellan gum, which was low acyl, molecular
weight (MW) ≈ 2 – 3 x 105 Da, lot number GI7 539A. Two types of
carrageenan were used in this study: kappa carrageenan and iota
carrageenan, kappa carrageenan was Genugel CI-102, batch SKS2500,
MW 350,000 – 800,000 g·mol-1 whereas iota carrageenan was Genuvisco
CI-123, batch SK81472, MW 350,000 – 800,000 g·mol-1. Gellan gum and the
carrageenans were all a gift from CP Kelco. The chitosan used was medium
molecular

weight,

915

cP,

79%

degree

of

deacetylation,

MW ≈ 1.9 – 3.1 x 105 g·mol-1, lot number 04 609LD. It was obtained from
Sigma Aldrich. Purified single-walled carbon nanotubes produced by the
HiPCO process were obtained from Carbon Nanotechnologies, Inc. (Lot
P0341). Poly(styrene-ß-isobutylene-ß-styrene) was provided by Boston
Scientific Corporation, batch no. 5000587522, MW 80,000 – 130,000 g·mol-1.
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Octadecyl amine functionalized single-walled carbon nanotubes were
obtained from Carbon Solutions Inc., P5-SWNT, Lot 05 139, 60 – 70%
single-walled

carbon

nanotube

loading,

2

–

4%

metal

content.

Poly(3-hexylthiophene) was purchased from Merck and had over 95%
regioregularity (confirmed by NMR) and MW 20,000 – 40,000 g·mol-1. In
addition a number of solvents were employed (2-propanol, methanol,
chloroform, toluene, tetrahydrofuran -analytical grade, from Univar- and
1,2-dichlorobenzene -99%, from Sigma Aldrich) and reagents such as iodine
(analytical grade, Univar), tetrabutylammonium tetrafluoroborate (99%,
Aldrich), tetrafluoroboric acid (diethyl ether complexed, Aldrich), hydrochloric
acid (36%, Univar) and sodium hydroxide (analytical grade, Univar). All
materials were used as received.

2.3. Experimental Techniques Development
2.3.1. Wet Spinning
2.3.1.1. Wet Spinning Processes
Two main approaches were used to produce the fibres studied in this
thesis, polyelectrolyte complexation (PEC) processing and solvent / nonsolvent processing. The term spinning solution is used in this chapter to refer
to both polymer solutions and composite dispersions indistinctively.

Polyelectrolyte Complexation Fibre Spinning
The self-assembly of oppositely charged polymers can be easily
achieved putting aqueous solutions of both polymers in contact. If the gel
thus formed at the interface is pulled from the solution it tends to form fibres.
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Coagulation Setup
Two different configurations were used in order to spin PEC fibres;
horizontal rotating coagulation bath and vertical rotating spool.

Horizontal Rotating Coagulation Bath
This method was primarily used to assess the spin-ability of spinning
and coagulation bath solutions. It consisted of injecting the former into the
latter. The coagulation bath consisted of a Petri dish, filled with coagulation
solution (Figure 2.1-4), set on top of a rotating disk (Figure 2.1-5). Then,
when the spinning solution was injected into the coagulation bath, a fibre was
drawn.

Typically the spinning solution was injected using a 5 mL syringe with
a detachable needle of 0.60 mm inner diameter (Figure 2.1-2). The injection
rate was controlled by a syringe pump (KD Scientific KDS100, Figure 2.1-3)
and the flow rate was set at 45 mL·h-1.

1

2

4
3

5

Figure 2.1: Setup for fibre spinning using the horizontal rotating coagulation bath. (1) Syringe
containing spinning solution, (2) needle, (3) syringe pump, (4) coagulation bath and (5)
rotating disc.
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The resulting fibres were collected from the Petri dish and suspended
under tension in air to facilitate the drying process. Fibres tended to coil when
drying. Fibres were dried under tension to produce straight fibres, which were
needed for the characterisation processes. In addition, drying under tension
was found to be beneficial for the mechanical properties of the fibres, as it
will be discussed in detail in Chapter 4.

The most important limitations of this approach were the lack of
reproducibility in terms of fibre diameter and length. Furthermore, this method
only yielded small batches of fibres.

Vertical Rotating Spool
A continuous flow spinning approach was successfully implemented
using a spinning machine (Nakamura Service Co., Japan, Figure 2.2-6). The
spinning solution (Figure 2.2-1) was injected using a 5 mL syringe with a
detachable needle (0.60 mm inner diameter, Figure 2.2-2) into a stationary
coagulation bath consisting of a reservoir (30 x 30 x 5 mm3) filled with
coagulation solution (Figure 2.2-4). A KD Scientific KDS100 syringe pump
(Figure 2.2-3) was used to control the flow rate of the spinning solution as
shown in Figure 2.2. The spinning apparatus (Figure 2.2-6) pulled the fibre
from the bath. The injection rate and the pulling speed had to match each
other. If the machine pulled too fast the fibre formed beads (non uniform
diameter) and even broke. On the other hand, if the injection rate was too
fast, the coagulation bath over filled with excess spinning solution.
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1
5
2

3

6

4

Figure 2.2: Setup for fibre spinning using the vertical rotating spool system. (1) Syringe
containing spinning solution, (2) needle, (3) syringe pump, (4) coagulation bath (5) custom
made spool and (6) spinning apparatus.

The drawing and injection speeds were adjusted for the specific
requirements of each system. When deposited on a substrate, the PEC gel
dried flat and amorphous. The dry gel was difficult to remove from the
substrate, causing significant problems with subsequent characterisation.
Custom-made spools were required (shown in Figure 2.2-5) to enable fibres
to be dried in air under tension. The spools were kept in rotating movement
whilst fibres dried to provide more uniform and reproducible fibres.

Pre-Processing
A critical step in the production of fibres was obtaining a suitable
spinning dispersion or spinning solution. Preparing a spinning solution
involved dissolving the desired polymer in an appropriate solvent. However, if
the solution was not viscous enough spinning may not be possible.

To produce a good spinning dispersion was more challenging. The
polymer had to be dissolved in an appropriate solvent. In addition, carbon
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nanotubes (CNTs) must then be dispersed in the resulting solution. The
dispersion of CNTs will be described later on in this chapter.

pH Modification
The gelation process undergone by biopolymers (e.g. gellan gum or
chitosan) can be affected by several parameters, for example concentration,
temperature or pH, as discussed in Chapter 1. At a given concentration and
temperature, the pH determines the ionic nature of the functional groups
present in the biopolymer (e.g. carboxylic groups in gellan gum, amine
groups in chitosan).

In order to assess the effect of pH on both the spinning solution and
the coagulation bath, solutions of chitosan and gellan gum were prepared at
different pHs. This allowed the gelation process to be studied qualitatively,
when the solutions were put in contact.

A solution of chitosan (1% w/v) in 1% v/v acetic acid/water was
prepared. The pH of this solution was lowered to 1 using concentrated
hydrochloric acid.

A solution of 0.5% w/v gellan gum in water was prepared and then
split in four aliquots. The pH of these were adjusted using concentrated
sodium hydroxide solution to obtain pH values of 7, 8, 9 and 10,
approximately (7.18, 8.12, 9.31 and 9.92 respectively).

Those gellan gum solutions were poured into different shallow
containers, after which a drop of chitosan solution (pH 1) was added into
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each test sample. The chitosan drop gelled in all cases (see Figure 2.3). The
process appeared to be faster at higher gellan gum pH values.

In Chapters 3 and 4 pH modification will be discussed as a tool for
improving the spin-ability of spinning solutions. It was found that the bigger
the pH mismatch between spinning solution and coagulation bath, the
quicker the gelation process was. Further studies on the effects of the pH of
the biopolymer solution on other properties (e.g. rheology or zeta potential)
will be discussed in detail in Chapter 4.

Figure 2.3: Qualitative coagulation test, a drop of chitosan (pH 1) was added to gellan gum
solutions (pH ≈ 7 to ≈ 10).

Sonication
Sonication consists in the application sound energy at high
frequencies (ultrasound) to cause the medium to cavitate. When the bubbles
formed due to the cavitation implode the energy is released violently. The
sonicator (Figure 2.4) applies the energy vibrating the tip (Figure 2.4-2). This
can be done continuously or in pulse mode, in which the tip alternates
cyclically vibrating and resting periods. There are different sizes of tips
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available. The smaller ones, truncated cone shaped, are typically
recommended for small volume samples and short sonication periods,
whereas the bigger tips, cylindrical, are recommended for bigger volumes of
sample or when longer sonication times are required.

1

2

3

5

4

Figure 2.4: Schematic representation of a sonicator. (1) Sonicator, (2) probe tip, (3) sample,
(4) cooling bath and (5) control unit.

Dispersing Carbon Nanotubes in Aqueous Biopolymer Solutions
A number of different approaches where investigated in order to
produce spin-able CNT dispersions. The requirements were to produce
dispersions ideally with de-bundled CNTs so that the needle (0.60 mm inner
diameter) would not become clogged.

The first attempts to produce spin-able biopolymer/CNT dispersions
were done sonicating biopolymer solutions (0.6% w/v in concentration) with a
CNT load of 0.3% w/v. A volume of 20 mL was sonicated using Digital
Branson Sonifier at 20 W output for 24 minutes in pulsed mode (0.5 s on,
0.5 s off) using a water bath (at room temperature) as coolant. Ice baths were
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not suitable for cooling as the biopolymer solutions gelled, impeding the
dispersion of the CNTs.

These dispersions were not possible to spin fibres, only globules
(shown in Figure 2.5) or amorphous mixtures were produced (shown in
Figure 2.6).

Figure 2.5: Globules produced when spinning biopolymer solution that had been sonicated
for 24 min; a) in the coagulation bath, b) after the coagulation bath dried.

Sonolysis, caused by the energy released during the sonication
process, is a well-known phenomenon.1,2,3 It caused a decrease in the
polymer molecular weight affecting negatively its spin-ability. When the
sonication time was 5 minutes or longer it was not possible to produce fibres
from those spinning dispersions. This will be addressed in more detail in
Chapter 4.

A number of different approaches were used in order to improve the
spin-ability of the spinning dispersions: reducing the sonication time and thus
the sonolysis, mixing fresh biopolymer (i.e. non-sonicated) solution with the
sonicated CNT/biopolymer dispersion or dissolving additional polymer in the
CNT/biopolymer dispersion after the sonication process.
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Figure 2.6: Amorphous mixture produced when spinning biopolymer solution that had been
sonicated for 24 min.

Reducing the Sonication Time
Spinning dispersions made of biopolymer and CNT were prepared as
described previously (page 106). The sonication process was performed as
previously described. However, this time the total sonication time was
reduced to 3 minutes. The spinning dispersions prepared showed big
aggregates of CNTs were observed under the optical microscope
(Figure 2.7). However, these dispersions were spin-able and fibres were
produced from them. The produced fibres did not have uniform diameters
and CNT aggregates were noticeable (Figure 2.8).

Mixing Sonicated Dispersion with Fresh Biopolymer Solution
First, a biopolymer solution was prepared (0.6% w/v) in water. Then
the CNT were added (0.3% w/v) and sonicated using Digital Branson Sonifier
at 20 W output for 40 minutes on pulse mode (0.5 s on, 0.5 s off) using a
water bath (at room temperature) as coolant. Finally 1, 3 and 5 mL aliquots of
the dispersion were added to 15 mL as-prepared (this is, non-sonicated)
0.6% w/v biopolymer solutions and thoroughly stirred.
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Figure 2.7: Optical image of CNT dispersion (0.6% w/v gellan gum and 0.3% w/v CNT) after
3 min sonication time. Scale bar represents 100 µm.

Figure 2.8: Example of spun fibre from a CNT spinning dispersion (0.6% w/v gellan gum and
0.3% w/v CNT) sonicated for 3 min. Chitosan (0.6% w/v) was used as coagulant. Scale bar
represents 100 µm.

The resulting spinning solutions had CNT concentrations of 0.019,
0.050 and 0.075% w/v, respectively. All these dispersions were spin-able.
The properties of the fibres produced using this method (Figure 2.9) will be
further discussed in Chapter 4.

Figure 2.9: Example of fibre spun from a spinning dispersion (0.050% w/v CNT, 0.6% w/v
gellan gum) made by mixing CNT dispersion in biopolymer with fresh biopolymer solution.
Fibre was produced by polyelectrolyte complexation with chitosan (0.6% w/v). Scale bar
represents 100 µm.
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Dissolving Fresh Biopolymer After Sonicating
Another approach was to dissolve fresh biopolymer after the
sonication process. First, a biopolymer solution was prepared (0.3% w/v) in
water. Then CNTs were added (0.3% w/v) and sonicated using Digital
Branson Sonifier at 20 W output for 40 minutes on pulse mode (0.5 s on,
0.5 s off) using a water bath (at room temperature) as coolant. After
sonicating, additional biopolymer was dissolved to obtain a final biopolymer
concentration of 0.6% w/v, the final CNT concentration remained 0.3% w/v.

The spinning dispersion obtained following this procedure was found
to be suitable for fibre spinning, an example of a fibre spun from this
dispersion is shown in Figure 2.10. The results of the analysis performed on
those fibres will be studied in Chapter 5.

Figure 2.10: Example of fibre spun from a spinning dispersion made by dissolving fresh
biopolymer (up to 0.6% w/v gellan gum) in CNT dispersion (0.3% w/v CNT, 0.3% w/v gellan
gum). Fibre was produced by polyelectrolyte complexation with chitosan (0.6% w/v). Scale
bar represents 100 µm.

Post-Processing
Some spun fibres were post-processed in order to enhance the
mechanical properties by mechanical straining and wetting/drying stretching.
The various post-processing procedures used are described next.
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Wetting / Drying
As-spun fibres were placed in frames as shown in Figure 2.11a where
they were wetted with deionised water, causing the fibres to swell. The length
and diameter of the fibres increased as a result of the swelling
(Figure 2.11b).

Then, the fibres were allowed to dry in air. As the water evaporated
the swelling reduced causing the fibres to shrink. The rigid frame where the
fibres were mounted kept them under strain as they reduced in length
(Figure 2.11c). The effects on the mechanical properties of the fibres will be
discussed in Chapter 3.

Figure 2.11: Post-processing treatment of fibres placed in a rigid frame a) dried, b) wetted
with distilled water, and c) after drying in air.

Pre-Straining
Another post-processing treatment was to apply an initial load before
performing the tensile testing. In order to pre-strain fibres before measuring
the mechanical properties, they were attached to paper frames with an
aperture of 10 mm in length (Figure 2.11a). This frame was set in the tensile
testing apparatus. Once the fibre was secured in place, the paper frame was
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cut and the fibre was strained to 1.5% of its original length at a strain rate of
1 %·min-1. After one minute at 1.5% strain the tensile test was performed (for
further details see Mechanical Testing in page 124).

Solvent / Non-Solvent Fibre Spinning
Polymers can be easily processed into fibres if the right solvent / nonsolvent system is found. Hildebrand’s parameters (described in Chapter 1)
can be used as guidelines for choosing the appropriate solvent as well as the
coagulant to process polymers into fibres. It is important to remark that both
liquids, the solvent and the non-solvent, have to be miscible in order to cause
the precipitation of the polymer. If they were not miscible, the polymer would
never get in contact with the medium where it is insoluble.

In the setup used, the spinning solution was injected into a vertical
coagulation stage using a 5 mL syringe (Figure 2.12-1) with a detachable
needle (23 gauge, Figure 2.12-2). A syringe pump (KD Scientific KDS100,
Figure 2.12-3) was used to control the flow rate. The vertical coagulation
stage (Figure 2.12-5) consisted of a vertical tube sealed with a rubber top at
one end (Figure 2.12-4) and immersed in the coagulation bath on the other.
By creating vacuum in the tube the coagulation solution was pulled up the
tube and fills it. When the spinning solution was injected it was immediately in
contact with the coagulant and gravity pulled the formed fibre.

After vertical coagulation the fibre was drawn through the coagulation
bath up to 1 m, depending on the mechanical properties of the fibre formed
and the easiness of handling. At the end of the coagulation bath, the fibre
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was pulled out of the solution by the spinning machine and collected on the
custom made spool (showed in Figure 2.2-5) where the fibres were allowed
to dry in air. Fibres were kept under tension on the spool during the drying
process. Figure 2.13 shows the schematic of the whole spinning process in a
solvent / non-solvent system.

1

2

4

3

5

Figure 2.12: Vertical coagulation stage for fibre spinning. (1) Syringe containing spinning
solution, (2) needle, (3) syringe pump, (4) rubber seal and (5) vertical coagulation stage.

Studies on Solvent / Non-Solvent Systems to Spin
Poly(Styrene-ß-Isobutylene-ß-Styrene)
Using Hildebrand’s parameters (described in Chapter 1) a number of
organic solvents were identified as suitable to dissolve poly(styrene-ßisobutylene-ß-styrene), also known as SIBS. According to Aldrich’s “Polymer
Products Application & Reference Information”4 the Hildebrand parameter for
styrene and isobutylene homopolymers are 17.8 MPa½ and 16.0 MPa½
respectively. However, the values used are indicative, the solubility of any
polymer is dependent on its molecular weight.
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1

5
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3

Figure 2.13: Schematic drawing of the full setup for fibre spinning. (1) Syringe with spinning
solution, (2) vertical coagulation stage, (3) coagulation bath, (4) spool to collect the fibre and
(5) spinning machine.

Hildebrand’s theory states that a mixture will have a solubility
parameter (δM) equal to the sum of each material’s solubility parameter (δi)
times its ratio in the blend (xi):

n

δM = ∑ δi ⋅ xi

(Equation 2.1)

i= 0

Thermoplastic poly(styrene) and poly(isobutylene) block copolymers
with elastomeric behaviour are only obtained in a narrow margin of
concentrations, typically 70% mass isobutylene (xisobutylene = 0.70) and 30%
mass styrene (xstyrene = 0.30).5 Hence, SIBS’s solubility parameter can be
estimated as δ = 16.5 MPa½, as described in Chapter 1. Solvents that have
similar Hildebrand’s parameters are toluene, 18.2 MPa½,4 tetrahydrofuran
(THF), 18.7 MPa½,4 chloroform, 19.1 MPa½,4 1,2-dichlorobenzene (oDCB),
20.5 MPa½,4 for example.

Several solutions of SIBS in different solvents (e.g. toluene,
chloroform, THF, oDCB) were prepared to a concentration of 20% w/v. These
solutions were then injected into media which, according to their Hildebrand
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solubility

parameters,

were

non-solvents

for

SIBS

(e.g.

methanol

29.7 MPa½).4 Additionally, acetone and 2-propanol were also used. Their
solubility parameters are δ = 18.0 MPa½,4 the former and δ = 20.3 MPa½,4
the latter. These solubility parameters are similar to solvents which dissolve
SIBS, however, Hildebrand’s model applies to non-polar solvents and it is not
suitable for modelling polar substances. Acetone and 2-propanol were found,
empirically, to be non-solvent media for SIBS. Figure 2.14 shows the fibres
and fibre-like products obtained in each different SIBS solvent / non-solvent
system studied.

Spinning Poly(Styrene-ß-Isobutylene-ß-Styrene) and Carbon
Nanotubes
In order to confer electrical properties to SIBS, this was mixed with
CNTs. The process-ability of CNTs can be increased by dispersing them in a
liquid medium. The different approaches used in this thesis to produce
SIBS/CNT blends will be discussed in the following sections.

HiPCO Single-Walled Carbon Nanotubes / Poly(Styrene-ßIsobutylene-ß-Styrene) Dispersions in Toluene
Dispersing Single-Walled Carbon Nanotubes in Poly(Styrene-ßIsobutylene-ß-Styrene) Solutions

A solution of 10% w/v SIBS in toluene was prepared, and then SWNT
were added until a concentration of 0.5% w/v CNT was obtained. This
mixture was sonicated (Sonics Vibracell sonicator with a bit horn tip probe)
for 10 min, pulsed mode (1 s on, 1 s off) at 35 W output. Sample was
submerged in a water bath (at room temperature).
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Figure 2.14: Samples of fibres spun from SIBS spinning solutions in chloroform, THF,
toluene and oDCB using methanol, 2-propanol and acetone as coagulants. The Hildebrand
parameter of each liquid is shown in brackets. The solubility parameter of SIBS had been
estimated as 16.5 MPa½. Scale bars represent 200 µm.
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The resulting dispersion was a slurry with big SWNT aggregates
visible to the naked eye. It was possible to produce fibres from the dispersion
using 2-propanol or methanol as a coagulant (Figure 2.15). Nevertheless,
alternatives were also studied in order to improve the quality of the
dispersion.

