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ABSTRACT

Synthesis of inherently conducting polymers (ICPs) nanoparticles is an option to
improve the processability and conductivity of ICPs. In this thesis, the synthesis and
application of ICPs nanoparticles has been demonstrated. Various polymerisation methods,
such as emulsion polymerisation, use of steric stabiliser and synthesis in ionic liquid (IL)
media, have been used to synthesise polymer nanoparticles. These synthesis methods
render the ICPs nanoparticles stable as dispersions which are more processable and contain
peculiar and fascinating properties superior to their bulk counterparts. These nanoparticles
are further applied as mediators for biosensors. They have been fabricated into sensors
using electrodeposition, evaporative casting, or ink-jet printing methods. Electrodeposition
method results in formation of ultra thin nanostructured polymeric films that enhance
sensor performance. Evaporative casting method is an easy one-step method, but precision
is hard to achieve and dense films with rough morphology are formed. Ink-jet printing can
be used to produce precise and accurate patterns and also this approach is amenable to mass
production.

Polyaniline (PANI) nanoparticles; nanoPANI-dodecylbenzene sulphonic acid
(DBSA) have been synthesised using emulsion polymerisation (Chapter 3). The
nanoPANI-DBSA obtained has a conductivity of 34+7 S/cm with particle size in the range
of 10£2 nm. The nanoPANI-DBSA has been used as a mediator layer in biosensor
applications as demonstrated in Chapter 7. These nanoparticles were fabricated onto the
conductive electrode using an electrodeposition method with subsequent immobilisation of

the enzyme horseradish peroxidase (HRP). Sensor performance was examined using

XXI



amperometric method and HRP/hydrogen peroxide (H,O,) configuration as a model
system. The nanodomain of the nanoPANI-DBSA particles contributed to highly ordered
nanostructure patterning on the electrode surface. This uniform surface showed improved
enzyme deposition characteristics, a lower background signal and better sensor
performance at a lower HRP loading when compared to the sensors fabricated from
electropolymerisation of the bulk monomer.

NanoPANI-DBSA particles aggregate at high concentrations; hence they are not
amenable to ink-jet printing. sSPANI-DBSA was prepared from centrifugation of the
nanoPANI-DBSA dispersions and used as a material for ink-jet printing. HRP was pre-
mixed with the sSPANI-DBSA nanodispersions before fabrication onto ITO-coated mylar
using ink-jet printing. The print quality from the sPANI-DBSA nanodispersions was
inconsistent and the catalytic signal of this biosensor was very low. These resulted in no
further ink-jet printing work for this material.

The PANI-DBSA-rapid mixing (RM) nanodispersions were synthesised using a RM
method. These dispersions contained nanometre size PANI particles dispersed in aqueous
media. These nanoparticles have been successfully printed using ink-jet printing as outline
in Chapter 9. This work has demonstrated the ink-jet printability of conducting polymer
nanoparticles and their use as working electrodes for biosensors. The sensor response from
these ink-jet printed PANI-DBSA-RM was higher than the sensor response from
evaporative casting of poly(2-methoxyaniline-5-sulphonic acid) (PMAS) in Chapter 8.

The addition of functional group into PANI nanoparticles was also investigated.
Carbolan Blue (CB) dye was incorporated into the PANI backbone using emulsion
polymerisation method as demonstrated in Chapter 4. The dye was proved to have strong

interaction with PANI backbone using Raman spectroscopy and centrifugation test. The

XXII



distinct solution colour after a reduction process could lead the PANI-DBSA-CB to be a
potential candidate of the material for electrochromic devices.

Synthesis of polypyrrole (PPy) nanoparticles is demonstrated in Chapter 5.
Poly(vinyl alcohol) (PVA) was used as the steric stabiliser to produce PPy-DS-PVA
nanoparticles. These nanoparticles were well dispersed in water with particle size in the
order of 52+5 nm. Aggregation was obvious in concentrated solutions and leaded to poor
ink-jet printed quality of the PPy-DS-PV A nanoparticles.

The water soluble polymer, PMAS, was also used to fabricate biosensors using
evaporative casting method in Chapter 8 and ink-jet printing in Chapter 9. In chapter 8, its
solubility enabled PMAS to pre-mix with the HRP enzyme prior to complexing with the
polycations poly(L-lysine) hydrochloride (PLL) and subsequently casting onto ITO coated
mylar substrate. This biosensor format has proven ability to easily fabricate the conducting
polymer nanoparticles by one-step evaporative casting. The optimised sensors exhibited
good sensor response, high selectivity and very good long-term stability. The ink-jet
printed films from PMAS and PLL solutions (Chapter 9) showed better electroactivity
compared to the evaporative cast films which could lead to better sensor performance.
However, the problem of PLL blocking the print head resulted in the discontinuation of its
use.

The polyterthiophene (PTTh) aqueous dispersed nanoparticles were also
successfully synthesised in the presence of surfactant (DBSA) and in ionic liquid; 1-ethyl-
3-methylimidazolium bis(trifluoromethane-sulfonyl)amide (emiTFSA) as demonstrated in
Chapter 6. The dispersion of PTTh-DBSA nanoparticles has shown poor colloidal stability

and poor electroactivity. Although the PTTh nanoparticles synthesised in emiTFSA needed

XXIII



2-3 minutes sonication to be dispersed in water, they have shown good electrochemistry
and being test in another study in our laboratories for its use in photovoltaic devices.

These processable ICPs nanoparticles are promising materials for biosensor
applications, electrochromic devices and solar cells. Assembly of these nanoparticles on to
conductive substrates leads to highly ordered nanostructured ICPs on the surface and
improves the biosensor performances. Also these nanoparticles prove their ability to be

processable in mass production scale.

XXIV



Chapter 1

1.1 Inherently Conducting Polymers (ICPs)

The evolution of conducting polymers began in the mid-1970s, with the discovery
of polysulphur nitride [(SN)], which becomes superconducting at low temperatures. Two
years later, a linear conjugated organic polymer, polyacetylene, was shown to have metallic
properties'. Three discoverers of high conductivity iodine doped-polyacetylene: Alan
MacDiarmid, Alan Heeger and Hideki Shirakawa were awarded the Nobel Prize for
Chemistry in 2000%. The level of publications related to the synthesis of new types of
conducting polymers or modifications to the existing conducting polymers in the past 25
years has increased rapidly”. This increased interest is a result of the potential application of
conducting polymers in plastic electronics and for providing new functional materials’. The
main characteristic of a conducting polymer is a conjugated backbone that can be subjected
to oxidation or reduction by electron acceptors or donors. Metals conduct electricity via
mobile electrons in the conduction band that travel across atoms in the lattice, while in
organic materials conductivity occurs by mobility of the delocalised m-electrons along the
polymer chain®. Polyaniline (PANI), polythiophene (PTh) and polypyrrole (PPy) are

examples of typical inherently conducting polymers (ICPs)* (Figure 1.1).

— B B
WA ;

(a) (b) (c)

Figure 1.1 The structures of ICPs (a) polyaniline, (b) polythiophene and (c) polypyrrole.
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Chapter 1

The treatment of a conjugated polymer with an oxidant leads to inclusion of a
molecular dopant (A") and a concomitant increase in electron mobility and electrical

conductivity (e.g. Figure 1.2').

4+ A -
N —
H N t+e
Figure 1.2 Doping and dedoping process of PPy. n is the number of monomer units per unit positive

charge; A is a counterion (molecular dopant) incorporated during synthesis, m determines molecular weight.

The molecular dopant incorporated into the conducting polymer during synthesis
has a profound effect on processability and conductivity’. The dopant also determines the
chemical/biological properties of the conducting polymer. For example, the incorporation
of oligonucleotides into PPy has been used to produce biosensors’; light harvesting
porphyrins molecules have been incorporated in PTTh for the development of photovoltaic
devices’; and biological moieties have been successfully incorporated into PPy to improve
performance when used as a novel platform for mammalion cell culturing®.

The electrical conductivity range of several conducting polymers are comparable to
conventional metals and semiconductors as shown in Figure 1.3*. The main limitations of
conducting polymers include poor processability, both in melt and solution processing’, and

poor environmental stability’. Therefore numerous studies have been aimed at improving

3,9,11,12 9,13,14

their processability'’, stability and conductivity Synthesis of conducting

polymer nanoparticles is one method to improve these properties. Emulsion

#1418 or the use of steric stabilisers'>? results in formation of nanoparticles.

polymerisation
. . . . . . .34
Such nanoparticles are of interest in various applications such as sensor technologies™,

transparent EMI shielding, antistatic coatings, display devices and electrochromics’.
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Figure 1.3 Conductivity chart for metals and various conducting polymers.

1.1.1 Polyaniline (PANI)

Polyaniline (Figure 1.1a) has been the most extensively studied ICP over the past
decade, due to its reversible redox and pH switching properties, ease of synthesis and wide
range of potential applications®. Its polymeric structure (Figure 1.4) is different from the
other ICPs such as PTh (Figure 1.1b) and PPy (Figure 1.1c), and leads to three oxidation
states, each with its own distinctive colour”. The fully reduced leucoemeraldine base (LB)
form is colourless or pale yellow, protonated emeraldine salt (ES) form is bright green, and
the fully oxidised pernigraniline base (PB) form is dark blue®>~.

Polyaniline has a very strong pH sensitivity, which is based on a reversible acid-
base reaction’®. The only electrically conducting form of PANI, the ES form, can be
obtained either by protonation of half oxidised emeraldine base (EB) or by oxidation of LB.

It is noteworthy that the protonation does not affect the oxidation state of PANI*®. The

structures and transition states of PANI are shown in Figure 1.4.
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Figure 1.4 The redox mechanism of PANI and its pH dependent transition between the ES and EB form.

Aniline can be polymerised electrochemically or by chemical oxidation in acidic
solution®. In Figure 1.5, the mechanism of chemical polymerisation is depicted and the rate-
determining step is considered to be the formation of the radical cation of aniline by
oxidation® (Figure 1.5 a'). The radical cation has resonance structures as shown in Figure
1.5 b'. After formation of the radical cation the chemical polymerisation involves radical
coupling, chain propagation, and reduction of pernigraniline salt (PS) to emeraldine salt
235

(ES) as shown in Figure 1.5 ¢, d and e, respectively”

(a) Oxidation of monomer

HyN: NH,"

(b) Resonance formation

H H H\ M H H
\\N+0/ N \N+/
C—H
- - || ]
= .
C\H
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(¢) Radical coupling
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Figure 1.5 Mechanism of formation of PANI synthesised by chemical oxidative polymerisation and

corresponding UV-visible spectra of (d) perniganiline salt and (e) emeraldine salt form.

The initial product of chemical polymerisation has been shown to be the fully

oxidised PS form of PANI which is due to high oxidising power of ammonium persulfate
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(1.94 V vs. SHE)”. Stejskal e al’® and Haba et al’’ used a spectroscopic study to confirm
the change to the PS form of PANI. A deep blue colour was observed and the UV-visible
spectra indicated the presence of the protonated pernigraniline structure in its dication
diradical form with the polaron peak appearing at about 690 nm>~’ (Figure 1.5 d). When
the oxidant is all consumed, PS oxidises the aniline monomer to the radical cation and PS
itself returns to ES? (confirmed by green colour and UV-visible spectrum® shown in Figure
1.5 e). The three absorption peaks in the UV-visible spectrum of the emeraldine salt form
can be assigned as the transitions from n band to n* band (350 nm), ©*-polaron band (430
nm) and polaron band (810 nm)**.

The two distinct redox processes of PANI can also be observed using cyclic
voltammetry as shown in Figure 1.6°. The most conductive form of the polyaniline is the
ES form which occurs between about 0.2 V and 0.6 V vs. Ag/AgCl. The fully undoped
form (leucoemeraldine), which occurs at less positive potentials, and fully oxidised form
(pernigraniline), which occurs at higher potentials, are much less conductive”. If the PANI
polymer is exposed to potentials greater than the second oxidation process, a third
voltammetric response appears at around 0.5 V which is due to oxidation/reduction of a

degradation product such as p-benzoquinone and hydroquinone*”.
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Figure 1.6 Cyclic voltammogram of polyaniline (HCI) on a glassy carbon electrode in 1 M HClq)

electrolyte (pH 0) at 50 mV/s scan rate. The potentials at which structure and colour changes occur are shown.

The second oxidation peak shifts to a less positive potential with increasing pH2.

Chemical properties, conductivity and colour of the PANI vary with the oxidation
states and/or degree of protonation, and can be controlled by application of a potential or an
acid or base. These chromatic changes have led to the use of PANI for display devices,

redox and pH indicators and other applications®.

1.1.2 Poly(2-methoxyaniline-5-sulphonic acid)

The application of PANI has been limited due to its infusibility and modest
solubility in common organic solvents; hence lack of processability****%. In order to
improve processability, synthesis of polymer from functionalised monomers has been

employed to improve solubility”. Alkyl- and alkoxy groups can be substituted onto the
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aniline monomer that is subsequently used to produce a polymer with markedly improved
solubility in organic solvent. Sulphonic acid and phosphonic acid are also utilised to
generate self-doped PANI. A fully sulphonated polymer related to PANI, poly(2-
methoxyaniline-5-sulphonic acid) (PMAS) (Figure 1.7), can be prepared from sulphonic

acid and methoxy group substituted monomer”.

SO3- SO3-

MeO MeO

Figure 1.7 PMAS structure.

Introduction of the sulphonate group has a dramatic effect on the polymerisation
process as its electron-withdrawing effect lowers the electron density on the amino groups
of PANI, which consequently lowers the molecular weight and conductivity of the polymer
produced®™. In order to solve this problem an electron-donating methoxy group is
substituted onto the aniline ring. The 2-methoxyaniline-5-sulphonic acid (MAS) monomer
can be chemically synthesised under normal atmospheric pressure using aqueous solution
of ammonium peroxydisulphate (APS) as the oxidant in the presence of ammonia or

pyridine (to assist with monomer solubility in water)®*!

. The polymer can be obtained in up
to 90% isolated yield with molecular weight of approximately 10,000 Da and conductivity
of 0.04 S/cm. The monomer can also be electropolymerised and the polymer obtained has
similar conductivity to the chemical synthesis but a slightly higher average molecular
weight of 15,000 Da*.

Although these polymers have lower conductivity and molecular weight than the

parent PANI, their solubility and redox activity over a broad range of pH make them good

8
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candidates for sensor and biosensor applications>*’. In some cases, they have been found to
be redox active in solutions up to pH 14*. Chiroptical properties can be induced in PMAS
and this could potentially be used as a chiral ion exchange material for enantiomeric
separations™**

Zhou et al** synthesised PMAS using a flow-through electropolymerisation set up.
The UV-visible spectrum of PMAS solution obtained using this method exhibited the

characteristic polymer absorption peak at 475 nm (Figure 1.8) and increase of this peak

with polymerisation time.

Please see print copy for Figure 1.8

Figure 1.8 UV-visible spectra of PMAS electrochemically synthesised at 0.3 to 0.5 V and 100 ml/min
flow rate from solution containing 0.5 M MAS monomer at pH 4.1 with synthesis time marked on curve.

Catholyte solution was about pH 10-11. Reproduced from Ref [46].

Tallman and Wallace®® investigated electroactivity of PMAS-poly(4-vinylpyridine)

(PVP) by casting an ethanol slurry of the PMAS-PVP complex on a platinum (Pt) electrode.
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Cyclic voltammograms were subsequently obtained in 0.1 M HCI as shown in Figure 1.9.
The CV reveals the two main redox waves characteristic of a PANI with slightly broad
middle peak (C) around 0.5 V indicating the presence of an over-oxidation product when
the potential is taken to 0.8 V and beyond. Only one reduction peak was observed on the

reverse scan46.

Please see print copy for Figure 1.9

Figure1.9 Cyclic voltammogram of a PMAS-PVP film deposited on a Pt electrode, in 0.1 M HCI at 20

mV/s scan rate and Einia = 0.0 V. Reproduced from Ref [47].

1.1.3 Polypyrrole

Polypyrrole (PPy) has been intensively studied due to its mechanical and
electrochemical stability, relatively good conductivity and ease of synthesis. The character
of the polymer is determined largely by the anion present during the polymerisation which

dopes the polymer as it forms*’. It can be synthesised by electrochemical polymerisation®®”

28,30,47-54 25,32,55-62

, chemical polymerisation and enzyme-catalysed polymerisation®.
Generally, electrochemical synthesis produces continuous films deposited on the working

electrode whereas chemical synthesis produces powders and enzymatic polymerisation

gives aqueous dispersions”. The oxidation mechanism is presented in Figure 1.10%%,

10
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Figure 1.10 Synthesis of PPy.

Polymerisation of pyrrole can be carried out in neutral aqueous solution (with no

acid required) which is a significant advantage over PANI synthesis in terms of flexibility

and compatibility with biomolecules®. A wide range of dopants have been incorporated in

PPy including enzymes®®°, hyaluronic acid®® and proteins®’. PPy has been used widely in a

range of applications such as substrates to support cellular growth®®, biosensors

actuatorsSz.

65,67-69and

11
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Enzyme-catalysed polymerisation of PPy using horseradish peroxidase (HRP) was
demonstrated by Nabid and Entezami®. The UV-visible spectra (Figure 1.11) reveal the
formation of PPy after addition of the oxidant, hydrogen peroxide (H,O;). The absorption
peak at 279 nm corresponded to the polyelectrolyte, poly(sodium 4-styrene sulfonate)
(PSS), whereas the peak at 450 is assigned to m-n* transition and the polaron band near the

IR region is characteristic of an oxidised PPy® (Figure 1.11 b).

Please see print copy for Figure 1.11

Figure 1.11 UV-visible spectra of the mixture reaction Py/PSS: (a) before and (b) after the addition of

H202%.

Skaarup et al’' electrochemically synthesised PPy-dodecylbenzene sulphonate
(DBS) and studied its electroactivity. Its CV in 0.05 M potassium chloride (KCl) is shown
in Figure 1.12. The cathodic sweep is dominated by a sharp reduction peak at about -0.6 V
(vs. SCE) whereas the broader anodic peak centered about -0.5 V is attributed to the
expulsion of potassium ion (K'). The smaller and broader peak at 0.2 to 0.5 V was

tentatively assigned to the uptake of small anions (e.g. CI) from the cycling electrolyte™'.

12
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Please see print copy for Figure 1.12

Figure 1.12 Cyclic voltammogram (2" cycle) of PPy-DBS film deposited on Pt wire in 0.05 M KCI at 50

mV/s scan rates'.

1.1.4 Polythiophene

Polythiophene (PTh) is another conducting polymer which has been extensively
studied in the past 20 years due to its high stability and ease of manipulating the structure
and consequently the optical properties, electrical properties and conductivity”’. Thiophene
monomer is a five membered heterocyclic molecule as shown in Figure 1.13, and its

oxidation polymerisation is similar to that of PPy (Figure 1.10).

Figure 1.13 Oxidative polymerisation of thiophene monomer to PTh. n is the number of monomer units
per unit positive charge; A- is a counterion (molecular dopant) incorporated during synthesis, m determines

molecular weight.

The application of PTh has been limited due to poor solubility, which arises from its
rigid backbone’’. It also requires a higher oxidation potential for polymerisation than the
other ICPs described. There are numerous chemical methods being explored to modify the

thiophene monomer by substitution of functional groups at the 3-(B) position. The addition

13
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of functional groups generally aims at improving processability by lowering oxidation
potential and making more soluble materials, as well as improving function of the polymer
through addition of reactive groups.

The regioregular structure of this polymer plays a very important role in the
improvement of the electronic and photonic properties of PTh as reviewed by many

2 2
authors>’%’

. This kind of structure is formed when two thiophene rings are coupled at 2-
and 5- positions which results in the 2,5° or head-to-tail (HT) coupling’’. A coplanar
arrangement structure and more effective electron hopping processes could be expected
resulting in improved conductivity. Poly(3-alkylthiophene) was one of the earliest
discovered and most extensively studied substituted thiophene polymers’®’>". More
research aiming to synthesis soluble PTh by modification of the monomer side chain group
has been performed. Incorporation of carboxylic acid groups’®, increasing alkyl-chain
length of the substituent’' and addition of sulfonate moieties”"® have all been investigated

with a view to improve solubility. All those methods are generally based on complex

chemical synthesis of the monomers. Subsequent polymerisation has been achieved

73,74,79-89 90-108 h78,109—1 12

chemically , electrochemically or using either approac . However,
simpler methods have been used in order to make soluble polymers, such as combinatorial
synthesis of the polymer with a water dispersible polyelectrolyte such as
polystyrenesulfonic acid (PSS)*, or using poly(vinyl alcohol) (PVA) as a steric stabiliser' >
or dodecylbenzene sulphonic acid (DBSA) as a micellar media®.

Zhang et al''* studied the effect of the potential applied during
electropolymerisation of terthiophene in boron-fluoride ethyl ether (BFEE). With applied
potentials higher than 0.8 V, irregularly linked o,B-linkages were formed. UV-visible

spectra reveal different absorption peaks for polymers synthesised at different oxidation

14
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potentials (Figure 1.14)''*. The absorption peaks at around 400-480 nm are assigned to the
n-* transition associated with the conjugated chain length of the polymer. This peak shifts
to higher wavelength as the applied potential shifts from 0.65 to 0.75 V indicating that
more effective conjugated chain lengths were obtained at higher potentials. However, the
peak shifts to lower wavelength when the applied oxidation potential was increased to 0.85
V. This may be attributed to the mislinked thiophene rings leading to a decrease in the

effective conjugated chain lengths''*.

Please see print copy for Figure 1.14

Figure 1.14 The UV-visible spectra of (A) terthiophene monomer in hexane and (B)-(D) the neutral

polyterthiophene (PTTh) films synthesised at 0.65, 0.75 and 0.85 V, respectively'4.

The cyclic voltammogram of the polythiophene (PTTh) synthesised in BFEE at
0.75 V (Figure 1.15) displays a broad anodic peak at about 0.9 to 1.1 V due to polymer

oxidation and a cathodic peak at about 0.1 to 0.3 V due to polymer reduction''*.

77,90,100,115

2

PTh and its derivatives have been used in photovoltaic devices

sensors" %! diodes®, light-emitting displays (LEDs)* and for mild steel protection''®.

15
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Please see print copy for Figure 1.15

Figure 1.15 The CVs of PTTh in BFEE, cycle 1, 3, 100, 200, 500, 1000 and 1200 are recorded at 40

mV/s scan rate!4.

1.2 Conducting Polymer Nanoparticles

Nanostructures are defined as structures that have at least one dimension between 1
and 100 nm. They have received much interest as a result of their peculiar and fascinating
properties often superior to their bulk counterparts''”. The nanoparticle domain has been
dominated by inorganic materials as these materials are well characterised and utilised in
the development of electronic devices. The combination of the nanoparticle and ICPs has
been developed to achieve new synergistic properties of the composites and a number of
researchers have turned their attention to the synthesis and characterisation of ICP
nanocomponents in recent years'’’. These studies have included making composite

121-125

structures with existing nanoparticles and nanostructures as well as attempts to

synthesise true ICP nanostructures”*%.
Conducting polymer nanostructures are a very important class of electrochemically

active materials and they are highly desirable for applications ranging from chemical and

16
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biological sensing, micro-electronic devices and interconnects, energy conversion and
storage (photovoltaic cells, batteries and capacitors, and hydrogen storage devices),
catalysis, optical emission, data storage, electrochromics, and even anti-corrosion®'%¢,

For example, in sensor applications, Huang et al’* have shown that chemical
sensors prepared from nanostructured PANI have greater sensitivity and faster response
relative to their conventional bulk counterpart, due to higher effective surface area and
shorter penetration depth for target molecules. Moreover, Xia and Wang'® described the
advantages of PANI nanoparticles as;

(1) special electrical, optical, opto-electrical properties due to smaller size,

(i)  decrease of the particle size provides better dispersion stability and more
uniform PANI dispersions, which is helpful in producing uniform,
transparent conducting polymer thin films and thus in overcoming the
problem of processability,

(iii))  decrease in particle size can promote more effective doping, strengthen
inter- or intrachain interaction and enhance the degree of crystallinity, and

(iv)  conducting polymer blends with low percolation thresholds can be prepared
using PANI nanoparticles.

Conducting polymer nanowires/-rods/-fibers and particles can be synthesised using

34,127

. . . . . . .. . .12
various methods such as interfacial polymerisation®*'*’, rapid mixing polymerisation'*®,

9,14-18

and emulsion/inverse microemulsion polymerisation using surfactants or steric

a1 20-24
stabilisers?’

. Physical templates, molecular templates and nanocomposites are also
methods used for production of ICP nanostructures as reviewed by Wallace and Innis'*’. In

this thesis, emulsion polymerisation and the use of steric stabiliser were the methods of

choice used to synthesis the ICP nanoparticles.

17
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1.2.1 Emulsion polymerisation

Surfactants are amphiphilic compounds containing polar (hydrophilic) head and
non-polar (hydrophobic) tails'®. In solution, a micelle is formed as the surfactants form

aggregates in which the hydrophobic tail are oriented towards the interior of the micelle,

leaving the hydrophilic groups in contact with the aqueous medium'*’.

The critical micelle concentration is the threshold surfactant concentration at which

131

micellisation begins ®. The CMC of the system can be determined by observation of a

property of the solution that displays a discontinuity in slope when plotted against

increasing surfactant concentration (Figure 1.16)"'

. In emulsion polymerisation, the
surfactant concentration used needs to be higher than the CMC. Below the CMC, anionic

surfactants behave as strong electrolytes''.