Figure 2.15: Optical images of fibres made of SIBS (10% w/v) and SWNT (0.5% w/v)
spinning dispersions in toluene using a) 2-propanol and b) methanol as coagulants.
Scale bars represent 200 µm.

Mixing SWNT Dispersions With Poly(Styrene-ß-Isobutylene-ß-Styrene)
Solutions

A 0.1% w/v SWNT dispersion in toluene was prepared sonicating
(Sonics Vibracell sonicator, big horn tip) for 40 min in pulsed mode (2 s on,
1 s off) and 40 W output power. The sample was submerged in water (at
room temperature).

An aliquot of this dispersion was mixed with an equal volume of SIBS
solution in toluene (20% w/v). Once mixed the final concentration was 0.05%
w/v SWNT and 10% w/v SIBS.

It was not possible to spin fibres form the resulting solution.
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Dissolving Poly(Styrene-ß-Isobutylene-ß-Styrene) in SWNT Dispersions

A SWNT dispersion was prepared as described above. Then, SIBS
was dissolved in the dispersion to produce a polymer concentration of
10% w/v.

When the dispersion was used to spin fibres most of the SIBS
segregated from the dispersion and the final product was a heterogeneous
string with clear phase separation between SIBS (only white colour was
observed) and SIBS with SWNT (black coloured).

HiPCO Single-Walled Carbon Nanotubes / Poly(Styrene-ßIsobutylene-ß-Styrene) Dispersions in 1,2-Dichlorobenzene
The Hildebrand parameters (described in Chapter 1) were used to find
a suitable dispersant for HiPCO SWNT. Bahr et al.6 reported that the
1,2-dichlorobenzene (oDCB) was able to stabilise up to 95 mg·L-1 of HiPCO
SWNT, which was more than three times any other common organic solvent
used in their study. Since oDCB was suitable to spin SIBS fibres using the
solvent / non-solvent method, SWNT/SIBS/oDCB spinning dispersions were
prepared in order to spin fibres.

Dispersing Single-Walled Carbon Nanotubes in Poly(Styrene-ßIsobutylene-ß-Styrene) Solutions

A solution of SIBS in oDCB was prepared at 20% w/v polymer
concentration. Then, SWNT were added to produce a 0.1% w/v CNT content.
The mixture was sonicated (Sonics Vibracell sonicator, big horn tip) for
40 min in pulsed mode (2 s on, 1 s off) and 50 W output power. The sample
was submerged in water (at room temperature).

118

Experimental Procedures Development

Although it was possible to spin fibres using 2-propanol or methanol as
coagulant (Figure 2.16), alternatives were studied in order to avoid possible
negative effects on the molecular weight of the polymer, i.e. sonolysis.

Figure 2.16: Optical images of fibres made of SIBS (20% w/v) and SWNT (0.1% w/v)
spinning dispersions in oDCB using a) 2-propanol and b) methanol as coagulants.
Scale bar represents 200 µm.

Mixing Single-Walled Carbon Nanotubes Dispersions with Poly(Styreneß-Isobutylene-ß-Styrene) Solutions

A 0.5% w/v dispersion of SWNT in oDCB was prepared sonicating
(Sonics Vibracell sonicator, big horn tip) for 60 min in pulsed mode (2 s on,
1 s off) and 40 W output power. The sample was submerged in water (at
room temperature). An aliquot of this dispersion was mixed with double the
volume of SIBS solution in oDCB (20% w/v). Once mixed the final
concentration were 0.167% w/v SWNT and 13.3% w/v SIBS.

It was not possible to spin fibres form the resulting solutions.

Dissolving Poly(Styrene-ß-Isobutylene-ß-Styrene) in Single-Walled
Carbon Nanotubes Dispersions

A SWNT dispersion was prepared as described earlier (page 119,
“Mixing Single-Walled Carbon Nanotubes Dispersions with Poly(Styrene-ßIsobutylene-ß-Styrene) Solutions”). The resulting dispersion was diluted in
oDCB, giving a final SWNT concentration of 0.125% w/v. SIBS was then
dissolved in the dispersion to give a polymer concentration of 15% w/v.
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It was possible to spin fibres from the resulting dispersion. When used
with the spinning machine it was possible to produce several meters of fibre
(Figure 2.17).

Figure 2.17: Optical image of fibre made of SIBS (15% w/v) and SWNT (0.125% w/v)
spinning dispersion in oDCB using methanol as coagulant. Scale bar represents 200 µm.

The properties of the SIBS varied from system to system. Surface
roughness, ductility, stiffness and morphology (i.e. cylindrical or flat-ribbon
shaped) could be tuned by simply varying the solvent / non-solvent used.

Functionalised HiPCO Single-Walled Carbon Nanotubes /
Poly(Styrene-ß-Isobutylene-ß-Styrene) Dispersions in 1,2dichlorobenzene
Carbon

nanotubes

can

be

functionalised

to

improve

their

process-ability. HiPCO SWNT can be covalently functionalised with octadecyl
amine (ODA) groups to increase their dispersability in organic solvents.
Coleman et al.7 reported that the Hildebrand’s solubility parameter
ODA-SWNT was 19.5 MPa½, the same as oDCB. ODA-SWNT were used in
order to produced CNT laden SIBS fibres.

Dissolving Poly(Styrene-ß-Isobutylene-ß-Styrene) in Octadecylamine–
Single-Walled Carbon Nanotubes Dispersions

Several dispersions of ODA-SWNT were prepared in oDCB with
ODA-SWMT concentrations ranging from 0.01% w/v to 1.84% w/v. The
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dispersions were prepared sonicating (Sonics Vibracell sonicator, big horn tip
probe) for 20 min in pulsed mode (2 s on, 1 s off) at 40 W output power. The
sample was submerged in water (at room temperature). After sonicating
SIBS was dissolved in the dispersion in different amounts varying from 10 to
20% w/v to obtain a spin-able dispersion.

Fibres were successfully spun using methanol as coagulant bath, the
properties of these fibres will be discussed in detail in Chapter 6.

Studies on Solvent / Non-Solvent Systems to Spin
Poly(Styrene-ß-Isobutylene-ß-Styrene) and
Poly(3-Hexylthiophene)
Blends made of SIBS and poly(3-hexylthiophene), also known as
P3HT, are interesting composite materials as they can combine the
elastomeric properties of SIBS with the electrical properties of the P3HT,
hence being a suitable platform to develop stretchable conducting materials.
In addition, fibres are versatile structures which can be used as free standing
platforms or combined to produce more complex structures.

Spinning Solution Preparation
In order to produce spin-able P3HT and SIBS composites the P3HT
(and any additive such as dopants, when these were used) were first
dissolved stirring at 50 ºC. Then SIBS was incorporated and dissolved to
obtain the desired SIBS concentration.
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Oxidising Poly(3-Hexylthiophene)
As has been discussed in Chapter 1, P3HT is conducting only in the
oxidised state. The following approaches were used in order to produce
P3HT/SIBS conducting fibres.

Ad Hoc Processing: Oxidising Poly(3-Hexylthiophene) Spun
Fibres
Fibres were exposed to an oxidising atmosphere in order to develop
the conducting state. Fibres were adhered to plastic frames using
commercial double-sided adhesive tape. These were placed in a chamber
containing iodine, when the iodine sublimated it filled the chamber and
oxidised the fibres.

Ab Initio Processing: Oxidising Poly(3-Hexylthiophene) in Solution
An alternative method was to produce fibres with P3HT in an oxidised
state. Spinning solutions were prepared by first dissolving the P3HT in
toluene, iodine was then added in slight excess of the stoichiometric amount
needed to oxidise every thiophene ring (a thiophene ring needs to lose two
electrons to become oxidised). The exact amounts used are detailed in
Chapter 7.

After the polythiophene had been oxidised, SIBS was dissolved to
obtain a concentration of 8% w/v.

Doping Poly(3-Hexylthiophene)
As the iodine oxidises the polythiophene, the iodine gets reduced in
the process and is incorporated into the polymer as a dopant. There is a
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number of counter ions that can be used as dopants for P3HT, however, not
all are suitable as they are not soluble in toluene.

The spinning solutions were prepared as follows: firstly the counter ion
was dissolved in toluene, the amount of counter ion was calculated assuming
one counter ion per every four thiophene rings in the polymer. Secondly the
P3HT was dissolved in the toluene/counterion solution. Once the P3HT was
dissolved, iodine was added, in slightly excess from the stoichiometric
amount needed to oxidise every thiophene ring, as described in the previous
section. Finally, SIBS was dissolved in the solution to produce a
concentration of 8% w/v.

The properties of the fibres fabricated with these solutions will be
described in Chapter 7. In addition, the effect of the dopant as well as its
source over the electrical properties will be investigated.

2.3.2. Characterisation Techniques
2.3.2.1. Rheology
The shear viscosity of the samples was recorded using Physica MCR
301 apparatus from Antor Paar. The size of the disc used was 20 mm in
diameter and the working distance was 0.5 mm. A small volume of sample
(0.15 mL) was placed in the device and the measurements were performed
at a constant shear rate of 100 s-1 recording 50 data points at 4 seconds
intervals.
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2.3.2.2. Zeta Potential
The zeta potential (ζ-potential) was measured using a Nano-ZS
Zetasizer from Malvern Instruments. The ζ-potential analyses were
performed on diluted biopolymer solutions (0.5% w/v) using capillary flow
cells (DTS 1060 c-clear disposable zeta cell).

Four measurements were performed at 25 ºC for each sample with a
minimum of 10 scans per measurement. The Smoluchowski approximation
for Henry’s function (f(k·a) = 1.5) was used for the calculations (for more
details refer to Chapter 1).

2.3.2.3. Mechanical Testing
The mechanical properties of the produced fibres were studied using
tensile testing. Two different setups were used:

Model Q800 (TA Instruments)
In order to perform tensile tests, the fibres had to be mounted in
custom made frames. The fibres were difficult to handle and could not be
mounted directly in the apparatus sample holder. Samples were glued to
paper frames with 10 mm long apertures (Figure 2.18c) using commercial
super-glue. Figure 2.18 shows the TA Q800 used.

The paper frames were placed in the sample holder and once the
frame was secured, the paper was cut, leaving the piece of fibre set for the
test. The machine then strained the piece of fibre at 1 %·min-1 strain rate until
the sample yielded or broke.
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Figure 2.18: a) Tensile testing apparatus from TA Instruments (model Q800), b) sample
holder used in the mechanical tests and c) sample prepared for mechanical characterisation
in paper frame.

The Q800 is fitted with a furnace, which allows testing to be done at a
controlled temperature in a low moisture atmosphere. Some samples were
analysed closing the furnace. This will be described in Chapter 3.

Shimadzu EZ-S
The main limitation of the Q800 was the range over which samples
could be strained (less than 3 cm). This range showed to be too narrow when
testing rubber-like samples. The Shimadzu EZ-S (Figure 2.19) had a much
larger cross-head displacement range making it suitable for very ductile
samples, i.e. over 1,000% strain before breaking.

The apparatus was fitted with 1 N clamps (clamps able to exert 1 N
force to keep samples in place) and a load cell capable to measure up to 2 N
tensile forces. The sample preparation consisted of gluing fibres into paper
frames with 10 mm long apertures using commercial super-glue or adhesive
tape, depending on the sample. These were clamped into the apparatus and,
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once the paper was cut, samples were strained at 10 mm·min-1 cross head
speed until they yielded or broke.

Figure 2.19: Shimadzu EZ-S extensometer with 1 N clamps mounted.

2.3.2.4. Electrical Characterisation
The electrical properties were assessed using two-point probe and
four-point probe methods.

Two-Point Probe Methods
Measurements on Samples – Under Ambient Conditions
Current (I) / potential (V) responses were recorded using an in-house
built setup. The samples were attached to the electrodes, which were 10 mm
apart. Potential was applied ranging from -20 V to +20 V using a power
source (Powertech, DC Power Supply, MP-3087) and current was recorded
using a multimeter (Agilent 34410A) hooked to a computer.

The resistance can be calculated using Ohm’s law (Equation 2.2). If
the samples follow this law, the plot of current against voltage should be a
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straight line. In addition, the resistance is proportional to the length of the
sample (LS), to its resistivity (ρS) and inversely proportional to its
cross-sectional area (AS), Equation 2.3.

V = I·R

RS =

(Equation 2.2)

ρS ⋅ LS
AS

(Equation 2.3)

Evolution of Electrical Properties Over Time in Moist
Conditions
Current (I) – time (t) characteristics were determined using an inhouse designed environmental chamber (Figure 2.20). Pieces of as-spun
dried fibres were attached to the electrodes, which were set 10 mm apart
over a well so that the piece of fibre was suspended on air. Conducting silver
paint was used to ensure good electrical contact between the fibre and the
electrodes. Once the fibre was attached to the electrodes, it was exposed to
a humid atmosphere (21 ºC, ≈ 90% RH). A constant potential, 15 V DC, was
applied between the electrodes (Powertech, DC Power Supply, MP-3087)
and the current was recorded using a multimeter (Agilent 34410A) connected
to a computer.

Strain Gauging Testing with Two-Point Probe System at
Constant Potential
The evolution of the electrical properties of the fibres was assessed as
the fibres were strained. Pieces of as-spun fibres were glued, using adhesive
tape, to custom-made frames (Figure 2.21) with 10 mm long aperture. At
both ends of the aperture conducting copper tape strips were attached to
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ensure electrical connection. The framed samples were placed in the
Shimadzu EZ-S extensometer as described previously in page 125.

Environmental Chamber
(Air Tight)
Multimeter
DC A

Sample

Electrodes

1 cm

Power Source
DC V
Figure 2.20: Schematic drawing of the custom made environmental chamber used to assess
the evolution of the electrical properties under moist conditions over a period of time.

A constant potential was applied between the electrodes through the
sample (Powertech, DC Power Supply, MP-3087), whilst the sample was
being strained. The resistance of the sample was recorded during the entire
duration of the experiment using a multimeter (Agilent 34410A) connected to
a computer.

Fibre
Multimeter
DC A

Paper
Window

Copper Tape

V

Power Source
DC V

Figure 2.21: Schematic drawing of two-point probe sample holder used for strain-gauging
samples at constant potential.
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The methods described above had a drawback, as explained in
Chapter 1. They measure the total resistance of the system, this is, samples
resistance plus contact resistance. The resistance of wires can be assumed
null compared to the resistance of the sample and contacts. However, it is
possible to calculate the contact resistance as well as the sample resistance
using the following method.

Measurements on Variable Sample Length – Under Ambient
Conditions
Current (I) – voltage (V) responses were recorded using an in-house
designed setup. The samples were attached to disposable electrodes made
of copper tape on a glass slide with a second glass slide pressed against
them to ensure good electrical connection. Voltage was applied using a
waveform generator (Agilent 33220A) in the form of a sawtooth wave and
current was recorded using a multimeter (Agilent 34410A) interfaced with a
computer. The I–V measurements were conducted under controlled ambient
conditions (21 ºC, ≈ 45% relative humidity, RH) and repeated after resetting
the electrodes at different distances. These distances were determined in situ
using a Leica macroscope (Z16 APO).

For a sample which exhibits Ohmic behaviour, at a given electrode
distance, the total resistance (RT) can be calculated by plotting the current
recorded versus the current applied. Total resistance is the total of the
contact resistance (RC) plus the sample resistance (RS). Plotting the total
resistance versus the distance between the electrodes it is possible to
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calculate the sample resistance. The resistivity can be then calculated
combining Equation 2.3 with the following equation:

RT = RS + RC

(Equation 2.4)

therefore,

RT =

ρS
L + RC
AS S

(Equation 2.5)

Equation 2.5 describes a straight line (y = m·x + C), where m is the
slope (in the above equation ρS/AS). If plotting resistance measurements
against sample lengths yields a straight line, the resistivity of the sample can
be calculated from the slope and the contact resistance will be the crossing
point at the y axis.8,9

Four-Point Probe Methods
Linear Four-Point Probe – Jandel Setup
The conductivity of drop-cast films was measured using Jandel model
RM3 four-point probe device. The probe used was the linear configuration,
Matt TC, which had a pin-to-pin distance of 0.635 mm and 100 µm tip radius.
To perform the measurements the probe was pressed against the sample.
Once there was electrical contact current was applied. The surface resistivity
values were read directly from the machine’s display. The surface resistivity
is calculated assuming that the surface of the sample is conducting whereas
resistivity assumes the whole volume of the sample is conducting. Knowing
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the sample volume, resistivity can be calculated from its surface resistivity
(see Chapter 1).

Linear Four-Point Probe – eDAQ Setup
Custom made linear four-point probes were used to measure the
resistivity of spun fibres. The probe consisted of a linear array of four
electrodes with ≈ 2 mm inter-electrode distance. The electrodes at the
extremes were connected to an eDAQ (eCorder 401) coupled with a
potentiostat system, in galvanostat mode, which was used as to apply a
constant current (1 µA) to the fibre. The middle electrodes were connected to
a multimeter, which recorded the potential difference between them. In order
to achieve good electrical contact the fibres were adhered to the electrodes
using conducting silver paint. See Figure 2.22.

Figure 2.22: Schematic drawing of four-point probe sample holder used to measure the
conductivity of fibres.

Sample’s resistivity (ρS) is then calculated using the following
equation:
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RS =

ρS
·LE
AS

(Equation 2.6)

where AS is the fibre cross section (determined by optical microscopy, Leica
DM EP), LE is the length between the electrodes and RS is the resistance of
the sample calculated according to Ohm’s Law. Conductivity (σ) can then be
calculated as the inverse of the resistivity:

σ=

1
ρ

(Equation 2.7)

Linear Four-Point Probe – eChart Over Time
A similar setup to the one described in the previous section was used
to assess changes in the resistivity of fibres over time. The multimeter was
interfaced with a computer, which collected the data over several hours. The
samples were placed in a protective chamber to avoid air currents.

Linear Four-Point Probe – eChart Strain Gauging
Changes in the electrical properties of the fibres were assessed as the
fibres were being uniaxially strained. Pieces of as-spun fibres were glued,
using adhesive tape, to custom-made frames (Figure 2.23) with 10 mm long
aperture. At both ends of the aperture strips of conducting copper tape were
attached to ensure good electrical connection. Two additional pieces of
copper tape were placed at a more distal position from the aperture and
these made up the other two electrodes to form a four-point probe. The
framed samples were placed in the Shimadzu EZ-S extensometer as
described in page 125.
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Fibre

Galvanostat
DC A

A

Paper
Window

Copper Tape

Multimeter
DC V

Figure 2.23: Schematic drawing of four-point probe sample holder used for strain-gauging
samples at constant current.

Constant current (1 µA) was applied between the distal electrodes
through the sample, using an eDAQ system (eCorder 401) whilst the sample
was simultaneously being strained. The voltage between the proximal
electrodes was recorded using a multimeter (Agilent 34410A) connected to a
computer. The resistivity was then calculated using Equation 2.6.

2.3.2.5. Elemental Analysis
Although all components of the composite materials produced were
hydrocarbons, a number of them had heteroatoms in their structures, such as
nitrogen (chitosan) or sulphur (polythiophene). Since those polymers were
the only ones with such elements, it was possible to quantify their ratio in the
composite using elemental analysis.

Knowing the C, H, N and S content of the starting materials, the
composition of each fibre sample could be mathematically described as a
linear combination of those starting materials. For any given starting material
(e.g. X of mass MX), the mass percentages of H, C, N, S and other elements
can be represented as HX, CX, NX, SX and OtherX, respectively:
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HX + CX + NX + S X + OtherX = MX

(Equation 2.8)

If a sample (e.g. fibre, F) is made of four different starting materials,
e.g. W, X, Y and Z, its composition can be represented as:
w⋅ W + x⋅ X + y⋅ Y + z⋅ Z = F

(Equation 2.9)

where w, x, y and z are the percentages of the starting materials (W, X, Y
and Z respectively) in that sample. In the same way, the total amount of
carbon in sample F (CF) can be expressed as the linear combination of the
carbon mass percentage in each starting material and the percentage of that
material in the sample (F);

w⋅ C W + x⋅ C X + y⋅ Cy + z⋅ CZ = CF

(Equation 2.10)

with CW, CX, CY and CZ being the mass percentages of carbon in the starting
materials W, X, Y and Z respectively. Similarly, the amount of H, N and S in
the sample F (HF, NF and SF respectively) can be expressed as:

w⋅ HW + x⋅ HX + y⋅ Hy + z⋅ HZ = HF

(Equation 2.11)

w⋅ NW + x⋅ NX + y⋅ Ny + z⋅ NZ = NF

(Equation 2.12)

w⋅ S W + x⋅ S X + y⋅ S y + z⋅ S Z = SF

(Equation 2.13)

These simultaneous equations can be arithmetically resolved, as the
number of equations and unknowns is equal and the equations are linearly
independent, that is, no equation can be expressed as a linear combination
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of the others. The system can be solved using basic matrix arithmetical
operations.

Equations 2.10 to 2.13 can be arranged in a matrix form of a matrix:

⎡HW
⎢
⎢CW
⎢NW
⎢
⎣S W

HX

HY

CX CY
NX NY
SX SY

HZ ⎤ ⎧ w ⎫ ⎧HF ⎫
⎥ ⎪ ⎪ ⎪ ⎪
CZ ⎥ ⎪ x ⎪ ⎪CF ⎪
⋅⎨ ⎬=⎨ ⎬
NZ ⎥ ⎪ y ⎪ ⎪NF ⎪
⎥
S Z ⎦ ⎪⎩ z ⎪⎭ ⎪⎩SF ⎪⎭

(Equation 2.14)

where all the coefficients on the left hand side (HW → SZ) will form a matrix
(A), all the variables (w, x, y and z) will be arranged in the vector p and the
independent values from the vector R, this is:

A⋅ p = R

(Equation 2.15)

This equation can be rearranged in order to calculate p:

⎧ w ⎫ ⎡HW
⎪ ⎪ ⎢
⎪x⎪ C
−1
p = A ⋅R⇒⎨ ⎬= ⎢ W
⎪ y ⎪ ⎢NW
⎪⎩ z ⎪⎭ ⎢⎣S
W

HX HY
CX CY
NX NY
SX SY

−1
HZ ⎤ ⎧HF ⎫
⎥ ⎪ ⎪
CZ ⎥ ⎪CF ⎪
⋅⎨ ⎬
NZ ⎥ ⎪NF ⎪
⎥
S Z ⎦ ⎪⎩SF ⎪⎭

(Equation 2.16)

where A-1 is the inverse matrix of A. A-1 exists and can be calculated because
A is a square matrix and its determinant will always be different from zero. It
is made from linearly independent equations (vectors).
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The mathematical solutions for w, x, y and z should be positive
numbers and each starting material (W, X, Y or Z) percentage can be
calculated as follows:

⎫
w
⎪
w + x + y + z⎪
⎪
x
X% = 100⋅
w + x + y + z ⎪⎪
⎬
y
⎪
Y% = 100⋅
w+x+y+z ⎪
⎪
z
⎪
Z% = 100⋅
w + x + y + z ⎪⎭

W% = 100⋅

(Equation 2.17)

In the case where the number of starting materials was lower than the
number of elements analysed the number of unknowns was lower than the
number of equations. The same system can be applied but using a square
matrix with range (number of linearly independent vectors) equal to the
number of starting materials.

Chemical Elemental Analysis
Samples of starting materials and spun fibres were sent to the
Campbell Analytical Laboratory at the University of Otago (Dunedin, New
Zealand) to determine the carbon (C), hydrogen (H), nitrogen (N) and sulphur
(S) composition. The results were expressed as the mass percentage of
each element with respect to the total sample mass. The data reported by the
laboratory was analysed as described above.
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2.3.2.6. Microscopy Techniques
Optical Microscopy
Two different optical microscopes were used in order to image the
samples: the Leica DM EP microscope and the Z16 APO macroscope, which
had a longer working distance.

Scanning Electron Microscopy
Scanning electron microscopy images were taking using a Leica
StereoScan 440 and JEOL JSM-7500FA. Samples were attached to sample
holders using conducting carbon tape. Although conducting samples were
suitable for imaging, most samples were coated with thin layers (3 – 3.5 nm)
of gold or platinum.
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Mechanical Reinforcement of Continuous Flow Spun Polyelectrolyte Complex Fibres

3.1. Abstract
A simple continuous flow wet-spinning method to achieve mechanical
reinforcement of the two oppositely charged biopolymers chitosan and gellan
gum is described. The mechanical properties of these biopolymers are
influenced by the order of addition. Using a facile method for mechanical
reinforcement of gellan gum/chitosan fibres resulted in increases in Young’s
modulus, tensile strength, and toughness. Spinning gellan gum into chitosan
resulted in the strongest fibres. We show that our fibres can provide a
mechanical alternative for bio-fibres without the need of cross-linking. It is
demonstrated that the fibres become ionically conducting in the presence of
water vapour.

3.2. Introduction
Facilitating

the

complexation

between

oppositely

charged

polyelectrolytes in aqueous solution is an elegant method for assembling
polyelectrolyte complex (PEC) fibres and capsules as shown in the
pioneering research of Yamamoto et al.,1 as well as hierarchically ordered
membranes as recently shown by Stupp and co-workers.2 Polyelectrolytes
such as the gellan gum (anionic) and chitosan (cationic) are attractive
polymers, as they are biocompatible and biodegradable. For example,
chitosan is used in polymer scaffolds and is biodegradable in humans,3 while
gellan gum is extensively employed in the food industry and has a potential
as a scaffold for tissue engineering applications.4

Yamamoto reported that PEC fibres can be formed from combinations
of gellan gum into chitosan and vice versa.5 However, only qualitative results
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were given for the effect of order of addition on fibre strength. They reported
‘a strong fibre’ for the addition of gellan gum to chitosan, while the reverse
process resulted in fibres of ‘weaker strength’.5 For the PEC fibres prepared
by addition of gellan gum to chitosan a tensile strength (TS) of ≈ 181 MPa
and knot strength (KS) of ≈ 29 MPa were reported.1 These values can be
improved by using cross-linking agents such as hexamethylene diisocyanate
(HMDC, TS ≈ 366 MPa, KS ≈ 90 MPa),1 or by chemical modification of the
chitosan polymer followed by enzymatic cross-linking (TS ≈ 450 MPa).6
However, some of these methods may not be ideal for assembling
biocompatible mechanically reinforced fibres. For example, using a nonbiocompatible cross-linking molecule such as HMDC will have an adverse
effect on the fibres’ biocompatibility and biodegradability characteristics.
Other methods generally used to improve the PEC fibres’ mechanical
properties

typically

involve

chemical,1

photo-induced,7

or

enzymatic

crosslinking.6

Here, we demonstrate a simple continuous flow wet-spinning method
to achieve mechanical reinforcement of the two oppositely charged
biopolymers (chitosan and gellan gum). We show that the mechanical
properties of these biopolymers depend on the order of addition, i.e.,
spinning the anionic polymer into the cationic polymer results in stronger
fibres compared to fibres prepared by reversing the addition. We also
demonstrate that controlled conditions, i.e., dry versus exposed to humid
atmosphere significantly affect the fibres’ mechanical and transport
properties.
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3.3. Experimental Part
3.3.1. Materials
Gellan gum (low acyl, molecular weight (MW) ≈ 2 – 3 x 105 Da, lot
number GI7539A) was a gift from CP Kelco. Chitosan (medium molecular
weight, MW ≈ 1.9 – 3.1 x 105, 75 – 85% degree of deacetylation, lot number
04 609LD) was obtained from Sigma Aldrich. All materials were used as
received. Gellan gum solutions (0.6% w/v) were prepared by dissolving
gellan gum powder under continuous stirring at 50 °C. The pH of these gellan
gum solutions was increased from pH ≈ 5.3 to ≈ 12 using concentrated
NaOH. Chitosan solutions (0.6% w/v) were prepared by dissolving chitosan
powder in 1% v/v acetic acid aqueous solution under continuous stirring at
40 ºC. The pH of these chitosan solutions was adjusted from pH ≈ 4 to ≈ 1
using concentrated HCl. As described in the main text, the optimum values
for the chitosan and gellan gum solutions were established as pH ≈ 1 and
≈ 12, respectively.

3.3.2. Fibre Spinning Parameters
Coagulation spinning in small batches, in a Petri dish (rotation bath
method), was used to initially test fibre formation, while a continuous flow
set-up was employed to produce materials several meters in length.8 A 5 mL
syringe with a detachable needle (0.60 mm inner diameter) controlled by a
syringe pump (KD Scientific-100) was used to deliver the spinning solution to
the coagulation bath. With many spinning parameters possible, we
maintained a spinning solution injection rate of 45 mL·h-1. The resulting gel
fibres were dried in air under tension. For post-processing treatment the
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fibres were placed in a rigid frame, wetted with distilled water, and allowed to
dry in air.

3.3.3. Characterisation
The mechanical properties were determined using a dynamic
mechanical analyser, model Q800 from TA Instruments, at a strain rate of
1 %·min-1. Samples were mounted on aperture cards (10 mm length window)
with commercial superglue and allowed to air dry. Stress was calculated from
the load (in Newtons) per cross-sectional area. The cross-sectional area “A”
was estimated using A = ¼·π·d2, where the average diameter “d” was
estimated by optical microscopy using a Leica MP EP. The strain obtained
from the ratio of the increase in sample length (∆L) and the initial sample
length (L0 = 10 mm) during a tensile test. Young’s modulus, tensile strength,
and toughness calculated from the slope of the linear part of the stress/strain
curve, the maximum stress, and by integrating the area under the
stress/strain curve, respectively. A minimum of five independent stress/strain
measurements was obtained per sample.

The density of the fibres was calculated dividing the mass of pieces of
fibre by their volume. The volume was calculated assuming the fibres were
cylinders (microscopy images showed the cross section was circular),
V = L·¼·π·d2.

Elemental analysis (C, H, N) of the fibres and starting materials (gellan
gum, chitosan) was carried out at the University of Otago, New Zealand to
determine the elemental composition (C, H, N, see Table 3.1). This
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information is converted into one matrix (MS) for the starting materials, and
several arrays, one for each of the fibres. The fibre’s composition in terms of
percentage of each of the biopolymers is obtained from the matrix product of
the fibre’s array and the inverse of matrix MS.

Current (I) – voltage (V) and current at constant voltage (I) – time (t)
characteristics were determined using an in-house designed environmental
chamber interfaced with a waveform generator (Agilent 33220A) and a digital
multimeter (Agilent 34410A). I–V measurements were conducted under
controlled ambient conditions (21 ºC, ≈ 45% relative humidity, RH) and after
exposure to a humid atmosphere (21 ºC, ≈ 90% RH). For conductivity
measurements fibres were contacted with copper electrodes and I–V
measurements were conducted under controlled ambient conditions (21 ºC,
≈ 45% RH) as a function of fibre length, by cutting the end of the fibre,
contacting with copper, and re-measuring the I–V characteristics and
repeating. Fibre lengths were determined in situ using a Leica macroscope
(Z16 APO). I–t measurements were conducted on an as-spun dried fibre
(suspended over a 10 mm channel) during exposure to a humid atmosphere
(21 ºC, ≈ 90% RH).

3.4. Results and Discussion
In our continuous flow spinning approach we prepared polyion
complex (PEC) fibres by injecting a polyelectrolyte solution into a coagulation
bath that consisted of a polyelectrolyte solution of opposite charge. The
properties of the PEC fibres depend on processing conditions such as
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polyelectrolyte solution pH, order of addition (injection of gellan gum into
chitosan, or vice versa), as well as post-spinning treatment.

3.4.1. Fibre Spinning
Fibres prepared using solutions of chitosan and gellan gum at their
initial pH values resulted in fibres that were brittle with a non-uniform surface
morphology and cross-section. These results are hardly surprising as
chitosan at pH ≈ 4 and gellan at pH ≈ 5.3 are not fully cationic and anionic,
respectively. The ionic nature of these solutions can be increased by
lowering the solution pH for chitosan to result in protonation of the amine
groups, which increases its cationic nature. Similarly, increasing the pH for
gellan gum deprotonates the carboxylic groups, which increases its anionic
nature.

Table 3.1: Elemental analysis results for starting materials and fibres prepared by spinning
chitosan into gellan gum (CH–GG), and spinning gellan gum into chitosan (GG–CH).
Chitosan and gellan gum percentages calculated as described in the experimental section.

Material

C

H

N

CH

GG

w/w [%] w/w [%] w/w [%] w/w [%] w/w [%]
CH

71.0

13.0

13.0

100.0

0.0

GG

87.0

12.6

0.4

0.0

100.0

CH–GG

77.0

15.0

8.0

41.3

58.7

GG–CH

84.0

14.0

2.0

9.5

90.5

Prior to wet spinning, the effect of adjusting the pH on fibre formation
and drawing ability was investigated by removing a fibre line from the
interface of the solutions. Tests were carried out by varying the pH of one
electrolyte while keeping the pH of the oppositely charged polyelectrolyte
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constant. For example, gellan gum solutions in the pH range 5.3 – 12 were
combined with a chitosan solution at pH ≈ 1. The optimum fibre formation
and drawing ability was achieved for chitosan and gellan gum solutions at pH
≈ 1 and ≈ 12, respectively.

3.4.2. Order of Addition
Continuous flow spinning using polyelectrolyte complexation involves
the addition of oppositely charged polyelectrolyte solutions. We found that
the order of addition had a profound effect on the fibre composition and
properties (Tables 3.1 and 3.2). Spinning chitosan (CH) into gellan gum
(GG), and spinning GG into CH are hereafter referred to as CH–GG and
GG–CH, respectively.

Table 3.2: Summary for fibres. Treatment of the fibre (Treat.), diameter (d), strain at break
(ε), Young’s modulus (YM), tensile strength (TS), and toughness (T) for the different as-spun
dried fibres prepared by spinning a solution (Spin.) into a coagulant bath (Coag.). A 0.6% w/v
polymer concentration was used in all spinning and coagulant solutions. ‘Wet’, ‘dry’, and
‘post’ indicate a dried fibre exposed to humid atmosphere, a dried fibre, and post-processing
treatment of dried fibres, respectively.

Spin. Coag. Treat.

d
[µm]

ε
[%]

YM
[GPa]

TS
[MPa]

T
[J·g-1]

CH

GG

wet

70 ± 11 6.2 ± 0.3

2.8 ± 0.5

73 ± 18

2.8 ± 0.6

CH

GG

dry

59 ± 7

5.9 ± 0.3

4.3 ± 0.3

169 ± 19

5.7 ± 0.8

CH

GG

post

64 ± 5

6.5 ± 0.2

7.6 ± 0.7

179 ± 25

7.4 ± 2.1

GG

CH

wet

35 ± 4

6.4 ± 1.7

5.4 ± 1.3

146 ± 22

6.1 ± 0.9

GG

CH

dry

33 ± 5

5.6 ± 0.4

6.2 ± 1.7

285 ± 36

8.3 ± 0.9

GG

CH

post

31 ± 4

6.6 ± 1.0 11.3 ± 1.3 300 ± 46 11.6 ± 3.3

Using similar spinning conditions, as-spun dried CH–GG type fibres
are thicker (d = 59 µm) and have a near equal ratio of the biopolymers, while
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GG–CH fibres are thinner (d = 33 µm) and richer in GG content. Although
both types of fibres are transparent and have a smooth surface morphology
as can be seen in Figure 3.1, changing the order of addition alters the
biopolymer composition of the fibres. Regardless of the order of addition the
GG content in the fibres is always higher than that of CH. Similar trends were
observed in studies of fibres prepared using self-assembly of the ionic
polypeptides poly(α,L-lysine) (PLL) and poly(α,L-glutamic acid) (PLG):
PLLintoPLG fibres have a different amino acid composition compared to
PLGintoPLL fibres, and all fibres contained more PLL than PLG regardless of
the order of addition.9

Figure 3.1: Optical images of fibres prepared by spinning chitosan into gellan gum and gellan
gum into chitosan. a) Typical fibre. b) Overlapping fibres showing transparency. c) Image b
with lighting from a different angle, and close-ups of d) CH–GG and e) GG–CH fibres.
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The difference in the composition of our fibres is reflected in the
mechanical properties (see Figure 3.2 and Table 3.2). For example, changing
the order of addition from CH–GG to GG–CH results in a 1.7 fold increase in
tensile strength, i.e., from 169 to 285 MPa.
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Figure 3.2: Stress/strain curves for typical fibres prepared by injecting a) chitosan into gellan
gum and b) gellan gum into chitosan. The numbers 1 – 3 indicate post-processed fibres, dry
fibres, and hydrated fibres, i.e., a dry fibre exposed to humid atmosphere, respectively.

Similar changes are observed for Young’s modulus (a 1.4 fold
increase) and toughness (a 1.5 fold increase), while the extensibility of both
fibres is not affected. Similar significant changes induced by changing the
order of addition have been observed for other types of fibres. The tensile
strength of PLL/PLG fibres increased from 7.9 to 14.7 MPa (a 1.9 fold
increase) upon changing the order of addition from PLGintoPLL to
PLLintoPLG.9 While the tensile strength of hybrid fibres prepared by addition
of GG to CH chemically modified with amino acids, N-(Lys-Gly-Tyr-Gly)–CH
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was 1.5 times higher compared to fibres prepared by reversing the addition
of the solutions, i.e., 374 MPa vs. 243 MPa.6

How can we explain the observed changes in mechanical properties
as a result of the order of addition? This requires an estimate of the
interaction energy between the two counter-charged polyelectrolytes in
solution, which has been previously addressed using theoretical and
experimental approaches.10,11 Yamamoto et al. estimated the interaction
energy by measuring the adsorption energy for pairs of various countercharged molecules absorbed together to form a polyion complex.11 They
found that the tensile strength increased with increasing adsorption energy.
Thus, it can be expected that the adsorption energy will increase with an
increasing number of paired charges and a decreasing number of free
charges. Here we assume that interactions with counter ions can be
neglected.

Let us now use this to calculate the optimum ratio of CH to GG and
compare this to the experimentally determined ratio (Table 3.1). We start by
estimating the number of charges per polymer repeat unit. CH is comprised
of chains of D-glucosamine with amino functional groups. Our CH has a
degree of deacetylation ranging between 75 and 85%, which suggests
3 – 3.4 amino functional groups per repeating unit consisting of 4 saccharide
groups. GG consists of a linear chain with repeating glucose, rhamnose, and
glucuronic acid units with one carboxy functional group per repeating unit. It
is assumed that adjusting the pH of the solutions maximizes the ionic nature
of the solutions, i.e., all of the CH’s amine groups are protonated at pH ≈ 1,
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and all of the GG’s carboxy groups are deprotonated at pH ≈ 12. Thus, this
allows us to assume that CH has 3 – 3.4 positively charged groups per
repeating unit consisting of 4 saccharide groups, while GG has 1 negatively
charged group per repeating unit. It is assumed that the adsorption energy
between the polymers is at its maximum when all their charges are fully
complexed, i.e., there is no repulsive energy as a result of free charges. To
achieve this ideal situation requires 3 – 3.4 GG repeat units per 1 CH repeat
unit. As the molecular weight per repeat unit is very similar for both
biopolymers, this would suggest the ideal composition of the fibre to be
≈ 23 – 25% CH and 75 – 77% GG. This ideal ratio is the minimum amount of
polymer necessary to achieve full complexation. Because of entropic reasons
it is reasonable to assume that a larger ratio of GG to CH repeat units is
necessary to achieve this. Thus, Table 3.1 suggests that our GG–CH type
fibres have a more ideal composition compared to CH–GG type fibres. This
could explain the higher tensile strength values for CH–GG type fibres (see
Table 3.2).