Please see print copy for Figure 1.16

Figure 1.16 Schematic illustration of variation of solution properties with surfactant concentration. The

shadowing indicates that the CMC is not necessarily sharply defined3!.

18
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Typically, micelles tend to be approximately spherical at the concentration above
the CMC; at higher concentrations (approximately higher than 40%) and under appropriate
conditions these spherical micelles may adopt a cylindrical, ellipsoidal, or laminar form
(Figure 1.17). Systems containing these non-spherical forms tend to have high

: +0. 130,132
viscosity'?*'32,

Please see print copy for Figure 1.17

Figure 1.17 Some types of micellar structure: (a) spherical, (b) disc-like, (c) cylindrical, (d) lamellar, and

(e) spherical vesicle. The head groups are shown as filled circles'®2,

In emulsion polymerisation of ICPs, the monomer assembles itself into micelles.
The location of the monomer in the micelles is important as it can dictate the reaction
mechanism and properties of the final product’. The semipolar amines (aniline monomer)
locate at the palisade layer (the region between the hydrophilic groups and the first few
carbon atoms of the hydrophobic group) of the micelle, with the polar group at the micellar
surface and the nonpolar hydrocarbon groups in the micellar'*. The proposed mechanism
for synthesis of PANI-dedecylbenzene sulphonic acid (DBSA), as determined by Han et a/’,
is shown in Figure 1.18. Anilinium cations (phenyl-NH3") sit between the individual DBSA

molecules near the shell of a micelle, complexed with sulfonate ion. When polymerisation

19
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proceeds, anilinium cations are polymerised within the micelle together with DBSA and

forms the PANI (ES)’.

Please see print copy for Figure 1.18

Figure 1.18 Reaction scheme of PANI preparation in the DBSA micellar system®.

1.2.2 Use of steric stabilisers

Apart from making ICP nanodispersions using the emulsion polymerisation method,
a combination of surfactants and steric stabilisers has also been used in nanoparticles
synthesis. Many stabilisers such as poly(styrene sulphonic acid)”?, poly(vinyl alcohol)
(PVA)* ¥, poly(N-vinyl pyrrolidone)23’3l, poly(ethylene glycol)* and

hydroxypropylcellulose have been used®'.

20
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In a typical dispersion polymerisation process, the monomer is miscible in the
reaction medium, and upon monomer oxidation the polymer formed is insoluble and
precipitates out of the solution. When polymerisation proceeds in the presence of a steric
stabiliser, which is soluble in the reaction medium, macroscopic precipitation of the
polymer can be prevented and submicrometer particles stabilised in solution are obtained'**.

The ICPs are believed to be in the ‘core’ which is surrounded by an outer layer of
adsorbed, solvated water-soluble stabilisers® as shown in Figure 1.19. The outer layer
stabilises the particles against coagulation by masking van der Waals attraction between the
particles, hence imparting stability to the dispersion''. The colloidal stability of such ICP

particles is strongly dependent on the nature of the stabilisers'**.

S

PVA

/

/

JS7

Figure 1.19 Schematic representation of PPy colloids stabilised by steric stabilisers.

1.3 Polymer-modified Amperometric Biosensors

Polymer-modified amperometric biosensors are bioactive modified electrodes in
which the specificity and selectivity of a bioreaction culminate in a current response
proportional to the analyte concentration. Biomolecules can be entrapped in conducting
polymer films by electrochemical polymerisation of the conducting polymer in the presence

135-141

of the biomolecules . However, to avoid the extreme conditions such as high acidity
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which arise during polymerisation, the biomolecules can be subsequently immobilised on
the polymeric films by the means of electrochemical'**"'**, evaporative casting'* and dip-
coating'*°.

Enzymes and other biomolecules immobilised on modified electrodes catalyse
biospecific redox reactions and the resulting electroactive species can be detected at the
electrode. This approach leads to detection of many electroactive molecules of biological
interest. These sensors are popular for several reasons. The polymers can be applied to an
electrode surface in different thickness resulting in the possibility to increase the
concentration of response-modifying species such as electron transfer mediators and
enzymes'*’. The three-dimensional distribution of mediators is preferable to monolayer
coatings for the design of biosensors, due to the larger catalytic response of polymer

coating owing to the volume effect'*

. Moreover, the electroactive film can be used to
provide a favorable microenvironment in which an enzyme reaction can proceed efficiently

and also can protect the electrode from fouling by nonspecific protein adsorption and

: . 14
exclude interference species'**.

1.3.1 Horseradish peroxidase and hvdrogen peroxide system

Horseradish peroxidase (HRP) is a haemoprotein enzyme isolated from

horseradish'*’ and a well-documented enzyme that has been immobilised onto various

150

supports for use in biosensors ”. HRP based biosensors are important in many fields of

analyses and its sensitivity can be significantly improved by using mediators'’.

Conducting polymer with immobilised HRP electrode has been used to detect H,O,

138,139,145,152-154

electrochemically via an enzyme-catalysed mechanism , integrated with

: . : : : 135,136,140,151,155
glucose oxidase or putrescine oxidase in bi-enzyme systems to detect glucose ~> > "7
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or putrescine'*®, and used as antigen-labelled enzymes to detect specific antibodies'**'**. In

this thesis, HRP has been used to detect hydrogen peroxide (H,0O,) as a model system to
demonstrate the application of ICP nanodispersions as mediators for biosensors.

The HRP-catalysed reduction of peroxides can occur in the presence of redox
species which are either electron donors or hydrogen donors'*. The direct oxidation of
H,0, requires a relatively high working electrode potential (about 0.6 V vs. SCE). At this
high potential, interference species such as urate, acetaminophen and ascorbic acid can also

. © g . . 136,154
be electrochemically oxidised and produce an interfering response'>*'

. Hydrogen
peroxide can be detected enzymatically at low applied potentials by employing peroxidases
as bioelectrocatalysts for its electrochemical reduction'*®. HRP is often combined with ICPs
and is used for the fabrication of H,O, sensors because direct electron transfer from ICPs to

oxidised HRP (compound I and II in Figure 1.20) is possible'>>.

Please see print copy for Figure 1.20

Figure 1.20 The P/PANI-PVS/HRP biosensor reaction scheme. Ferric HRP resting state (Fe'), oxyferryl
HRP-I (Fe*V =Q), Hydroxylferryl HRP-II (Fe*V-OH) and polyleucoemeraldine/polyleucoemeraldine radical

cation redox couple (PANIY*), participate in the peroxidase ping-pong mechanism?138,
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In Figure 1.20, PANI® participates in the biosensing process by converting HRP-I to
HRP via a two-electron reduction step. The PANI" is then reduced at the electrode which is
held at a suitable constant potential. The magnitude of the reduction depends on the bulk

concentration of the substrate (H202)l42'144’15 3,

1.3.2 Fabrication methods

Sensor detection limit can be lowered by fabrication of ultrathin and coherent layers

of the conducting polymers®. ICPs can be fabricated as sensors by various methods such as

69,157

. . . . 158-161
electropolymerisation ~ of the monomers®'”’,  evaporative casting>* '

and
electrodeposition'® of the preformed polymer, and matrix-assisted pulsed laser evaporation
(MAPLE)'®. Other methods such as screen printing'®*'® and ink-jet printing'®*'” are

currently being used to fabricate conducting polymer devices. These approaches enable

rapid sensor production and are amenable to scale up.

1.3.2.1 Electrodeposition

135-141,153

Electrochemical fabrication of ICPs has been used widely Various

electrochemical methods can be used to produce ICPs biosensors such as

137,141,174,175

: . . 136,139,176-179
potentiostatic , galvanostatic ™"

and potentiodynamic'*>"**'®2 The

advantages of the electrodeposition method are (i) the thickness and characteristics of the
sensing film, and hence the rate of response of the biosensor, can be controlled by choosing
appropriate electrochemical synthesis conditions'**, and (ii) the electrochemical reaction is
localised at the electrode surface allowing precise modification of micro-electrodes and/or
surfaces with complex geometries'*®'*®. One drawback of the electrodeposition method is
that the electrode can only be processed one at a time; hence it is not a practical method for

mass production.
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1.3.2.2 Evaporative casting

. . 155,159
Evaporative casting ~

is a an easy one-step method for producing polymer films
containing the entrapped biomolecule. Using this method allows the amount of biomolecule
to be controlled; hence eliminating waste. Moreover, this method provides better
accessibility of the polymer to the biomolecules as the biomolecules are not just adsorbed

on the polymer surface but entrapped within the polymer matrix encouraging polymer and

biomolecules interaction throughout the films'*’.

1.3.2.3 Ink-jet printing

Ink-jet printing is a recent advance in film formation and has been used in the
ceramic industry for printing the binder onto substrates as well as printing ceramic
suspensions' ', It has also been used to print conducting polymers for fabrication of
transistors'**'°'% " diodes'"'*’, organic light-emitting devices (OLEDs)'®, RC filter

168,1 . 1 . 1
68189 capacitors' "’ and biosensors'”.

circuits

Ink-jet printing is a non-contact printing method and the high speed printing ability
makes it amenable for mass production. Precise and accurate printing patterns can be
controlled using computer software'®’. Furthermore, different materials can be printed
simultaneously via different nozzles'®’, and only picolitre volumes are consumed per
printed drop'™.

The most commonly used operating systems in ink-jet printing are thermal and
piezoelectric methods'®’. In thermal ink-jet printing, the heat (~300 °C) generated from a
short voltage pulse inside the ink cartridge causes the solvent to evaporate. The transition
from liquid to vapour causes expansion of the ink which is then forced to be jetted from the

191

nozzle"'. The time from bubble formation to collapse takes place in less than 10 ps'®.
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Ballarin'® and Setti et al'” used a thermal ink-jet printing system to fabricate conducting
polymer films. Films were characterised and shown to possess the same properties as spin-
coated films demonstrating that thermal printing did not alter the material properties'®.
Thermal ink-jet printing was also applied to fabrication of ICPs for biosensor application
but low sensor performance was obtained'”.

For piezoelectric ink-jet printing, the special ceramic material inside the print head
becomes deformed by the electric field. The deformation causes the ink volume to change

190,191

and the pressure generated forces the ink jet through the nozzle . The piezoelectric

method has been used in various studies to fabricate ICPs for transistors'®*1¢712 diodes'’

184,185

and capacitors'"°. This method has also been used to print ceramic suspensions , gold

i ) 193,194
or silver conductive tracks'”>!"’

and refractive lenses'". As the conducting polymer and
biomolecules can be degraded or denatured at high temperature, the piezoelectric method

was used in this thesis. Epson C45 was chosen as it uses the piezoelectric method and also

is low cost and available in the market.

1.4 Structure of the Thesis and the Aim of the Chapter

Part I-General introduction and characterisation techniques
This part gives general introduction of the related topics and also the detail of

characterisation techniques used in the thesis.

Part II-Synthesis and characterisation of conducting polymer nanodispersions
This section deals with synthesis and characterisation of the ICP nanodispersions in

aqueous media. Three ICPs are synthesised; namely PANI, PPy and PTTh. Different
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methods used to produce and characterise the nanodispersions are discussed in this section.
Some dispersions described here were further used for biosensing applications in part II1.

Chapter 3 describes the production of PANI nanodispersions in aqueous media.
Details of synthesis and characterisation of various PANI nanodispersions are given. The
nanoPANI-DBSA was successfully synthesised using emulsion polymerisation and further
used as the mediator for biosensing applications in Chapter 7. The nanoPANI-DBSA was
also further processed to attain the supernatant of nanoPANI-DBSA (sPANI-DBSA) for
ink-jet printing (Chapter 9). The PANI-DBSA-rapid mixing (PANI-DBSA-RM) polymer
was synthesised using the modified rapid-mixing method from Huang et a/'*® and also used
as the ink-jet printing material in Chapter 9.

The ability to incorporate functional molecules into the PANI nanoparticles was
investigated using Carbolan Blue dye as the model compound as outlined in Chapter 4.

The work in Chapter 5 describes production of high concentration PPy
nanodispersions for ink-jet printing. The steric stabiliser poly (vinyl alcohol) (PVA), in
combination with a surfactant, was used to synthesise the PPy-SDS-PV A nanodispersions.
The nanodispersions were characterised using various techniques. This work was a
collaborative venture between the Department of Chemistry, Kasetsart University, Thailand
and the Intelligent Polymer Research Insititute (IPRI), University of Wollongong.

In Chapter 6, synthesis of PTTh nanodispersions in aqueous media was investigated
using emulsion polymerisation with the aid of organic solvents. The characterisation of the
polymer obtained shows poor electroactivity; hence an alternative method was investigated.
In the second approach, PTTh nanodispersions were synthesised in ionic liquid using gold
chloride as the oxidant. The nanodispersions from the latter method showed improved

electroactivity which rendered them to be useful material for solar cells. This work was a
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collaborative venture with the Department of Materials Engineering, Faculty of

Engineering, Monash University.

Part III-Applications of conducting polymer nanodispersions

In order to implement the application of the nanodispersions as a mediator for
biosensors, various methods were used to fabricate the polymer onto the electrode
substrates. The HRP/H,0O, configuration was used as a model for biosensing application.

In Chapter 7, the electrodeposition method was used to deposit the nanoPANI-
DBSA dispersion which was synthesised in Chapter 3. The uniform, highly ordered,
nanometric structured polyaniline film was formed on a glassy carbon electrode. This work
was a collaborative venture with Dublin City University (DCU), Ireland and the
performance of the sensors was compared to previous works from electropolymerisation of
the bulk monomer carried out by DCU.

The water soluble polymer-PMAS was used to fabricate some biosensors in Chapter
8. Following from the work of Tatsuma ef al'”’, water insoluble PMAS was prepared by
complexing with poly(L-lysine) (PLL). In the present work, insoluble films on ITO-coated
mylar electrode substrates were formed using an easy one-step casting of the PMAS-HRP-
PLL mixture. The sensors were characterised using various methods.

The ink-jet printing method was introduced in Chapter 9 to utilise the polymeric
materials as mediators for biosensing applications. Different nanodispersions, synthesised
as nanoparticles in concentrated solution form (as reported in Chapters 3 and 5), and PMAS
were used as the printing materials. Flexible electrode substrates were investigated for their
properties. The possibility of achieving ink-jet printed biosensors by using the desktop

printer was the objective of this work.
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2.1 Spectroscopy

2.1.1 Ultraviolet-visible (UV-visible) spectroscopy

UV-visible spectroscopy is the most common technique used to characterise
inherently conducting polymers (ICPs) such as polyaniline (PANI)", poly(2-
methoxyaniline-5-sulphonic acid) PMAS®, polypyrrole (PPy)’ and polythiophene (PTh)®
both during and post polymerisation. The characteristic peak positions indicate the different
forms of the polymer'?, oxidation states®, doping level’ and conjugation length of the
polymer backbone®.

Typical spectra are recorded over the region of the electromagnetic spectrum (A in
the range of 200-380 nm) relating to n-n* molecular transitions in ICPs. Wavelength in the
visible region from 380-800 nm relate to polaron/bipolaron transitions and wavelength over
than 800 nm in near infrared region relate to conformations information of the polymer
molecules.

In this thesis, UV-visible spectroscopy has been used to study different forms of
ICPs during chemical synthesis, pH and redox switching process, degree of doping and

conjugation length of the ICPs nanoparticles.

2.1.2 Raman spectroscopy

In Raman spectroscopy, the sample is irradiated by intense laser beams in the UV-
visible region which has frequency vo. The scattered light is observed and it consists of
Rayleigh and Raman scattering. Rayleigh scattering is strong and has the same frequency as
the incident beam (vo). Raman scattering is very weak (~ 10~ of the incident beam) and has

frequencies vy £ vi, Where vy, is a vibrational frequency of a molecule. Thus, the vibrational
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frequency (vm) as a shift from the incident beam (vo) is measured’. The Raman spectrum is
the plot of an optical intensity of Raman scattering versus vibrational frequency (cm™).

A Raman spectrometer consists of four major components which are excitation
source, sample illumination and collection system, wavelength selector, and detection and
computer control/processing systems’. In this thesis, the integrated Raman system HR800
from Jobin Yvon Horiba with the HeNe 20 mW laser source® was used as shown in Figure
2.1.

In this system (Figure 2.1), the laser is totally reflected by the notch filter towards
the sample under the microscope. The Raman signal collected by the microscope objective
in back scattering configuration follows the same way back. The reflection on the sample of
the laser line (Rayleigh scattering) is redirected onto the notch filter rejecting the excitation
wavelength of the laser while permitting the Raman scattering to pass through the notch
filter towards the confocal hole and entrance slit of the spectrograph. Raman shifted light is
passed to a dispersive grating under the entrance optic of the instrument and forming a
spectrum image on the CCD (charge-coupled device) detector®.

The vibration frequencies of the conjugated bonds along the ICPs backbone can be
observed using Raman spectroscopy. The Raman frequencies shifts were used to

14 conductivity'> and degradation products from thermal

investigate oxidation states
treatment'' or electrochemical oxidation'® of PANI, PPy and PTh. In this thesis, Raman

spectroscopy has been used to investigate oxidation states and conduction bands of ICPs

nanoparticles, and interaction between incorporated dye molecules and PANI back bone.
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Figure 2.1 Schematic illustration of the HR800 integrated Raman system.

2.2 Microscopic and Light Scattering Methods

2.2.1 Transmission electron microscopy (TEM)

With TEM free electrons are discharged from an electron gun passing through an
objective, intermediate and projector lens to act on the atomic nuclei of the specimen. The
resultant beam contains some of the original free electrons and some that have been
changed in energy or direction. The image formed is projected onto a fluorescent screen
and then transmitted to a photographic plate, or CCD camera film. Since different parts of
the specimen absorb electrons differentially, the projected beam of electrons on the
fluorescent screen shows bright areas where the sample has absorbed least, and darker
where the sample has absorbed more electrons'’. A vacuum system is used to provide

stability and contamination-free chamber'®.
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Electron source

Specimen

Viewing screen

Figure 2.2 Transmission electron microscope Hitachi H70001°.

Specimen thickness is very important in TEM as it leads to optimum visibility. The
specimen must be thin enough for electrons to pass through and thick enough to absorb
electrons preferentially'’. For solution-based samples, evaporative castings of the diluted
samples are cast onto carbon coated copper TEM grids and allowed to dry. The solid
samples can be prepared as thin films using various equipment such as Reichert Ultracut E
Ultramicrotome, Reichert Ultracut E Cryo-Ultramicrotome Struers Tenupol or focused ion
beam'. The dried film or thin specimen is held on the grids and fitted into the microscope
holder. In most instruments the holder is intended for a screen or grid with approximately
200 openings per inch with a grid diameter of 3 mm common. In some cases, supporting
films no thicker than 20-50 nm can be used'”.

The specimen represents only a small portion of the sample and the selection of a

representative specimen is crucial. Typically a low resolution image is obtained initially to

40



Chapter2

observe the true nature of the sample followed by a higher resolution image at various
representative points to observed the smaller features'’.

The high resolving power of the TEM results from the ability to focus an extremely
short wavelength of electron beams (less than 1 nm'’). A resolution of 0.4 nm at 50 kV and
0.3 nm at 100 kV is attainable for TEM. Typical electron energy used in this thesis is 100
kV.

TEM is used to observe morphology of ICPs nanoparticles or nanocomposites® ™.
However, any alteration of the sample material can affect the result and needs to be
critically assessed in any image result®®. In this thesis, TEM is used to study particle size
and morphology of segregated particle from very dilute solution. Therefore the results of
particle size from TEM are different from dynamic light scattering method which measures

the size of particles in more concentrated solution as outlined in the following section

(2.2.3).

2.2.2 Atomic force microscopyv (AFM)

The AFM is a scanning probe microscopy (SPM) technique which has proven to be
a powerful tool for obtaining information on the packing order of molecules adsorbed on a
surface™. Atomic force microscopy is used to characterise the topography of ICP films.
The surface morphology®, roughness and thickness® of the film can be attained. The film
thickness measurement is performed by carefully scratching the film in the representative
area. The AFM probe scans over the prepared scratches to the sample edge and moves
across to the plain substrate as shown in Figure 2.3. The cross-section analysis is
subsequently performed over the scratched area and the film thickness is the difference in

vertical distance (Figure 2.3).
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o - Film thickness

-1000
=

Figure 2.3 Example of PMAS-HRP-PLL film thickness measurement using AFM cross section analysis.

Atomic force microscopy can be operated in ambient condition and in solution, and
on conducting or non-conducting surfaces®*. A flexible cantilever with a tip mounted to it
(Figure 2.4) scans over the sample surface while keeping the force constant between the tip
and the surface®®. The surface topography is monitored by the deflection of a laser beam
focused on the back of the tip. As the tip flexes up and down the laser deflections are
recorded by the photodiode array which translates these diffractions into topographic
features. Typically, pyramidal silicon nitride tips, which have a radius of curvature on the

order of 10 nm, are used.
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Please see print copy for Figure 2.4

Figure 2.4 Atomic force microscopy apparatus principle. Cantilever movement on a substrate under

controlled constant force or other parameters,

The most common modes of operation are contact and tapping mode. In contact
mode, the tip is in perpetual contact with the sample and the detected net force is the sum of
the attractive and repulsive force between the tip and the sample’*®. This method is
suitable for smooth surfaces. In tapping mode, the sample topography is mapped by lightly
tapping the surface with an oscillating probe tip. The cantilever’s oscillation amplitude
changes with sample surface topography, and the topography image is obtained by
monitoring these changes. The tapping mode eliminates lateral forces that can damage soft
samples and reduce image resolution therefore it allows routine imaging of samples once
considered impossible to image in contact mode”’.

Resolution of AFM is in the range of atomic dimension, i.e., 10 A = 1 nm but it is
highly dependent on the characteristics of the sample such as surface texture and the degree
of hydration, as well as sample preparation. A sharp clean tip as well as a clean and defect
free substrate are required for high resolution imaging®*.

In this work, AFM has been used to study morphology of the ICPs film, determine

film surface roughness and measure film thickness.
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2.2.3 Light scattering

The light scattering method can be used to measure particle size. An example of
light scattering is shown in Figure 2.5 where the laser beam with intensity (Iy) passes

straight through the sample, but some is scattered by the particles within the sample®®.

Pleae see print copy for Figure 2.5

Figure 2.5 Light scattering and backscatter detection of the sample?.

The scattered light with its intensity —I(0) is dependent on the scatter angle (0),
wavelength of the incident light (), the particle diameter (d) and the refractive index in
relation to the medium (1)) in which the particles reside®. As a particle scatters light in all
directions, it is possible to place the detector in any position and it will still detect the
scattering. The particle sizes reported in this thesis were measured using a Malvern Nano-
ZS Zetasizer which employs a backscattering detection system. Backscatter detection
(Figure 2.5) can reduce the effect of multiple scattering, where the scattered light from one
particle is itself scattered by other particles and allows higher concentrations to be
measured. Moreover, contaminants such as dust particles are typically large compared to
the particle size of the sample, and mainly scatter in the forward direction; hence this
method can reduce the effect of dust™.

According to Mie theory and Rayleigh’s approximation, for homogeneous spherical

particles which is much smaller than A, I(0) is proportional to d® with weak scattering at
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large angles whereas, for the larger particle, 1(0) increases in proportion to d* and strongly
scatters at small angles®~’.

In the dynamic light scattering (DLS) method, the particle size is determined by
illuminating the particles with a laser and analysing the intensity fluctuation in the scattered
light over a period of time. The particles in solution are constantly moving due to Brownian
motion®®. Particle movement plays an important role for this analysis since based on the
Stokes-Einstein equation (2.1)%, large particles move slower than the small particles.
Temperature and viscosity of the solution have to be measured and taken into account when
calculating the particle size as they influence particle movement.

Dag = CkgT/9.425ud (2.1)
where Dag is Diffusion coefficient (m?/s)

C is Cunningham slip correction factor

kg is Boltzman’s constant, 1.380622 X 102 JK!

T is temperature (K)

u 1s viscosity (Pa.s)

A digital correlator measures the degree of similarity between two intensity-1(0)

signals over period of time is established. The rate of decay for the correlation will be faster

for small particles as they move quicker than large particles as shown in Figure 2.6,

Please see print copy for Figure 2.6

Figure 2.6 Correlation of different particle sizes?.
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The correlation function is calculated to produce a primary intensity size
distribution. The Intensity distribution can be converted, using Mie theory, to a Volume
distribution and then to a Number distribution with increasing in systematic error.
Therefore, the Volume and Number distribution should be treated with some caution. The

difference in Intensity, Volume and Number distribution are presented in Figure 2.7%".

Please see print copy for Figure 2.7

Figure 2.7 The difference of particle size presentation by: (a) Number, (b) Volume, and (c) Intensity

particle size distribution2s.

Consider a sample that contains only two sizes of particles (5 nm and 50 nm) but
with equal numbers of each size particle. The first graph shows the Number distribution
and the two peaks are of the same size as there are equal number of particles. The second
graph shows the Volume distribution with the peak for the 50 nm particle being 1000 times
larger than the peak for the 5 nm. This is because the volume of a 50 nm particle is 1000
times larger than the 5 nm particle based on volume of sphere (4nr’/3). The third graph
shows the Intensity distribution and the peak for 50 nm is 1,000,000 times larger than the
peak for 5 nm which is according to Rayleigh’s approximation® that I(0) is proportional to

d®.