3.4.3. Post-Processing
The mechanical properties of our fibres could be enhanced by a facile
post-processing method. As-spun dried fibres were placed in a rigid frame
(Figure 3.1a) and wetted with distilled water to cause the fibres to swell, i.e.,
the length and diameter increased as can be seen in Figure 3.1b. The fibres
were then allowed to dry in air, which caused shrinkage that led to the fibre
becoming stretched in the frame (Figure 3.3c). This post-processing
treatment leads to significant mechanical reinforcement (see Figure 3.2 and
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Table 3.1), which was found to be independent of the order of addition. Both
types of fibres increase their mechanical properties by approximately the
same relative amounts. The Young’s modulus of CH–GG type fibres
increased by 77% (from 4.3 to 7.6 GPa), while that of the GG–CH type fibres
increased by 82% (from 6.2 to 11.3 GPa). Similarly, the toughness increased
by 30% (from 5.7 to 7.4 J·g-1) and 40% (from 8.3 to 11.6 J·g-1) for CH–GG
and GG–CH type fibres, respectively. Similar trends were observed for
mechanically stretched fibres prepared by the self-assembly of the ionic
polypeptides PLL and PLG.9 Fibres prepared by addition of PLL to PLG
exhibited a higher tensile strength (14.7 MPa) compared to that of fibres
prepared by addition of PLG to PLL (7.9 MPa).

Figure 3.3: Post-processing treatment of fibres placed in a rigid frame a) dried, b) wetted with
distilled water, and c) after drying in air.

Regardless of the order of addition, stretching of these fibres resulted
in a significant reinforcement. For example, stretching a PLL/PLG fibre by
200% increased the tensile strength from 14.7 to 147 MPa. It was suggested
that the reinforcement is a result of a change in the secondary structure of
the polypeptides. Upon complexation some of the polypeptide chains remain
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in the unordered conformational chain state (favoured in solution), while other
chains form ordered double-twist superhelices.7 It was suggested that upon
stretching the unordered regions formed by excess PLL are ordered making
the fibres more rigid and mechanically stronger. It may be possible that
something similar is occurring in our fibres because of the swelling/drying
induced stretching, as it is well known that GG chains can undergo a similar
disorder/order transition from random coil to double-helices.12,13,14 Further
work is necessary to confirm these suggestions.

An additional factor that contributes to the observed increase in
mechanical properties of our post-processed fibres is a closer packing of the
biopolymers, which results in an increased density as was suggested
previously for enzymatic cross-linked fibres.6 Our post-processed fibres
(CH–GG, 1.030 g·cm-3 and GG–CH, 1.044 g·cm-3) exhibited a 1.1 fold higher
density compared to the as-spun dry fibres. As suggested by Kuboe et al.,
the increase of density means closer packing of the biopolymers, which may
inhibit sliding of the chains under stress in the load direction along the fibre
axis.6

3.4.4. Transport Properties
The transport characteristics of the fibres were investigated under
controlled ambient conditions (21 ºC, 45% RH). Figure 3.4a shows the
current response to an applied sawtooth waveform cycling between -10 and
+10 V. It is clear that the current (I) response scales linearly with the applied
potential (V). In other words, both types of fibres exhibit linear I–V
characteristics, which indicates Ohmic behaviour. The calculated electrical
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resistances of both types of fibres is in excess of 1,000 MΩ (channel length
10 mm). However, this value represents the total resistance (RT) and
includes the contact resistance (RC). The conductivity (σ) can be evaluated
by making resistance measurements as a function of fibre length (L). The
total resistance should then scale linearly according to:

RT =

L
+ RC
σA c

(Equation 3.1)

where AC is the fibre’s cross-sectional area. The straight line fit to Equation
3.1 for a typical fibre is shown in Figure 3.4b. The slope is used to calculate
the so-called two-point-probe DC conductivity to yield 5.6 ± 0.6 mS·cm-1
under controlled ambient conditions (21 ºC, 45% RH). This conductivity value
is in line with values expected from materials termed semiconductors.15
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Figure 3.4: Transport data under ambient conditions. a) Current response to a sawtooth
waveform (amplitude 10 V, frequency 5 mHz) as a function of time for typical CH–GG
(diamonds) and GG–CH (squares) type fibres. b) Total resistance as a function of fibre
length. The straight line is a fit to Equation 3.1.
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Previously we established that thin films of GG prepared by inkjet
printing are sensitive to water vapour.16 In contrast to most other
water-soluble polymer materials,17 these GG materials exhibited an
increasing current response (at constant applied voltage) with increasing
water vapour concentration.

Similar behaviour was observed for our GG–containing fibres upon
exposure to a humid atmosphere (21 ºC, 90% RH, see Figure 3.5). Both
types of fibres showed an increase in current with increasing exposure time
to the humid atmosphere. After about 10 min of exposure this fibre reached a
maximum current of ≈ 0.45 µA. All fibres exhibited linear current/voltage
characteristics, which indicate Ohmic behaviour. The calculated resistances
(≈ 30 MΩ, channel length 10 mm) of these fibres are approximately two
orders of magnitude lower than the resistance under controlled ambient
conditions. This suggests that after 10 min exposure the DC conductivity of
this fibre is in excess of 1 mS·cm-1 (after correction for the contact
resistance). The increased conductivity is a result of increased ion mobility
because of exposure to the humid atmosphere. The ions bonded to the
carboxylic groups in the gellan gum become mobile when the polymer
hydrates.16 As our fibres are not fully hydrated, it is not surprising that our
conductivity

is

lower

compared

to

that

of

hydrogel

materials

(30 – 50 mS·cm-1) at the same temperature.18

Upon exposure to a humid atmosphere, these fibres will absorb
moisture from the air to result in a gel-like softer material. A reduction in
mechanical properties that correspond to an increased ‘softness’ of the
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material is evident from the stress/strain curves shown in Figure 3.2. In
comparison to dry fibres, absorbing moisture results in a decrease in Young’s
modulus, tensile strength, and toughness, but an increase in strain (see
Table 3.2). The observed changes are larger for CH–GG compared to
GG–CH fibres.
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Figure 3.5: Response to humid atmosphere (≈ 90% RH, 21 ºC) as a function of time of
typical as-spun dried fibres. Arrow indicates point of exposure to water vapour. Note: current
is non-zero (≈ 9 pA) prior to exposure to water vapour.

3.5. Conclusions
Here we have reported a facile method for the mechanical
reinforcement of GG–CH fibres prepared by continuous flow spinning. All
fibres showed increases in Young’s modulus (+ 80%), tensile strength
(+ 6%), and toughness (+ 30 – 40%). Spinning GG into CH resulted in the
strongest fibres, with Young’s modulus, tensile strength, and toughness
values of 11.3 GPa, 300 MPa, and 11.6 J·g-1, respectively.

Let us put these values into context. To the best of our knowledge, our
tensile strength values are superior to all but two of the previously reported
values for biopolymer polyelectrolyte complex fibres prepared using either
160

Mechanical Reinforcement of Continuous Flow Spun Polyelectrolyte Complex Fibres

GG or CH or both. For example, our fibres are superior to those prepared
from combinations of GG and CH (181 MPa),1 PLG and CH (110 MPa),11
PLL and GG (273 MPa),19 and hyaluronan and CH (218 MPa).20

Two types of cross-linked PEC fibres exhibit higher tensile strength
compared to our post-processed fibres. The tensile strength values of fibres
prepared from a combinations of GG with CH chemically modified with
N-Lys-Gly-Tyr-Gly) increased from 243 to 450 MPa upon enzymatic
cross-linking.6 While the tensile strength values of fibres using combinations
of GG with either poly(α-L-ornithine) or PLL chemically modified with
coumaryloxyacetyl increased from 279 to 376 MPa and 284 to 485 MPa,
respectively, upon a photo-induced cross-linking reaction.7 The reinforcement
mechanism was explained as follows. First the fibres are assembled by
electrostatic interactions between cationic and anionic molecules. The crosslinking results in the formation of intra- and intermolecular covalent bonds,
which significantly contribute to the reinforcement mechanism.6,7 Although
the tensile strength (TS = 300 MPa) and toughness (T = 11.6 J·g-1 or
12.1

J·cm-3)

values

of

our

fibres

are

lower

compared

to

the

GG–CH–N-(Lys-Gly-Tyr-Gly) fibres (TS = 450 MPa, T = 23.2 J·cm-3) the
Young’s moduli are comparable (11.3 GPa vs. 12.9 GPa).

In conclusion, our fibres may be able to provide a mechanical
alternative for bio-fibres without the need for cross-linking. Interestingly, our
fibres become ionically conducting in the presence of water vapour, which
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could

be

advantageous

for

bio-functional

applications

that

require

biocompatible mechanically reinforced conducting fibres.
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4.1. Abstract
Biopolymer-single walled carbon nanotube (SWNT)-biopolymer fibres
were prepared using a continuous flow spinning approach. Polyelectrolyte
complexation was facilitated by injecting a SWNT-biopolymer dispersion into
a coagulation bath containing a biopolymer of opposite charge. We showed
that the ability to spin fibres and their properties depend on processing
conditions such as polyelectrolyte pH, sonolysis regime (conditions employed
to disperse SWNT) and the order of adding the anionic and cationic
biopolymer solutions. Maximizing the ionic nature through changes in the pH
increased spin-ability, while combining a sonicated dispersion with an
as-prepared (non-sonicated) polyelectrolyte solution allowed us to optimize
sonolysis conditions while retaining spin-ability of fibres with smooth surface
morphology. Addition of the cationic biopolymer-SWNT dispersion to the
anionic biopolymer solution resulted in mechanical reinforcement with the
increase in SWNT loading fraction. All fibres decreased their electrical
resistance upon exposure to water vapour.

4.2. Introduction
Polyelectrolyte complexation or ionic self-assembly is a process in
which structures such as capsules and fibres are formed through
self-assembly of oppositely charged polymers. Considering that most
biopolymers are polyelectrolytes their complexes can be seen as models of
complicated biological systems, and/or biodegradable material formulations.
Yamamoto et al. showed that when the film formed at the interface of the
oppositely charged solutions is removed without stirring, it is instantly and
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continuously replaced.1 Withdrawing this film from the interface of gellan gum
(GG) and chitosan (CH) containing solutions resulted in fibre formation,
whereas dropwise addition resulted in the formation of capsules.2,3 Recently,
Stupp and co-workers demonstrated that this principle can be used to
self-assemble combination of oppositely charge molecules such as
peptide-hyaluronic acid as well as GG–CH into hierarchically ordered sacs
and membranes consisting of nanofibre bundles.4

These linear anionic (GG) and cationic (CH) polysaccharides are
attractive molecules as they are biocompatible and biodegradable. For
example, CH is used in single polymer scaffolds as it is structurally similar to
the extracellular matrix component glycosaminoglycans and is biodegradable
in humans.5 GG has been extensively employed in the food industry and is
commonly referred to as E418 (European Union specification) as well as
being approved by the US Food and Drug Administration as a direct food
additive. Recently, it has been shown that GG has potential as a scaffold for
tissue engineering applications.6

Carbon nanotubes (CNTs) have been combined with both biopolymers
to access their phenomenal electrical and/or mechanical characteristics. For
example, previously we showed that GG–CNT dispersion can be inkjet
printed resulting in transparent conducting thin films.7 In other recent work,
we employed dispersions of single walled CNTs (SWNT) in CH in the wet
spinning of gel fibres.8,9
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Wet spinning as pioneered by Vigolo et al. is an elegant approach for
effective incorporation of high CNT mass fraction within a fibre structure.10 It
is based on exposing a homogeneous dispersion of CNT to a coagulation
medium, resulting in gel-like fibres which are then dried to produce solid fibre
structures and intricate assemblies.11 Recently, we have adopted this
approach of using biopolymers as dispersants and coagulants.8,9

In this paper, we describe our approach to producing SWNT-gel fibres
by combining polyelectrolyte complexation of two oppositely charged
biopolymers with continuous flow spinning. We show that the ability to spin
fibres and their properties depend on processing conditions such as
polyelectrolyte pH, sonolysis regime (conditions employed to disperse
SWNT) and order of addition, i.e., spinning the SWNT-cationic biopolymer
dispersion into the anionic biopolymer solution (or vice versa) has a
significant effect on the fibre properties.

4.3. Experimental
4.3.1. Materials
Purified SWNTs produced by the HiPCO process were obtained from
Carbon

Nanotechnologies,

Inc.

(Lot

P0341).

GG

(low

acyl,

MW ≈ 2 – 3 x 105 Da, lot number GI7 539A) was a gift from CP Kelco. CH
(medium molecular weight, lot number 04 609LD) was obtained from
Sigma-Aldrich. All materials were used as received.
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4.3.2. Fibre Spinning
Homogeneous SWNT dispersions were prepared by the probe
sonication process in water bath (Digital Branson Sonifier) utilizing a power
output of 20 W for 40 min in a pulse mode (0.5 s on, 0.5 s off). Different
amounts of SWNT were dispersed in 0.6% w/v biopolymer (CH or GG)
solutions as described in the main text. Combining 1, 3 and 5 mL of a SWNT
dispersion (0.6% w/v biopolymer, 0.3% w/v SWNT, sonicated for 40 min) with
15 mL of an as-prepared (non sonicated) polyelectrolyte solution (0.6% w/v
biopolymer) resulted in spinning solutions with 0.019, 0.050 and 0.075% w/v
SWNT concentration, respectively. The pH of the spinning solutions and
coagulant baths were modified to pH ≈ 1 and pH ≈ 12 for CH and GG,
respectively.

Coagulation spinning in small batches in a Petri dish (rotation bath
method) was used to initially test the fibre spin-ability, while a continuous flow
set-up was employed to produce fibres several meters in length. A 5mL
syringe with a detachable needle (0.60 mm internal diameter) controlled by a
syringe pump (KD Scientific KDS-100) was used to deliver the spinning
solution to the coagulation bath. With many spinning parameters possible, we
maintained a spinning solution injection rate of 45 mL·h-1. The resulting gel
fibres were dried in air under tension.

4.3.3. Characterisation
Zeta-Potential was measured using Nano-ZS Zetasizer (Malvern
Instruments) and analyzing samples of 0.5% w/v biomolecule in a range of
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pH from 2 to 12 using capillary flow cells. Viscosity was determined using
Physica MCR 301 (Antor Paar) with a 20 mm plate and 100 s-1 shear rate.

The

mechanical

properties

were

determined

using

dynamic

mechanical analyzer, model Q800 from TA Instruments, at a strain rate of
1 %·min-1. Samples were mounted on aperture cards (10 mm length window)
with commercial superglue and allowed to air dry.

SEM and optical microscopy images were characterized by field
emission SEM (Leica StereoScan 440) and a Leica DM EP, respectively.

Elemental analysis (C, H, N) on fibres, and starting materials (GG, CH
and SWNT) was carried out at the University of Otago, New Zealand to
determine the elemental composition (C, H, N). This information is converted
into one matrix (MS) for the starting materials, and several arrays, one for
each of the fibres. The fibre’s composition in terms of the biopolymers and
CNTs is obtained from the matrix product of the fibre’s array and the inverse
of matrix MS.

Current (I) – voltage (V) and current at constant voltage (I) – time (t)
characteristics were determined using an in-house designed environmental
chamber interfaced with a waveform generator (Agilent 33220A) and a digital
multimeter (Agilent 34410A). Fibres were suspended over a 10 mm channel
and contacted with silver. I–V measurements were conducted on as-spun
dried fibres under controlled ambient conditions in air (21 ºC, 45% relative
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humidity). I–t measurements were carried out on as-spun dried fibres
exposed to humid atmosphere (≈ 12 g of water per kg of air, 21 ºC).

4.4. Results and Discussion
In our continuous flow spinning approach, we facilitated polyelectrolyte
complexation by injecting a SWNT-polyelectrolyte dispersion into a
coagulation bath consisting of a polyelectrolyte solution of opposite charge.

Our results indicate that the ability to spin fibres and their properties
depend on processing conditions such as polyelectrolyte pH, sonolysis
regime (conditions employed to disperse SWNT) and order of addition
(injection of polyelectrolyte 1 into 2, or vice versa).

4.4.1. Polyelectrolyte pH
GG and CH are polyelectrolytes whose conformation and aggregation
behaviour can be modified through changes in pH. Anionic electrolytes such
as GG gel at low pH, while cationic electrolytes such as CH gel at high pH.
Previously, we showed that lowering the pH for a dispersion of SWNT
dispersed in anionic polyelectrolytes (GG or xanthan gum) caused significant
aggregation behaviour resulting in destabilization of the dispersion.7 We
suggested that the electrostatic repulsion between the negative charges
along the chain plays a role in obtaining well-dispersed CNTs.7 Lowering the
pH changes the anionic nature, i.e. lowering the electrostatic repulsion
resulting in intermolecular aggregation.7 This behaviour can be quantified by
the ζ-potential which can be obtained from measurements of electrophoretic
mobility, UE according to:
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UE =

2·ε·ς·f (κ·a)
3·η

(Equation 4.1)

with dielectric constant, ε (a polyelectrolyte’s dielectric constant in aqueous
solutions can be assumed equal to that of water for concentrations lower
than

0.7%),12

Henry’s

function,

f(κ·a)

(≈

1.5

using

Smoluchowski

approximation valid for electrolyte concentrations < 10-3 M), and viscosity, η.

The ζ-potential and viscosity for GG solutions (prior to sonolysis) are
shown in Figure 4.1, similar results were obtained for sonicated solutions. At
low pH, there is little or no electrostatic repulsion leading to aggregation
resulting in an increased solution viscosity. At high-pH the carboxylic groups
are deprotonated maximizing the anionic nature of GG. For cationic
polyelectrolytes such as CH the opposite effect is observed, lowering the pH
increases its cationic nature, while increasing the pH leads to aggregation
and destabilization. It was found that maximizing the ionic nature of the
electrolyte solutions, i.e. pH ≈ 12 (for GG) and pH ≈ 1 (for CH) increased the
spin-ability and resulted in mechanically robust fibres. It is was not possible
to obtain reliable measurements of the ζ-potential of nanotube dispersion, as
changing the pH results in settling out of nanotube material as shown in our
previous work.7

4.4.2. Effect of Sonolysis
In our previous work, we demonstrated that GG and xanthan gum
have extraordinarily good dispersing and stabilizing capability for CNTs in
aqueous solutions.7 Probe sonication is an essential requirement in the
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preparation of stable well-dispersed CNT dispersions, but this comes at a
price. Studies on CH have shown that the molecular weight decreases by up
to 85% per hour of sonication time.13 No data have been reported for GG.
However, a qualitative measure can be obtained by monitoring how the
viscosity changes with sonication time. Figure 4.2 shows the effect of solution
viscosity as a function of sonication time. The decreasing viscosity with the
increase in sonication time is indicative of a reduction in average molecular
weight. The decrease in viscosity meant it was not possible to spin fibres
from GG solutions sonicated for more than 3 min. Fibres were subsequently
prepared by spinning a GG–SWNT dispersion (sonicated for 3 min) into a CH
bath.
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Figure 4.1: a) Viscosity and b) ZETA-potential as a function of pH for a 0.5% w/v GG
solution.
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Elemental analysis suggests that the biopolymer content (BC) of this
fibre is ≈ 67% w/w. The Young’s modulus (YM) (760 ± 20 MPa) is
significantly larger compared to previously reported values for CH-biopolymer
composite fibres (4 – 146 MPa) with BC 35 – 50% w/w.8 However, the
surface morphology of the fibre produced is not uniform as can be seen in
Figure 4.3a, and this is attributed to nanotubes aggregates which have not
been properly dispersed due to the short sonication time (necessary to retain
spin-ability).

Normalized viscosity
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12

14

Sonication time [min]

Figure 4.2: Viscosity (normalised) as a function of sonication time for a 0.5% w/v GG
solution. Sonolysis conditions: probe sonication at a power output of 20W in a pulsed mode
(0.5 s on, 0.5 s off).

As such, we are faced with mutual exclusive requirements, i.e.
needing a short sonication time to retain spin-ability, while needing a longer
sonication time to obtain a homogeneous dispersion of SWNT and achieve
enhanced properties. It was found that the spin-ability of the spinning solution
could be retained by combining a SWNT dispersion (sonicated for 40 min)
with an as-prepared (non-sonicated) polyelectrolyte solution. This allowed us
to easily spin fibres with smooth surface morphology as shown in Figure 4.3b
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and c. A scanning electron microscopy (SEM) micrograph of the fibre’s cross
section is shown in Figure 4.3d.

Figure 4.3: Typical surface morphology for fibres spun using different SWNT dispersion
prepared with different sonication times. a) Optical image of fibre spun using a GG–SWNT
spinning solution sonicated for 3 min. Fibre prepared by spinning this solution into a CHIT
coagulation bath. b) Optical image of fibre spun using a spinning solution prepared by mixing
a GG solution with a GG–SWNT dispersion sonicated for 40 min. c) SEM image of fibre
shown in image B. d) SEM image of the fibre’s cross-section.

4.4.3. Order of Addition
Continuous flow spinning using polyelectrolyte complexation involves
the addition of oppositely charged polyelectrolyte solutions. We found that
the order in which they were added had a profound effect on the fibre
properties. Four combinations were considered: (i) spinning GG–SWNT into
CH bath, (ii) spinning CH–SWNT into GG bath, (iii) spinning GG into
CH–SWNT bath and (iv) spinning CH into GG–SWNT bath, hereafter
referred to as F1, F2, F3 and F4, respectively. The pH of CH and GG
solutions was adjusted to ≈ 1 and ≈ 12, respectively.

It was not possible to obtain fibres for those combinations (types F3
and F4) involving spinning into a coagulation bath containing SWNT. This
always resulted in the formation of large gel-like globular shapes. Fibres
could be obtained for combinations F1 and F2, i.e. spinning a SWNT
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dispersion into a coagulation bath. However, their composition (biopolymer
ratio) and mechanical and electrical properties were different as discussed
below.

The composition of these fibres as evaluated from elemental analysis
is shown in Table 4.1. Spinning CH–SWNT into GG bath (type F1) yields
fibres with a CH content ranging between 0.65 and 1.1 that of GG, while
spinning GG–SWNT into a CH bath yields fibres rich in GG. This difference in
composition is related to the gelation process of GG initiated upon interaction
with CH. Careful observations of the spinning process revealed that
immediately after passing through the coagulation bath, the F1 fibres
consisted of a gelled layer encapsulating part of the GG–SWNT dispersion. It
could be easily observed that this dispersion was still in the ‘liquid’ (fluid gel)
state at the start of the drying process. In contrast, no such behaviour could
be observed for F2 fibres, which gelled completely in the coagulation bath.
We attribute this behaviour to the difference in the number of charged groups
along the polymer chains, i.e. CH has three positively charged groups per
repeating unit consisting of four saccharide groups compared to one
negatively charged group per repeating unit for GG. Hence, injecting a GG
solution into a CH coagulation bath causes the GG to gel immediately due to
the surplus of positive charges. This results in the aforementioned gelled
layer which may impede diffusion of CH into the core of the fibre. Whereas,
injecting CH into a GG coagulation bath allows the gelation to be driven by
diffusion of GG into CH–SWNT.
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Table 4.1: Summary for F1 and F2-type fibres. BC, diameter (d), strain at break (ε), YM, TS,
toughness (T) and conductivity (σ) for the different as-spun dried fibres prepared by spinning
CH–SWNT dispersions into GG coagulant bath (F1) or spinning GG–SWNT dispersions into
CH coagulant bath (F2). A 0.6% w/v polymer concentration was used in all spinning and
coagulant solutions. The pH of CH and GG solutions was adjusted to ≈ 1 and ≈ 12,
respectively. BC calculated using the SWNT concentration in the spinning solution (CSWNT)
and CH–GG weight ratio (C:G) as determined by elemental analysis. SWNT content can be
obtained by subtracting BC from 100%.

CSWNT
[% w/v]

C:G

BC
[%]

d
[µm]

ε
[%]

YM
[MPa]

TS
[MPa]

T
[J·g-1]

σ
[mS·cm-1]

0.019

1:1.11

98.4

53 ± 4

5.2 ± 0.7

5.4 ± 0.7

178 ± 33

3.4 ± 0.9

0.011

0.050

1:0.73

95.4

58 ± 10

5.6 ± 0.2

6.9 ± 1.2

183 ± 27

4.2 ± 0.5

1.1

0.075

1:0.65

93.0

51 ± 5

6.4 ± 0.7

6.0 ± 1.3

176 ± 21

4.5 ± 0.8

9.0

0.019

0.04:1

97.1

66 ± 7

4.8 ± 0.9

7.2 ± 2.2

140 ± 18

3.5 ± 0.7

0.37

0.050

0.04:1

92.8

85 ± 6

6.9 ± 1.5

5.2 ± 1.2

113 ± 7

1.8 ± 0.5

1.3

0.075

0.04:1

89.3

96 ± 12

5.5 ± 1.1

4.7 ± 1.3

98 ± 20

1.5 ± 0.5

18.0

F1-type

F2-type

4.4.4. Properties
Fibres were prepared using three different SWNT concentrations in
the spinning solution. However, due to the order of addition effect the
resulting SWNT loading fraction in the fibres is higher for fibres spun by
injecting GG into CH. For example, F1-type fibres spun with a 0.075% w/v
SWNT concentration yields a 7% w/w SWNT loading fraction in the resulting
fibre. Whereas using the same concentration in the preparation of F2-type
fibres results in an 11% w/w SWNT loading fraction. This difference is
caused by the difference in the gelation process as discussed in the previous
section. This leads to a lower uptake of biopolymer from the coagulation bath
for F2-type fibres compared to F1-type fibres.
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These characteristics are reflected in the mechanical properties.
Increasing the SWNT fraction for F1-type fibres improves the mechanical
properties (see Table 4.1). In contrast, increasing the SWNT fraction for
F2-type fibres decreases mechanical properties (see Table 4.1). This is most
likely caused by the insufficient complexation with CH. F2-type fibres have
surplus negative charge as they almost completely consist of GG. Hence, the
fibre’s mechanical properties are due largely to interactions between GG
chains with only a small contribution from GG–CH complexation.

How does GG disperse CNTs? It is suggested that the electrostatic
repulsion between the negative charges along the chain plays a role in
obtaining well-dispersed CNTs. It is possible that such interactions between
SWNT and GG modify the biopolymer’s inherent molecular chain
interactions. This could explain the reduction in mechanical properties with
increase in nanotube loading fraction. For example, increasing the SWNT
loading fraction by 8% w/w results in a decrease in YM (-35%), tensile
strength (TS) (-30%) and toughness (-55%).

At equal SWNT loading fraction (7%) F1-type fibres exhibit increased
Young modulus (+15%), TS (+55%) and toughness (+150%) compared to
F2-type fibres.

The current – voltage (I–V) characteristics were investigated under
controlled ambient conditions (21 ºC, 45% relative humidity). All fibres
exhibited linear I–V characteristics, which indicate Ohmic behaviour
(Figure 4.4). The calculated electrical resistance decreases for both types of
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fibres with increase in SWNT loading fraction. The lowest resistance,
Ramb ≈ 810 kΩ, was observed for F2-type fibres with 10.7% w/w SWNT
loading fraction or 89.3% w/w BC. The two-probe DC conductivity (σ) at
21 ºC, 45% relative humidity for this fibre is 18 mS·cm-1. However, this does
not indicate that F2-type fibres are more conducting. At equal SWNT loading
fraction (7% w/w) F1-type fibres are seven times more conducting compared
to F2-type fibres.
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Figure 4.4: Current–voltage characteristics (in air) of typical as-spun dried fibres: F1-type
fibres with (1) 5.5% and (2) 7% SWNT content; F2-type fibres with (3) 7% and (4) 11%
SWNT content.

How can we explain this difference? It is well-known that materials
consisting of non-conducting polymer and conducting nanotubes exhibit a
significant increase in conductivity for concentrations needed to form
electrical pathways through the material, i.e. the so-called percolation
threshold. Each of these pathways consists of a number of overlapping
SWNT forming a connecting network. The resistance of these electrical
pathways is most likely dominated by the resistance of the junctions between
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overlapping SWNT. At equal SWNT loading fraction F1-type fibres are
thinner (d = 51 µm) and richer in CH content (1.6 x GG) compared to F2-type
fibres (d = 85 µm, CH = 0.04 x GG). It is possible that the difference in the
ratio between CH and GG may play an important role on the nature of the
nanotube-nanotube junction resistance in the SWNT network.

These results suggest that the biomolecule materials in these fibres
permit the formation of a SWNT network allowing electrical conductivity, but
for F2-type fibres this comes at a cost in the ability to provide mechanical
support. These fibres are the strongest reported CH–SWNT-biopolymer fibre
materials reported to date (see Table 4.2).

Table 4.2: Comparison between the properties of CH containing SWNT bio-fibres. BC, YM,
TS and conductivity (σ) for the different fibres prepared using SWNT dispersions and a
coagulant bath. SWNT content can be obtained by subtracting BC from 100%. Biopolymers
used: CH, GG, heparin (HEP), chondroitin sulphate (CS), salmon sperm DNA (DNA) and
hyaluronic acid (HA).

Reference Dispersant

Coagulant

BC
[%]

YM
[GPa]

TS
[MPa]

σ
[S·cm-1]

This work

CH

GG

95.4

6.9 ± 1.2

183 ± 27

0.009

[8]

CH

CS

≈ 42

0.145 ± 0.030

170 ± 46

2

[8]

CH

HEP

≈ 48

0.146 ± 0.010

118 ± 17

1

[9]

CH

NaOH/Methanol

≈ 67

-

≈ 155

21

This work

GG

CH

89.3

4.7 ± 1.3

98 ± 20

0.018

[8]

DNA

CH

≈ 45 – 50

0.065 ± 0.043

135 ± 8

30

[8]

HA

CH

≈ 35

0.004 ± 0.001

20 ± 8

135

4.4.5. Sensitivity to Water Vapour
Previously, we established that thin films of GG and GG–SWNT
composites prepared by inkjet printing are sensitive to water vapour.7 In
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contrast to most other water soluble polymer and polymer-carbon nanotube
composite materials (see ref. 14,15 for examples), these GG containing
materials exhibited an increasing electrical current (at constant bias) with
increase in (water) vapour concentration. For example, exposing these films
to saturated vapour decreased the electrical resistance by more than one
order of magnitude compared to ambient conditions.

Similar behaviour was observed for our GG containing fibres upon
exposure to a water vapour concentration of 12 g of water per kg of air.
Figure 4.5 shows the corresponding current response at a constant voltage
for F1 and F2-type fibres with 7% w/w SWNT loading fraction. The initial
current (Iini) is measured under ambient conditions and can be modulated by
the nanotube loading fraction. Both types of fibres show an increase in
current with the increase in exposure time to the humid atmosphere. F2-type
fibres reach a maximum response, rmax = 13 Iini after 16 min, while F1-type
fibres reach their maximum (rmax = 11.5 Iini) after 22 min. This corresponds to
a one order of magnitude decrease in electrical resistance. Although both
fibres have similar SWNT loading fraction, they differ in the biopolymer
composition.

As noted above, at equal SWNT loading fraction F1-type fibres are
lower in gellan content (0.65 x CH) compared to F2-type fibres
(gellan = 25 x CH). It is possible that this difference in the ratio between CH
and GG is responsible for the faster response observed for GG rich fibres.
This is a matter of ongoing investigations.
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Figure 4.5: Response to humid atmosphere (12 g of water per kg of air) of typical as-spun
dried (1) F1-type and (2) F2-type fibres with 7% w/w SWNT loading fraction.

Upon exposure to a humid atmosphere, these fibres will absorb
moisture from the air resulting in a gel-like system, in other words the
material becomes softer. The increased softness of the material is evident
from the stress-strain curves shown in Figure 4.6. Absorbing moisture results
in a decrease in YM (from 5.5 to 1.1 GPa) and a decrease in TS (from 92 to
29 MPa), but an increase in strain (from 6.1 to at least 9%). Surprisingly our
wet fibres still exhibited YM values significantly larger compared to other CH
containing biopolymer fibres (see Table 4.2).

4.5. Conclusions
We have prepared biopolymer-SWNT-biopolymer fibres using a
continuous flow spinning approach. Polyelectrolyte complexation was
facilitated by injecting a SWNT-biopolymer dispersion into a coagulation bath
containing a biopolymer of opposite charge. These fibres decreased their
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electrical resistance upon exposure to water vapour. We showed that
maximizing the ionic nature (changing pH) increased spin-ability, while
combining a sonicated dispersion with an as prepared (non-sonicated)
polyelectrolyte solution allowed for the optimization of the sonolysis
conditions while retaining spin-ability of fibres with smooth surface
morphology.
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Figure 4.6: Stress–strain curves for typical F2-type fibres with 11% SWNT loading fractions.
(1) dry and (2) hydrated fibre, i.e. dry fibre exposed to humid atmosphere. Note, stress–
strain measurements for the hydrated fibre were discontinued at 9% strain.

Furthermore, we demonstrated that the order of addition, i.e. injecting
biopolymer 1 into 2, or vice versa, has a significant effect on the properties of
the fibres. Adding the cationic biopolymer-SWNT dispersion to the anionic
biopolymer solution results in mechanical reinforcement with the increase in
SWNT loading fraction, while the reverse process results in the opposite
effect. Irrespective of the order of addition our fibres have the highest
mechanical properties for as-produced biopolymer-SWNT-biopolymer fibres
reported to date.
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5.1. Abstract
A simple continuous flow wet-spinning method for assembling fibres
consisting of two oppositely charged biopolymers (chitosan and carrageenan)
and carbon nanotubes is reported. It was observed that the order in which
the biopolymers are added, i.e. spinning chitosan into one of the
carrageenans (or vice versa), affects the fibre composition as well as the
resulting electrical and mechanical properties. The addition of carbon
nanotubes into the fibres was found to improve Young’s modulus values
coupled with a significant improvement in the electrical conductivity by up to
6 orders of magnitude.

5.2. Introduction
Facilitating

the

complexation

between

oppositely

charged

polyelectrolytes in aqueous solution is an elegant method for assembling
polyelectrolyte complex fibres and capsules. Yamamoto et al. showed that
when the film formed at the interface of oppositely charged solutions is
removed without stirring, the film is instantly and continuously replaced.1
Fibres are formed by withdrawing the film from this interface, whereas
dropwise addition of oppositely charged solutions leads to formation of
capsules.2,3 More recent studies have used this principle to produce
hierarchically ordered sacs and membranes consisting of nanofibre bundles.4

Polyelectrolytes such as the carrageenans (anionic) and chitosan
(cationic)

are

attractive

polymers,

as

they

are

biocompatible

and

biodegradable. Chitosan is the deacetylated form of chitin. It is biodegradable
in humans and a well-known bactericide5 used in commercial disinfectants
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and it is currently being studied for use in a number of biomedical
applications such as wound dressings.6,7

Carrageenan is a generic name for a family of water soluble, linear,
ester sulphated galactans (see Figure 5.1) extracted from red seaweed
(Rhodophyta) and known for their gel forming and thickening properties.8
Carrageenan has been used as additive in the food industry, in oil-well
drilling as well as in cosmetic and pharmaceutical formulations. Furthermore,
recent studies have shown that carrageenan blocks human papilomavirus
which is associated with the development of cervical cancer.9

a)

b)
OH

OH
O

O
-O

O
O

O

O

O

O
O

O

-

3SO

O 3SO

OH

OH

n

OH

OSO3- n

Figure 5.1: Molecular structure of a) kappa carrageenan and b) iota carrageenan.

Carrageenan forms mechanically robust gels when combined with
cations10 and it has been complexed with chitosan for usage as a delivery
platform for agrochemicals11 and drugs.12,13,14

Carbon nanotubes (CNTs) have been studied for their exceptional
mechanical and electrical properties since they were first reported by Iijima.15
CNTs have been reported to reinforce the mechanical properties as well as
to improve the conductivity of composite materials.16
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Biopolymers have been proven to be effective for dispersing CNTs in
water.17,18,19 This type of dispersion has been used to incorporate high CNT
mass fractions within fibre structures via wet spinning.20,21 This technique
consists of exposing a spinning solution to a coagulation medium, resulting in
precipitation of the spinning solution to produce solid fibres.22 Fibres are
versatile structures and can be made electrically conducting through addition
of conducting fillers such as CNTs. This makes them ideal to be used as
scaffolds in tissue engineering applications and as components in
implantable devices. Recent studies have already shown that unidirectional
fibres on conducting substrates provide a platform for directing the growth
and migration of mammalian cells in vitro.23,24 Furthermore, it has been
demonstrate that polyelectrolyte complexed fibres can be used as
biostructural

unit

and

biological

construct

for

tissue

engineering

applications.25

In this paper, we describe the wet-spinning of conducting carbon
nanotube-containing composite fibres with high CNT mass fractions
(33 – 38 % weight/weight) using polyelectrolyte complexation of the
oppositely charged biopolymers chitosan and the carrageenans. We show
that the order of addition, i.e. spinning chitosan into one of the carrageenans
(or vice versa) has a significant effect on the fibre composition as well as
their mechanical and electrical properties.
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5.3. Experimental
5.3.1. Materials
Kappa

carrageenan

(κCG,

Genugel

CI-102,

batch

SKS2500,

MW 350,000 – 800,000 g·mol-1) and iota carrageenan (ιCG, Genuvisco
CI-123, batch SK81472, MW 350,000 – 800,000 g·mol-1) were gifts from CP
Kelco. Chitosan (CH, medium molecular weight, 79% deacetylation, lot
number 04 609LD) was obtained form Sigma-Aldrich. Single walled carbon
nanotubes (SWNT) produced by high pressure decomposition of carbon
monoxide method (HiPCO) were purchased from Carbon Nanotechnologies
Inc., (lot P0341). All materials were used as received.

5.3.2. Fibre Spinning
Coagulation baths were prepared by dissolving carrageenan (CG) in
Milli-Q water (18 MΩ·cm) and chitosan in aqueous solution of 1% v/v acetic
acid. The spinning dispersions were prepared by sonicating 0.3% w/v SWNT
in 0.3% w/v polymer solutions using probe sonication (Digital Branson
Sonifier) at a power output of 20 W for 40 min in a pulse mode (0.5 s on,
0.5 s off). Following sonication, an additional amount of biopolymer was
dissolved in the SWNT dispersion to increase the biopolymer concentration
to 0.6% w/v. To prepare spinning biopolymer solutions, without SWNT, the
same protocol was replicated to ensure the results were comparable, i.e. first
the 0.3% w/v biopolymer solution was sonicated after which an additional
amount of biopolymer was added to increase the biopolymer concentration to
0.6% w/v. The quality of the SWNT dispersions, in terms of SWNT
aggregates, was similar to those used in our previous work.26
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In our continuous flow spinning approach we facilitated polyelectrolyte
complexation by injecting either a SWNT-biopolymer dispersion or
biopolymer solution in a controlled fashion (using a KD Scientific KDS-100
syringe pump) into a coagulation bath consisting of a biopolymer solution of
opposite charge. The resulting fibres were collected using a spinning
machine (Nakamura Service Co., Japan) and dried in air under tension on
custom-made spools.

5.3.3. Characterisation
The mechanical properties of the fibres were determined by tensile
testing using an extensometer model Q800 from TA Instruments at a strain
rate of 1 %·min-1. Samples were mounted on aperture cards (10 mm length
window) with commercial superglue and allowed to dry in air under ambient
conditions. The paper windows were cut once the fibre was mounted in the
instrument. A Leica DM EP system was used to measure the fibre diameter.

Elemental analysis on fibres and starting materials (ιCG, κCG, CH and
SWNT) was carried out by the Campbell Microanalytical Laboratory
(University of Otago, New Zealand) to determine the elemental composition
(C, H, N, S). This information was converted into one matrix (MS) for the
starting materials, and several arrays, one for each of the fibres. The fibre’s
composition in terms of the biopolymers and SWNT was obtained from the
matrix product of the fibre’s array and the inverse of matrix MS.