46



Chapter2

The Volume distribution plot indicates the distribution of particle size based on
scattering intensity; whereby larger particles scatter at larger intensity. The Volume
distribution plot is normally skewed to show greater percentage of larger particle sizes due
to the volume effect as aforementioned (Figure 2.7 b) and this result alone can mislead the
researcher into believing their solution contains a majority of larger particles.

To obtain a clear understanding of the total solution particle size distribution then
Number distribution plot must also be taken into account. This plot is based on the
relationship volume of sphere is proportional to r° of the particle and adjusts the particle
size distribution accordingly. The Number plot gives the researcher an insight into the
amount of each particle size in a sample as a percentage value (Figure 2.7 a).

Using DLS, it is clear that the particle size needs to be reported carefully. The
Number distribution tells the real number of the particle of each size therefore it can be
used to present the size of the particles in the sample. However, in some applications such
as ink-jet printing (Chapter 9); where small amounts of large particles (larger than 1000
nm) can block the print head; the Volume distribution result is significant as it indicates the
effect of the large particles.

Dynamic light scattering method has been used to determine the particle size of

313% and pigment based inks™. The particle size data from this method

ICPs nanodispersions
is measured in concentrated solutions. Under these conditions some aggregation would be

expected and the results could be different from these obtained using the TEM method.
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2.3 Electrochemical Techniques

2.3.1 Open circuit potential

Open circuit potential (OCP) is an important parameter in various electrochemical
processes such as corrosion of metals, photoelectronic effects in semiconducting materials
and secondary batteries. The OCP usually reflects the complex discharging phenomena that
are associated with the pseudo-capacitor effect of chemisorbed electroactive intermediates
in the electrode process®®. Hence this process relates to the concentration of electroactive
species (A4i) involved in the electron transfer processs which is based on the Nernst
37,38

equation

For example of the two half-reactions

aA + ne

cC EO, (2.2)

dD + nee ———= bB EC. (2.3)
The OCP of this reaction is tentatively assigned as;

OCP=E’ -E°—RT In [44, (2.4)

nF [4,04,0]

OCP =E'-RT In [44,]
— — (2.5)
nF  [4,4,"]

where E” = standard reduction potential = E°, + E°.
R = gas constant (8.314 J/K.mol)
T = temperature (K)

n = number of electrons in the half-reaction

48



Chapter2

F = Faraday constant (9.648 X 10* C/mol)
Ai = activity of species i
a, b, ¢ and d = coefficients of the reactants and products in the reaction

The technique is based on the potentiometric method whereby the potential is
measured when an equilibrium situation of anodic and cathodic reactions are proceeding
equal rate. Consequently, the net current flow is zero and the OCP is the potential
corresponding to this zero current’®. The cell consists of a working electrode and a
reference electrode which are connected to a multimeter. In this thesis, the OCP of the
solution in which chemical polymerisation was carried out was measured as a function of
time. From equation 2.2, when the concentrations of reactants and products reach
equilibrium, the constant OCP is obtained which indicates the completion of the reaction.

Thus the rate and the completion of polymerisation process can be observed®®’.

2.3.2 Cyclic voltammetry (CV)

Cyclic voltammetry is a versatile electrochemical technique and is often the first
experiment performed in an electrochemical study. It is used to investigate the redox
properties of the sample and evaluate electron transfer kinetics. The potential is applied
across the electrode-solution interface from Ei,;ia at to, and reversed when it reaches Egyq at
t; back to Einitial at t; as shown in Figure 2.8 and can be continued for any number of cycles.
By this method the product of the electron transfer reaction that occurred in the forward

o 38,40
scan can be probed again in the reverse scan™"".
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Please see print copy for Figure 2.8

Figure 2.8 Potential-time excitation signal for cyclic voltammetry.
Cyclic voltammogram is obtained when the potential is applied across the working
electrode in an unstirred solution and the current is measured during the potential scan as an

example shown in Figure 2.9%.

Eip c
Epa
= /Ipa
z g
C
9_) <
5 scan direction e scan direction
o a —> - by/ A L JRRS -
E
I
f
Epc Potential (V)
Figure 2.9 Example of cyclic voltammogram. Scan started at E; from negative to positive potential.

The CV in Figure 2.9 shows a redox couple where the anodic peak appears at E;,

and the cathodic peak at E,.. During the scan, the applied potential becomes sufficiently
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positive at point ‘b’ to cause oxidation of reduced species at the electrode surface to occur.
The anodic current increases until a maximum at E,, (point ‘c’) where the surface
concentration of reduced species approaches zero and the oxidised species is accumulated
at the electrode. The anodic current decayed beyond point ‘c’ as the solution surrounding
the electrode is depleted of reduced species due to its conversion to oxidised species. The
applied potential started increasing negative at point ‘d’ and also the depletion of oxidised
species. The cathodic current increases and maximised at E,. (point ‘f”) where the oxidised
species is completely reduced on the electrode surface.

6,41-43

In this work CV has been used to study electroactivity and degradation

products™ of ICPs films and dispersions, and also the electron transfer process of the

polymeric films**.

2.3.3 DC amperometry

DC amperometry involves application of a constant potential and measurement of
current.

According to Faraday’s law: Q = nFN (2.6)
where Q is the number of coulombs passed

n is the number of electrons involved in the reaction

F is the Faraday constant = 9.65 x 10*

N is the number of moles
The instantaneous current | is given by I =dQ/dt, therefore

[ = nFdN/dt (2.7)
where dN/dt is termed as the oxidation or reduction rate of the redox active species

at the working electrode.
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The reaction rate depends on both the electron transfer rate at the electrode surface
and the rate of mass transport of the redox active species in solution®.

Amperometric detection has limited selectivity which can be manipulated by
adjusting the operation potential. Amperometric sensors are unable to discriminate against
species that are more easily reduced/oxidised than the desired species®’.

Practically, the current increases when the redox active species is added to the

system (Figure 2.10).

40

w
o
I

H,0, added

Current (pHA)
N
o

\

\
\
\

\ sensor response

0 T T T
0 200 400 600
Time (S)

=N
o
1

Figure 2.10 Typical response obtained from PMAS-HRP-PLL biosensors using DC amperometry.

DC amperometry has been widely used to generate responses for polymer-modified
biosensors. Conducting polymers are often used as the mediators in biosensing technology
and various analytes such as hydrogen peroxide®, glucose***, cholesterol’® and urea® can
be detected. In this thesis, DC amperometry has been used to evaluate the polymer-

modified biosensors performance.
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2.4 Conductivity Measurement

To determine conductivity, a potential difference is applied across a sample material
and the current flow is measured. George Simon Ohm observed that at a constant
temperature the potential drop across a conducting material was proportional to the electric
current flowing through it. This relationship is know as Ohm’s law which is expressed as>

I=V/R (2.8)

where [ is the current flowing (A-amperes)

V is the voltage applied across the conductor (V-volts)

R is the resistance of the conductor (2-ohms)

The R is related to the length (/) and cross sectional area (a) of material of interest
by the intrinsic resistivity of material (p)**.

R=pl/a (2.9)

Thus the total resistance depends on the resistivity and the dimension of the material
and has the unit as ohm metre, Q m.

Conductivity of materials (o) is defined as the reciprocal of the resisitivity, p52.

c=1/p (2.10)
therefore
o =llpa (2.11)

In conductivity measurements, it was assumed that the probe leads and the contacts
have zero resistance and no thermally generated voltages or uncompensated contact
potentials. For the square probe configuration as shown in Figure 2.11, van der Pauw has

developed the formulation for conductivity calculation as in equation 2.20™.
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c=In2 i (2.12)
nd

<

where i = current passing through two adjacent contacts
d = sample thickness
V' = voltage drop which is measured across the other two contacts (Figure 2.11)
Conductivity measurements are performed on either cast films or pressed pellets of

the dried ICPs nanoparticles in this thesis.

Please see print copy for Figure 2.11

Figure 2.11 van der Pauw configuration for the measurement of conductivity?2.

2.5 Contact Angle Measurement

Contact angle measurement is the most frequently used and most accessible
technique for solid surface tension measurement. Solid surface tension relates to the
hydrophilicity/hydrophobicity. The higher the solid surface tension the more hydrophilic
the surface is. At the basis of the contact angle measurement there is the equilibrium at the

three-phase boundary as shown in Figure 2.12°*.
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Please see print copy for Figure 2.12

Figure 2.12 Schematic illustration the three-phase boundary and contact angle (©) of the liquid drop on
the solid surfaced

The drop of liquid that is put on the surface will adopt a shape under the pressure of
different surface/interfacial tensions, until reaching equilibrium. The equation of interfacial
equilibrium was stated by Thomas Young™* as

Ysv = Ysl = Yiv COSO (2.13)
where v;; = the interfacial between phases 1 and j, subscripts s, 1 and v refer to solid, liquid
and vapour, respectively

O = the equilibrium (Young) contact angle

In the sessile drop experiment, a droplet of a properly purified liquid is put on the
solid surface by mean of a syringe or a micropipette. The droplet is generally observed by a
low magnification microscope™.

Wetting usually means that the contact angle between a liquid and a solid is zero or
so close to zero that the liquid spreads over the solid surface easily. From Young equation,
for the case of a finite contact angle, and the spreading coefficient Sy,

Sys = Ysv — Yiv — Vsl (2.14)
should wetting occur.

Spreading occurs if vy, and vy i1s made smaller by adding a surfactant to the liquid
phase that is absorbed at both solid-liquid and the liquid-air interfaces and therefore lower

these interfacial tensions>>.
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Azioune et al®

used contact angle measurements to determine relative
hydrophilicity/hydrophobicity of the PPy/human serum albumin surface. In this thesis, this
technique has been used to provide hydrophilicity/hydrophobicity information of the

conductive substrates as well as to investigate wettability of the ICPs nanodispersions used

in ink-jet printing.
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3.1 Introduction

Polyaniline (PANI) has become the most extensively studied ICP over the past
decade due to its reversible redox and pH switching properties, ease of synthesis and wide
range of potential applications. It can be synthesised by either electrochemical or chemical
oxidative polymerisation of aniline in acidic solution'.

However, similar to other ICPs, its application has been limited due to the fact that
it is infusible and only moderately soluble in common organic solvents; resulting in
limitations in terms of lack of processibility'>. Synthesis of nanoscale size conducting
polymer particles can help improve the processibility of conducting polymers, which allows
them to be more widely used. The nanometer sized conducting polymer components enable
the preparation of useful composite materials*. For example, they can be used to produce
highly transparent coatings which facilitate their use in transparent EMI shielding, antistatic
coatings, display devices and electrochromics®. Moreover, the nanocomposite polymers can
provide a much greater conductivity at lower ICP loadings because of the low percolation
threshold obtained”.

The preparation of PANI in colloidal form improves processibility in that colloidal
dispersions may be applied in place of true solutions’. Such dispersions have many
attractive features. For example, they can be applied as a coating over a surface to help
static charge dissipation. The dispersion can be blended with latexes or solutions of
commodity polymers to yield microstructured composites of conducting PANI particles
dispersed in an insulating polymer matrix. These materials still maintain most of the

electrical conductivity inherent to PANI’. Numerous methods can be used to prepare PANI
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dispersions such as emulsion/inverse microemulsion polymerisation using surfactants™®'°

and synthesis of colloidal PANI using steric stabilisers®>'""".

Emulsion polymerisation (see Chapter 1, section 1.2.1) using surfactants has proved
effective in producing ICP nanodispersions™®'°. Kim et al® synthesised and characterised
polyaniline nanoparticles prepared in sodium dodecylsulfate (SDS) solutions using
hydrochloric acid as the dopant. This produced PANI dispersions consisting of 10-20 nm
sized nanoparticles with a conductivity of 4-10 S/cm. It has been found that coalescence
and coagulation were prevented by electrostatic repulsive interaction between anionic SDS
micelles.

Han et al' used surfactant to produce conducting polymer dispersions of nanometer
size by chemical oxidative polymerisation of aniline in a micelle solution of dodecyl
benzenesulphonic acid (DBSA). The conductive nanoparticles obtained were 20-30 nm in
diameter with conductivity as high as 24 S/cm. In the polymerisation process, DBSA
played the role of surfactant and dopant. This work showed the use of surfactants to be
superior to other kinds of dispersants (e.g. poly(styrene sulphonic acid) (PSS), poly(vinyl
alcohol) (PVA), poly(vinyl pyrrolidone) and poly(ethylene oxide) (PEO), etc.) with respect
to electrical conductivity®. In this work, large quantities of nanoPANI-DBSA dispersions
were synthesised using a modified micellar method initially developed by Han et al*.

In the development of biosensors, the sensor detection limit can be lowered by
fabrication of ultrathin and coherent layers of the conducting polymers'. Ink-jet printing is
an option to achieve the ultrathin film. One feature important for a polymer dispersion to be
ink-jet printed is its particle size. For successful printing to occur the polymer dispersion

must contain a high concentration of small and well dispersed particles. Typical particle
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size of the pigment based ink-jet ink was about 100-400 nm'®. This is due to the small
nozzle size of most ink-jet printer heads (30-60 um in diameter)'”.

Previously, polyaniline nanofibres were synthesised by a rapid mixing (RM)
method of Huang et al'®. The fibres were inherently formed in the presence of HCI as the
dopant. In this method, the oxidant was a limiting agent. Nanofibres were formed and the
restriction of oxidant prevented secondary growth within the polymer chains. Therefore, the
nanofibre chain lengths were small. This concept was applied to the PANI-DBSA
nanoparticles. The oxidant was limited at the ratio of oxidant:monomer = 1:4 according to
the nanofibre rapid mixing method. The inherent morphology of PANI-DBSA was
spherical as the polymer was formed in the DBSA micelle. The PANI-DBSA-RM was
anticipated to be the spherical nanoparticles in concentrated solution.

The aim of this chapter is to produce dispersible and/or ink-jet printable PANI
nanoparticles in aqueous media using surfactant. Three PANI nanodispersions were
prepared: PANI-DBSA via emulsion polymerisation (nanoPANI-DBSA); supernatant of
nanoPANI-DBSA using centrifugation (sPANI-DBSA); and PANI-DBSA via a rapid
mixing technique (PANI-DBSA-RM), and will be detailed in the following sections.

The open circuit potential (OCP) was monitored throughout the polymerisation as
described previously by Wei e al'® and Yu et al’. The polymers were characterised using
UV-visible spectroscopy, Raman spectroscopy, cyclic voltammetry (CV), conductivity
measurement, transmission electron microscopy (TEM) and dynamic light scattering

(DLS). These processable polymers are exploited for biosensing in Chapters 7 and 9.
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3.2 Experimental

3.2.1 Chemicals

Aniline was purchased from Aldrich and distilled before use. Ammonium
peroxydisulfate (APS), sodium dodecylsulfate (SDS), hydrazine hydrate and sodium
hydroxide (NaOH) were purchased from Aldrich and wused as received.
Dodecylbenzenesulphonic acid (DBSA) was purchased from Tokyo Kasei Kogyo Co., Ltd.
Hydrochloric acid (HCI) was purchased from Asia Pacific Specialty Chemicals Limited.

All solutions were prepared using Milli-Q water.

3.2.2 Equipment/Instrumentation

A two-electrode cell comprising a platinum mesh auxiliary and Ag/AgCl reference
electrode (3.0 M NaCl) connected to a Hewlett Packard 34401 A multimeter was used to
monitor the OCP throughout the polymerisation (see Chapter 2, section 2.3.1). The
synthesis was performed in a Julabo controlled temperature bath with a peristaltic pump
(Minipuls 2, Gilson) used to control the rate of oxidant addition. The reaction mixture was
dialysed using a 12,000 molecular weight cut-off cellulose membrane (Sigma). A Beckman
(J2-MC, rotor JA10) or Eppendorf centrifuge (5702) was used to separate the polymer from
solution. A three-electrode cell comprising a working electrode, Ag/AgCl reference
electrode and Pt wire auxiliary electrode connected to E-Corder 401 with EDAQ
Potentiostat was used for all electrochemical experiments. Particle size was determined
using a DLS (Nano-ZS Zetasizer, Malvern Instruments) with 7° angled back scattered light
configuration (see Chapter 2, section 2.2.3) and TEM (H7000, Hitachi) at 100 KeV. UV-
visible spectra were measured using a Shimadzu UV-1601 spectrophotometer. Raman

spectra were obtained using a 632.8 nm laser (HR800, Jobin Yvon Horiba). Conductivity
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measurements were performed on pressed pellets of the dried nanodispersion using the
four-point probe method. A pH/Conductivity meter (Model 20, Denver) was used to
measure the pH of all solutions. All potentials stated are vs. an Ag/AgCl (3.0 M NaCl)

reference electrode.

3.2.3 Methods

3.2.3.1 Polymerisation and purification

To prepare the nanoPANI-DBSA, a beaker containing 100 ml water was placed in a
water bath at 20°C and the water was stirred well. DBSA was added into the beaker to a
concentration of 1.3 M and stirred until completely dissolved. Aniline monomer was added
to the DBSA micellar solution to a concentration of 1.3 M and stirred for 1 h. A 1.3 M
solution of APS was separately prepared in 100 ml water. Upon mixing both solutions the
final concentrations of aniline, APS and DBSA were 0.62 M. Polymerisation was
performed by the addition of the APS solution into the micellar solution at a rate of 0.5
ml/min and continued stirring for 3.5 h. The open circuit potential (OCP) was measured
throughout the course of polymerisation. Following synthesis the polymer was placed in a
12,000 Mw cut-off dialysis bag and dialysed against 0.05 M SDS solution for 42 h with the
SDS solution being changed every 18 h. The dispersion was centrifuged at 10,000 rpm for
15 min and washed using 100 ml of Milli-Q water for 3 cycles.

The PANI-DBSA-RM nanodispersion was synthesised by preparing a DBSA
solution at a concentration of 0.25 M in 20 ml water. 0.32 M of aniline and 0.08 M of APS
were separately dissolved in 10 ml of 0.25 M DBSA. The aniline was added to the DBSA
micellar solution and stirred for two min before the addition of the APS solution which was

then stirred for 2.5 h. After polymerisation, 20 ml of 0.05 M SDS was added into the

64



Chapter 3

reaction mixture to assist in the centrifugation as this solution was very viscous. The
solution was centrifuged at 4400 rpm for 30 min. The supernatant was decanted and put in
a dialysis bag and dialysed against 0.05 M SDS for 42 h with the SDS solution being

changed every 18 h.

3.2.3.2 Characterisation of PANI nanoparticles and dispersions

The dedoping, oxidation and reduction behaviour of the polymer dispersions were
characterised using UV-visible spectroscopy. The polymer dispersions were dedoped,
oxidised and reduced using NaOH, APS and hydrazine hydrate, respectively. The polymer
was dried in an oven at 40°C until constant weight and pressed into pellets before
measuring the conductivity by the four point probe technique. The particle size of the
concentrated dispersions was measured using the DLS method. Low concentration
dispersions were investigated to determine particle size and morphology using TEM. The
polymer nanoparticles were characterised by Raman spectroscopy utilising a 632.8 nm laser
wavelength. Mass of product from the syntheses was determined from solid content of the

nanoparticles obtained based on total volume of the reaction media.

3.2.3.3 Stability test of nanoPANI-DBSA

The stock solution of nanoPANI-DBSA dispersion in water (5.25 % w/w) was kept
in a closed container at room temperature. It was diluted in water to 0.03% w/v for UV-
visible measurements, and to 1.31% w/v for cyclic voltammetry (CV). For colloidal
stability, the nanoPANI-DBSA dispersion was diluted to 0.06% w/v in water, in 0.01 M
and in 0.001 M DBSA and left standing at room temperature. Photographs of the
dispersions were taken and the supernatant was carefully removed to measure the particle

size distribution at various time intervals.
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3.3 Results and Discussion

3.3.1 nanoPANI-DBSA

3.3.1.1 Polymerisation

According to the method developed by Kim et al®, sodium dodecylsulfate (SDS)
was used to synthesis PANI in the presence of HCI. Upon addition of APS the reaction
proceeded as expected with the solution colour changing from white to yellow, then blue
through turquoise and eventually becoming emeraldine green as also reported by Stejskal et
al”® and Haba et al*'. However, the polymer obtained after centrifugation could not be
redispersed in water. Hence the procedure developed by Han er al* where the DBSA acts as
both surfactant and dopant was investigated.

Polymerisation of PANI-DBSA on a large scale using the ratio of aniline to APS
used by Han e al' (1:0.5), was initially investigated. The polymerisation process was
monitored using UV-visible spectroscopy. After 16 h, the solution still remained yellow
indicating the formation of the reduced leucoemeraldine form of PANI. The aniline:APS
ratio was subsequently increased to 1:1 and the polymerisation proceeded as described
below.

Upon addition of the aniline to DBSA, the solution turned a milky white colour with
an eventual increase in viscosity, indicating the formation of aniline. DBSA complex. This
complex forms when the deprotonated negatively charged DBSA and positively charged
aniline interact®'. Upon addition of APS the solution colour changed from white to yellow,
to blue, to turquoise for very short period and finally to emeraldine green. The colour

changes are attributed to the different redox states of PANI (see Chapter 1, section 1.1.1).
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The blue colour indicates the formation of pernigraniline salt (PS) PANI?’, which appeared
for a short period of time before turning to dark green PANI-DBSA indicating the
formation of PANI emeraldine salt (ES). This colour changing was also observed by
Stejskal et ali*® and Haba et al*'. The pH of the DBSA solution was 1.35 which then
increased to 3.40 after addition of aniline, and decreased to less than 1 on completion of the
APS addition.

The method used for purification also influenced the stability of the resultant
polymer dispersion. When methanol was used to precipitate the polymer from solution, the
polymer could not be redispersed back into water, possibly due to removal of the stabilising
agent (DBSA) causing the polymer to aggregate. Therefore, water was used in all further

washing procedures and the polymer was precipitated using centrifugation.

3.3.1.1.1 In-situ open circuit potential (OCP) measurement

The OCP of the reaction media was measured between a platinum electrode and a
Ag/AgCl (3.0 M NaCl) reference electrode. The OCP depends on the concentration of
electroactive species at the surface of electrodes'® and is based on the Nernst equation
(see Chapter 2, section 2.3.1).

The OCP profile obtained during synthesis of the nanoPANI-DBSA is shown in
Figure 3.1. The OCP observed for the solution containing aniline/DBSA was about 0.4 V
and increased sharply to 0.67 V upon addition of APS (t = 0). At the early stages of APS
addition, the high viscosity of the solution resulted in a heterogeneous reaction media and
hence instability in the potential measurements. However, the solution became less viscous
with time and the potential readings became more consistent. A constant OCP indicates the

polymerisation process has reached equilibrium. After completion of the APS addition, the
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OCP dropped from about 0.59 V and then remained nearly constant at 0.47 V, and it was
taken as equilibrium at this point. Therefore the reaction was stopped at 210 min. The
maximum OCP and the potential observed at equilibrium were similar to those reported for
the synthesis of PANI using SDS as a surfactant (about 0.65 V and 0.4 V vs. SCE,

respectively)’.
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Figure 3.1 The OCP monitored during polymerisation of PANI-DBSA particles. APS is added at time =
0. The potentials are vs. Ag/AgCl (3.0 M NaCl). Concentrations of aniline, APS and DBSA were equal at 0.62

M based on total volume of the reaction media.

3.3.1.1.2 UV-visible spectroscopy during polymerisation

During the polymerisation process aliquots of nanoPANI-DBSA dispersions were
taken every 30 min and UV-visible spectra recorded (Figure 3.2). 30 min after the addition
of the oxidant, a deep blue colour was observed and the UV-visible spectrum indicated a
protonated pernigraniline (PS) form of PANI (see Chapter 1, section 1.1.1) with a
characteristic peak appearing at about 754 nm**?'. According to the discussion by Haba et
al*', the peak at 754 nm (Figure 3.2, curve 30 min) represents protonation of imine
nitrogens. The absence of a peak at 360 nm indicated that the PANI chains formed at this
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stage did not contain benzenoid units bound to the amine nitrogens which would indicate
the presence of the emeraldine and/or leucoemeraldine oxidation states. Hence at this stage
the predominant oxidation state is pernigraniline and not emeraldine and/or
leucoemeraldine®’. Beyond this 30 min reaction time, pernigraniline was converted to
emeraldine as the reaction media quickly turned green and absorption bands appeared at
360 and 430 nm”**'. The presence of the n-n* and m-polaron peaks at 360 nm and 430 nm,
respectively and the formation of a flat or distorted single peak indicated a high level of
doping®. The absorption intensity remained constant after 160 min, indicating the

concentration of ES PANI-DBSA produced remained constant.
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Figure 3.2 UV-visible spectra taken during polymerisation to obtain PANI-DBSA nanoparticles at
concentration of aliquot 1.7 g/L. Concentrations of Aniline, APS and DBSA were equal at 0.62 M. The time

points represent the time from addition of APS.

3.3.1.1.3 Particle size measurement during polymerisation by DLS
Particle size analysis of the solution containing nanoPANI-DBSA was performed at

various time intervals during polymerisation using the DLS method. The first measurement
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was performed 30 min after the addition of APS to the aniline. DBSA complex. Table 3.1
presents the results.

Table 3.1 Particle size by % Number during polymerisation of PANI-DBSA nanoparticles

(concentration of aliquots 1.7 g/L).