Current – Voltage (I–V) characteristics (not shown) were obtained
using a waveform generator (Agilent 33220A) and a digital multimeter
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(Agilent 34410A) under controlled ambient conditions (21 ºC, 45% relative
humidity) in a two-point probe setup. Fibres were contacted with copper
electrodes, and then I–V characteristics were measured as a function of fibre
length. Fibres were iteratively cut into shorter lengths, contacted again with
copper electrodes so that I–V characteristics were re-measured. Fibre
lengths were determined in situ using a Leica macroscope (Z16 APO) with
Leica Application Suite (Leica Microsystems Ltd.) software.

High magnification images of the fibres’ cross sections were obtained
using a scanning electron microscope from JEOL (JSM-7500FA). Previously
the fibres had been sputter coated with a 3.5 nm thick layer of platinum.

5.4. Results and Discussion
Eight types of polyelectrolyte complex fibres were spun using a
continuous wet-spinning approach. Four biopolymer-biopolymer (BB) fibres
were prepared by injecting: ιCG solution into a CH bath (BB1), injecting CH
solution into a ιCG bath (BB2), κCG solution into a CH bath (BB3) and CH
solution into a κCG bath (BB4). Four biopolymer-SWNT-biopolymer (BSB)
fibres were prepared by injecting: SWNT-ιCG dispersion into a CH bath
(BSB1), SWNT–CH dispersion into a ιCG bath (BSB2), SWNT-κCG
dispersion into a CH bath (BSB3) and SWNT–CH dispersion into a κCG bath
(BSB4).

The incorporation of the CNT in the fibres was confirmed by scanning
electron microscopy. Carbon nanotubes were clearly visible in BSB type
fibres (Figure 5.2). The cross section of BB type fibres was different from that
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of BSB type fibres, which indicated the SWNT affected the internal structure
of the fibres.

Figure 5.2: Scanning electron microscopy images of the cross section of typical as-spun
dried fibres; a) BB2-type and b) BSB2-type fibres; c) and d) are high magnification images of
the cross section of BB2-type and b) BSB2-type fibres, respectively.
Scale bar indicates 20 µm (a, b) and 500 nm (c,d).

The order in which the polymer solutions introduced had a significant
effect on the fibres’ composition. That is, fibres obtained spinning one
biopolymer (i.e. biopolymer 1) into other biopolymer (i.e. biopolymer 2) had
different compositions and mechanical properties compared to those made
by spinning biopolymer 2 into biopolymer 1. In three out of the four BB fibres
the polymer in the spinning solution is the dominant component of the fibre
(Table 5.1). For example, injecting κCG into CH results in a fibre with high
κCG content (73 % w/w), while injecting CH into κCG leads to a fibre rich in
CH (85 % w/w).
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Table 5.1: Elemental analysis results for starting materials and fibres. The CH, ιCG, κCG and
SWNT percentages were calculated as described in the experimental section.

Elemental Analysis
Material/Fibre

C
w/w %
[%]

H
w/w %
[%]

N
w/w %
[%]

Material/Fibre Composition
S
w/w %
[%]

CH
w/w %
[%]

κCG
w/w %
[%]

ιCG
w/w %
[%]

SWNT
w/w %
[%]

CH

44.1 ± 0.2 7.6 ± 0.1 8.0 ± 0.1

0.0 ± 0.1

100 ± 0.3

-

-

-

κCG

31.0 ± 0.2 4.1 ± 0.1 0.0 ± 0.1

7.1 ± 0.1

-

100 ± 0.3

-

-

ιCG

27.7 ± 0.2 3.9 ± 0.1 0.0 ± 0.1 12.4 ± 0.1

-

-

100 ± 0.3

-

SWNT

78.3 ± 0.1 0.7 ± 0.1 0.0 ± 0.1

0.0 ± 0.1

-

-

-

100 ± 0.1

BB1

30.8 ± 1.0 4.8 ± 0.1 2.4 ± 0.2

2.0 ± 0.6

64.9 ± 2.5

-

35.1 ± 2.5

-

BSB1

41.4 ± 2.1 2.9 ± 0.2 0.6 ± 0.1

5.1 ± 0.3

8.1 ± 3.6

-

60.9 ± 3.1 31.0 ± 3.6

BB2

41.9 ± 1.9 6.7 ± 0.4 6.3 ± 0.2

0.9 ± 0.1

91.5 ± 3.1

-

8.5 ± 3.1

-

BSB2

50.3 ± 0.3 4.8 ± 0.1 4.4 ± 0.1

0.8 ± 0.2

59.3 ± 1.5

-

6.9 ± 1.5

33.8 ± 1.5

BB3

29.6 ± 0.1 4.5 ± 0.1 1.2 ± 0.1

2.9 ± 0.1

26.5 ± 0.9 73.5 ± 0.9

-

-

BSB3

43.6 ± 0.1 3.5 ± 0.4 0.4 ± 0.2

3.4 ± 0.1

5.6 ± 1.4

59.2 ± 1.4

-

33.8 ± 1.4

BB4

39.1 ± 0.1 6.7 ± 0.1 5.9 ± 0.2

0.9 ± 0.2

85.5 ± 1.1 14.2 ± 1.1

-

-

BSB4

49.6 ± 0.2 4.6 ± 0.2 4.3 ± 0.1

0.7 ± 0.1

59.5 ± 1.1

-

33.5 ± 1.1

6.9 ± 1.1

The difference in composition was also reflected in Young’s modulus
(YM), tensile strength (TS) and strain values, see Table 5.2. High content CH
fibres (BB2 and BB4) exhibited an increased YM compared to low content
CH fibres (BB1 and BB3), regardless of the type of CG used. However,
increased TS and strain values were observed for fibres with the highest ιCG
content (BB1 vs. BB2) whereas for fibres produced with κCG the TS and
strain values were lower for high κCG content (BB3 vs. BB4).

These observations indicate that the order of addition has a profound
effect on the fibres’ composition and properties. It is suggested that the
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difference in composition may be a result of the formation of a CH–CG layer
at the interface of spinning and bath solutions during the spinning process.

Table 5.2: Results from tensile testing and electrical testing performed on the fibres.

Fibre

Polymer Young’s Tensile
ratio
Modulus Strength
CH : CG
[GPa]
[MPa]

BB1

1.0 : 0.5

4.8 ± 0.4

BSB1

1.0 : 7.6

BB2

Strain
[%]

Density
[kg·m-3]

Conductivity
[S·cm-1]

153 ± 28

21.1 ± 9.0

1614

(4.2 ± 0.4) x10-5

5.6 ± 0.8

119 ± 7

7.4 ± 1.2

1883

31.7 ± 3.2

1.0 : 0.1

6.3 ± 0.4

86 ± 18

7.1 ± 1.9

978

(9.4 ± 0.9) x10-5

BSB2

1.0 : 0.2

8.6 ± 2.0

119 ± 22

5.6 ± 1.4

1825

3.5 ± 0.4

BB3

1.0 : 2.8

2.6 ± 1.3

108 ± 38

9.0 ± 1.4

818

(6.8 ± 0.7) x10-5

BSB3

1.0 : 9.9

4.6 ± 0.4

104 ± 9

10.2 ± 2.0

1888

20.6 ± 2.1

BB4

1.0 : 0.2

4.4 ± 0.4

130 ± 10

18.0 ± 0.5

958

(2.1 ± 0.2) x10-6

BSB4

1.0 : 0.1

5.7 ± 1.0

134 ± 38

9.0 ± 1.2

1910

(2.1 ± 0.2) x10-5

Polyelectrolyte layers have been suggested to impede the diffusion of
polymers.27 It is likely that the high molecular weight of our biopolymers may
limit further complexation between the oppositely charged biopolymers in the
spinning and bath solutions. The following observation provides further
evidence in support of this suggestion. During the drying process a
transparent liquid was exuded from all BB and BSB fibres, and this liquid was
identified as the bath solution. For example, injecting either CH into κCG or
SWNT–CH into κCG results in κCG solution being exuded. The identification
of the exudate was performed by putting it in contact with κCG or CH. It was
found that a gel only formed when the exudate was in contact with CH,
therefore the exudate contained κCG.
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Iota carrageenan has twice as many anionic groups per repeat unit as
κCG (see Figure 5.1), therefore ιCG has more binding sites capable of
complexation with the cationic groups in CH. A comparison of BB2-type with
BB4-type fibres showed that a higher amount of anionic charges per repeat
unit results in higher YM, but lower TS and strain values. Whereas comparing
BB1-type and BB2-type fibres showed that more anionic charges results in
superior YM, TS and strain values. Fibres of BB1 and BB4 type exhibit good
YM and TS values coupled with large strain values, exhibiting superior
toughness compared to BB2-type and BB3-type fibres (Table 5.2).

Spinning fibres using SWNT dispersions changed the fibres
composition considerably. Similar to BB fibres the content of these BSB
fibres is dominated by the components of the spinning dispersion, biopolymer
(≈ 60%) and SWNT (≈ 33%). The density of the fibres increased by a factor
of 2 due to the presence of SWNT.

The addition of SWNT resulted in improvements in YM but a reduction
in strain values (Figure 5.3). The latter is expected for fibres with inflexible
additives such as SWNT. Stress is focussed on the points where the
biopolymer-biopolymer homogeneity is disrupted, i.e. the interface with
SWNT.

This leads to a reduction in ductility. BSB3-type fibres were the only
BSB fibres exhibiting an increase in toughness compared to the
corresponding BB fibre. The strain and TS values for BSB3-type fibres were
similar to those observed for BB3-type fibres suggesting that SWNT were
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homogeneously incorporated into the polyelectrolyte complex with no
negative effect on the mechanical properties.
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Figure 5.3: Stress/strain curves for typical fibres prepared by injecting: a) ιCG solution into
CH bath and (C1) ιCG+SWNT dispersion into CH bath (P1); b) CH solution into ιCG bath
and (P2); CH+SWNT dispersion into ιCG bath (C2).

The conductivity (σ) of the fibres was evaluated by performing
resistance measurements as a function of fibre length (L) under controlled
ambient

conditions

(21

ºC,

45%

relative

humidity)

as

previously

described.26,28,29 The total resistance (RT) then scale linearly according to:

RT =

L
+ RC
σ⋅ A

(Equation 5.1)
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where A and RC are the cross-sectional area of the fibre, respectively. The
straight line fits to Equation 5.1 for typical BSB1-type and BSB3-type fibres
are shown in Figure 5.4, with the slopes used to calculate σ.

BSB3

Resistance [MΩ]

6
5
4
3

BSB1
2
1
0
0.0

0.5

1.0

1.5

2.0

2.5

Length [mm]
Figure 5.4: Total resistance as a function of length for BSB1 (κCG–SWNT–CH) and BSB3
(CH–SWNT-κCG) fibres. The straight lines are fits to Equation 5.1.

BSB type fibres (except BSB4) exhibited larger increases in electrical
conductivity compared to the corresponding BB type fibres. For example, the
conductivity of BSB1-type fibres was 6 orders of magnitude higher compared
to that of BB1-type fibres, i.e. 31.7 ± 3.2 S·cm-1 vs. 42 ± 4 µS·cm-1. It is
suggested that the low increase in the conductivity of BSB4-type fibres (only
one order of magnitude) may be a result of an uneven distribution of the CNT
through the biopolymer matrix.

5.5. Conclusions
In summary, a continuous flow approach could be used to produce
polyelectrolyte complex fibres consisting of chitosan and CG. The order of
addition was found to influence fibre composition as well as mechanical and
electrical properties. In particular, fibre composition is dominated by the
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biopolymer component of the spinning solution. Addition of SWNT resulted in
improvements in Young’s modulus, but a reduction in strain values.
Conversely, the electrical conductivity increased up to 6 orders of magnitude
through the addition of SWNT, from 42 µS·cm-1 to 32 S·cm-1 for fibre
produced using ιCG and CH. Of the four types of BSB fibres produced, those
spun using ιCG offer the best combination of electrical and mechanical
properties.
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This chapter is the pre-peer reviewed version of the article “Elastic
Conducting Carbon Nanotube Laden SIBS Fibres” accepted for publication
by IEEE Explore by the aforementioned authors.
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Alberto J. Granero. However, this would have not been possible without the
intellectual input, guidance and support from Joselito M. Razal, Gordon G.
Wallace and Marc in het Panhuis, to whom I am very grateful.
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6.1. Abstract
We report a facile method to produce elastic conducting fibres using a
continuous flow wet-spinning approach. The spun fibres were highly
stretchable, similar to the elastomeric polymer used.

6.2. Introduction
Prior to 2002, when Boston Scientific Corporation introduced the
TAXUS®

coronary

stent,

poly(styrene-block-isobutylene-block-styrene)

(“SIBS”) was relatively unknown in medicine.1 Medical SIBS is a biostable
and biocompatible elastomer2 which was developed as an alternative to
polyurethanes as polyether, polyester and polycarbonate urethanes all
undergo biodegradation in vivo. The mechanical properties of SIBS overlap
silicone rubber and polyurethane and it has been successfully used as a drug
eluting coating in coronary stents (TAXUS®). Furthermore, the viability of
SIBS as an ophthalmic implant is being investigated for the treatment of
glaucoma3 as well as prosthetic material for synthetic trileaflet aortic valve
replacement.4

The creation of new composites based on elastomers combined with
conducting materials has attracted the attention of scientists in the last
decades. There is a growing number of publications related to composites
consisting of elastomeric polymers and metallic particles,5 carbon black,6
conducting polymers7 as well as carbon nanotubes (CNT).8

In addition to carbon nanotubes’ electrical properties, their mechanical
properties (stronger and lighter than steel) make CNT interesting fillers for
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elastomeric polymers. However, processing is an important issue as CNT are
difficult to disperse in polymers because they tend to agglomerate.8 In recent
years carbon nanotubes have been used to provide electrical conductivity to
SIBS.9,10 For example, Gilmore et al.9 reported conductivities up to 10 S·cm-1
and these composites supported the growth of L-929 cells. These results
opened the door to biocompatible composites suitable for electrical
stimulation of cells and tissue.

Fibres are versatile structures with promising applications in medical
implants and devices. Recent studies have shown that fibres can direct the
growth and migration of cells in vitro.11 Fibres made of elastomeric polymers,
such as SIBS, have been traditionally produced by melt-spinning process.
However, this process is not suitable to produce SIBS/CNT composite fibres
due to the laborious process of dispersing CNTs in a viscous medium such
as a melt polymer. Carbon nanotubes can be dispersed in a solvent prior to
mixing with SIBS, which is more conductive to the wet-spinning method. In
this paper we demonstrate a simple continuous flow wet-spinning method to
produce conducting SIBS/CNT composites.

6.3. Experimental
6.3.1. Materials
Medical grade SIBS, MW 80,000 – 130,000 g·mol-1, batch no.
5000587522 was a gift from Boston Scientific Corporation. Octadecyl amine
functionalized single walled carbon nanotubes (ODA-SWNT) were obtained
from Carbon Solutions Inc. (P5-SWNT, Lot 05 139, 60 – 70% SWNT loading,
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2 – 4% metal content). Toluene, tetrahydrofuran (THF) and methanol (all
analytical

reagent

grade)

were

obtained

from

Univar

and

1,2-dichlorobenzene (oDCB), 99%, was obtained from Sigma-Aldrich. All
materials were used as received.

6.3.2. Fibre Spinning
6.3.2.1. Wet-Spinning
The wet-spinning process consists in the formation of a solid fibre from
a solution (or dispersion) when this is introduced in a coagulation. Typically a
polymer was dissolved in the appropriate solvent precipitated when injected
in a medium where it was not soluble. The spinning dispersion was injected
into the coagulation bath (methanol) using a 5 mL glass syringe and a
syringe pump (KD Scientific, KDS100); the needle used had an inner
diameter of 0.32 mm (23 gauge).

The injected dispersion coagulated in the vertical stage. The fibre’s
own weight pulled it to the bottom end of that stage where it connected to the
horizontal bath. The spinning machine pulled the fibre through the bath and
out at the other end. This setup (Figure 6.1) was able to produce fibres up to
several meters in length, only limited by the volume of the injecting device.

Syringe

Spinning machine

Spinning
Solution

Spool

Coagulation bath

Figure 6.1: Schematic representation of the wet-spinning process.
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6.3.2.2. Choosing Solvent / Non-Solvent System
In order to find suitable solvents and coagulation baths Hildebrand
solubility parameter can be used. SIBS had an estimated Hildebrand
parameter of 16.5 MPa½; calculated based on the styrene:isobutylene ratio
(30:70)

and

their

solubility

values

(17.8

MPa½

and

16.0

MPa½,

respectively).12 SIBS should be soluble in liquids with similar Hildebrand
parameters such as toluene (18.3 MPa½),13 THF (19.5 MPa½)13 or oDCB
(20.5 MPa½)13 and not soluble in those liquids whose Hildebrand solubility
parameters are different from that of SIBS’s, the larger the difference, the
less soluble SIBS will be. For example, SIBS has limited solubility in
2-propanol (23.5 MPa½)12 or methanol (29.7 MPa½).13

Three different batches of fibres were made to assess the most
suitable solvent. SIBS (20% w/v) was dissolved in toluene, THF and oDCB,
then fibres were made by coagulation in methanol. The mechanical
properties of the fibres were studied as described in the characterization
section.

6.3.2.3. Spinning Dispersions
Spinning

dispersions

were

prepared

by

dispersing

first

the

ODA-SWNT in oDCB (Sonics VibraCell horn tip sonicator) for 20 min at 30%
amplitude, in pulsed mode (2 s on / 1 s off). Dispersions were prepared with
ODA-SWNT concentration of 0.4, 0.8, 1.2 and 1.8% w/v. Once the
dispersions were deemed suitable for spinning (no visible aggregates at
optical microscope) SIBS was dissolved in the dispersion to a polymer
concentration of 10% w/v.
216

Elastic Conducting Carbon Nanotube Laden SIBS Fibres

6.3.3. Characterisation
6.3.3.1. Mechanical Testing
Tensile testing was performed on the fibres using the model EZ-S from
Shimadzu with a 2 N load cell. Samples were mounted on paper frames
(10 mm in aperture) which were placed in 1 N sample holders (EZ-S clamps).
The paper frame was cut after mounting the sample and this was strained at
a crosshead speed of 10 mm·min-1 (100 %·min-1) until breakage. The fibre’s
dimensions were determined using an optical microscope (Leica DM EP).

6.3.3.2. Conductivity
The fibre’s resistance (R) was determined using an in-house 4-point
probe design consisting of four electrodes aligned in parallel fashion, each
2 mm apart. Fibres were attached perpendicular to the electrodes using
conducting silver paint to ensure electrical contact. A constant direct current
(1 nA) was applied between the outer electrodes (eDAQ eCorder 401
coupled with a galvanostat) and voltage was recorded among the inner
electrodes using a multimeter (Agilent 34410A). Conductivity (σ) was
calculated using the following equation:

σ=

L
R⋅A

Equation 6.1

where L was the distance between the electrodes and A the cross sectional
area of the fibre (determined by optical microscopy, Leica DM EP).
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6.3.3.3. Strain Gauging
The evolution of the electrical properties of the fibres during periods of
strain-relaxation was studied using an in-house experimental design.
Samples were prepared for mechanical testing as described above. The
paper frames were adapted to include two electrodes consisting of copper
tape, (Figure 6.2), to contact the sample. A constant potential (10 V) was
using a power source (Powertech DC Power Supply, model MP-3087) and
the current was monitored as a function of time using a digital multimeter
(Agilent 34410A) hooked to a computer.

Figure 6.2: Schematic representation of the experimental design for simultaneous monitoring
of stress-strain and electrical data.

Samples were strained at 10 mm·min-1 until reaching 30% strain. Then
they were cyclically relaxed to 10% and strained back to 30% while the
electrical properties were recorded. Conductivity was calculated, assuming
the volume of the sample remained constant, using the following equation:

σ=
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where L0 was the initial distance between the electrodes, L the distance
between the electrodes at any given time and A0 the cross sectional area of
the fibre without any strain.

6.4. Results and Discussion
6.4.1. Choosing Solvent / Non-Solvent System
The results, summarized in Table 6.1, showed that fibres produced
from THF solution were stiffer (higher Young’s modulus values) and more
brittle (lower strain before breakage values) than those made from toluene or
oDCB. The fibres made from toluene or oDCB showed similar Young’s
modulus and ductility values. Despite fibres made from toluene showed
higher tensile strength values, oDCB was chosen as solvent because it had
been reported as a better medium to produce good quality CNT
dispersions.14 ODA-SWNT were chosen because their Hildebrand solubility
parameter (19.5 MPa½)15 was very close to oDCB’s value.

Table 6.1: Tensile testing results from fibres made of 20 % w/v SIBS in toluene, THF and
oDCB; Methanol used as coagulation bath.

Solvent

Young’s Modulus
[MPa]

Tensile Strength
[MPa]

Strain
[%]

Toluene

3.2 ± 0.5

23.4 ± 2.4

1106 ± 133

THF

10.0 ± 1.0

3.0 ± 0.3

358 ± 36

oDCB

3.8 ± 0.9

15.0 ± 0.7

1071 ± 99

6.4.2. Mechanical Testing
The stiffness (Young’s modulus) of samples increased with the
addition of ODA-SWNT from 3.8 (0% w/v ODA-SWNT) to 5.7 MPa
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(1.8% ODA-SWNT). The tensile strength and ductility (maximum strain
before breakage) values of fibres containing ODA-SWNT (6 – 7 MPa and
700 – 800% respectively) were lower than those from fibres spun without
CNT (15 MPa tensile strength and 1070% strain), (Figure 6.3). Stress
focuses on the interface polymer/CNT leading to breakage of the fibre under
lower loads. However, it is remarkable that tensile strength and ductility
values remained independent of the ODA-SWNT concentration. This
suggests the ODA-SWNT were not dispersed uniformly but they aggregated
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Figure 6.3: Tensile testing results for fibres made of SIBS and ODA-SWNT at different
CNT:SIBS ratios, a) tensile strength, b) Young’s modulus and c) strain.
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6.4.3. Conductivity
The electrical conductivity results of the spun fibres (Figure 6.4)
showed that the highest conductivity was 84 mS·cm-1, observed for a fibre
prepared using a dispersion of 0.4% w/v ODA-SWNT and 10% w/v SIBS
solution in oDCB. Increasing the ODA-SWNT content above 0.4% w/v rapidly

-1

Conductivity [mS·cm ]

decreased conductivity values, as shown in Figure 6.4.

90
60
30
0
0.00

0.05

0.10

0.15

0.20

CNT:SIBS ratio

Figure 6.4: Fibres’ conductivity values at different ODA-SWNT:SIBS ratios.

6.4.4. Strain Gauging
Strain gauging was carried out on an ODA-SWNT/SIBS fibre
(conductivity 84 mS·cm-1) with the conductivity normalized to the initial
(pre-strained) value, i.e. σ/σ0. During strain gauging the conductivity displays
two maxima (Figure 6.5). The conductivity increases with increasing strain
between 10% and 23%, before a rapid decrease between 23% and 30%
strain. On the reversing strain cycle (from 30% strain to 10%), conductivity
increases with decreasing strain (30% to 23%), then it decreases between
23% and 10% strain.

The ODA-SWNT forms a so-called pseudo-percolative network in the
fibre, which under strain results in an increase in number of connecting
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paths.7 However, further straining eventually leads to a decrease in number
of conducting paths.

The conductivity of a true percolative network of ODA-SWNT would
remain constant or increase with increasing strain, but not decrease (no
conducting paths would be interrupted). The different behaviour for our fibre
is likely to be a result of the ODA-SWNT forming clusters or aggregates
within the fibre. At low strain levels the reduction in diameter increases the
number of conducting paths but further straining results in disrupting the
connections between the clusters. The latter results in a decreasing number
of conducting pathways, i.e. decreased conductivity (Figure 6.6). The
observation that the conductivity values recovered after the strain was
relaxed supports this suggestion.
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Figure 6.5: Evolution of the resistance and relative conductivity (conductivity at any given
point divided by the initial conductivity) of a piece of fibre under constant potential, DC 10V,
during strain-gauge cycles.
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Similar responses have been observed for carbon black filled silicone
rubber.16,17 The authors attributed this to conducting filler forming discrete
structures within the elastomeric polymer matrix, which initially results in
close contact at low strains, but these separate from each other under
increased strain. This results in a reduction in the conductivity of the sample,
as observed in Figure 6.5.

a)

b)

c)

d)

Figure 6.6: Schematic representation of a) CNT percolative network relaxed state, b) CNT
percolative network under strain; c) CNT cluster network relaxed state and d) CNT cluster
network under strain.

6.5. Conclusions
We report the fabrication of elastic conducting fibres using a
continuous flow wet-spinning approach. Strain, tensile strength and Young’s
modulus values of 828%, 6.9 MPa and 5.7 MPa, respectively were easily
achieved. The tensile strength and ductility values decreased with the
addition of ODA-SWNT, which was attributed to the formation of nanotubes
aggregates within the fibre rather than a homogeneous network of
nanotubes. The results from strain gauging experiments support this
suggestion. The initial conductivity of fibres (84 mS·cm-1) increased under
strain until separation of cluster lead to a decrease in conductivity. This
process was reversible and repeatable over several cycles.
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7.1. Abstract
Poly(styrene-ß-isobutylene-ß-styrene)-poly(3-hexylthiophene)

(SIBS-

P3HT) composite fibres have been successfully produced using a continuous
flow approach. Composite fibres are stiffer than SIBS and able to withstand
strains of up to 975% before breakage. These composite fibres exhibit
interesting reversible mechanical and electrical characteristics were applied
to demonstrate their strain gauging capabilities. This will facilitate their
potential applications in strain sensing or elastic electrodes

7.2. Introduction
Since the discovery of the electrical conductivity of π-conjugated
polymers,1 electroactive polymers have been the object of intense study for
their potential application in conducting fabrics,2 anti-electrostatic coatings,3,4
electromagnetic shielding,5 chemical sensors,6 corrosion protection,7 artificial
muscles,8 actuators9 and biomedical devices.10,11 In recent years, there has
been an emerging interest in using conducting polymers (CPs) in the
development

of

stretchable

conducting

composite

materials.12,13

Polythiophene is an attractive electroactive polymer as its properties (e.g.
solubility,

conductivity)

and

process-ability

are

easily

modified

by

functionalisation.14,15

Thermoplastic elastomers based on styrene and isobutylene have
been commercially available since 1965.16 After the launch of Taxus®
coronary stent by Boston Scientific Corporation in 2002,17 which was coated
with poly(styrene-ß-isobutylene-ß-styrene) (SIBS), there have been a
growing number of studies into the medical applications of this material.18,19
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In particular it is thought that the development of SIBS-based conducting
materials,20,21 would further enhance the medical applications of this versatile
bio-stable and bio-compatible polymer.20

Three methods have been reported for the fabrication of elastomeric
conducting composites: (i) coating elastomers with conducting materials
(metal2 and CP22), (ii) incorporating conducting fillers (e.g. metals,23 carbon
black,6 carbon nanotubes)24 into elastomers, and (iii) blending of elastomers
with conducting fillers with the elastomeric polymer.25,26 The first two methods
have a number of drawbacks compared to materials prepared by the
blending method, i.e. they easily fail under strain.23 In addition, incorporation
of conducting fillers requires the preparation of a homogeneous dispersion in
the elastomer through sonication.27 However, the sonication process is
detrimental to the resulting mechanical properties of polymers.28 In contrast,
blending CPs with elastomers is an attractive and facile method combining
the electrical characteristics of CPs with the mechanical characteristics of
SIBS.29 CPs can be dissolved in common solvents in their reduced form,
which can then be mixed with an elastomer. Furthermore, doping and
oxidation of CPs such as poly(3-hexylthiophene) (P3HT) in solution is a
suitable process for incorporating dopants.30

Here, we report the fabrication and characterization of highly
stretchable

electrically

conducting

SIBS-P3HT

fibres

using

a

solvent / non-solvent wet-spinning technique. Our fabrication method
combines the process-ability of conducting SIBS-P3HT blends with
wet-spinning, resulting in fibres which could be easily spun up to several
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meters long. The resulting composite fibre materials exhibited an increased
stiffness (higher Young’s modulus) but lower ductility compared to SIBS
fibres. The fibres’ reversible mechanical and electrical characteristics were
applied to demonstrate their strain gauging capabilities.

7.3. Experimental
7.3.1. Materials
The P3HT was purchased from Merck and had over 95%
regioregularity (confirmed by NMR) and MW 20,000 – 40,000 g·mol-1. Medical
grade SIBS (MW 80,000 – 130,000 g·mol-1, batch 5000587522) was a gift
from Boston Scientific Corporation. Analytical reagent grade oxidant and
dopants, I2 (Univar), TBABF4 and HBF4 (Sigma-Aldrich), were used as
received.

7.3.2. Fibre Spinning
Six different types of spinning solutions/dispersions were prepared:
(1) SIBS solution was prepared by dissolving SIBS in toluene under stirring at
50 ºC; (2) a P3HT dispersion in reduced form was prepared dissolving P3HT
in toluene under stirring at 50 ºC; (3) a P3HT dispersion in oxidised form was
produced through addition of iodine to dispersion (2) in slight excess
compared to the stoichiometric amount needed to oxidise all the P3HT;
(4) PCP1-type dispersions were prepared by dissolving P3HT in toluene
under stirring at 50 ºC. Addition of I2 resulted in oxidation of the P3HT and
partial precipitation of the polymer. SIBS was added to this mixture and
dissolved; (5 and 6) PCP2 and PCP3-type dispersions were prepared in a
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similar way to dispersion (4), however, an additional step was included in
order to dissolve the dopants TBABF4 (5) or HBF4 (6), prior to dissolving
P3HT.

SIBS, P3HT and composite fibres were produced by precipitation in
methanol. The spinning solutions and dispersions (1-6) were injected into a
vertical coagulation stage using a 5 mL syringe with a detachable needle (23
gauge). A syringe pump (KD Scientific KDS100) was used to control the flow
rate. The coagulation stage consisted of a vertical tube sealed with rubber on
the upper extreme and which was filled with the coagulant (methanol).
Injection of the spinning solutions and dispersions into methanol resulted in
coagulation. The resulting fibres were pulled through the coagulant stage by
the spinning machine (Nakamura Service Co., Japan) and collected on the
custom made spool and dried in air. All fibres were kept under tension in the
spool during the drying process.

7.3.3. Characterisation
Tensile testing was performed using a Shimadzu EZ-S with a 2 N load
cell. Fibre samples were glued to paper frames (10 mm in aperture) and
mounted in the sample holder (1 N clamps). Once the frame was secured,
the paper was cut, leaving the fibre ready for testing. Samples were strained
at a crosshead speed of 10 mm·min-1 (equivalent to 100 % min-1) until
breakage. The dimensions of the fibres were determined using an optical
microscope (Leica DM EP and Z16 APO) with Leica Application Suite (Leica
Microsystems Ltd.) software.
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Electrical resistance measurements were carried out using a custombuilt four-point probe system consisting of a linear array of four electrodes
2 mm apart. A DC current (1 µA) was applied between the outer electrodes
(eDAQ eCorder 401 coupled with a potentiostat/galvanostat) and the voltage
was recorded across the inner electrodes (Agilent multimeter 34410A).
Measurements were performed under controlled conditions (22 ºC and 65%
relative humidity).

For conductivity under strain and strain gauging measurement, fibres
were mounted in custom designed paper frames with an embedded linear
four-point probe to follow resistance under uniaxial strain. Tensile testing
data

was

recorded

as

describe

above.

Resistance

under

strain

measurements were carried out by strained fibres at 10 mm·min-1 cross head
speed until failure. Prior to strain gauging experiments the fibres
(length = 10 mm) were strained at 10 mm·min-1 cross head speed until
elongated by eight times their initial length, i.e. from stroke = 0 mm to
stroke = 80 mm. Strain gauging experiments and tensile testing were then
carried out by cycling between stroke = 80 mm and stroke = 90 mm for 20
times at 10 mm·min-1 cross head speed. The fibres were held for 30 s at
80 mm and 90 stroke, respectively.

Elemental analysis on fibres and starting materials (P3HT, SIBS,
TBABF4) was carried out at the University of Otago, New Zealand, to
determine their elemental composition (C, H, N, S). This information was
converted into one matrix (MS) for the starting materials, and several arrays,
one for each of the fibres. The fibre’s composition in terms of the P3HT and
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SIBS content was obtained from the matrix product of the fibre’s array and
MS-1, the inverse of matrix MS.

Scanning electron microscopy was performed using a JEOL
JSM-7500FA. Fibres were attached to sample holders using conducting tape
(carbon tape) and sputter-coated with a thin layer of gold.

7.4. Results and Discussion
7.4.1. Wet-Spinning
A simple continuous flow method was used to produce stretchable
conducting fibres by solvent / non-solvent wet spinning. The polymers and
additives were dissolved in toluene and then injected into methanol, a solvent
in which the polymer blends are not soluble. Injection into the non-solvent
resulted in the precipitation of the polymer blend. The selection of the
solvent / non-solvent system was based on the Hildebrand’s solubility
parameter. According to Hildebrand’s model a polymer should be soluble in a
solvent if their solubility parameters are similar. The solubility parameter for
toluene is 18.2 MPa½,31 which is similar to the estimated value of SIBS’s,
16.5 MPa½. The latter was calculated using the SIBS styrene/isobutylene
ratio and the solubility parameters of styrene (17.8 MPa½) and isobutylene
(16.0 MPa½).4 The reported values of the P3HT solubility parameter ranges
from 18.0 to 22.0 MPa½.32 The solubility parameter of methanol is
29.7 MPa½,31 and this was used as the non-solvent. Solubility studies were
used to confirm the suitability of our solvent / non-solvent system.
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SIBS fibres (Figure 7.1) were straightforward to spin and characterise,
but we were unable to determine the electrical and mechanical properties for
fibres consisting entirely of P3HT. Although P3HT in its reduced form could
be spun into fibres, they were too brittle to handle without breaking. It was not
possible to spin fibres using P3HT in its oxidised form.

Figure 7.1: Typical surface morphology for SIBS and SIBS-P3HT fibres. a) Optical image of
SIBS fibre. b) Optical image of PCP3-type fibre. c) and e) scanning electron microscopy
(SEM) images of fibre shown in image A. d) and f) SEM images of fibre shown in image B.

Three type of composite fibres were prepared using spinning solutions
consisting of SIBS combined with: (i) P3HT oxidised with I2 and doped with
I3-, (ii) P3HT doped with BF4- from tetrabutylammonium tetrafluoroborate
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(TBABF4) and oxidised with I2, and (iii) P3HT doped with BF4- from
tetrafluoroboric acid (HBF4) and oxidised with I2, hereafter referred to as
PCP1, PCP2 and PCP3, respectively.

The composition of these fibres (Table 7.1) was determined by
elemental analysis. PCP2 and PCP3 fibres were prepared using P3HT doped
with BF4-, but from different molecules (TBABF4 and HBF4). This affected the
resulting P3HT loading in the composite fibre. For example, PCP2 fibres
spun with a 1.4% w/v P3HT concentration yields a 1:0.11 SIBS:P3HT ratio in
the resulting fibre. Whereas, using the same concentration in the preparation
of PCP3 fibres results in a 1:0.14 SIBS:P3HT ratio. The optical transparency
and surface morphology of P3HT containing fibres is different compared to
that observed for SIBS fibres (Figure 7.1).

7.4.2. Properties
All three types of composite fibres (PCP1, PCP2 and PCP3) exhibited
increased Young’s modulus, reduced tensile strength and strain values,
compared to those observed for SIBS fibres (see Table 7.2). The observed
stiffening (increased Young’s modulus) and decreased stress at breaking
point (tensile strength) as well as lower ductility is typical for materials
consisting of a filler and a polymer.29

PCP1-type (I3- doped) fibres were found to be more ductile compared
to PCP2/PCP3 type (BF4- doped) fibres. In contrast, the latter fibres exhibited
a 1.5 fold increase in Young’s modulus over SIBS fibres, compared to the 1.2
fold increases observed for PCP1-type fibres. PCP3-type fibres show the
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least amount of reduction in tensile strength with increasing P3HT content
compared to SIBS fibres. The tensile strength decreases from 12.7 MPa to
11.4 MPa for a 7 fold increase in SIBS-P3HT ratio (Figure 7.2). At equal
SIBS:P3HT ratio (1:0.06/0.07) PCP2-type fibres exhibit the highest Young’s
modulus, while PCP1 fibres display the highest tensile strength and strain
values

Table 7.1: Summary of the composition of the fibres determined using elemental analysis. P,
CP, PCP1, PCP2 and PCP3 indicate fibres consisting of SIBS, P3HT, SIBS-P3HT doped
with I3-, SIBS-P3HT doped with TBABF4, and SIBS-P3HT doped with HBF4, respectively.

Spinning Solution

Fibre

P3HT
w/v %
[%]

SIBS
w/v %
[%]

C
w/w %
[%]

S
w/w %
[%]

P3HT : SIBS

P

0.0

8.0

86.3 ± 0.2

0.0 ± 0.1

0:1

CP

2.0

0.0

71.8 ± 0.1 19.3 ± 0.1

1:0

0.4

8.0

85.3 ± 0.2

1.0 ± 0.1

0.05 : 1

0.9

8.0

84.6 ± 0.2

1.2 ± 0.1

0.07 : 1

1.4

8.0

83.1 ± 0.2

2.2 ± 0.1

0.13 : 1

2.0

8.0

82.3 ± 0.1

2.3 ± 0.1

0.14 : 1

0.4

8.0

83.6 ± 0.4

0.7 ± 0.1

0.04 : 1

0.9

8.0

83.6 ± 0.1

1.1 ± 0.1

0.06 : 1

1.4

8.0

89.9 ± 0.1

1.9 ± 0.1

0.11 : 1

2.0

8.0

82.1 ± 0.1

3.2 ± 0.1

0.22 : 1

0.4

8.0

85.2 ± 0.2

0.3 ± 0.1

0.02 : 1

0.9

8.0

83.8 ± 0.2

1.3 ± 0.1

0.07 : 1

1.4

8.0

82.3 ± 0.1

2.3 ± 0.1

0.14 : 1

Fibre Type

PCP1

PCP2

PCP3

The conductivity (σ) of the fibres was measured using a custom-built
four-point probe system and was found to increase with increasing
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SIBS:P3HT ratios for PCP1 and PCP3 type fibres (Table 7.2 and Figure 7.2).
However, this was not observed for PCP2 fibres. It is not clear at this point
why PCP2-type fibres exhibit this different behaviour, although this may be
related to the distribution of P3HT within the SIBS matrix. The highest
conductivity value (0.380 ± 0.038 S·cm-1) was observed for PCP3-type fibres
with 1:0.14 SIBS:P3HT ratio.

Table 7.2: Summary of fibres’ SIBS:P3HT ratios, mechanical, and electrical conductivity
values. P, CP, PCP1, PCP2 and PCP3 indicate fibres consisting of SIBS, P3HT, SIBS-P3HT
doped with I3-, SIBS-P3HT doped with TBABF4, and SIBS-P3HT doped with HBF4,
respectively.