Time | % Number % Number % Number % Number % Number
(min) below 100 nm | 100-300 nm | 300 -500 nm | 500 — 1000 nm above 1000 nm
30 0 67 31 0 3

60 0 65 35 0 1

90 0 4 57 36 3

120 0 2 60 34 3

160 0 0 66 28 6

210 0 13 61 23 3

The % Number represents the number of each particle size range assuming the combine amount is 100% (see

Chapter 2, section 2.2.3 for further detail)

As the polymer forms (30 min after addition of APS) the DLS data in Table 3.1
showed 67% of the particles to be between 100-300 nm and 31% to be between 300-500
nm. However, transmission electron microscopy (section 3.3.1.2.1) showed particle sizes of
the nanoPANI-DBSA to be only 10 + 2 nm. Therefore, the particle size ranges observed by
DLS in Table 3.1 are attributed to the aggregation of the individual particles during
synthesis. After 60 min reaction, the particle size was similar to that at 30 min (Table 3.1),
indicating that as more polymer formed no further aggregation occurred. At 90 min, further
aggregation of smaller particles occurred as indicated by the decrease of the 100-300 nm
range percentage (from 65% to 4%) and the increase of the 300-500 nm range (from 35% to

57%), as well as the formation of larger aggregates in the 500-1000 nm range (36%).
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The aggregation process continued further at 120 and 160 min as shown by the
increase in larger particles in the ranges above 100-300 nm. At 210 min, the particle size
range appeared to broaden from 100-1000 nm with the majority in the 300-500 nm range
(61%). Although the size slightly decreased after 210 min, no significant change occurred
suggesting that the size of the aggregation had reached equilibrium in solution. Haba et al*
have reported that the aggregation process is a dynamic one whereby some aggregates
increase in size whilst simultaneously other aggregates break down and this process occurs
continuously™*.

It should be noted that at all stages during the polymerisation studied here only a

small percentage (1-6%) of large aggregates (over than 1000 nm) were present.
3.3.1.2 Characterisation of nanoparticles and dispersions

3.3.1.2.1 Transmission electron microscopy (TEM), mass of product and
conductivity

Upon completion of polymerisation, the product dispersions were purified as
outlined in the experiment section (3.2.3.1). The particle size of purified nanoPANI-DBSA
was investigated using TEM, as shown in Figure 3.3. The image shows the PANI-DBSA
nanoparticles to be spherical with an average diameter of 10 + 2 nm. The spherical shape of
these nanoparticles is the same as that reported for other PANI nanodispersions synthesised
in the presence of surfactants*®*°, but the size is smaller. It should be pointed out that the
particle size observed using TEM is smaller than the particle size observed using DLS
(section 3.3.1.1.3). This is due to the very dilute sample required for TEM analysis in order
to visualise the segregated particle under the microscope, whereas aggregates can be

formed in the higher concentration polymer dispersions used in the DLS method.
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Please see print copy for Figure 3.3

Figure 3.3 Transmission electron micrograph of nanoPANI-DBSA dispersion at 200 k times

magnification at 75 keV on copper/rhodium grids (ProSciTech Australia).

Conductivity measurements (as detailed in Chapter 2, section 2.4) on three pressed
pellets showed the conductivity to be 34 = 7 S/cm at room temperature. This is slightly
higher than that reported by Han et al* which was 24 S/cm with a particle size of 20 nm.
The higher conductivity found from our PANI may result from their smaller particle size-as
it has been proposed that the electronic and optical properties of nanostructures are unique
because the majority of atoms are at the surface rather than buried in the bulk of the

material’**. The characterisation data are summarised in Table 3.2.

Table 3.2 Characterisation data for nanoPANI-DBSA nanoparticles.
Samples Mass of product Particle size by Conductivity
(g of dried polymer/L) TEM (nm) (S/cm)
nanoPANI-DBSA 118 104+2 3447
PANI-DBSA - 20%* 24%*

* data obtained from Han et al*.
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3.3.1.2.2 pH and redox switching

The nanoPANI-DBSA was redispersed in water at a concentration of 0.26 g/L.
Their UV-visible spectra (Figure 3.4 a) were characteristic of the conducting ES form of
PANI. A n-n* band appeared at about 350 nm, a n-polaron band at 430 nm, and a localised
polaron band at 808 nm. The spectrum indicated a “compact coil” conformation for the
polymer backbone, as a free-carrier tail in the near IR region was absent*®. This structure
causes the polarons of each tetrameric unit in PANI to be electronically isolated from each
other due to the twist defects between aromatic rings. Therefore, the polaron band is more
localised”. For the purified polymer (Figure 3.4 a), the 808 nm polaron band is red shift by
48 nm compared to the corresponding band before purification (see Figure 3.2, 210 min
curve) suggesting a long conjugation length for the PANI chain®’. In addition, n-n* band at
about 350 nm was diminished compared to the unpurified material (Figure 3.2 at 210 min)
and the relative intensity of the 430 nm to 350 nm bands was higher, indicating a higher
degree of doping. This shows that the degree of doping can be improved by the removal of
undesirable components such as excess DBSA, APS and unreacted aniline®.

When the PANI-DBSA nanodispersion was treated with 0.1 M NaOH, the
protonated ES was converted to the blue emeraldine base (EB). As seen in Figure 3.4 b, the
alkaline treatment caused the original n-n* band at about 350 nm to shift to 330 nm and the
two polaron bands to be replaced by a band at 590 nm, which is in accordance with the

peak positions assigned to the EB from of PANI>*%2*7!

. The 590 nm peak is attributed to
an excitonic transition (charge transfer band) between the benzenoid and quinoid rings of
the PANI?’. However, the shoulder observed around 700 nm indicates that the PANI-
DBSA nanoparticles are difficult to fully deprotonate. This is probably due to the bulky

DBS” ion which cannot be removed easily, as also found by Lindfors and Ivaska®".
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Figure 3.4 UV-visible spectra of: (a) purified nanoPANI-DBSA (0.26 g/L) in the ES form, and (b) after

dedoping to the EB form using 0.1 M NaOH.

The reduction behaviour for the nanoPANI-DBSA in 4 M hydrazine (pH ~ 11) was
investigated (Figure 3.5). Reduction to the fully reduced leucoemeraldine base (LB) form
occurred, as evidenced by the decrease in the intensity of the 808 and 430 nm ES bands and
the appearance of a strong m-n* band at 340 nm. These spectral changes were nearly
complete after 20 min and complete after 12 h. The weak band at about 1050 nm is due to
the presence of the reducing species, hydrazine.

The oxidation of the nanoPANI-DBSA ES form to the pernigraniline salt (PS) form
was achieved by addition of 0.07 M APS. The oxidation occurred instantly, with the
solution changing from emeraldine green to blue. Upon oxidation, the characteristic
absorption band of PS appeared at 695 nm”, while the peaks for the original ES

disappeared (Figure 3.6).

74



Chapter 3

25- ) 430 nm 808 nm

Absorbance
—
[6)]
I

(b)
(c)
(d)
(e)

0 12h
300 400 500 600 700 800 900 1000 1100

Wavelength(nm)

Figure 3.5 UV-visible spectra of: (a) nanoPANI-DBSA (0.26 g/L) in the ES form, and reaction mixture

after (b) 1, (c) 5, (d) 20 min, and (e) 12 h after addition of hydrazine.

Absorbance

05 -

250 350 450 550 650 750 850 950 1050
Wavelength(nm)

Figure 3.6 UV-visible spectra of: (a) nanoPANI-DBSA (0.26 g/L) in the ES form, and (b) after oxidation

to the PS form using 0.07 M APS.
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3.3.1.2.3 Raman Spectroscopy

The ES nanoPANI-DBSA was dried and its Raman spectrum obtained (Figure 3.7).
The Raman spectrum was typical for ES PANI-DBSA and similar to that previously
reported’**® for ES PANI-camphorsulphonic acid (HCSA) (Table 3.3). The C-C
deformation band of the benzenoid ring appears at 1621 cm™ and the C=N stretching of the
quinoid ring at 1490 cm™. The 1320 cm™, 1343 cm™ and 1257 cm™ bands correspond to C-
N* stretching modes in the polaronic units®*?°. The benzenoid C-H bending deformation
band is observed at 1169 cm™ while the bands at 813 and 873 cm™ are attributed to quinoid
and benzenoid ring deformation, respectively. Band assignments are shown in Table 3.3,

with the inclusion of bands for ES PANI-camphorsulphonic acid (HCSA) for comparison.
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Figure 3.7 Raman spectrum of dried PANI-DBSA (ES form) nanoparticles observed using 632.8 nm

excitation line.
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Table 3.3 Assignments of the Raman bands for PANI using 632.8 nm excitation line.

Assignments PANI-CSA nanoPANI-DBSA
(cm1)23337 (em™)
C-H out of plane bending (Q) 811 813
C-H in-plane bending (B) 874 873
C-H in-plane bending (B) 1170 1169
C-N""stretching (B) 1255 1257
C-N"" delocalised polaronic charge carriers 1318 1320
C-N" delocalised polaronic charge carriers 1341 1343
C=N streteching (Q) 1488 1490
N-H bending 1520 1521
C=C stretching (Q) 1584 1584
C-C stretching (B) 1622 1621

The benzenoid, quinoid units are denoted by B and Q, respectively

3.3.1.2.4 Cyclic voltammetry (CV)

Cyclic voltammetry was performed on the purified ES nanoPANI-DBSA dispersion
using a glassy carbon electrode as the working electrode (Figure 3.8). The CV is typical for
PANI-ES', with the main peaks A and B corresponding to the transformation of LB to ES
and ES to PS, respectively. On the reverse scan, peaks B’ and A’ correspond to the
conversion of PS to ES and ES to LB, respectively. The presence of the peaks C/C’ is
associated with the formation of p-benzoquinone and hydroquinone®® as side products upon

excursion to the high potentials necessary to observe the transition from ES to PS couple™.
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The current responses in Figure 3.8 a increased on subsequent scans, indicating that
the nanoparticles aggregated/assembled on to the glassy carbon electrode surface. This
process is hereafter called the electrodeposition process of the nanoparticles on the
electrodes. The electrodeposited films were then scanned in 1 M HCI and CVs obtained
(Figure 3.8 b). The PANI redox transformations were observed similar to the

electrodeposition CV (Figure 3.8 a) described above.
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Figure 3.8 Cyclic voltammograms of: (a) electrodeposition of the nanoPANI-DBSA (5.54 % w/w) using
glassy carbon as the working electrode, and (b) the nanoPANI-DBSA electrodeposited fim from 10
electrodeposition cycles in 1 M HCI at a scan rate of 100 mV s (arrows show the direction of the scan). Eintal

is -0.5 V and the potentials are vs. Ag/AgCl (3.0 M NaCl).
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3.3.1.2.5 Stability test
The nanoPANI-DBSA dispersion was prepared for stability tests as outlined in the
experimental section (3.2.3.3). The UV-visible spectrum of the dispersion was found to be

stable for up to 8 months, as evidenced in its similarity to the 1 week spectrum (Figure 3.9).
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Figure 3.9 UV-visible spectra of nanoPANI-DBSA (0.03% w/v) after storage at room temperature.

The electroactivity of the nanoPANI-DBSA dispersion started to decrease after
storage for 6 months and significantly decreased after 8 months (Figure 3.10). Besides the
decrease in current magnitude, the redox couple B/B’ (indicating the transition between ES
and PS) was greatly diminished after 8 months. The redox couple at around 0.5 V was also
now more pronounced than the other two characteristic peaks indicating a higher content of
degradation products®, and responses were shifted to more positive potentials. The increase
in the current magnitude with increasing number of potential cycles was also lower than for
the fresh sample (result not shown). This indicated the deposition of the polymer onto the

electrode decreased significantly with aging.
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Figure 3.10 Cyclic voltammogram (5 scan) of nanoPANI-DBSA dispersions (1.31% wi/v) after: (i) 1
week, (ii) 6 months, and (iii) 8 months. The scan was performed using a GC working electrode at a scan rate
of 100 mV/s, with the arrows show the direction of the scan. Eintiar is 0.25 V and all potentials are vs. Ag/AgCl

(3.0 M NaCl).

The nanoPANI-DBSA nanoparticles were found to be stable in solution for up to 13
months (Figure 3.11), after which time the particles appeared to settle out and form a
precipitate on the bottom of the flask. However, there appeared to be some more stable
particles still in solution as the polymer solution retained some PANI emeraldine colour
beyond 13 months.

For the nanoPANI-DBSA nanoparticles stored in water for 2 days after synthesis,
the particle size distribution was bimodal with peaks at 92 and 185 nm [Figure 3.11 A (i)].
After 13 months, the dispersed particles aggregated and slowly precipitated out of solution.
However, some aggregated particles were still suspended in solution with the particle size
distribution shown to be 58, 262 and 417 nm (Figure 3.11 B (i)). The last two peaks

obviously indicate the aggregation of the polymer with time.
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The particle size distribution of the nanoPANI-DBSA stored in aqueous 0.001 M
DBSA for 2 days after synthesis [Figure 3.11 A (ii)] also showed bimodal distribution at
165 and 262 nm, with the 165 nm size dominating. After 13 months, the particle size
variation was observed to be 104, 262, 417 nm, with the 104 size dominant [Figure 3.11 B
(i1)]. The latter two peaks indicated that larger particles were formed from aggregation
during this long storage time. Similar aggregation processes occurred in 0.01 M DBSA
solution [Figures 3.11 A (iii) and 3.11 B (iii)].

Two days after synthesis, the particle size distribution of the nanoPANI-DBSA
stored in water [Figure 3.11 A (i)] showed a higher number of large particles than in 0.001
M DBSA [Figure 3.11 A (ii)] and 0.01 M DBSA [Figure 3.11 A (iii)]. With higher
concentration of surfactant, higher numbers of small particles were observed. Moreover, the
size distribution after 13 months showed more small particles in the higher concentration of
surfactant solutions, indicating that the surfactant stabilised the nanoparticles and prevented

them from aggregation.
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Figure 3.11 Photographs and particle size distribution of colloidal stability of nanoPANI-DBSA dispersion
(0.06% wiv) in: (i) water, (ii) 0.001 M DBSA, and (iii) 0.01 M DBSA after being stored for 2 days (A) and 13

months (B). Less than 1% of the particles are larger than 1000 nm (result not shown).

3.3.1.3 Further processing and characterisation

For ink-jet printing, small particle size in a concentrated solution is desirable. The
particle size of the nanoPANI/DBSA dispersions at concentrations of the order of 5 % w/w
was too large for ink-jet printing. Therefore, the nanoPANI-DBSA was further processed to
obtain small particle sizes.

From the purification process of the nanoPANI/DBSA, after centrifugation two
separate components resulted, namely the precipitate and the supernatant. It was observed
that the supernatant always contained small polymer particles which were unable to be
removed at a centrifugation rate of 4000 rpm. Therefore, this process was used to separate
small particles from large particles and prepare a supernatant of nanoPANI-DBSA (sPANI-

DBSA) solution for ink-jet printing.
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3.3.1.3.1 Preparation method for the sPANI/DBSA

The nanoPANI-DBSA nanoparticles (26.5 % w/w) were diluted to 5.3 % w/w in
water. The solution was centrifuged at 4400 rpm for 30 min. The supernatant was diluted
1:1 with water and centrifuged again. The supernatant was then characterised using UV-

visible spectroscopy, CV and DLS particle size analysis.

3.3.1.3.2 UV-visible spectroscopy
UV-visible spectrum of the sSPANI-DBSA (Figure 3.12) shows the same features as

those observed for the nanoPANI-DBSA, indicating the same electronic properties.
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Figure 3.12 UV-visible absorption spectrum of SPANI-DBSA (0.09 g/L) in the ES form.

3.3.1.3.3 Cyclic Voltammetry (CV)

In order to check the electroactivity of the sSPANI-DBSA, electrodeposition onto
glassy carbon electrode was carried out using CV (Chapter 2, section 2.3.2). The current
magnitudes increased as the number of cycles increased indicating successful
electrodeposition (Figure 3.13 a). The voltammogram was similar to that observed for
electrodeposition of the nanoPANI-DBSA dispersions, albeit with lower currents due to the

lower concentration of the nanoparticles in the dispersion (0.5 % w/w) used to achieve
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electrodeposition. The electrodeposited film was then scanned in 0.1 M HCI. The resulting
CVs showed two redox couples (A/A’ and B/B’ in Figure 3.13 b) indicating the expected
redox transitions of PANI as mentioned in section 3.3.1.2.4 for the CV of nanoPANI-
DBSA. In Figure 3.13 b, the middle peak (C) associated with the formation of side
products® was possibly merged with peak B associated with the transformation of the ES

PANI to PS PANI.
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Figure 3.13 Cyclic voltammograms: (a) during electrodeposition of the sPANI-DBSA (0.5% w/w) using
glassy carbon as the working electrode, with number of cycles marked on the curve, and (b) the sPANI-DBSA
electrodeposited film from 30 electrodeposition cycles in 0.1 M HCI at a scan rate of 100 mV s*' (arrows show

the direction of the scan). Eiitiar is -0.5 V and the potentials are vs. Ag/AgCl (3.0 M NaCl).
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3.3.1.3.4 Particle size, morphology and conductivity

The particle size of the sSPANI-DBSA (0.5 % w/w) dispersion determined by DLS is
shown below both by % Volume (Figure 3.14 a) and % Number (Figure 3.14 b)
distribution. The % Number indicates the number of particles in the particular size, and a
few large particles in solution are insignificant with respect to the number of smaller
particles. The difference between these two particle size presentations was explained in
greater detail in Chapter 2, section 2.2.3. Since the sSPANI-DBSA dispersion is a candidate
for ink-jet printing, the % Volume distribution is taken into account as only a few large
particles can block the print head.

In Figure 3.14, the particle size distribution of the sPANI-DBSA by % Volume
shows a broad bimodal distribution of sizes in the dispersion with a significant amount of
large particles around 2300 nm, whereas the % Number plot shows more than 99% of the
particles to be smaller than 1000 nm. This result indicates that while larger particles are
present in the sSPANI-DBSA solution, they constitute only a very small number compared

to particles with particles of sizes less than 1000 nm.
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Figure 3.14 Size distribution of SPANI-DBSA indicated by: (a) % Volume, and (b) % Number.

A TEM of the sPANI-DBSA (Figure 3.15) showed most particles to be smaller than
100 nm, with some large aggregation present. The patchy grey area indicates the dried

surfactant. The printability of this dispersion will be discussed in Chapter 9.

PANI-DBSA particles

PANI-DBSA
aggregates

dried surfactant

Figure 3.15 Transmission electron micrograph of sPANI-DBSA dispersion. Image was obtained at 100

keV at a magnification of 200k.
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Conductivity of sSPANI-DBSA measured on dried pressed pellets was found to be
0.42+0.03 S/cm which was lower than the nanoPANI-DBSA. This indicated that the
preparation process used to obtain the sSPANI-DBSA altered electrical property of the

nanoPANI-DBSA.

3.3.2 PANI-DBSA-RM

3.3.2.1 Polymerisation

PANI-DBSA-RM was synthesised using the rapid mixing method developed by
Huang et al'®. Upon addition of aniline to a micellar solution of DBSA, an increase in
solution viscosity and colour change similar to the synthesis of the nanoPANI-DBSA in
section 3.3.1.1 were observed. However, the rate of colour change was slower as the
oxidant concentration was 4 times less than that of the monomer. The colour change from
white to yellow to blue was observed about 10 min after the addition of APS. Moreover,
the turquoise colour stayed longer than in the synthesis of the nanoPANI-DBSA. The
solution was very viscous upon completion of the polymerisation, therefore 0.05 M SDS
solution (20 ml) was added to assist in the centrifuge process. After centrifugation, a
precipitate of agglomerated polymer formed at the bottom of the centrifuge tube. The
supernatant solution contained the nanoparticles, and was further characterised in the
following section.

The OCP profile recorded during the synthesis of the PANI-DBSA-RM is shown in
Figure 3.16. The potential of aniline/DBSA micellar solution was about 0.5 V and dropped
sharply due to the single step addition of APS solution. The potential immediately

increased to about 0.65 V within 5 min and then slightly decreased to about 0.62 V. The
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colour of the reaction mixture at this stage was white. After 10 min, the colour had changed
from white to pale blue and then turquoise, which is attributed to the redox and electronic
transition of different forms of PANI as presented by Stejskal ef a/*°, and coincided with
the increase of the OCP from about 0.62 to 0.65 V. The potential reached the plateau at
0.65 V before starting to decrease at about 35 min, which coincided with a colour changed
from turquoise to emeraldine green. This is attributed to the conversion from the highly
oxidised PS species to the ES form™. The nearly constant OCP (0.41 V) obtained after 120
min indicated that the polymerisation reached equilibrium. The maximum potential (0.65
V) and the potential at equilibrium (0.41 V) were slightly different from those obtained for
the synthesis of the nanoPANI-DBSA (Figure 3.1), which may possibly be due to the

different concentration of reactants and also the ratio of aniline:APS used.
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Figure 3.16 The OCP in-situ during polymerisation of PANI-DBSA-RM dispersions. The potentials are

vs. Ag/AgCl (3.0 M NaCl). APS solution was added at t = 0.
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3.3.2.2 Characterisations of PANI-DBSA-RM nanodispersions

3.3.2.2.1 UV-visible spectroscopy and redox switching

The PANI-DBSA-RM nanodispersions were purified as outlined in section 3.2.3.1
and diluted to 2.13 g/L in water. Their UV-visible spectra obtained (Figure 3.17 a) showed
similar features to that observed for nanoPANI-DBSA (Figure 3.4 a). However, the
intensity of the n*-polaron band at about 415 nm was slightly lower than the n-n* band at
342 nm for PANI-DBSA-RM, indicating lower doping state® than the nanoPANI-DBSA.
This is possibly due to the lower oxidant concentration used in the former case.

The PANI-DBSA-RM nanodispersions were dedoped with 0.1 M NaOH (Figure
3.17 b). The dedoping process from ES to EB form was similar to that observed for
nanoPANI-DBSA in section 3.3.1.2.2 (Figure 3.4). However, the characteristic EB exciton
band was now at 565 nm (25 nm lower than for nanoPANI-DBSA), and no shoulder peak
at around 700 nm was observed. This indicates an easier dedoping process which is

possibly due to the smaller particle size.

1.5 4
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Figure 3.17 UV-visible spectra of: (a) PANI-DBSA-RM nanodispersion (2.13 g/L) in the ES form, and (b)

after dedoping to the EB form using 0.1 M NaOH.
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The reduction process of the PANI-DBSA-RM in 4 M hydrazine (pH ~ 10) was
similar to the previous reduction of the nanoPANI-DBSA (Figure 3.5), with the reduction
to the fully reduced leucoemeraldine base (LB) form seen to be complete after 12 h (Figure
3.18).
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14 -
81.2 -
1-
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04 -
0.2 -
300 400 500 600 700 800 900 1000 1100
Wavelength(nm)

Figure 3.18 UV-visible absorption spectra of: (a) PANI-DBSA-RM (2.13 g/L) in the ES form, and (b) the

LB form produced 12 h after addition of hydrazine.

The oxidation of PANI-DBSA-RM ES form to PS form was performed by addition
of 0.07 M APS. The oxidation occurred instantly with the solution containing PANI-
DBSA-RM changed from the green of the ES form to blue/purple. The corresponding UV-
visible spectrum (Figure 3.19) shows a broad band centred at about 620 nm and is

consistent with a mixture of PS (A 690 nm) and perniganiline base (PB) (Ayax 540 nm)zo.
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Figure 3.19 UV-visible absorption spectra of: (a) PANI-DBSA-RM in the ES form and (b) 2 min after

oxidation to the PS form using 0.07 M APS.

3.3.2.2.2 Raman spectroscopy

Raman spectrum of the dried film of the ES PANI-DBSA-RM was obtained (Figure
3.20). The spectrum was typical for PANI emeraldine salts and have some band
assignments similar to that summarised in Table 3.3, but with some features different from
the Raman spectrum of the nanoPANI-DBSA (Figure 3.7). The C-H out of plane bending
of the benzenoid rings appeared at 811 cm™ and C-H in plane bending of quinoid rings at
867 cm™. A C-H deformation band for quinoid rings appeared at 1164 cm™, instead of the
band at 1169 cm™ assigned to benzenoid segments in the Raman spectra of the nanoPANI-
DBSA (Figure 3.7). The band at 1229 cm™ was attributed to the C-N stretching of the
benzenediamine units. The absence of the 1584 cm™ band (associated with C=C of quinoid
rings) and the presence of the 1597 cm™ band (associated with C-C benzenoid units)
indicates less concentration of quinoid units in PANI-DBSA-RM nanoparticles than in
nanoPANI-DBSA. The characteristic band of the radical cation appeared in one peak

centred at 1336 cm™. The appearance of the peaks at 1376 cm’ and 1643 cm’ was
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attributed to the formation of a cross-linked polymer. The bands at 1475 cm™ and 1504
cm’ were assigned to the C=N stretching of the quinoid diimine units and N-H
deformation, respectively’’. These observations indicate that the PANI-DBSA-RM

nanoparticles have a different structure from the nanoPANI-DBSA.

= 11¢4
-—

Intensity (a.u.)

Wavenumber {cm-1)

Figure 3.20 Raman spectrum of PANI-DBSA-RM (ES form) cast film observed using 632.8 nm excitation

line.

3.3.2.2.3 Cyclic Voltammetry (CV)

Electrodeposition of the PANI-DBSA-RM nanodispersions showed increasing
current magnitude as the number of cycles increased, as seen in Figure 3.21 a. The CV of
electrodeposited film in 1 M HCI is shown in Figure 3.21 b, with a typical transformation
of LB to ES (A/A") and ES to PS (B/B’) similar to the CV of nanoPANI-DBSA in section
3.3.1.2.4. The middle redox couple (C/C’) is associated with the formation of p-
benzoquinone and hydroquinone™ as side products upon excursion to the high positive

potentials necessary to observe the B/B’ couple™.
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Cyclic voltammograms: (a) during electrodeposition PANI-DBSA-RM (4.26% w/w) onto

glassy carbon electrode for 30 cycles at 100 mV/s, and (b) of the electrodeposited film in 1 M HCI. Eingal = -0.2

V and arrows indicate direction of potential scan. All potentials are vs. Ag/AgCI (3.0 M NaCl).

3.3.2.2.4 Conductivity, particle size and morphology
Conductivity of the evaporative cast films of the PANI-DBSA-RM were measured,

using the four point probe technique as detailed in Chapter 2, section 2.4, and found to be
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Particle size distribution of the PANI-DBSA-RM (4.26% w/w) determined using
DLS (Figure 3.22) showed a narrow size distribution centred at about 50 nm, indicating
small and uniform particle size which agrees with a TEM image (Figure 3.23). Moreover,
the % Number is the same as % Volume, indicating that the dispersion consists of

aggregates of PANI-DBSA-RM only between 30-57 nm.

0 20 40 60 80 100
Size (nm)

(b)

0 20 40 60 80 100
Size (nm)

Figure 3.22 Size distribution of supernatant PANI-DBSA-RM (4.26 % w/w) indicated by: (a) % Volume,

and (b) % Number.

TEM (Figure 3.23) shows the PANI-DBSA-RM nanoparticle islands surrounded by

a white sheet of surfactant, with particle size similar to that observed by DLS in
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concentrated solution (Figure 3.22). This suggests that the efficiency of this rapid mixing
method produces monodispersed nanoparticles. The polymer morphology was different
from Huang ef al'®, who used HCI as the dopant and PANI nanofibre was produced. In the
present work, the polymer was formed in DBSA micelles; hence spherical particles were

obtained.

dried surfactant
PANI pa

Figure 3.23 Transmission electron micrograph of PANI-DBSA-RM nanodispersions at 100 keV.
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3.4 Conclusions

PANI nanodispersions have been synthesised using various methods. nanoPANI-
DBSA dispersions have been successfully synthesised in large scale using emulsion
polymerisation method, indicating potential for mass production. Highly conductive and
stable PANI nanoparticles were obtained, with the UV-visible spectra showing PANI to be
in a “compact coil” formation and to be slightly resistive to deprotonation. The electrical
conductivity of these nanoparticles is 34 £ 7 S/cm, with the spherical particles having a size
of 10 = 2 nm. The concentration of PANI-DBSA nanoparticles is 118 g/L based on total
volume of the reaction medium. The dispersions are stable for up to 12 months and their
electronic property remained constant for 8 months while their electrochemical property
was stable for up to 6 months before beginning to deteriorate. The nanoPANI-DBSA
dispersions show excellent electrodeposition properties, indicating that it may have
potential for use as a mediator in biosensor applications (see Chapter 7).

By separating the precipitate of the agglomerated polymer from the supernatant, a
further form (sPANI-DBSA) can be prepared from the supernatant. The sPANI-DBSA
(0.5% w/w) has various and inconsistent particle sizes, with some particles larger than 1000
nm. During electrodeposition from this dispersion, lower charging current are observed
compared to nanoPANI-DBSA, due to the lower concentration of the polymer in the
solution used for electrodeposition. This sSPANI-DBSA material was later used for ink-jet
printing (see Chapter 9).

PANI-DBSA-RM nanodispersions have also synthesised for ink-jet printing (see
Chapter 9). The particle size of PANI-DBSA-RM (4.26% w/w) is uniform around 50 nm.

This material also shows good electroactivity and electrodeposition properties which are

96



Chapter 3

amenable for biosensor application. The electrical conductivity of the PANI-DBSA-RM
nanoparticles is 408 mS/cm. The particle size determined by DLS is similar to that
observed by TEM, indicating the segregation of the particles in concentrated solution by the
stabilising nature of the surfactant. A spherical morphology is observed for the
nanoparticles, as the polymer was formed in DBSA micelles. This rapid mixing method
was found to be an effective method to produce monodispersed PANI nanoparticles.
Optimisation of this method to achieve higher conductivity nanoparticles will be further

investigated.
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Chapter 4

4.1 Introduction

The anionic dopant incorporated into a conducting polymer during synthesis has a
profound effect on its processability and conductivity' (see Chapter 1, section 1.1). The use
of appropriate dopants results in the formation of stable processable conducting dispersions.
For example, Han et al* and Haba et al’ used dodecylbenzenesulphonic acid (DBSA) as the
dopant in the synthesis of polyaniline (PANI) to render solubility and stable dispersions.
The stability of these PANI-DBSA dispersions can be attributed to the presence of excess
DBSA molecules, which form strong hydrogen bonding with the PANI-DBSA particles
and stabilise the particles’. Henderson et al’ introduced a new method for stabilizing
conducting polymer nanoparticles using short chain alcohol ethoxylate surfactants.

Functional molecules can be incorporated into a polymer to improve its properties
and enhance selectivity”. There are many studies showing dye molecules incorporated into
conducting polymers during synthesis. Yoshino et al’ have studied the characteristics of a
conducting polymer doped with photochromic dyes and found that photoluminescence and
photoconductivity in the conducting polymer dramatically altered. Feng ef al’ examined the
electrical and optical properties of soluble conducting polymer/dye composites and found
that the composites helped improve the efficiency of the charge separation and transfer.

In this chapter the possibility of incorporating functional dye molecules as
molecular dopants during the synthesis of PANI nanoparticles is investigated. A dye
(carbolan blue-CB) with a structure similar to the surfactants used was chosen (Figure 4.1).
It was envisaged that the alkyl chain and sulfonate group of the dye may interact with the

polymer in a similar way to the surfactant, i.e. sulfonate ion doping and hydrophobic
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interactions. PANI nanoparticles with and without dye incorporated were synthesised and

characterised.

(b)

Figure 4.1 Chemical structures of: (a) Carbolan Blue dye, and (b) DBSA

4.2 Experimental

4.2.1 Chemicals

Aniline was purchased from Aldrich and distilled under vacuum and stored at -10
°C. Ammonium peroxydisulfate (APS), sodium dodecylsulfate (SDS), hydrazine hydrate
and sodium hydroxide were purchased from Aldrich and used as received.
Dodecylbenzenesulphonic acid (DBSA) was purchased from Tokyo Kasei Kogyo Co., Ltd.
Hydrochloric acid was purchased from Asia Pacific Specialty Chemicals Limited.
Carbolan Blue (CB), supplied by CSIRO Textile and Fibre Technology Australia, was

recrystallised from acetone. All solutions were prepared using Milli-Q water.

4.2.2 Equipment/Instrumentation

A two-electrode cell comprising a Pt mesh auxiliary and a Ag/AgCl reference
electrode (3.0 M NaCl) connected to a Hewlett Packard 34401 A multimeter was used to

monitor the open circuit potential (OCP) throughout the polymerisation (see Chapter 2,
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section 2.3.1). The synthesis was carried out in a Julabo controlled temperature bath and a
peristaltic pump (Minipuls 2, Gilson) was used to control the rate of oxidant addition. The
polymer was dialysed using a 12,000 Mw cut-off cellulose membrane (Sigma). An
Eppendorf centrifuge (5702) was used to separate the polymer from solutions. A three-
electrode cell comprising of a glassy carbon working electrode, Ag/AgCl reference
electrode and a Pt wire auxiliary electrode connected to E-Corder 401 with EDAQ
potentiostat was used for all electrochemical experiments. Particle size was determined
using TEM (H7000, Hitachi) at 100 KeV. UV-visible spectra were measured using a
Shimadzu UV-1601 spectrophotometer. Raman spectra were obtained using 632.8 nm laser
excitation (HR800, Jobin Yvon Horiba). Conductivity measurements were performed on
pressed pellets of the dried nanodispersion using the four-point probe method. All

potentials stated are vs. Ag/AgCl (3.0 M NaCl) reference electrode.

4.2.3 Methods

4.2.3.1 Dye purification

The dye was purified by boiling 1.0 g of CB dye in 1.0 L acetone. The hot CB
dye/acetone solution was filtered using No.1 Whatman filter paper to remove the solid

impurities. The purified CB dye was recrystallised from the CB dye/acetone filtrate.

4.2.3.2 Polymerisation and purification

The synthesis procedure outlined in Chapter 3, section 3.2.3.1 was used to form
PANI-DBSA and PANI-DBSA-CB nanodispersions. The reaction cell was placed in a
water bath at 20°C. The reference and Pt electrodes were connected to the multimeter

interfaced to a computer and placed in the reaction cell. The water was stirred and DBSA

102



Chapter 4

was gradually added. After stirring for 15 min, the CB dye was added gradually and the
solution was stirred for an additional 30 min. The aniline monomer was then added drop
wise to the DBSA/CB solution and stirred for a further 30 min. An aqueous solution of the
APS oxidant was then added to the aniline/DBSA/CB solution at a controlled rate using a
micro-peristaltic pump. The solution was stirred throughout the course of polymerisation.
To prepare the PANI-DBSA dispersion the above procedure was repeated, however with
the CB dye omitted. Synthesis conditions are summarised in Table 6.1.

Upon completion of the polymerisation process, the dispersions were placed into
dialysis tubing (12000 Mw cut-off) and dialysed against 800 ml of 0.1 M SDS solution for
18 h, at which time the solution was changed and dialysis continued for a further 24 h.
After dialysis, the dispersion was removed from the tube and centrifuged at 4400 rpm for
40 min after which the supernatant liquid was removed. The polymer was washed using a
solution of 0.2 M SDS and centrifuged at 4400 rpm for 30 min. This process was repeated

three times.

4.2.3.3 Characterisation of nanoparticles and dispersions

The dedoping, oxidation and reduction behaviour of the polymer dispersions were
characterised using UV-visible spectroscopy. The polymer dispersions were dedoped,
oxidised and reduced using NaOH, APS and hydrazine hydrate, respectively. The particle
size of the dispersions was measured by transmission electron microscopy (TEM). The
polymer films were cast and characterised using Raman spectroscopy. Mass of product
from the synthesis was determined from solid content of the nanoparticles obtained based

on total volume of the reaction. The polymer was dried in an oven at 40 °C to constant
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weight and pressed into pellets before measuring the conductivity by four point probe

technique.

4.3 Results and Discussion

4.3.1 Polvymerisation

The critical micelle concentration (CMC) of the CB dye was determined by
measuring the conductivity of CB dye solutions of varying concentration. The
concentration at which the conductivity increases sharply was taken to be the CMC. The
conductivity increased sharply at a concentration of CB dye 1.8 mM, which is similar to the
CMC of DBSA (2.0 mM). The latter has been used previously (Chapter 3) to produce
PANI nanodispersions.

Attempts were made to prepare PANI nanodispersions from a solution containing
CB dye and aniline with the addition of HCl to achieve the required pH (pH = 1). A green
product formed, indicating that PANI was produced. However, the product precipitated out
of solution immediately. This indicates that CB dye on its own was not a good enough
dispersant for PANI, and that DBSA is needed to produce a stable dispersion. It was
therefore decided to use DBSA as a micelle stabilising component with the synthesis

conditions shown in Table 4.1.

Table 4.1 Synthesis conditions used to prepare PANI nanoparticles.

Polymer DBSA Aniline APS Synthesis time  CB dye
[M] [M] [M] (min) [M]

PANI-DBSA 0.25 0.25 0.25 270 0

PANI-DBSA.CB 0.25 0.25 0.25 270 0.02

104



Chapter 4

The polymerisation process of PANI-DBSA occurred as described in Chapter 3,
section 3.3.1.1 for the synthesis of nanoPANI-DBSA. Upon addition of aniline to the
aqueous DBSA solution, the mixture turned milky white and the viscosity of the solution
increased, indicating the formation of the aniline. DBSA complex. This complex was
formed when the deprotonated negatively charged DBSA anion and positively charged
anilinium ion interacted. The polymerisation solution colour sequentially turned to blue,
turquoise and emeraldine green upon addition of the oxidant, indicating the formation of
emeraldine salt (ES) PANI®,

For PANI-DBSA-CB synthesis, aniline and DBSA were in stoichiometric excess
compared to CB to ensure formation of the aniline. DBSA complex in the presence of the
CB dye. When aniline was added to the DBSA.CB solution it was not possible to observe
any milky white appearance, due to the intense blue colour of the CB dye. However,
viscosity did increase considerably as described above for the PANI-DBSA synthesis in the
absence of the CB dye. The polymerisation solution turned to a blue-green colour upon
addition of the oxidant indicating the formation of ES PANI.

The open circuit potential (OCP) of the polymer solution was monitored during
polymerisation (Figure 4.2). The OCP of the reaction media was measured between a Pt
electrode and a Ag/AgCl (3.0 M NaCl) reference electrode. The OCP depends on the
concentration of electroactive species at the surface of electrodes and is based on the Nernst
equation”'? (see more detail in Chapter 2, section 2.3.1).

The OCP of the aniline. DBSA solution prior to addition of the oxidant was 0.4 V
and immediately increased to about 0.7 V upon addition of the oxidant. The potential
reached the plateau and then decreased (Figure 4.2 a). After about 30 min the

polymerisation solution had changed in appearance from white to pale blue. This colour
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change was possibly associated with the formation of pernigraniline salt (PS) oligomers of
aniline, since it has been reported that the polymerisation of ES PANI proceeds via the
initial formation of fully oxidised (PS), which then oxidises aniline and is in turn reduced to
the ES form''. As polymerisation continued, the solution changed in appearance from blue
to the typical emeraldine green colour of ES PANI. This occurred after about 55 min and
the OCP began to decrease.

In Figure 4.2 a, the initial OCP of the aniline-DBSA solution containing CB dye
was 0.35 V, which is slightly lower than that of aniline-DBSA (0.4 V) (Figure 4.2 b). Upon
addition of the oxidant, the potential increased as in the case for PANI-DBSA. However,
the potential did not plateau. After approximately 35 min the potential started to decrease;
as opposed to 55 min for PANI-DBSA synthesis, indicating that the polymerisation process
is facilitated in the presence of CB dye. The polymerisation solution containing the PANI-
DBSA-CB reached a steady OCP of about 0.4 V after approximately 120 min of reaction,
while the PANI-DBSA dispersion required approximately 200 min to reach equilibrium.
The use of micelles has previously been reported to reduce reaction times'” and this appears
to be further facilitated by the presence of CB dye. The maximum potential reached during
formation of PANI-DBSA-CB was 0.6 V, compared to 0.68 V during formation of PANI-

DBSA, suggesting that the dye mediates the polymerisation process.
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Figure 4.2 Open circuit potential of PANI dispersion during polymerisation of: (a) PANI-DBSA, and (b)

PANI-DBSA-CB.

During the polymerisation process aliquots were taken every 30 min and UV-visible
spectra obtained (Figure 4.3). Similar trends in the UV-visible spectra of polymerisation
solutions during PANI synthesis to those observed in this study have been reported
previously®". After 30 min of synthesis (Figure 4.3 a) three distinct peaks at 356 nm, 430
nm and 715 nm were observed. The first two peaks correspond to TeTT" and Tepolaron
bands, respectively. The absorption band at 715 nm lies between the characteristic peak of
PS PANI (690nm) and the polaron band of ES PANI (about 800 nm), suggesting the
presence of PANI nanoparticles in both the PS and ES oxidation states®. The intensity of
each peak increased as the polymerisation process progressed. As the polymerisation
process continued the absorption band at 715 nm shifted to 765 nm, indicating that the ES
PANI dominated; while the ratio of absorption intensity of the 430 nm to 356 nm bands
was higher, indicating a higher degree of doping'®. There was no evidence of peak shift or
any significant increase in intensity between 150 min and 260 min synthesis time (Figure

4.3 b and 4.3 c), suggesting the polymerisation was almost completed after 150 min.
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Figure 4.3 UV-visible absorption spectra taken during polymerisation to obtain PANI-DBSA

nanoparticles: (a) 30 min, (b) 150 min, and (c) 260 min post addition of APS oxidant.

Aliquots of the polymerisation solution were also taken during the synthesis of the
PANI-DBSA-CB and UV-visible spectra obtained (Figure 4.4). Similar spectral changes to
those observed above for PANI-DBSA (Figure 4.3) were observed for PANI-DBSA-CB
(Figure 4.4). However, due to the blue colour of CB dye being present, the solution colour
change could not be observed easily. The absorption peaks for PANI-DBSA-CB were all
red shifted with respect to PANI-DBSA (see section 4.3.2.2 for discussion). The fact that
the UV-visible spectra for the PANI-DBSA-CB dispersion showed similar features to the
PANI-DBSA dispersion suggests that the presence of the CB dye does not hinder the

formation of PANI.
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Figure 4.4 UV-visible absorption spectra taken during polymerisation to obtain PANI-DBSA-CB

nanoparticles: (a) 30 min, (b) 150 min, and (c) 260 min post addition of APS oxidant.

4.3.2 Characterisations of nanoparticles and dispersions

Upon completion of polymerisation, the product dispersions were purified as
outlined in the experimental section (4.2.3.2) and characterised using various techniques as

described below.

4.3.2.1 Transmission electron microscopy (TEM), conductivity and mass of product
Transmission electron micrographs of the PANI-DBSA and PANI-DBSA-CB
nanoparticles were obtained (Figure 4.5 a and 4.5 b, respectively). The average (n = 100)
size of the spherical PANI-DBSA particles was 35 + 9 nm, while for PANI-DBSA-CB the
average (n = 150) size of the spherical particles was 60 + 16 nm. In both PANI-DBSA and
PANI-DBSA-CB the distribution of particles sizes was not Gaussian, with the largest
particles observed being approximately 250 nm and 280 nm, respectively. It is possible that
these large particles are in fact aggregates of the smaller particles that coagulated together

during the drying of the polymer films for particle size measurements using TEM. The
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presence of the CB dye resulted in an increase in the average particle size, possibly due to

its incorporation into the PANI-DBSA micelle structure during synthesis.

Figure 4.5 Transmission electron micrographs of: (a) PANI-DBSA, and (b) PANI-DBSA-CB

nanodispersions. Images were obtained at 100 keV at a magnification of 200 k.

Conductivity of the PANI-DBSA-CB nanoparticles was in the same order of
magnitude as the PANI-DBSA nanoparticles. The conductivity of the PANI-DBSA
nanoparticles was lower than the nanoPANI-DBSA produced in Chapter 3, which is
possibly due to the different synthesis conditions. Characterisation data are summarised in

Table 4.2.
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Table 4.2 Characterisation data for PANI-DBSA-CB nanoparticles.

Sample Mass of product Particle size by Conductivity
(g of dried polymer/L) TEM (nm) (S/cm)

PANI-DBSA 50 35+9 0.45+0.11

PANI-DBSA-CB 61 60+ 16 0.74 +£0.19

4.3.2.2 pH switching

In the UV-visible absorption spectrum of the purified PANI-DBSA (Figure 4.6 b),
the 810 nm polaron band is red shifted by 45 nm compared to the corresponding band
before purification (see Figure 4.3) suggesting a longer conjugation length for the PANI
chain in the former case'’. Similarly, the high wavelength polaron band is red shift by 70
nm in the case of PANI-DBSA-CB after purification. The UV-visible absorption spectra
showed PANI to be in the conducting ES form for both dispersions (Figure 4.6). PANI-
DBSA-CB (Figure 4.6 a) showed a polaron band at 850 nm and *- polaron and n-n* bands
at 430 nm and 360 nm, respectively. These bands all exhibited red-shifts with respect to the
PANI-DBSA dispersions (Figure 4.6 b). This red shift may be attributed to the presence of
the CB dye in the PANI-DBSA-CB dispersion.

Upon base treatment of the ES PANI nanodispersions with 0.05 M NaOH, both
were dedoped as evidenced by the rapid disappearance of polaron bands and shifting of the
original TE-Tt* band to lower wavelengths. In addition, strong bands appeared at 572 nm for
PANI-DBSA and at 620 nm for PANI-DBSA-CB which may be assigned to the exciton
band of the emeraldine base (EB) form in each case'®. The exciton band of the PANI-
DBSA-CB dispersion appeared at longer wavelengths (620 nm) and was very broad

compared to that of PANI-DBSA, probably due to the presence of the CB dye. The UV-
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visible spectra of the CB dye (Figure 4.6 ¢) showed that upon base treatment an absorption
band appears at 700 nm for the deprotonated dye. It is likely that this band causes the

exciton band of the EB form of PANI-DBSA-CB to appear broader.

325 nm 620 nm 700 nm 850 nm

a

CB Dye in NaOH

300 400 500 600 700 800 900 1000 1100
Wavelength (nm)

Figure 4.6 UV-visible spectra of: (a) PANI-DBSA-CB (0.14 g/L) in the ES and EB form, (b) PANI-DBSA
(0.29 g/L) in the ES and EB form, and (c) Carbolan Blue dye (0.01%) before and after treating with 0.05 M

NaOH.
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4.3.2.3 Redox switching

UV-visible spectra of the PANI-DBSA-CB and PANI-DBSA nanodispersions
following oxidation for 10 min with 0.07 M APS are shown in Figure 4.7 a and 4.7 b,
respectively. A band at 615 nm appeared after oxidation of PANI-DBSA-CB (Figure 4.7 a),
which is at a shorter wavelength than that observed upon oxidation of PANI-DBSA (650
nm) (Figure 4.6 b). These absorption bands observed upon oxidation of the PANI-DBSA
and PANI-DBSA-CB dispersion are consistent with a mixture of PS (Ay.x 690 nm) and
perniganiline base (PB) (Amax 540 nm)'’. The absorption peak at 615 nm observed after
oxidation of PANI-DBSA-CB coincides with the absorbance maximum of CB dye after
treatment with APS (Figure 4.7 c). There were no observed changes to the absorption
spectrum of CB before or after treated with APS.

Reduction of PANI-DBSA-CB was performed using 4.0 M hydrazine, with the
effect on their UV-visible spectra shown in Figure 4.8. The polaron and m-polaron peaks
disappeared and the n-n* peak intensities increased. The Ay.x observed at 330-350 nm are
consistent with reduction of both types of nanodispersions to the leucomeraldine base (LB)
form. A weak peak at 620 nm also appeared after reduction of PANI-DBSA-CB (Figure 4.8
a). This additional peak was attributed to the presence of the CB dye since this peak is also

present in the CB dye spectrum (Figure 4.8 c).
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Figure 4.7 UV-visible spectra of: (a) PANI-DBSA-CB (0.14 g/L) in the ES and perniganiline (PG) form,

(b) PANI-DBSA (0.29 g/L) in the ES and PG form, and (c) Carbolan Blue dye after treatment with 0.07 M APS.
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Figure 4.8 UV-visible spectra of: (a) PANI-DBSA-CB (0.14 g/L) in the ES and LB form, (b) PANI-DBSA

(0.29 g/L) in the ES and LB form, and (c) Carbolan Blue dye after treatment with 4.0 M hydrazine.

Photographs of the reduced polymer nanodispersions (Figure 4.9) indicated that
upon reduction of the PANI-DBSA-CB nanodispersion, the blue colour of the CB dye
becomes more apparent. This was likely due to the pale yellow of the LB form, which

allowed the blue colour of the CB dye to dominate.
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To determine whether the CB dye was incorporated into the PANI dispersion, the
LB dispersions of both PANI-DBSA and PANI-DBSA-CB were centrifuged at 4400 rpm
for 30 min (Figure 4.9 a’ and 4.9 b’). Both solutions separated to produce a clear
supernatant and a solid at the bottom of the centrifuge tube indicating that the CB dye was
incorporated into PANI as it was ‘spun down’ with the polymer. When a solution
containing only the CB dye was centrifuged no such separation was observed confirming

incorporation of CB dye into the PANI nanoparticles.

a) b) a’) b’)
Figure 4.9 Photographs of: (a) reduced PANI-DBSA, and (b) reduced PANI-DBSA-CB prior to

centrifuging at 4400 rpm for 30 min. Images (a’) and (b") represent the same samples after centrifugation.

4.3.2.4 Raman Spectroscopy

Raman spectra of dried powders of PANI-DBSA and PANI-DBSA-CB
nanoparticles as well as CB dye were obtained (Figure 4.10). In the spectrum of the PANI-
DBSA (Figure 4.10 a), the C=C stretching of the quinoid units appeared at 1589 cm ',
which is characteristic of semiquinone rings. The band at 1520 cm™ is associated with the
C-C stretching of the phenyl units, whist the C=N stretching of the quinoid ring was quite
strong at 1490 cm™'. The 1324 cm™ and 1344 cm™ bands correspond to C—N"" stretching

modes of delocalised polaronic charge carriers. The broad band at 1255 c¢m' can be
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assigned to the C-N stretching mode of the polaronic units. Aromatic C—H bending
deformation was observed at 1170 cm ', while the broad bands at 812 and 872 cm™ are
attributed to quinoid and benzenoid ring deformation, respectively. The band positions and
assignments for PANI are summarised in Table 4.3.