Fibre

P3HT : SIBS

Young’s
Modulus
[MPa]

Tensile
Strength
[MPa]

P

0:1

14.2 ± 1.6

17.5 ± 1.5

CP

1:0

PCP1

PCP2

PCP3

-

-

Maximum
Strain
[%]
1078 ±

63

-

Conductivity
(at zero strain)
[S cm-1]
0.0
-

0.05 : 1

14.4 ± 0.8

13.0 ± 1.0

958 ±

59

0.0013 ± 0.0001

0.07 : 1

14.2 ± 1.9

13.1 ± 1.0

940 ±

68

0.0063 ± 0.0006

0.13 : 1

16.7 ± 0.8

11.2 ± 0.9

958 ±

52

0.0134 ± 0.0001

0.14 : 1

15.6 ± 0.6

9.8 ± 0.7

923 ±

67

0.0386 ± 0.0004

0.04 : 1

11.4 ± 2.2

9.9 ± 0.9

949 ±

69

0.0021 ± 0.0002

0.06 : 1

16.0 ± 1.7

12.1 ± 1.4

802 ± 100

0.0311 ± 0.0031

0.11 : 1

16.0 ± 0.8

9.2 ± 0.5

875 ±

47

0.0241 ± 0.0024

0.22 : 1

21.8 ± 1.7

8.8 ± 0.6

829 ±

57

0.0126 ± 0.0013

0.02 : 1

12.2 ± 3.1

12.7 ± 1.8

810 ±

91

0.0020 ± 0.0002

0.07 : 1

11.0 ± 3.3

11.6 ± 1.9

778 ± 105

0.019 ±

0.002

0.14 : 1

21.3 ± 0.8

11.4 ± 0.5

975 ±

0.380 ±

0.038

34

However, this does not indicate that PCP3-type fibres are more
conducting than the other fibre types. At equivalent SIBS:P3HT ratios
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(1:0.06/0.07), PCP2 type fibres are five and two times more conducting
compared to PCP1 and PCP3 fibres, respectively. This also indicates that
fibres doped with BF4- (PCP2 and PCP3) are more conducting than I3- doped
fibres (PCP1).
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Figure 7.2: Tensile strength (spheres) and conductivity (square) as a function of P3HT:SIBS
ratio in a) PCP1-type, b) PCP2-type and c) PCP3-type fibres. Arrows point to the relevant
axis.

241

Chapter 7

Of all 11 SIBS-P3HT fibres investigated, PCP3-type fibres with a
1:0.14 SIBS:P3HT ratio displayed the optimum combination of mechanical,
strain and conductivity values. For example, these PCP3 fibres exhibit
increased Young’s modulus (1.5 fold) and conductivity (0.380 S·cm-1), with
only a 10% reduction in maximum strain compared to SIBS fibres.

Let us now put these values into context. Although other materials
may offer either higher tensile strength, or conductivity or strain
values,13,26,29,33,34,35 our combination of mechanical, electrical and strain
values are superior to these elastomer/conducting polymer materials
(Table 7.3). For example, even though vulcanized polyaniline materials
achieved strain values up to 1800%, their tensile strength and conductivity
values are significantly lower compared to our materials. Polyurethanes
covalently bonded to poly(3-methylthiophene) may yield high tensile strength
(14.3 MPa) and conductivity (25 S·cm-1) values, but this is typically coupled
with a significantly lower ductility (maximum strain before breaking = 42%).

7.4.3. Conductivity Under Strain
The strain dependent surface resistance (Rs) was evaluated by
measuring the electrical resistance as a function of uniaxial strain. The strain
dependent resistance of these fibres exhibit two distinct regions, separated
by a change in the slope (Figure 7.3). The strain at which this change in the
slope occurs is hereafter referred to as the threshold strain value. For
example, PCP3 fibres exhibit threshold strain values of ≈ 800 % (Figure 7.3).
The threshold strain values and conductivity values for selected PCP1, PCP2
and PCP3 fibres are shown in Table 7.4.
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Table 7.3: Comparison of tensile strength, maximum strain before breaking (strain max),
conductivity (σ, at zero strain) and strain rate values for elastomer-conducting polymer
composite materials. PU, PU-C60, NR, and EPDM indicate the elastomers polyurethane,
polyurethane-fullerene, natural rubber and ethylene–propylene–5-ethylidene–2-norbornene
terpolymer, respectively. P3MT, P3HT, and PAni indicate the conducting polymers (CP)
poly-3-methylthiophene, poly-3-hexylthiophene and polyaniline.

Elastomer

w/w %
[%]

CP

w/w %
[%]

Tensile
Strength
[MPa]

Strain
Max
[%]

Strain
Rate
[%·min-1]

σ
[S·cm-1]

Additional
Information
[Reference]

SIBS

87.9

P3HT

12.1

11.4

975

100

0.38

This work
(Fibres)

PU

92.1

P3MT

7.9

10.0

310

40

0

PU

70.8

P3MT

29.2

14.3

42

40

25.0

PU

80.0

P3MT[a]

20.0

2.7

363

400

0.6

PU

80.0

P3MT[b]

20.0

1.7

198

400

42

PU–C60

[c]

PAni

[c]

21

550

50

2.0

Copolymerized
[13] / (Films)

PU

83.2

PAni

10.6

≈ 4.2

430

50

[d]

Copolymerized
[29] / (Films)

NR

90.0

PAni

10.0

≈ 5.0[e]

≈ 600

50

≈ 10-3

NR

95.0

PAni

5.0

≈ 5.5[e]

≈ 720

50

≈ 10-3

EPDM

95.2

PAni

4.8

0.9 x 10-3

1800

0.15

≈ 10-4

Copolymerized
[34] / (Films)
Elastomer
coated [35]
(Films)

Mechanically
mixed [33]
(Fibres)
Vulcanized [26]
(Films)

[a] Coating processed for 2 min. [b] Coating processed for 60 min. [c] Values not provided by
the authors. [d] Unable to calculate conductivity, authors only report electrical resistivity
(320 MΩ/sq) without reporting thickness. [e] Values calculated from the original data in
cN·tex-1 assuming the density of the sample was similar to the natural rubber (≈ 910 kg·m-3).

There are two possible scenarios which may explain the observed
strain dependent conductivity behaviour: (i) strain-induced contacting and
(ii) crystallization of poly(isobutylene) (PIB) in SIBS. It has been suggested
that elastomer-conducting polymer blends such as polypyrrole in styrenebutadiene-styrene consist of a phase-segregated morphology of conducting
domains separated by a semi-conducting/insulating matrix.36
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Figure 7.3: Electrical resistance as a function of strain for typical PCP3-type fibres with
0.14:1 P3HT:SIBS ratio. Arrow indicates the threshold strain for the onset of the resistance
decrease.

Subjecting a bundle of natural rubber-polyaniline fibres up to 600%
resulted in a modest increase in electrical conductivity.33 A more significant
effect has been observed for films consisting of polyaniline interpenetrated
C60-polyurethane.13 The strain-dependent conductivity increased from
2.6 S·cm-1 (at strain = 0%) to 5.4 S·cm-1 at 430% strain. The increase was
attributed to an increase in contacts between polyaniline domains due to the
effect of strain-induced reduction of the film’s dimensions perpendicular to
the stretching direction. Hence, strain-induced contacting leads to an
increase in the number of conducting pathways, i.e. an increase in
conductivity.

Poly(styrene-ß-isobutylene-ß-styrene)

contains

PIB

which

is

well-known to crystallise upon stretching.37,38,39 The reported threshold strain
value for the onset of crystallisation for PIB is 600%.37,40,41 The threshold
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strain for SIBS is likely to be different due to effect of polystyrene on PIB as
well as P3HT and dopants (as evident from Table 7.4). The crystallization of
PIB would result in P3HT and dopants to be expelled from the crystallised
regions. It is likely that this would increase the number of contacts between
the conducting domains leading to the observed change in the slope of the
strain-resistance dependence (Figure 7.3). This behaviour is addressed in
more detail below.

Table 7.4: Threshold strain values (for the onset of the conductivity increase) and electrical
conductivity values at 900% strain for selected PCP1, PCP2 and PCP3 type fibres.

Fibre

PCP1

PCP2

PCP3

SIBS : P3HT

Conductivity
Threshold strain
(at 900% strain)
[%]
[S·cm-1]

0.05 : 1

550 ±

55

1.2 ±

0.1

0.14 : 1

500 ±

50

2.5 ±

0.3

0.04 : 1

450 ±

45

1.6 ±

0.2

0.22 : 1

440 ±

44

8.5 ±

0.9

0.02 : 1

620 ±

62

0.7 ±

0.1

0.14 : 1

770 ±

77

2.2 ±

0.2

All fibres were subjected to the following straining regime. First they
were strained at 10 mm·min-1 cross head speed until elongated by eight
times their initial length, i.e. from stroke = 0 mm to stroke = 80 mm. Following
this, the stroke was then cycled between stroke = 80 mm and
stroke = 90 mm for 20 times at 10 mm·min-1 cross head speed, with the
stroke being held constant for 30 s at 80 mm and 90 mm stroke, respectively.
These stroke values can easily converted to strain values using the initial

245

Chapter 7

length of the fibre (10 mm), e.g. a stroke of 80 mm corresponds to 800%
strain.

Four characteristics regions can be identified during the initial straining
and relaxation regime (Figure 7.4): (1) stress increases with increasing stroke
between 0 mm and 90 mm, i.e. increasing strain from 0 to 900%, (2) stress
shows creeping flow during 30 s of constant 90 mm stroke, (3) stress rapidly
decreases during relaxation from 90 mm to 80 mm stroke, and (4) stress
shows amorphous flow during 30 s of constant 80 mm stroke. In region 3, the
stress relaxes to a significantly lower value compared to that observed at
stroke = 80 mm in region 1. In fact, the stress value at stroke = 80 mm (in

Stress [MPa]

region 4) is equivalent to stress value prior to straining observed in region 1.

Figure 7.4: Tensile strength and stroke as a function of time for a typical PCP3-type fibre
with 0.14:1 P3HT:SIBS ratio. Dashed line indicates the change in tensile strength during prestrain gauge treatment of elongation fibres to eight times their initial length. A stroke value of
80 mm corresponds to 800% strain with respect to the initial fibre length of 10 mm. Numbers
refer to strain-relaxation cycle number.
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These results are consistent with previously observed crystallization
and melting behaviour of PIB.38,39,41 Four characteristic regimes have been
observed in the strain variation of PIB fibres: (a) polymer in amorphous state,
(b) crystallization, (c) creeping flow in the crystalline state, and (d) melting of
crystalline regions when elongational strain was reduced. Hence, the
observed stress and conductivity behaviour in regions 1-4 is consistent with
PIB in SIBS exhibiting similar regimes. All subsequent cycles (Figure 7.4)
show this characteristic behaviour, i.e. an increase in stress under elongation
from stroke = 80 mm to stroke = 90 mm (indicative of crystallization),
creeping flow at constant elongation (stroke = 90 mm), large decrease in
stress during relaxation to stroke = 80 mm (indicative of melting), and
amorphous flow at constant stroke = 80 mm. Notably, the decrease in
electrical resistance was found to be reversible during cycling between
stroke = 80 mm and stroke = 90 mm.

7.4.4. Strain Gauge Behaviour
The ability to withstand strains without a significant reduction in
mechanical characteristics is important for subsequent fabrication of
structures (e.g. knitted materials) that could be used for wearable or
implantable devices.42 While, retaining resistance under strain during use is
important for both wearable and implantable bionic applications.

Strain-gauging is based on relating changes in the resistance to
changes in the strain, with strain sensitive determined by the magnitude of
strain. Figure 3 shows that our fibres exhibit the largest resistance/strain
change for strains larger than the threshold strain value, i.e. this is the most
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sensitive strain area. Hence, the straining to stroke = 80 mm (equivalent to
drawing the fibres to eight times their length) is treated as a pre-strain gauge
treatment (Figure 7.4). This treatment is a commonly used practise used to
enhance the mechanical and electrical characteristics of fibres.43,44

The cycling of the fibres between 80 mm and 90 mm stroke then
corresponds to subjecting the fibres to tensile loading with strain amplitude of
12.25%. The evolution of the tensile strength and electrical resistance during
cycling is shown in Figure 7.5. The stress at maximum strain of the typical
PCP1 fibre reduces from 8.0 MPa to 5.5 MPa after 11 cycles, and remained
approximately constant during the remaining 9 cycles. PCP2 and PCP3
fibres display similar reductions, with stress reaching a plateau value after 8
and 9 cycles, respectively. These results demonstrate that the mechanical
characteristics of the fibres are not irreversible changed due to the straining
regime. The electrical resistance at maximum strain was approximately
constant over 20 cycles for PCP1 and PCP3 fibres, but increased linearly for
PCP2 fibres. For example, a PCP3 fibre exhibited an average variation in the
resistance at maximum strain of 3% with respect to the maximum resistance
recorded during cycle 1. The recovery of the resistance from strain is also
very good, in particular for PCP3 fibres. Over 20 cycles, a PCP3 fibre with
P3HT:SIBS ratio of 0.14:1 exhibited an average variation in the resistance at
zero strain (with respect to the original resistance in cycle 1) of 3%.

The fibres’ strain gauge behaviour was investigated by displaying the
data collected during cycling in terms of the fractional resistance (∆R/R0) and
strain (ε) as a function of time (Figure 7.6). Our fibres exhibit a cyclic change
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in fractional resistance with strain, i.e. ∆R/R0 decreases upon tensile loading
and increases again as the strain is relaxed. It is well known that resistance
change is related to the strain through the strain sensitivity factor, usually
referred to as the gauge factor (GF) according to:

∆R / ∆R 0
ε

(Equation 7.1)

Stress [MPa]

GF =

Figure 7.5: Tensile strength a) and electrical resistance b) values at maximum strain during
20 cycles for typical PCP1 (squares), PCP2 (triangles) and PCP3 (spheres) fibres with
0.14:1, 0.22:1 and 0.14:1 P3HT:SIBS ratios, respectively. Electrical resistance values at zero
strain for PCP3 fibre with 0.14:1 P3HT:SIBS ratio are indicated by circles.

Regression analysis shows that over 20 cycles our fibres exhibit a GF
value of -1.6 ± 0.3, i.e. ∆R/R0 = 20 ± 4% at 12.25% strain. Other examples of
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materials exhibiting negative gauge factors include textiles coated with
conducting polymers, conducting polymer-carbon nanotube composites and
polyelectrolyte-bridged metals.45,46,47 Whereas, positive gauge factors have
been reported for carbon nanotube coated glass fibres.48

Figure 7.6: Fractional resistance (∆R/R0) and strain as a function of time for a typical
PCP3-type fibre with 0.14:1 P3HT:SIBS ratio. Numbers refer to strain-relaxation cycle
number.

It is well-known that conjugated polymers such as P3HT are not stable
conductors, which is evident from the resistance increase exhibited by PCP2
fibres (Figure 7.6). In contrast, PCP1 and PCP3 fibres appear to be stable
over the testing period of 60 min (20 cycles). Although, these characteristic
are encouraging for applications requiring short-term stability such as in
regenerative bionics,49] appropriate encapsulation would be required for
longer term usage.

7.5. Conclusions
A facile solution process approach was used to produce conducting
and highly ductile P3HT and SIBS composite fibres via wet-spinning. As
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prepared fibres exhibited conductivity value of up to 0.38 S cm-1. Although
the composite fibres were slightly stiffer than those composed of SIBS alone,
they withstood remarkable strains before breakage, typically between 780
and 975%. These composite fibres exhibited reversible mechanical and
electrical characteristics, which combined with their good recovery from
strain, demonstrated their applicability as strain gauges. Over 20 cycles our
fibres yielded a gauge factor of -1.6 ± 0.3, enabling potential applications in
strain sensing or elastic electrodes
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8.1. Conclusions
The main objective of this thesis were: (i) to produce new conducting
composite fibres, (ii) increase knowledge available on fibre spinning and (iii)
study the effects of pre- and post- processing parameters on the electrical
and

mechanical

characteristics

of

the

composite

fibres.

Although

biocompatibility was beyond the scope of this thesis, our research was
conducted with future usage of these materials in tissue engineering and
bionics.

Two wet-processing techniques were used to produce composite
fibres, i.e. polyelectrolyte complexation and solvent / non-solvent wet
spinning. These methodologies were adapted for the fabrication of electrically
conducting composite fibres by incorporating conducting fillers such as
carbon nanotubes (CNTs) and conducting polymers.

Polyelectrolyte complexation of the oppositely charged biopolymers
gellan gum and chitosan was explored to determine the optimum conditions
for the production of continuous fibres by wet spinning (Chapter 3). Although
examples of fibres made of chitosan and gellan gum had been previously
described n literature (see references in Chapter 1), they suffered from
“beading”, i.e. structures resembling pearl necklaces. This thesis has shown
that the “beading” effect can be overcome resulting in fibres of uniform
diameter (Chapter 3). The developed expertise was employed to produce
conducting

composite

fibres

by

incorporating

CNTs

(Chapter

4).

Furthermore, the procedure could be easily adapted for other polyelectrolyte
systems, such as chitosan and carrageenan (Chapter 5). These fibres not
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only showed significant improvements in conductivity (up to 6 orders of
magnitude) compared to those made without CNTs but also exhibited
mechanical reinforcement.

However,

these

polyelectrolyte

systems

are

not

suitable

for

applications that would require highly stretchability such as flexible
stretchable electrodes for cell stimulation or neural prosthetic electrodes.
Hence, poly(styrene-ß-isobutylene-ß-styrene), or SIBS, was used to
produced fibres. SIBS is a well known stretchable thermoplastic which is
extensively used in biological applications; therefore it was deemed a
suitable material for this study.

The conditions for conventional (solvent / non-solvent) wet spinning of
poly(styrene-β-isobutylene-β-styrene) (also referred as SIBS) were studied
(Chapter 6). Detailed investigations were devoted to understanding the effect
of a number of solvent / non-solvent systems and the importance of choosing
an appropriate solvent which satisfy the solubility requirements of all
components in the composite. As a result, it was possible to produce
conducting SIBS fibres by incorporating CNTs as filler (Chapter 6).

Using a solvent / non-solvent system for spinning SIBS fibres opened
up a new route for producing conducting composite fibres: blending SIBS
with conducting polymers such as poly(3-hexylthiophene), also known as
P3HT. This system yielded a better platform to control the conductivity of the
fibres by varying the conducting polymer concentration (Chapter 7).
Therefore, further investigation was perform on P3HT fibres such as the
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effect of different dopants and methods to incorporate them into the fibres
(Chapter 7). The dopant type as well as the process to incorporate it into the
spinning solution was found to be key for the final electrical properties of the
fibres.

Poly(styrene-β-isobutylene-β-styrene)-CNT

and

SIBS-conducting

polymer fibre systems exhibited an increasing conductivity with increasing,
which was reversible. Furthermore, once the strain is removed, the
conductivity returns to the pre-strain level, which may be useful for possible
bionic devices. The main difference between the two types of conducting
fillers was that the conductivity of CNT-SIBS fibres decreased upon high
strain level, which was attributed to disruption of the conducting paths within
the fibres. In contrast, the conductivity of P3HT-SIBS fibres increased until
mechanical failure. This suggested that P3HT behaves differently in SIBS
than CNTs.

In summary, the work developed in this thesis has served to improve
the knowledge available in wet-spinning techniques (including pre- and postprocessing) in addition to produce new composite materials which may lead
to exciting new application in tissue engineering or bionic applications, such
as flexible stretchable electrodes for cell stimulation or as neural prosthetic
electrodes.

8.2. Further Work
The results obtained in this work have laid the foundation for further
studies into assessing the biocompatibility of these materials. As it was
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stated at the beginning of this thesis, this project has been developed with
the ultimate goal of producing biocompatible materials. Extensive research
should be undertaken to evaluate the compatibility, as well as the stability or
degradability, of the composite materials in biological environment. If the
results are positive this work may open a research path as platforms for
future bionic applications.

Polysaccharides like chitosan or gellan gum have been studied in the
recent years as tissue scaffolding materials (see Chapter 1). Conducting
polyelectrolyte complex fibres such as those detailed in Chapters 4 and 5
may be incorporated into those scaffolds as electrodes to stimulate the
growth and behaviour of cells. It is well-known that electrical stimulation help
to differentiate muscle and nerve cells. In addition, those fibres may be used
to reinforce the structure or maintain the shape of the scaffold.

On the other hand, it is worth further studying the behaviour of
conducting stretchable fibres. There are many opportunities for these
composite materials to be used in bionic applications or medical devices. For
example, the fibres’ conductivity varies in a repeatable and reversible fashion
upon strain gauging. This property may be used in devices to help to
rehabilitate mobility in joints, i.e. after a trauma. Such device could relate the
degree of bending of a joint, via changes in conductivity due to changes in
strain, and use that to feedback the patient. For example, it could be used to
help to move correctly a limb or a hand if used in a glove device.
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