The Raman spectrum of PANI-DBSA-CB (Figure 4.10 b) showed combined
spectral features from both the PANI-DBSA and CB dye (Figure 4.10 c). The stretching
modes of delocalised polaronic charge carriers (1324 cm™ and 1344 cm™) were observed to
combine into one peak centered at 1327 cm™, indicating a reduction in polaronic charge
carriers possibly due to distortion of the PANI conjugated backbone by the CB dye. The
band at 1635 cm™ for PANI-DBSA-CB is attributed to the presence of the CB dye, which
shows a band at 1644 cm™. Additional evidence for the incorporation of the CB dye into
PANI-DBSA is provided by the bands at 926 cm™, 1030 cm™ and 1412 cm™ for PANI-
DBSA-CB, which are attributed to the CB dye as these bands are present in the spectrum of
the CB dye at 925 cm™, 1038 cm™ and 1412 cm™ (Figure 4.10 ¢) and are not observed in

the spectrum of PANI-DBSA (Figure 4.10 a).
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Table 4.3 Assignments of the Raman bands using 632.8 nm excitation line.
Assignments PANI-HCSA | PANI-DBSA | PANI-DBSA-CB
( cm-1)18-20 ( cm-l) (cm'l)
C-H out of plane bending (Q) 811 812 816
C-H in-plane bending (B) 874 872 874
C-H in-plane bending (Q) 1164 - 1164
C-H in-plane bending (B) 1170 1170 -
C-N""stretching (B) 1255 1255 1267
C-N"" delocalised polaronic 1318 1324
charge carriers
1327
C-N"" delocalised polaronic 1341 1344
charge carriers
C-C stretching + C-H bending 1488 1490 1490
N-H bending 1520 1520 1523
C=C stretching (Q) 1584 1589 1590
C-C stretching (B) 1622 about 1620 1635

The benzenoid, quinoid units are denoted by B and Q, respectively.
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Raman spectra of: (a) PANI-DBSA in ES, (b) PANI-DBSA.CB in ES form, and (c) CB dye.

Figure 4.10

Spectra recorded using 632.8 nm excitation.
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The Raman spectral region between 1584 cm™ and 1622 cm™ corresponds to C=C
and C-C in-plane stretching, respectively’', corresponding to the aromatic backbone of
PANI. To investigate the extent of interaction between the incorporated dye and PANI-
DBSA, Raman spectra were recorded for PANI-DBSA, PANI-DBSA-CB and CB dye in
this region using a 950 lines/inch grating with a sensitivity of 0.6 cm™ (Figure 4.11).
Considering Figure 4.11 (ii), the C=C stretching of the quinoid unit for ES PANI-DBSA-
CB was shifted by 7.5 cm™ to a higher wavenumber compared to ES PANI-DBSA (Figure
4.11 (iii)). The shift was towards the prominent CB dye peak at 1644.6 cm™ (Figure 4.11

(1)), indicating a significant interaction between the PANI backbone and the CB dye.
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Figure 4.11 Raman spectra of PANI dispersions in the ES form: (i) CB dye, (i) PANI-DBSA-CB, and (iii)

PANI-DBSA. Spectra recorded using 632.8 nm excitation.

4.3.2.5 Cyclic Voltammetry (CV)
Cyclic voltammetry was performed on the as-synthesised PANI-DBSA (ES) and
PANI-DBSA-CB (ES) nanodispersions using a glassy carbon electrode as the working

electrode. The cyclic voltammogram of PANI-DBSA (Figure 4.12 a) is typical for ES
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PANT’, with the main peaks A and B corresponding to the transformation of LB to ES and
ES to PS, respectively. On the reverse scan, peaks B" and A’ correspond to the conversion
of PS to ES and ES to LB, respectively. The presence of small middle peaks C/C' is
associated with the formation of p-benzoquinone and hydroquinone® as side products upon
excursion to the potentials necessary to observe the B/B’ couple™.

The current magnitude of the PANI-DBSA nanodispersion (Figure 4.12 a) was
lower than for the nanoPANI-DBSA in Chapter 3 (Figure 3.8 b) which is probably due to
lower concentration of the PANI-DBSA in the dispersion; hence lower mass of polymer
deposited on the electrode. A different potential scan rate was also used.

The CV of PANI-DBSA-CB (Figure 4.12 b) showed similar features to the CV of
PANI-DBSA, which indicates that the presence of CB dye does not hinder the
electroactivity of the PANI-DBSA nanodispersion.
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Figure 4.12 Cyclic voltammograms of: (a) PANI-DBSA-CB dispersions (1.40 % w/v) and b) PANI-DBSA
dispersions (1.31% w/v). The scan was performed on a GC electrode with a scan rate of 50 mV/s (arrows

show the direction of the scan). Einital is 0.25 V and all potentials are vs. Ag/AgCl (3.0 M NaCl).

4.3.2.6 Stability test

The electronic property of the PANI-DBSA-CB dispersion was stable for up to 8
months, as evidenced from the similarity of the UV-visible spectrum obtained in 1 week
(Figure 4.13). However, the electroactivity of the dispersion started to decrease after
storage for 6 months and significantly changed after 8 months (Figure 4.14). Besides the
decrease in current magnitude, the redox couple B/B’ (indicating the transition between ES
and PS) has almost disappeared after 8 months. The redox couple at around 0.5 V was more
pronounced than the other two characteristic peaks, indicating higher content of

degradation products®.
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Figure 4.13 UV-visible spectra of PANI-DBSA-CB (0.03% wi/v) after storage at room temperature.
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Figure 4.14 Cyclic voltammogram (5% scan) of PANI-DBSA-CB dispersions (1.4% wi/v) after: (i) 1 week,
(i) 6 months, and (iii) 8 months. The scan was performed on a glassy carbon working electrode with a scan

rate of 100 mV/s, (arrows show the direction of the scan). Einiiar is 0.25 V and all potentials are vs. Ag/AgCl (3.0

M NaCl).
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4.4 Conclusions

The successful incorporation of the CB dye into PANI is achieved using emulsion
polymerisation. The presence of the CB dye in PANI nanoparticles does not hinder their
dedoping and redox switching behaviour. UV-visible spectra of the PANI-DBSA-CB
nanodispersions show some different features from those observed for the PANI-DBSA
nanodispersions, indicating the presence of the dye in PANI. The blue colour that appears
for the reduced PANI-DBSA-CB nanodispersions also indicates the incorporation of the
CB dye into PANI. When the reduced PANI-DBSA-CB is centrifuged a clear supernatant
solution is observed, indicating that the CB dye is incorporated into PANI nanoparticles,
i.e. it is spun down with the polymer.

Raman spectra show a shift of the C=C stretching of quinoid units of PANI-DBSA-
CB nanoparticles towards the peak of the CB dye. This also suggests a significant
interaction between the PANI backbone and the CB dye. As confirmed by TEM, the PANI-
DBSA-CB nanoparticles still retain a spherical shape. However, the incorporation of the
CB dye results in an increase in the average particle size. The electronic property of the
PANI-DBSA-CB nanoparticles is stable for up to 8 months as observed using UV-visible
spectroscopy while electrochemical property is stable for up to 6 months as observed by
CV.

The PANI-DBSA-CB nanoparticles can be a good candidate for electrochromic
devices since the LB form shows a blue colour which is different from the pale yellow of
LB PANI-DBSA. It is possible to vary the colour of the LB PANI by incorporating
different dyes into PANI. Also it may be possible to incorporate other functional groups

into PANI using this procedure.
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5.1 Introduction

The exploitation of PPy in commercial applications has been limited due to it being
insoluble and infusible'. For this reason much effort has been spent improving the
processability of this polymer by developing new polymer dispersions using surfactant™
and steric stabiliser”'®. A result of these polymerisation routes is the polymer dispersions
containing PPy nanoparticles which are more processable. Poly (vinyl alcohol) (PVA) has
proved an effective steric stabiliser in previous studies®''; hence it was used to produce
PPy nanodispersions in this work.

Indeed it is the properties of these conducting polymer nanodomains embedded in a
nonconducting dispersant that ultimately determine the optical, electronic and physical
properties of such nanocomposites'’. It has been shown that as the nanoparticle size
decreases, conductivity increases due to an increase in the degree of doping and
crystallinity'®.

Surfactants play an important role in the synthesis of ICP nanodispersions. In
Chapter 3 and 4, polyaniline (PANI) nanodispersions were successfully synthesised using
emulsion polymerisation. The surfactant functions as the stabiliser preventing the
agglomeration of the polymer. The resultant polymer has nanometre dimensions as
observed by TEM. However, the surfactant was not desirable in the ink-jet printing
application which is the potential application interested for this project. Although it helps
wetting the substrate surface and the larger coverage area could be obtained, too high
surfactant concentration may cause the failure of the polymer adherence to the substrate

and too low surface tension. Therefore surfactant was minimised in this work.
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In the course of this work we have investigated various synthesis conditions to
produce conducting PPy nanodispersions, which can be used in the concentrated form in
ink jet printing applications (see Chapter 9). The polymer concentration needs to be high
whereas the particle size must be small in order to ensure a uniform continuous print. The
goal of this work is to achieve the PPy nanodispersions with particle size at least in the
same order of magnitude to the typical particle size of conventional pigments in ink-jet inks
(100-400 nm)". PPy was synthesised using chemical oxidation with PVA as the steric
stabiliser. Sodium dodecyl sulfate (SDS) was also used as the dopant and surfactant. The
effects of temperature, PVA and SDS concentration were also studied. The dispersions
were characterised by UV-visible spectroscopy, cyclic voltammetry (CV), Raman
spectroscopy, transmission electron microscopy (TEM), dynamic light scattering (DLS)
and conductivity measurement. For the ease of comparison between batch to batch, the
particle size in this chapter was reported from % Number distribution which indicate the
percentage of the particular size of the polymer in solution (see more detail in Chapter 2,

section 2.2.3).

5.2 Experimental

5.2.1 Chemicals

Pyrrole (Merck) was distilled prior to use and stored at —12°C when not in use. The
oxidant ferric chloride (FeCls), sodium dodecylsulfate (SDS) and polyvinyl alcohol (PVA

Mw 31k-50k) were obtained from Sigma-Aldrich and used as received.

5.2.2 Equipment/Instrumentation
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The UV-visible spectrum of the PPy-DS-PV A nanodispersion was recorded using a
Shimadzu UV-1601 UV-visible spectrophotometer. Raman spectra were obtained using an
HR800, Jobin Yvon Horiba with a laser wavelength = 632.8 nm. Transmission electron
microscopy (TEM) was carried out using a Hitachi H7000 TEM at 100 KeV. Particle size
was determined using dynamic light scattering (Malvern Nano-ZS Zetasizer) on
concentrated dispersions using back scattered light (8° angle). An Eppendorf centrifuge
(5702) was used to separate the polymer from solution.

Conductivity measurements were performed on cast films or pressed pellets of the
dried nanodispersion using the four-point probe method. Cyclic voltammetry (CV) was
carried out in a three-electrode cell using a glassy carbon working electrode with a platinum
mesh and Ag/AgCl (3.0 M NacCl) as auxiliary and reference electrodes, respectively.

A two-electrode cell comprising a platinum mesh auxiliary and an Ag/AgCl
reference electrode (3.0 M NaCl) connected to a Hewlett Packard 34401 A multimeter was
used to monitor the open circuit potential (OCP) throughout the polymerisation (see
Chapter 2, section 2.3.1).

Residual pyrrole was determined using reverse phase HPLC with a Waters

Bondapak Cig column and a Linear™ UVIS 200 UV detector (Apax = 258 nm).

5.2.3 Methods

5.2.3.1 Polymerisation and purification
The oxidant (FeCl;) to monomer (Py) molar ratio was kept constant at 1:1 and
polymerisation was carried out in a thermostated bath. Varying quantities of SDS were

added to 100 ml of water in a round-bottomed flask. Various concentrations of PVA were
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then added and mixed under mechanical stirring for 30 min. Pyrrole monomer was added to
the 100 ml PVA/SDS solution and stirred for 1 h followed by the addition of FeCl; solution
at a constant rate of 1 ml/min. The OCP was recorded during synthesis using a two
electrode set up and a Hewlett Packard multi meter. The polymerisation was allowed to
proceed until a constant OCP was achieved.

Purification of the polymerised dispersion was achieved by dialysing against Milli-
Q water using a 12,000 Mw cut-off dialysis membrane (Sigma) for 48 h with the SDS
solution being changed every 18 h. After dialysis, the dispersion was centrifuged at 4,400
rpm for 10 min. The supernatant was discarded and approximately 100 ml of Milli-Q water
was added to the remaining solid. The water/solid mixture was shaken to redisperse the
solid, followed by centrifuging at 4,400 rpm for 10 min. This was repeated 3 times to

remove excess SDS and PVA.

5.2.3.2 Characterisation of PPy nanodispersions

The polymer dispersions were characterised using UV-visible and Raman
spectroscopy. The polymer was dried in an oven at 40°C until constant weight and pressed
into pellets before measuring the conductivity by the four point probe technique. The
particle size of the concentrated dispersions was measured using the DLS method. Low
concentration dispersions were investigated to determine particle size and morphology
using TEM. Mass of product from the syntheses was determined from solid content of the

nanoparticles obtained based on total volume of the reaction media.

5.2.3.3 Stability test of PPy-DS-PV A nanodispersions
The PPy-DS-PVA dispersions were left standing at room temperature for 15 months
with aliquots of the supernatant carefully removed for the particle size analysis using DLS.
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5.3 Results and Discussion

5.3.1 PPy-DS polymerisation

The reaction condition used is summarised in Table 5.1. The solution containing
monomer and SDS was colourless. Upon addition of the oxidant, the solution instantly
changed to black indicating the PPy formation®. Residual monomer evaluation using HPLC
showed a conversion efficiency of 86.8%. Considering the molar ratio of one-electron

20,21 .
, the conversion

oxidant FeCl; to Py = 2.3:1 usually employed for oxidation of Py
efficiency should reach only about 44% in this work as the molar ratio of FeCl;:Py = 1:1
was used. The increase in polymerisation efficiency was possibly due to the oxygen was
acting as an additional oxidant as the polymerisation was performed in an open system.

Table 5.1 Dispersion polymerisation conditions used for the synthesis of PPy-DS. Concentrations are

stated as final concentrations in the reaction vessel.

Sample Pyrrole (M) SDS (M) FeCl; (M) Temp (°C) | Time (min)

PPy-DS 0.05 0.05 0.05 25.0 150

The OCP is based on the Nernst equation which relates the concentration of
electroactive species at the electrode surface as outlined in Chapter 2, section 2.3.1. In this
study, the OCP was monitored during polymerisation (Figure 5.1) with the reaction reaches

a steady OCP of about 0.25 V after approximately 90 min of reaction. At this point, it is
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assumed that the concentration of reactants and products at the electrode surface have
reached equilibrium. The maximum OCP monitored was 0.45 V which is similar to the

potential observed for electrochemical oxidation of Py monomer in the presence of SDS*.
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Figure 5.1 The OCP profile during synthesis of PPy-DS (0.05M) at 25°C. The potentials are vs.

Ag/AgCI (3.0 M NaCl).

5.3.2 PPy-DS Characterisation

5.3.2.1 UV-visible spectroscopy

On completion of the polymerisation the PPy-DS dispersions were purified as
outlined in the experimental section (5.2.3). The polymer was redispersed in water and UV-
visible spectrum obtained (Figure 5.2). The absorbance maximum at 450 nm is assigned as
the TETT* transition while the absorbance at wavelengths greater than 600 nm is assigned to

the localised polaron band indicating oxidised PPy>.
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Figure 5.2 UV-visible spectrum obtained for PPy-DS dispersion (0.23g/L) in the conducting form.

5.3.2.2 Raman spectroscopy

Raman spectrum of dried PPy-DS nanoparticles (Figure 5.3) showed vibration
frequencies typical of PPy when compared to the previous results (Table 5.2).

Liu and Hwang® have studied Raman spectrum of oxidised PPy and assigned the
two peaks at about 1054 and 1086 cm™ to the C-H in plane deformation of oxidised PPy.
This agrees with the Raman of PPy-DS as shown in Figure 5.3 and also the C=C stretching
band appeared at 1594 cm™ indicating that the polymer was in the oxidised form®. The
bands at 934 and 962 cm™ are related to ring deformation associated with dication and

radical cation, respectively®’. Bands are summarised in Table 5.2.
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Figure 5.3 Raman spectrum obtained for dried powder PPy-DS using 632.8 nm excitation line.
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Table 5.2 Assignments of the Raman bands of PPy using 632.8 nm laser beam.
Assignments PPy film ™ PPy-DS
(cm™) (em™)
Ring deformation associated with dication 934 934
Ring deformation associated with radical cation 968 962
Symmetrical C-H in plane bending associated 1050 1054
with radical cation
Symmetrical C-H in plane bending associated 1080 1086
with dication
Anti-symmetrical C-H in plane bending 1255 1241
Ring stretching 1320, 1372 1372
C=C stretching of the neutral species about1570 -
C=C stretching of the oxidised species about1602 1594

5.3.2.3 Cyclic Voltammetry (CV)

The PPy-DS dispersion was cast as a film onto a glassy carbon electrode. The

electrochemistry of the cast film was investigated using CV. The CV (Figure 5.4) exhibited

a redox couple associated with the two oxidation states of PPy. The broad oxidation peak

started from -0.3 V and the reduction peak appeared at -0.62 V similar to results reported

previously for PPy/DBSA films®’.
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Figure 5.4 Cyclic voltammogram of cast film of PPy-DS dispersion on a GC electrode in 0.05 M SDS
with a scan rate of 100 mV/s (arrows show the direction of the scan). Einitar is 0.0 V and the potentials are vs.

Ag/AgCI (3.0 M NaCl).

5.3.2.4 Mass of product, conductivity, particle size and morphology

The conductivity of PPy-DS nanoparticles was obtained from dried and pressed
pellets and found to be 114.8 mS/cm. Mass of the polymer was determined from the solid
content of the PPy-DS nanoparticles obtained based on the total volume of the reaction
mixture and found to be 9.1 g/L. The particle size observed using the DLS method was over
3000 nm and the particles were not stable as they precipitated out of the solution overnight.
Upon TEM investigation (Figure 5.5) the dispersion appears to contain small particles at
65+15 nm suggesting that the particle size determined by DLS is in fact aggregates of these
smaller particles. In order to eliminate aggregation in the concentrated nanodispersion,

PVA was added during synthesis as outlined in the following section.
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Please see print copy for Figure 5.5

Figure 5.5 Transmission electron microscopic picture of PPy-DS, synthesised from 0.05M Py:0.05M

SDS at 25°C. Image obtained using 100 keV on copper/rhodium grids (ProSciTech Australia).

5.3.3 PPy-DS polymerisation in the presence of PVA

5.3.3.1 Effect of PVA concentration on nanoparticle formation

The reaction conditions outlined in Table 5.3 were employed here with the addition
of PVA (Mw 31-50k) during the polymerisation. The PVA concentrations investigated
were 0.3%, 0.6% and 1.2% w/v, while the Py, SDS and FeCl; concentrations were all kept
constant at 0.05 M. The PVA was added 15 min after the addition of SDS. Oxidative
polymerisation was initiated 60 min after adding Py into the PVA/SDS solution. The
monomer content was determined using reverse phase HPLC with the percent conversion
of monomer to polymer shown in Table 5.3. The percent conversion increased when
synthesised in the presence of PVA. This is possibly due to the fact that the monomer was
less aggregated and better dispersed in the presence of PVA thus the oxidation process

between the oxidant and the monomer occurs to a greater extent. At 1.2% (w/v) PVA, the
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polymer cannot be spun down by centrifugation (12,000 rpm for 30 min) indicating that the
steric stabilisation effect of PVA results in a very stable dispersion.

Table 5.3 Emulsion polymerisation conditions for the synthesis of PPy-DS-PVA at various PVA
concentrations (data set for each condition = 1). Concentrations are stated as final concentrations in the

reaction media.

Code PVA (% wiv) Pyrrole (M) SDS (M) Temp (°C) Conversion (%)
Sa 0 0.05 0.05 25 86.80
5b 0.3 0.05 0.05 25 94.00
5c 0.6 0.05 0.05 25 98.73
5d 1.2 0.05 0.05 25 90.38

The OCP measurement (Figure 5.6) suggests that PVA does not affect the chemical
oxidation process to any great extent. The maximum potential generated (0.44 V) and the
equilibrium potential (0.28 V) were similar to those obtained when PVA was not present
(Figure 5.1). However, with PVA present the synthesis reached equilibrium at about 120
min after oxidant addition whilst without PVA, synthesis equilibrium was reached at about
90 min (Figure 5.1). This is presumably due to the effect of the PVA which lower the rate

of polymerisation.
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Figure 5.6 The OCP profile obtained during synthesis of PPy-DS-PVA (0.05M:0.05M:1.2% w/v) at
25°C. The potentials are vs. Ag/AgCl (3.0 M NaCl).

Upon completion of the purification process as outlined in the experimental section
(5.2.3), the particle size analysis was obtained using DLS method (see Chapter 2, section
2.2.3). The size of the particles synthesised without PVA or with PVA lower than 1.2 %
(w/v) was much larger than 3 pm. At 1.2% (w/v) PVA, the size decreased dramatically to
lower than 1000 nm suggesting stabilising effect of PVA. Therefore 1.2% (w/v) PVA will
be used for all further experiments. The effect of synthesis temperature and SDS

concentration on the particle size were then investigated.
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Figure 5.7 The particle size distribution of the polymer synthesised from 0.05M Py, 0.05M SDS and

1.2% PVA (w/v).

5.3.3.2 Effect of polymerisation temperature on nanoparticle formation

Using 1.2% (w/v) PVA, 0.05 M SDS and 0.05 M Py, the temperature during
polymerisation was varied to 10, 25 and 40°C. The OCP profiles during synthesis were
observed (Figure 5.8). According to the Nernst equation, the higher temperature would
result in the lower OCP where the concentrations of starting materials are the same. This
agrees with the OCP of the Py/PVA/SDS solution before the oxidant addition which are
0.182, 0.181 and 0.113 V for the polymerisation temperature of 10, 25 and 40°C,
respectively.

At 10°C, a black product was observed 10 min after oxidant addition whereas the
product was observed in less than one min after oxidant addition when synthesised at 25°C
or 40°C. From the OCP profile (Figure 5.8), the reaction mixture reached equilibrium

quicker at higher temperatures indicating a higher rate of polymerisation. The OCP reached
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equilibrium at about 50, 140 and 170 min when the polymer was synthesised at 40, 25 and
10°C, respectively.

At 40°C, the potential reached a plateau at about 0.52 V and remained at that
potential for nearly 2 h hence the polymerisation was ended. However, the particles were
not stable in solution as they precipitated within an hour. The supernatant was yellow
whereas it was colourless when the synthesis was carried out at 10 or 25°C. This indicated
that polymerisation at 40°C had different reaction kinetic compare with those at 10°C and

25°C as shown in OCP profile (Figure 5.8 c).
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Figure 5.8 The OCP during synthesis of PPy-DS-PVA (0.05M:0.05M:1.2% w/v) synthesised at: (a)

10°C, (b) 25°C, and (c) 40°C. The potentials are vs. Ag/AgCI (3.0 M NaCl).

The particle size distributions were determined (Figure 5.9). With polymerisation at
40°C, the polymer was not well dispersed in the solution hence it was impossible to get
reliable particle size data. The particle size of the polymer synthesised at 10°C was slightly
larger than the product obtained at 25°C and it took a longer time to complete the
polymerisation. Therefore, the 25°C polymerisation temperature was the optimum

temperature and was used for all further synthesis.
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Figure 5.9 The particle size distribution of the polymer synthesised from 0.05 M Py, 0.05M SDS and

1.2% PVA (whv) at (a) 10°C, and (b) 25°C.

5.3.3.3 Effect of SDS concentration on nanoparticle formation

As mentioned in the introduction (section 5.1), the presence of surfactant in a
solution is not desirable in printing systems. In an attempted synthesis at lower surfactant
concentrations, polymerisation was performed with varying ratio of Py:SDS. While
maintaining the concentration of Py at 0.05 M, the molar ratios of Py:SDS was varied from
1:1 to 1:0.5, 1:0.25 and 1:0.125. Assuming partly doped PPys with one positively charge
for every 4 to 6 monomer units, less SDS content was not preferable as more CI" dopant
could incorporate into PPy molecules. The CI" dopant has been shown to adversely affect
the electroactivity and conductivity of poly-N-methylpyrrole (PNMP) films as reported by
Vidanapathirana et al*®. The OCP profiles were similar to those presented above.

The under size plot indicates the percentage of particles on the Y-axis that is smaller
than the particle size indicated on the X-axis. Figure 5.10 is the under size plot (by %

Number) of the PPy-DS-PVA nanoparticles synthesised from various molar ratio of
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Py:SDS. The curve for the polymer synthesised from molar ratio of Py:SDS = 1:0.125
shows that about 90 % of the particles are smaller than 400 nm whereas it was about 65-75
% for the polymers synthesised from different molar ratios. Therefore, the ratio of Py:SDS

= 1:0.125 was used for all further syntheses because it contributed to the smallest particle

size.
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Figure 5.10 The under size plot (by % number) of the polymer synthesised at 1.2 % (w/v) PVA with

various molar ratio of Py:SDS.

It is proposed in this study that the smaller particle size at lower concentration of
SDS is related to the micellar formation. Typically, micelles tend to be approximately
spherical at the concentration above the critical micelle concentration (CMC); at higher

concentrations (approximately higher than 40% w/v) and under appropriate conditions

29,30

these spherical micelles may adopt a cylindrical, ellipsoidal, or lamellar form™”" (see more

detail in Chapter 1, section 1.2.1). Although the concentration of SDS used in our systems
was much lower than 40% w/v the presence of PVA possibly promoted the change in the

micellar structure to non-spherical forms and contributed to the increase in the particle size

observed (Figure 5.10).
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5.3.3.4 Effect of monomer concentration on nanoparticle formation

For ink-jet printing, the polymer concentration needs to be high to ensure a uniform
continuous print. In an attempt to achieve this, the monomer concentration was increased.
While the molar ratio of monomer to SDS was kept at 1:0.125, PVA concentration was
reduced as much as possible using the synthesis conditions shown in Table 5.4.

Table 5.4 Emulsion polymerisation conditions for the synthesis of PPy-DS-PVA at various monomer

concentrations. Concentrations are stated as final concentrations in the reaction media.

Code | Pyrrole(M) | SDS(M) | PVA (% w/v) | FeClz (M) | Temp (°C)
Se 0.05 0.00625 1.2 0.05 25
5f 0.10 0.01250 1.2 0.10 25
S5g 0.20 0.02500 1.2 0.20 25
Sh 0.40 0.05000 2.4 0.40 25

The increase in monomer concentration had no effect on the OCP profile during
synthesis (e.g. Figure 5.11). The maximum potential generated (0.44 V) and the
equilibrium potential (0.27 V) of PPy-DS-PVA dispersions (0.4 M Py-0.05 M SDS-2.4%
(w/v) PVA) were similar to those obtained for PPy-DS in Figure 5.1 which were 0.45 and
0.25 V, respectively.

Figure 5.12 shows the under size plots (by % Number) of the PPy-DS-PVA
synthesised from various concentrations of the Py and PVA whilst the ratio of Py:SDS was
maintained constant at 1:0.125. Sample 5e and 5f (Figure 5.12 a and 5.12 b, respectively)
synthesised from 0.05 M and 0.1 M Py, respectively contained about 90-96% of particles
that are smaller than 400 nm. When the concentration of Py was increased to 0.2 M, the

particle size increased dramatically as only 54% of the particles were smaller than 400 nm.
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Therefore, for sample 5h synthesised from 0.4 M Py, the PVA concentration was increased

to maintain small particle size. Approximately 74% of the particle size obtained from

sample 5h synthesised from 0.4 M Py, 0.05 M SDS and 2.4 % PVA was smaller than 400
nm at high concentration (3.6 % w/w). This means that the high concentration of
nanodispersions was obtained using this synthesis condition. Therefore, this synthesis
condition was used to produce the PPy-DS-PVA for ink-jet printing in Chapter 9.
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Figure 5.11
potentials are vs. Ag/AgCl (3.0 M NaCl).
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Figure 5.12 The under size plot of the PPy-DS-PVA synthesised from ratio of Py:SDS = 1:0.125 at
various monomer concentrations sample: (a) 5e, (b) 5f, (c) 5g, and (d) 5h. Synthesis conditions are shown in
Table 5.4.

5.3.4 Characterisation of PPy-DS-PV A nanodispersions

5.3.4.1 UV-visible spectroscopy

UV-visible spectra obtained for the polymer dispersion synthesised in the presence
of PVA show the same characteristic absorption band of PPy (Figure 5.13 a-d). The
samples Se, 5f, 5g and 5h have shown the bipolaron band slightly red-shifted from 465 nm
to 478 nm as the monomer concentration increased from 0.05 M to 0.4 M. This shift was
more significant for the PPy-DS nanoparticles for which the polaron band appeared at 450
nm (Figure 5.2). This red-shift can be attributed to the higher conjugation length obtained

in the PPy-DS-PVA nanoparticles compared to the PPy-DS nanoparticles'*~".
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Figure 5.13 UV-visible spectra of PPy-DS-PVA dispersions in the same dilution factor (1:200) after

purification of sample: (a) 5e, (b) 5f, (c) 59, and (d) 5h

5.3.4.2 Raman spectroscopy

Raman spectrum was obtained using a dried PPy-DS-PVA film cast from the 5h

dispersion obtained using the synthesis conditions detailed in section 5.3.3.4. Although
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most of the bands obtained for this film (Figure 5.14 a) were similar to those reported
above for PPy-DS (Figure 5.14 b) but some different features were observed. For the PPy-
DS-PVA (Figure 5.14 a), the combined peaks at about 1056 and 1089 cm™ indicated an
increase in the neutral form of PPy** and the double peaks at 1321 and 1373 attributed to
the ring stretching mode of PPy*%. The peak of C=C stretching appeared at 1594 cm™ for
PPy-DS (Figure 5.14 b) nanoparticles whereas it appeared at 1573 cm™ for PPy-DS-PVA
(Figure 5.14 a) which indicated the neutral species PPy in the latter case as reported by Han
et al” and Chen et al’>. Moreover, the intensity ratio of the band at about 966 cm™
(associated to radical cation) to the band at about 929 cm™ (associated to dication) was
increased significantly for PPy-DS-PVA with respect to the ratio of these two bands for
PPy-DS indicating higher content of radical cation in the former case. These results indicate

that the PPy-DS-PVA has a lower doping level than the PPy-DS nanoparticles™.
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Figure 5.14 Raman spectra of: (a) PPy-DS-PVA film synthesised from 0.4 M Py, 0.05 M SDS and 2.4 %
(w/v) PVA, and (b) PPy-DS nanoparticles synthesised from 0.05 M Py, 0.05 M SDS. The spectra were

observed using 632.8 excitation line.

5.3.4.3 Cyclic Voltammetry (CV)

PPy-DS-PVA could not be cast as an insoluble film and hence CVs were obtained
from dispersions in water. The concentrated dispersion of sample 5d was places in a three-
electrode cell using a glassy carbon as the working electrode and CVs obtained (Figure
5.15). The CVs showed a broad oxidation peak at about -0.42 V and a reduction peak at -
0.64 V with a very low current magnitude. This is probably due to the insulating nature of

PV A which may hinder the electron transfer process.

Current (HA)
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Figure 5.15 Cyclic voltammogram of the PPy-DS-PVA dispersion (5d), synthesised from 0.05M Py, 0.05
M SDS and 1.2% (w/v) PVA, using glassy carbon working electrode with a scan rate of 100 mV s-'. The

potentials are vs. Ag/AgCI (3.0 M NaCl). Arrows show the direction of the scan.

5.3.4.3 Mass of product, conductivity, particle size and morphology
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Mass of product of the 5h dispersion, synthesised from 0.4 M Py, 0.05 M SDS and
2.4 % (w/v) PVA, was measured and found to be 35.8 g/L. Conductivity measurement was
performed, using the four-point probe method, on the dried polymer film and it was found
to be 40.1 mS/cm which was lower than the PPy-DS nanoparticles (114.8 mS/cm).
Assuming partly doped PPy, one anion is needed for every 4 Py units. For PPy-DS
nanoparticles, the ratio of Py:DS was 1:1 which means the dopants were adequate for PPy
doping. In the case of PPy-DS-PV A, only one DS ion was available for every 8 Py units as
the ratio of Py:SDS was 1:0.125. Therefore, the DS™ ion was doped to every 4 Py units with
the CI” ion from the oxidant (FeCls) was doped to the other 4 Py units. The dopant CI” ion
has been found to decrease the conductivity of PNMP films as reported by Vidanapathirana

128

et al””. Therefore, the conductivity of PPy-DS-PVA nanoparticles was lower than the PPy-

DS nanoparticles. Moreover, the PVA surrounding the polymer could have contributed to
the low conductivity observed for PPy-DS-PVA nanoparticles™*.

The particle size distribution of sample 5h was determined using DLS and more
than 99% of the particles were smaller than 1000 nm (Figure 5.16 a).

The morphological picture of the PPy-DS-PVA nanoparticles (sample 5h) taken by
TEM is presented in Figure 5.17 and shows the segregation of the spherical particles in the
size of 52+5 nm. This is due to the stabilising effect of the PVA. However, the particle size
obtained from concentrated solution using DLS (Figure 5.16 a) was larger indicating that

some aggregation occurred at higher concentrations. This dispersion was very stable and it

could not be centrifuged out at 12000 rpm for 30 min.
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Figure 5.16 The particle size distribution of the PPy-DS-PVA dispersion (5h) synthesised from 0.4 M Py,

0.05M SDS and 2.4% PVA (w/v): (a) fresh dispersions, and (b) 15 months dispersions.

The stability of this dispersion was investigated as outlined in the experimental
section (5.2.4). The particle size in dispersions after 15 months standing at room
temperature was compared to the fresh sample as shown in Figure 5.16. The particle size of
15 months (Figure 5.16 b) stored sample was smaller than the fresh sample. Two major
peaks appeared at 262 nm and 469 nm for the fresh sample (Figure 5.16 a) whereas
additional peak at 58 nm is shown and dominated for the 15 months stored sample. The
dominant peak coincided with the particle size of the individual particle observed using
TEM in Figure 5.17. This peak was not observed in the fresh sample and also the peak at
469 nm was lower in the 15 months stored sample. This is presumably due to the larger
particles aggregating and precipitating out of the solution with time and the smaller
particles dominated and segregated in the solution. The black colour of the 15 months

stored sample indicated high concentration of the PPy-DS-PVA remained in the solution

and hence it was not possible to visualise the precipitate from photographs.
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Figure 5.17 Transmission electron microscopic picture at 100 KeV of PPy-DS-PVA nanoparticles

synthesised from 0.4M Py:0.05M SDS:2.4% (w/v) PVA at 25°C.
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5.4 Conclusions

This chapter has demonstrated that PPy nanodispersions can be successfully
synthesised. Although PPy-DS nanoparticles have higher conductivity and better
electroactivity compared to PPy-DS-PVA nanoparticle, their particle sizes are large and the
particles aggregate at high concentration. Moreover, the dispersion is not stable as it
precipitated out of the solution overnight. The use of steric stabiliser (PVA) in the synthesis
provides stable nanodispersions with the size decreasing with increasing PVA content. The
polymerisation temperature has affected on the polymerisation rate, OCP and the particle
size. The optimum synthesis temperature is 25°C and the optimum ratio of PPy to SDS is
1:0.125. High loading of PPy with small particle sizes and stable nanodispersions is
obtained using 0.4 M Py, 2.4% (w/v) PVA and 0.05 M SDS. The nanodispersions have
reasonable conductivity of 40.1 mS/cm and particle size less than 1000 nm in the
concentrated solution (3.6 % w/w) as observed using DLS. Transmission electron
microscopic picture shows that the size of the segregated spherical nanoparticles is 52+5
nm indicating the stabilising efficiency of PVA. The small particles remained in the
solution for up to 15 months whereas the large particles precipitated out of the solution as
investigated using DLS.

In summary, the concentrated PPy nanodispersions with 74% of the particles
smaller than 400 nm were successfully synthesised for ink-jet printing. The print quality of

these nanodispersions will be discussed in Chapter 9.
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Chapter 6

6.1 Introduction

Polythiophenes (PThs) are highly stable from both an electrochemical and
environmental point of view. A range of functional groups can be covalently attached to
PThs using readily accessable chemistries'® which can be used to tune chemical,

12*!% and electrical properties®'*!>. Application of PThs have been

biological®, optica
limited due to poor processability being insoluble and infusible'*'®. In this chapter, we seek
to improve the processability of PThs by synthesising nanodispersions in aqueous media
which could lead to an easily and environmental friendly processing. PThs are generally
stable in their reduced form which is a non-conducting form. However, synthesis of PThs in
nanometre size is still useful as unique electrical and electrochemical properties could be
expected and lead to improved performances in various applications (see Chapter 1, section
1.2).

Numerous studies have used surfactants to aid the solubilisation of thiophene
monomer in water for subsequent electropolymerisation' . Sodium dodecylsulfate (SDS)
is most useful in that it assists in solubilising the monomer, lowers the oxidation potential,
accelerates the rate of polymerisation and improves adhesion to the -electrode
substrate'"'?°. Choi et al*’ prepared poly (3,4-ethylenedioxythiophene) (PEDOT)
nanoparticles using oxidative polymerisation in dodecylbenzene sulphonic acid (DBSA)
micellar solutions. The particle size of the polymer obtained ranged from 35 to 100 nm as
determined by field emission scanning electron microscopy (FE-SEM). These nanoparticles
were difficult to disperse in water, however promptly dispersed by mechanical stirring in
alcoholic solvents®’. Lei et al*® used 2-naphthalenesulfonic acid sodium salt as an

emulsifier and dopant for the oxidative synthesis of PEDOT. The polymer obtained
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aggregated and showed rod-like and layer-like morphology™.

Preliminary work showed that the polymer obtained from the chemical synthesis of
polybithiophene in a mixture of acetonitrile/SDS micellar solution could not be dispersed in
water. Therefore DBSA was considered for use to produce the PTh nanodispersions since it
was successfully used to synthesise aqueous nanodispersions of polyaniline (PANI) in
Chapter 3. Brustolin ef al* showed that the use of a small amount of organic solvent to help
the solubility of the monomer in water. Chloroform is a very good solvent for both DBSA
and thiophene monomers and was therefore used to solubilise terthiophene (TTh) monomer
in aqueous micellar solutions in this work.

An alternative approach to obtaining stable aqueous nanodispersions involves the
use of ionic liquids (ILs). ILs are also called molten salts because they are in liquid form at
room temperature’’. They have a wide electrochemical potential window range and good

30-32

thermal stability™ . They are non-volatile and non-flammable thus can be used to replace

3132 ILs have been used in the synthesis of inherently

more toxic molecular solvents
conducting polymers (ICPs) since they can be the source of dopants as well as the solvent™.
They have been reported to enhance lifetimes of electrochemical mechanical actuators
made from ICPs’', and improve the photovoltaic performance of poly(3-thiophenylacetic
acid)-sensitised metal oxide photoelectrochemical cells®. Polythiophene, polybithiophene
and polyterthiophene (PTTh) has been successfully synthesised, electrochemically, in 1-
ethyl-3-methylimidazolium bis(trifluoromethane-sulfonyl)amide (emiTFSA) (Figure 6.1).

The polymer films were found to have good electrochemical activity and redox

reversibility™.
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Figure 6.1 Structure of emiTFSA.

Gold (III) chloride (AuCls) was used to oxidise poly (3-hexylthiophene)** and
PEDOT?’ films to yield materials of high electronic conductivity. It is also soluble in the
chosen IL; hence it was used as the oxidant in the chemical synthesis of PTTh in IL.

It has been reported that TTh can be polymerised at a lower oxidation potentials
than thiophene and bithiophene due to its longer conjugation length’*>*. Moreover, PTTh
films from electrochemical synthesis were found to be more stable than polybithiophene
and PTh grown under similar conditions®’. Therefore PTTh was chosen in this study.

In this chapter two approaches were used, namely synthesis in the presence of
DBSA and synthesis in IL. The open circuit potential (OCP) was monitored during
polymerisation. The polymers obtained were characterised using various techniques, such
as particle size measurement by dynamic light scattering method (DLS) and transmission
electron microscopy (TEM), UV-visible spectroscopy, Raman spectroscopy and cyclic
voltammetry (CV). For the ease of comparison from batch to batch, the particle sizes in this
chapter were reported from the % Number distribution which indicate the percentage of the

polymer in the particular size (see Chapter 2, section 2.2.3 for more details).

6.2 Experimental

6.2.1 Chemicals

2,2°:5°,2”-Terthiophene, gold (IIT) chloride (AuCls), sodium dodecyl sulfate (SDS),
ammonium peroxydisulfate (APS), and lithium perchlorate (LiClO4) were purchased from

Sigma-Aldrich. Ethyl alcohol was purchased from Asia Pacific Specialty Chemicals Ltd.
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Dodecylbenzene sulphonic acid (DBSA) was purchased from TCI, Japan. Chloroform and
acetonitrile were purchased from Ajax Finechem. Ferric chloride (FeCls;) was purchased
from BDH. Tetrabutylammonium perchlorate (TBAP) was purchased from Fluka.
EmiTFSA synthesised by Dr.Jenny Pringle at Monash University, Victoria, Australia and
was degassed by purging nitrogen through for 15 min before used. All solutions were

prepared using Milli-Q water.

6.2.2 Equipment/Instrumentation

A two-electrode cell comprising of a Pt mesh auxiliary electrode and an Ag/AgCl
reference electrode (3.0 M NaCl) and connected to a Hewlett Packard 34401 A multimeter
was used to monitor the OCP throughout chemical polymerisation of PTTh-DBSA.
Chemical syntheses were performed in a Julabo controlled temperature bath using a
peristaltic pump (Minipuls 2, Gilson) to control the rate of oxidant addition. A 5702
Eppendorf centrifuge was used to purify polymers. A three-electrode cell comprising of a
glassy carbon or ITO-coated glass working electrode, an Ag/AgCl (3.0 M NaCl) (in
aqueous solution) or an Ag/Ag’ (in organic solution) reference electrode and a Pt wire
auxiliary electrode connected to an EDAQ E-Corder 401 with EDAQ Potentiostat was used
for all electrochemical experiments. Particle size was determined using dynamic light
scattering (Nano-ZS Zetasizer, Malvern Instruments) with 8° angled back scattered light
configuration. Transmission electron microscopy (TEM) was carried out using a Hitachi
H7000 at 100 KeV. UV-visible Spectrophotometer (Shimadzu, UV-1601) was used to
investigate absorption spectra. Raman spectra were recorded using a 632.8 nm laser (Jobin
Yvon Horiba, HR800). ITO-coated glass with surface conductivity of < 10 Q sq” from

Delta Technologies Ltd, USA, was used as the electrode substrate. A UV-ozone cleaner
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(Jelight Company, Inc., Model No.42-220,) was used for pretreatment of the ITO-coated

glass.

6.2.3 Methods

6.2.3.1 Electrochemical synthesis of PTTh-DBSA

The monomer dispersion was prepared by adding 0.0498 g TTh into 20 ml of
aqueous 0.1 M LiClOy. This solution was stirred and 1.3 ml DBSA was added into the
solution followed by 1 ml CHCIs. Final concentrations of TTh and DBSA were 0.01 M and
0.2 M, respectively. Electrochemical polymerisation was performed using CV between -0.2

V and 1.0 V at a scan rate of 50 mV/s for 30 cycles.
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6.2.3.2 Chemical synthesis of PTTh-DBSA nanoparticles

Aqueous solutions of DBSA were prepared at various concentrations at 20°C with
thorough stirring. After the DBSA was completely dissolved, the TTh monomer was added
to the DBSA micellar solution. After the monomer was dispersed throughout the DBSA
solution, chloroform was added and the solution stirred for a further 2 min. Various
concentrations of APS were separately dissolved in the same volume of water and
polymerisation was initiated by adding the APS solution to the TTh-containing solution at a
rate of 1 ml/min. The solution was stirred overnight with the potential measured throughout
the course of the polymerisation. Following synthesis the polymer was placed in a 12,000
Mw cut off dialysis bag and dialysed against 0.05 M SDS solution for 42 h with the SDS
solution being changed ever 18 h. The product mixture was then centrifuged at 4400 rpm

for 15 min and the precipitate washed three times using 20 ml of 0.05M SDS solution.

6.2.3.3 Chemical synthesis of PTTh nanoparticles in IL

TTh monomer 0.0621 g was weighed and dissolved in 5 ml of emiTFSA and the
solution was heated to about 40 °C with continuous stirring in order to completely dissolve
the monomer. The solution was then cooled down to room temperature. Solutions of AuCl;
with various concentrations were added to the TTh-containing solution and the mixture was
stirred overnight. The reaction mixture was centrifuged (4400 rpm, 30 min) and the

precipitate washed three times with 5 ml ethanol.

6.2.3.4 Characterisation of PTTh nanoparticles
The polymer dispersions were characterised using UV-visible spectroscopy. The

particle size of the concentrated dispersions was measured using the DLS method. Low
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concentration dispersions were investigated to determine particle size and morphology
using TEM. The polymer nanoparticles were characterised by Raman spectroscopy. Mass
of product from the syntheses was determined from solid content of the nanoparticles

obtained based on total volume of the reaction media.

6.3 Results and Discussion

6.3.1 PTTh-DBSA

6.3.1.1 Electrochemical synthesis of PTTh-DBSA

P’ and Chen et al’ have previously reported that TTh can be

Zhang et a
electrochemically polymerised at an oxidation potential of about 0.7-0.8 V in an organic
solvents. In order to study the oxidation potential of the PTTh/DBSA system,
electrochemical synthesis of PTTh-DBSA was conducted. Its oxidation potential, UV-
visible spectrum, Raman spectrum and CVs were observed and used as reference for the
PTTh-DBSA obtained from chemical synthesis in section 6.3.1.2. Cyclic voltammograms
obtained during synthesis of PTTh/DBSA films are shown in Figure 6.2. The increase in
current magnitude from the 1% cycle to the 30™ cycle (Figure 6.2) and green/brown colour
observed on the ITO-coated glass indicated the formation of an electroactive PTTh film on

the electrode surface®. The first scan showed an oxidation peak at about 0.80 V which is

attributed to the oxidation of TTh.
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Figure 6.2 Cyclic voltammograms (15t and 30t scan) during synthesis of PTTh-DBSA from a solution
containing TTh:DBSA= 0.01:0.2 M in 0.1M LiCIO4. Working electrode was ITO-coated glass. Number of scan
cycles was 30, at 50 mV/s scan rate (arrows show the direction of the scan). Eiiial is 0.0 V and the potentials

are vs. Ag/AgCl (3.0 M NaCl).

The CV obtained after polymerisation in aqueous-based electrolyte (Figure 6.3) also
showed anodic and cathodic peaks at 0.85 V and 0.58 V, respectively. The CV obtained in
acetonitrile-based electrolyte (Figure 6.4) showed much more well defined redox couples at
0.27 V/0.18 V and 0.92 V/0.72 V which were similar to those reported by Saraac et al*® and
Parakka et al'’. The current intensity decreased for the first to second scan for CV in both
aqueous and organic electrolytes but became more stable in the later scans. This may have
been due to the dissolving of some oligomers or short chain polymers with only long

polymer chains remaining on the electrode surface, as explained by Sarac et al>**'.

159



Chapter 6

200 -

150 +

0.85V
100 -

Current (LA)

50 -

P 0.58 vV

-50 T T T T . !
-0.2 0 0.2 0.4 0.6 0.8 1
Potential (V)

Figure 6.3 Cyclic voltammograms of electrochemically synthesised PTTh-DBSA film in 0.1M
LiCIO4/H20 at 50 mV/s scan rate (arrows show the direction of the scan). Einiia is 0.0 V and the potentials are

vs. Ag/AgCl (3.0 M NaCl).
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Figure 6.4 Cyclic voltammograms of electrochemically synthesised PTTh-DBSA film in 0.1M
TBAP/ACN at 50 mV/s scan rate (arrows show the direction of the scan). Einiial is 0.0 V and the potentials are

vs. Ag/Ag*.

The UV-visible spectrum of an as-grown by CV PTTh-DBSA film is shown in
Figure 6.5. The wavelength at maximum absorption (Amax) of this film appeared at 400 nm
and is assigned to m-m* transitions’”’ which is in agreement with that reported by Zhang et
al’’. The second feature at wavelengths higher than 850 nm is associated with the polaron

band and indicates the polymer is unexpectedly in the oxidised conducting form’ which is
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more preferable in various applications than the reduced non-conducting form.
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Figure 6.5 UV-visible spectra obtained for electrodeposited PTTh-DBSA films (30 cycles) from a
solution containing TTh:DBSA= 0.01:0.2 M in 0.1M LiCIOs. ITO-coated glass was used as the working

electrode and cycled from -0.2 to +1 V at 50 mV/s scan rate.

The Raman spectrum of an electrochemically synthesised PTTh-DBSA film is
shown in Figure 6.6 with peak assignments summarised in Table 6.1. Bazzaoui et al** have
described that the v; band is assigned to the symmetric stretching of the aromatic C=C bond
ring. This feature shifts toward higher frequencies when conjugation length of the oligomer
precursor is increased. The position shifts to 1505 cm™ after synthesised from a-
terthiophene which has a higher conjugation length. This corresponds with the band at 1505
cm’™ in this spectrum. The Q; and Q, peaks at about 1420 and 1400 cm™ associated with the
quinoid species (radical cations and dications, respectively)43 of the polymer are possibly
overlapped in this case and shown as a weak band at 1406 cm™ in Figure 6.6 indicating that
the PTTh-DBSA was partially oxidised. This is supported by the peaks of vs, v; and D kink
bands* at around 650-740 cm™, which are known to be stronger in the oxidised form of the

42-45

polymer than for the reduced form™ ™. These results indicate that the electrodeposited
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PTTh-DBSA was in between reduced and oxidised forms.
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Figure 6.6 Raman spectrum of electrochemically synthesised PTTh-DBSA film observed using a 632.8
nm excitation line.
Table 6.1 Band assignments of oxidised and reduced polythiophene (PTh) films#43 and of an

electrodeposited PTTh-DBSA film.

Assignments Notes PTh** (em™) PTTh-DBSA
reduced oxidised (cm'l)
Ring deformation C-S-C V7 702 698 700
Ring deformation C-S-C Vg 731 742 744
Cp-H bending Vs 1045 1056 1051
Kink mode Ds 1149 1159 1157
Cy-Cy stretching V4 1219 1217 1221
Cp-Cp- ring stretching V3 1370 1360 1375
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Quinoid (dications) Q2 - 1400 1406
Cq=Cp ring stretching Vo 1455 1454 1455
Cq=Cp ring stretching (anti) Vi 1502 1502 1505

6.3.1.2 Chemical synthesis of PTTh-DBSA nanoparticles

The aim of this part of the investigation was to optimise the chemical synthesis
conditions to obtain stable nanodispersions. Effects of the oxidant and surfactant
concentrations to the formation of PTTh nanoparticles and their properties were

investigated.

6.3.1.2.1 Effect of oxidant concentration

When FeCl; was used as the oxidant for the synthesis of PTTh-DBSA, no
polymerisation occurred. Ammonium peroxydisulphate (which has higher oxidation
potential than FeCls; 1.94 V and 0.77 V vs SHE, respectively’®) was successfully used to
polymerise the TTh monomer at room temperature. Attempts to synthesise PTTh-DBSA
without using chloroform in the aqueous reaction media were unsuccessful. Without
chloroform the monomer was not completely dissolved and the polymerisation was
therefore inhibited. As a result, all further polymerisations were performed using APS and
small amounts of chloroform. The synthesis conditions are shown in Table 6.2.

Table 6.2 Conditions for synthesis of PTTh-DBSA nanoparticles in aqueous-based chloroform/DBSA
system using various concentrations of APS. Concentrations are stated as final concentrations in the reaction

media.

[APS]/M [TTh]/M [DBSA]/M Total volume/ml Volume

Chloroform/ml
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1.5 0.01 0.2 40 2
1.0 0.01 0.2 80 4
0.5 0.01 0.2 80 4
0.2 0.01 0.2 80 4

In this study, the OCP was monitored during polymerisation (Figure 6.7) and the
reaction terminated when the potential reached equilibrium. The oxidation potential only
reached 0.8 V in two instances - for the samples synthesised in the presence of 1.5 M and
1.0 M APS as shown in Figure 6.7 a and 6.7 b, respectively. When the APS concentration
was lowered (Figure 6.7 ¢ and 6.7 d) the maximum potential was less than 0.8 V, and
partial polymerisation occurred as the reaction media changed from yellow to brown-
yellow colour. While higher APS concentrations induced polymerisation it still required at
least 10 h to form the polymer as observed by the appearance of brown/green colour of
PTTh. Although the sample synthesised using APS concentration of 1.0 M APS reached an
OCP of 0.8 V it took nearly six hours longer to reach the plateau compared to the sample
synthesised with 1.5 M APS (Figure 6.7). These results indicated that, as has been

expected, the APS concentrations affected the polymerisation process.
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Figure 6.7 The OCP in-situ of PTTh polymerised at RT in various concentrations of APS: (a) 1.5 M
APS, (b) 1.0 M APS, (c) 0.5 M APS, and (d) 0.2 M APS. Final potentials are indicated for each APS

concentration. The potentials are vs. Ag/AgCI (3.0 M NaCl).

A dark brown/green product was obtained for the samples synthesised from 1.5 M
and 1.0 M APS whereas the polymer was more brownish in colour when APS
concentrations of 0.5 M and 0.2 M APS were used. This suggested that a lower doping
level was achieved for PTTh-DBSA synthesised using low APS concentrations since PTTh
is red in its reduced form and blue to black in its oxidised form'***. All samples could be
redispersed in water after centrifugation and washing.

UV-visible spectra (Figure 6.8) of most samples showed a single broad peak with
Amax 1n the range of 390 to 410 nm. These Amax Were assigned as m-m* transition of the
conjugated backbone. Polymerisation process results in a decrease in the n-n* transition
energy and an increase in the conjugation length of the polymer, hence a different peak
position shown in the UV-visible spectrum®®*’. The red-shift and blue-shift of the spectra
obtained from PTTh growth at various oxidation potentials have also been investigated by

Zhang et al’’ who concluded that the ring linkage and the chain length of the polymer were
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greatly influenced by the applied oxidation potential. In this study, using 0.2 M APS during
synthesis, the polymerisation reaction partially proceeded as the monomer absorption peak
was still observed at 359 nm (Figure 6.8 d). The An.x of the monomer solution in ethanol
was measured and appeared at 354 nm (data not shown). The sample possibly contains only
oligomers and short chain polymer as the maximum oxidation potential from the OCP
profile (Figure 6.7 d) reached only 0.66 V for the PTTh-DBSA nanoparticles synthesised
using 0.2 M APS. The oxidation potential increased to 0.73 V in the reaction media
containing 0.5 M APS and the Ay, obtained at 411 nm (Figure 6.8 c¢) indicated a higher
conjugation length. When the oxidant concentration was increased to 1.0 M or 1.5 M, the
OCP increased to about 0.82 V and the An.x appeared at 395 and 385 nm (Figure 6.8 b and
a), respectively. These polymers possibly have shorter conjugation length, as also reported

7 using infrared spectroscopy that the peak of irregularly a,B-linked

by Zhang et a
thiophene rings appeared from the polymer synthesised at applied potential 0.85 V resulting
in a decreased effective conjugated chain length. Polaronic band at about 990 nm normally
indicates the polymer to be in the doped state. This band was only slightly observed in UV-
visible spectra when 1.5 M and 1.0 M APS were used during synthesis (Figure 6.8 a and b).

Therefore, all samples were most likely to be in neutral state. The doping level was

investigated further in Raman study section below.
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Figure 6.8 UV-vis absorption spectrum of PTTh-DBSA from various concentrations of APS used: (a)

15M, (b) 1.0 M, (c) 0.5 M, and (d) 0.2M.

The OCP (Figure 6.7) showed that PTTh-DBSA synthesised with 1.0 M APS
reached equilibrium at the same oxidation potential as when 1.5 M APS was used. UV-
visible spectrum of PTTh-DBSA synthesised using 1.0 M APS showed An.x at higher
wavelengths indicating higher conjugation length compared to PTTh-DBSA synthesised
using 1.5 M APS. Therefore, 1.0 M APS was used as oxidant for all further experiments.

The oxidation level of dried PTTh-DBSA nanoparticles synthesised using various
concentrations of APS was investigated using Raman spectroscopy (Figure 6.9). The Q
(1420 cm™) and Q, (1400 cm™) peaks of quinoid species (see Table 6.1) were present only
as shoulders. Also the ratio intensities of the ve (736 cm™), v; group (693 cm™) and D kink
bands (about 650-740 cm™) to the intensity of the v, peak at about 1455 cm™ was lower
than in the Raman spectra obtained for electrochemically synthesised PTTh-DBSA. These

results are in good agreement with UV-visible spectra in Figure 6.8 as only a very weak
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polaronic band appeared indicating that the chemically synthesised PTTh-DBSA
nanoparticles was predominantly in the neutral state. The oxidation state among the PTTh-
DBSA synthesised from various APS concentration was investigated as discussed below.
Synthesised with 1.0 M APS suggests that the peak at 1437 cm™ may be caused by
some overlap between Q; radical cations band (about 1420 cm™) and v, (about 1455 cm™)
peaks (Figure 6.9 a). The peak at 1517 cm™ of v; band is assigned to the symmetric
stretching of the aromatic C=C bond ring which shifts to higher frequencies as the
conjugation length is increased*. Moreover, the intensity ratio of the ve, v; group and D
kink bands to the intensity of the v, peak was highest in this sample. The sample prepared
with 0.2 M APS (Figure 6.9 c) showed the v, band at a lower wavenumber (1501 cm™)
indicating a shorter conjugation length. From these results, it appeared that the sample
prepared with 1.0 M APS had a higher oxidation level compared to the polymer synthesised

with 0.2 M and 0.5 M APS.
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Figure 6.9 Raman spectra of dried PTTh-DBSA from various concentrations of APS used: (a) 1.0 M, (b)

0.5 M, and (c) 0.2 M. The spectra were observed using 632.8 nm excitation line.

Mass of product obtained after synthesis (g product/L reaction mixture) of these

samples are shown in Table 6.3. DLS was used to determine particle size of the PTTh-

DBSA synthesised using various concentrations of APS and particle size distribution of the

sample synthesised with 1.0 M APS is shown in Figure 6.10. Although the sample

synthesised using 0.5 M APS gave the maximum quantity of polymer the particle size was

very large (over 3000 nm). The particle size of the sample synthesised using 0.2 M APS

was also over 3000 nm.

Table 6.3 Mass of product of PTTh-DBSA synthesised from various concentrations of APS used.
[APS]/M Mass of product (g/L)
1.0 2.40
0.5 3.47
0.2 1.88
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Figure 6.10 Particle distribution of chemically synthesised PTTh-DBSA from 1.0 M APS, 0.01 M TTh and
0.2 M DBSA.

The sample synthesised with 1.0 M APS appears to be the best as it contained the
smallest particle size (Figure 6.10), and also had the highest oxidation level as indicated by
UV-visible and Raman spectroscopy above. This confirmed that 1.0 M APS was the

optimum oxidant concentration and was then used as oxidant to investigate the effect of

surfactant concentration.

6.3.1.2.2 Effect of surfactant concentration

The effect of DBSA concentration on the polymerisation process was investigated.
The concentration of TTh monomer was maintained at 0.01 M and, from the results of the
previous section, the oxidant concentration was chosen to be 1.0 M. The concentration of
DBSA was varied from 0.05 - 0.2 M. These samples were prepared using an overhead
stirrer with higher speed than previously used; hence the system reached the equilibrium
potential in a shorter period of time (Figure 6.11). The equilibrium OCP for all DBSA

concentrations used was 0.80-0.82 V. It was found that the higher the DBSA concentration,
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the longer it took to reach equilibrium (Figure 6.11). The OCP of the reaction media
containing 0.2 M DBSA reached equilibrium after about 800 min, whereas the sample
containing 0.05 M DBSA reached equilibrium at about 400 min. The slower polymerisation
process is probably due to higher viscosity at higher DBSA concentration hindering the
mobility of oxidant and monomer. Fall ez al'® also reported that monomer becomes trapped
inside micelles resulting in slower rate of polymerisation.
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Figure 6.11 The OCP in-situ of PTTh polymerised at RT in various concentrations of DBSA: (a) 0.2 M,

(b) 0.1 M, and (c) 0.05 M. The potentials are vs. Ag/AgCI (3.0 M NaCl).

UV-visible spectra (Figure 6.12) obtained for PTTh-DBSA dispersions synthesised
using various concentrations of DBSA were similar to those observed when the oxidant
concentration was varied (Figure 6.8). The UV-visible spectrum of the reaction product
obtained using 0.05 M DBSA (Figure 6.12 c) showed Amax at 408 nm and a peak at 352 nm.
Since the TTh monomer has a Amax of 354 nm, the UV-visible spectrum indicated
incomplete polymerisation for this sample. The value for An.x was found to be highest for

the sample prepared using 0.1 M DBSA (408 nm) indicating a longer conjugation length in
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the polymer backbone. However, a weak shoulder peak appeared at about 359 nm and no
polaron band was observed for this sample (Figure 6.12 b). These observations suggest an
incomplete polymerisation process in these two samples whereas the sample grown with
0.2 M DBSA showed the Ay, at 395 nm without the monomer peak at about 354 nm
(Figure 6.12 a) which indicates more complete polymerisation.
1.6 408 nm
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0.4 - (b)

0.2 1

0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
250 350 450 550 650 750 850 950 1050

Wavelength (nm)

Figure 6.12 UV-vis absorption spectra of PTTh-DBSA from various concentrations of DBSA used: (a) 0.2

M, (b) 0.1 M, and (c) 0.05 M.

Raman spectra of dried PTTh-DBSA nanoparticles synthesised using various
concentrations of DBSA were studied and found to have similar features as the spectra
shown in Figure 6.9. The band of Q; at about 1420 cm™ and v, at about 1455 cm™ were
overlapped and shown at about 1437-1445 cm™ in the PTTh-DBSA nanoparticles
synthesised using various concentrations of DBSA (Figure 6.13). The ratio of signal
intensities for the vs, v7 group and D kink bands (about 650-740 cm™) to the intensity of the
v, peak at about 1455 cm™ was highest in this sample. Therefore, the polymer synthesised

from 0.2 M DBSA seems to have the highest doping level of those investigated.
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Figure 6.13 Raman spectra of dried PTTh-DBSA from various concentrations of DBSA used: (a) 0.20 M,

(b) 0.10 M, and (c) 0.05 M. The spectra were observed using 632.8 nm excitation line.

The mass of product obtained are shown in Table 6.4. The particle size distribution
of PTTh-DBSA nanoparticles synthesised from 0.10 M DBSA is shown in Figure 6.14. The
PTTh-DBSA synthesised from 0.05 M DBSA showed very large particle sizes (over 3000
nm) possibly due to insufficient surfactant concentration to stabilise the polymer particle,
hence they aggregated. The PTTh synthesised using 0.10 M DBSA provided the maximum
quantity of polymer obtained from polymerisation and the particle size was in the same
range as that produced using 0.20 M DBSA (Figure 6.10) but it showed a lower doping

level as indicated by the UV-visible and Raman spectra described earlier.
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Table 6.4 Mass of product of PTTh-DBSA from various concentrations of DBSA used during synthesis.
[DBSA|/M Mass of product (g/L)
0.20 3.53
0.10 3.00
0.05 3.07
20
262 nm
18 4
16 4
14 | 417 nm
§ 12
g 10
6 4
4 4
24 2671 nm
0 T T T T T )
0 500 1000 1500 2000 2500 3000
Size (nm)

Figure 6.14 Particle size distribution of chemically synthesised PTTh-DBSA from 0.1 M DBSA, 0.01 M

TThand 1.0 M APS.

From the results of UV-visible, Raman, particle size and mass of product, it was
concluded that decrease in the APS and DBSA concentration did not result in any improved
properties but contributed to larger particle size. Therefore, further investigation was

undertaken on PTTh-DBSA synthesised with 1.0 M APS and 0.2 M DBSA.

6.3.1.2.3 Electroactivity study
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Cyclic voltammetry was used to investigate the electrochemical properties of the
PTTh-DBSA synthesised using 1.0 M APS and 0.2 M DBSA. Attempts to monitor the
electroactivity of a polymer dispersion in aqueous 0.1M LiClO4 electrolyte was not
successful, therefore the polymer was cast as a film onto a glassy carbon electrode and CVs
obtained (Figure 6.15). Only the first cycle is shown as the current dropped very quickly on
the later scans. The loss of current magnitude may be due to the particles not well adhered
to the electrode surface”. The CV obtained was featureless, however showed very weak

and broad reduction peak at about 0.53 V.
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Figure 6.15 Cyclic voltammograms of chemically synthesised PTTh-DBSA cast onto ITO-coated glass,
at scan rate of 50 mV/s in 0.1M LiClO4/water (arrows show the direction of the scan). Einia is 0.0 V and the

potentials are vs. Ag/AgCI (3.0 M NaCl).

The PTTh-DBSA cast film was also scanned in a solution containing 0.1M
tetrabutyl ammonium perchlorate (TBAP) in acetonitrile (Figure 6.16). The CV was stable
only for a couple of cycles with the current decaying rapidly indicating instability of the
film once again. The CV was similar to those obtained when scanned in aqueous-based

electrolyte. It was featureless and showed only reduction peak at about 0.42 V.
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Figure 6.16 Cyclic voltammograms of chemically synthesised PTTh-DBSA cast onto glassy carbon
electrode at scan rate of 50 mV/s in 0.1M TBAP/acetonitrile (arrows show the direction of the scan). Einial is

0.0 V and the potentials are vs. Ag/Ag*.

Using an alternative approach to obtain a better electrochemical signal for PTTh-
DBSA nanoparticles, the polymer was dried and redissolved in chloroform. The PTTh-
DBSA nanoparticles were only partially soluble in chloroform, however chloroform-
soluble fraction was cast as a film onto a glassy carbon electrode and the CV obtained in an
aqueous- or acetonitrile-based electrolyte solutions. The CV in aqueous solution was still
featureless and similar to Figure 6.15, although a slight anodic peak was observed at about
1.0 V (not shown). Conversely, the CV in acetonitrile-based electrolyte showed, after the
first scan, two stable redox couples at about 0.49 V/0.33 V and 0.92 V/0.78 V (Figure
6.17). This result agrees with previous observations that PTTh shows better electroactivity
and reversibility in organic solvents®®. The decrease of current after the first cycles is

possibly caused by poor film adherence to the electrode™.

176



Chapter 6

<
E
=
o
5
O
0.33V
0.78V
'02 T T T T 1
-0.3 0 03 06 0.9 1.2
Potential (V)
Figure 6.17 Cyclic voltammograms of film cast from chloroform soluble fraction of chemically

synthesised PTTh-DBSA on ITO-coated glass, at scan rate 50 mV/s (arrows show the direction of the scan).

0.1M TBAP in acetonitrile was used as electrolyte. Einiiar is 0.0 V and the potentials are vs. Ag/Ag*.

6.3.1.2.4 Colloidal stability

The PTTh-DBSA nanoparticles were diluted to a concentration of 5.6 mg/ml in
water or 0.05 M SDS. These were left standing in glass vials at room temperature for 8
months. Most of the polymer precipitated after the first day, with small particles remaining
in the solution for up to 8 months for both solutions (Figure 6.17). There was no influence

of electrolyte concentrations as the sample in water and in SDS showed the same stability.

= Y R

A |

(b) (c)
Figure 6.18 Photographs of chemically synthesised PANI-DBSA nanodispersion stability in 0.05 M SDS
and water (5 mg/ml) (a) initial, (b) day 1 and (c) 8 months.
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6.3.1.2.5 Size and morphology study using TEM
TEM obtained for the PTTh-DBSA nanoparticles showed mixed morphology
ranging from spherical particles to irregular clusters as shown in Figure 6.19. The size of

nanoparticles varied from about 30 to 200 nm.

spherical particles

Figure 6.19 Transmission electron microscopic picture of chemically synthesised PTTh-DBSA at 100

KeV.

6.3.2 PTTh nanoparticles synthesised in IL

6.3.2.1 Chemical synthesis of PTTh nanoparticles in emiTFSA

6.3.2.1.1 Effect of oxidant concentration

Preliminary results showed that APS was partially dissolved in the IL emiTFSA
whereas AuCl; was highly soluble at least up to 0.2 M. The TTh monomer was also
partially soluble in emiTFSA at room temperature. However, gentle heating up to about 40

°C allowed 0.050 M TTh to be dissolved. The polymerisation started instantly upon
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addition of the oxidant as indicated by a colour change from yellow to black and precipitate
formation. The oxidation of the TTh monomer is coupled to the reduction of Au(III) to gold
metal. It is therefore most likely that gold metal was incorporated during the synthesis.

In order to investigate the effect of oxidant concentration, the monomer
concentration was maintained at 0.050 M and the oxidant was varied from 0.010 — 0.050
M.

Upon completion of polymerisation, the product dispersions were purified as
outlined in the experiment section (6.2.3.3). The polymer was dispersed in water using 5
min sonication. UV-visible spectra of the PTTh nanodispersions prepared using various
AuCl; oxidant concentrations are shown in Figure 6.20. The n-n* transition peak appears at
about 370 nm for all samples. The polaronic wave starting from about 650 nm to 850 nm
was more pronounced for the sample synthesised using the higher concentration of the
oxidant. The peak at about 514 nm was possibly due to the surface plasmon absorbance of
the gold nanoparticles as observed by Itoh et al*®. This provided some evidence for the

incorporation of gold metal into the PTTh nanoparticles.
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Figure 6.20 UV-visible spectra of PTTh nanoparticles synthesised in emiTFSA from: (a) 0.05 M, (b)

0.025 M, and (c) 0.01 M AuCls, dispersed in water.

The oxidation state of PTTh nanoparticles synthesised in emiTFSA was examined
using Raman spectroscopy (Figure 6.21). The Raman bands obtained for the samples
synthesised from various concentrations of AuCls; showed up in the same position (Figure
6.21) but were slightly different from the chemically synthesised PTTh-DBSA sample
(Figure 6.9 and Figure 6.13). The peak of quinoid band Q,; appeared to be slightly more
pronounced at about 1425 cm™ than that observed for PTTh-DBSA. This suggested PTTh
nanoparticles synthesised in emiTFSA had a slightly higher doping level than the

chemically synthesised PTTh-DBSA nanoparticles.
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Figure 6.21 Raman spectra of PTTh nanoparticles synthesised in IL using: (a) 0.05 M, (b) 0.025 M, and

(c) 0.01 M AuCls. The spectra were observed using 632.8 nm excitation line.
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The PTTh nanoparticles synthesised in IL can be dispersed in water using a short

period of sonication and the particle size distribution obtained is shown in Figure 6.22.
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Figure 6.22 Particle size distribution of PTTh nanoparticles synthesised in IL using: (a) 0.05 M, (b) 0.025
M, and (c) 0.01 M AuCls.

The particle size of all samples was in the same range with the highest population at
262 nm. The particle size of PTTh nanoparticles synthesised in emiTFSA were smaller than
for the PTTh-DBSA nanoparticles as it showed some smaller particles about 116 nm, and
also lower percentage of the particles in the large size range at about 2671 nm compared to

the particle size distribution of PTTh-DBSA (Figure 6.10).

6.3.2.1.2 Effect of solvent

The effect of varying the polymerisation solvent was investigated by synthesis of
PTTh in ethanol. The concentrations of monomer and oxidant were maintained constant at
0.05 M. UV-visible spectra, CVs and Raman spectra were obtained for the resultant
polymers.

The UV-visible spectrum obtained for PTTh nanoparticles synthesised in ethanol
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(Figure 6.23 b) showed Amax at 392 nm, which is red-shifted 22 nm from the PTTh
nanoparticle synthesised in emiTFSA (Figure 6.23 a) indicating a higher conjugation
length. The free carrier tail was also slightly more pronounced than the sample synthesised

in emiTFSA indicating more conductive PTTh synthesised in ethanol compared to those

synthesised in emiTFSA.
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Figure 6.23 UV-vis absorption spectra obtained for PTTh/gold nanoparticles synthesised in: (a) emiTFSA

, and (b) ethanol, dispersed in water.

The Raman spectra of PTTh synthesised in ethanol and in emiTFSA showed slight
difference in terms of doping state as bands appeared at similar wavenumbers (Figure
6.24). The peak of quinoid band Q; for PTTh nanoparticles synthesised in emiTFSA
(Figure 6.24 a) appeared to be slightly more pronounced at about 1425 cm™ than that
observed for the PTTh synthesised in ethanol (Figure 6.24 b). Also the intensity ratio of the
v; peak at about 702 cm™ to the v, peak at about 1452 cm™ was slightly higher for the

sample synthesised in emiTFSA indicating a slightly higher doping level in this sample.
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Figure 6.24 Raman spectra of PTTh nanoparticles synthesised in: (a) emiTFSA, and (b) ethanol. The

spectra were observed using a 632.8 nm excitation line.

6.3.2.1.3 Electroactivity study

PTTh nanoparticles synthesised in emiTFSA were cast as films onto glassy carbon
electrodes and characterised using CV. These films were scanned in aqueous-based and
acetonitrile-based electrolyte solutions as shown in Figure 6.25 and 6.26, respectively. The
oxidation and reduction peaks are summarised in Table 6.5. The CVs were more defined in
acetonitrile as two reduction peaks were observed (Table 6.5). Also the CVs obtained for
the PTTh nanoparticles synthesised in emiTFSA using a 0.025 M and 0.050 M AuCl; were
well defined and two reduction peaks were observed whereas only one reduction peak

appeared when 0.010 M AuCl; was used.
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The CVs obtained from cast films of PTTh nanoparticles synthesised in emiTFSA
performed in either aqueous-based (Figure 6.25) or acetonitrile-based (Figure 6.26)
electrolyte were much more defined than the CVs obtained from cast films of PTTh-DBSA
nanoparticles performing in the same electrolyte (Figure 6.15 and 6.16). This indicated
more effective charge transfer in PTTh nanoparticles synthesised in emiTFSA than PTTh-
DBSA nanoparticles which is possibly due to the incorporation of gold in the polymer

matrix.
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Figure 6.25 Cyclic voltammograms in 0.1 M LiClO4/water of cast films of PTTh nanoparticles synthesised
in emiTFSA from: (a) 0.05 M, (b) 0.025 M, and (c) 0.01 M AuCl; at scan rate100 mV/s (arrows show the

direction of the scan). Einiiar is 0.0 V and the potentials are vs. Ag/AgCI (3.0 M NaCl).
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Figure 6.26 Cyclic voltammograms in 0.1 M TBAP/ACN of drop cast fims of PTTh nanoparticles
synthesised in emiTFSA from: (a) 0.05 M, (b) 0.025 M, and (c) 0.01 M AuCls at scan rate100 mV/s (arrows

show the direction of the scan). Einiiar is 0.0 V and the potentials are vs. Ag/Ag*.

185



Table 6.5

synthesised in emiTFSA , scanned in water and acetonitrile.

Chapter 6

Summary of oxidation and reduction peaks from drop cast films of PTTh nanoparticles

[AuCl3)/M cycled in water cycled in acetonitrile
(Figure 6.25) (Figure 6.26)
Eoxo/V Erea/V Eoxo/V Ereai/V Erea/V
0.010 1.00 0.66 0.81 0.36 -
0.025 0.99 0.66 0.92 0.32 0.50
0.050 0.98 0.68 0.90 0.33 0.61

The electroactivity of the polymer synthesised in ethanol was also investigated

(Figure 6.27). The oxidation peak at 0.94 V was well defined and two reduction peaks were

observed at 0.35 V and 0.57 V (Figure 6.27). This CV was similar to the CVs obtained with

the PTTh nanoparticles synthesised in emiTFSA (Figure 6.26). The CVs obtained for PTTh

nanoparticles synthesised in both emiTFSA and ethanol are similar to those reported by

Zhang et al’’ who synthesised PTTh in boron-fluoride ethyl ether (BFEE).

Figure 6.27

Current (UA)

600 -
0.94V
400 -
200 4
0 4
-200 -
035V 057V
-400 ‘ ‘ . . : :
-0.2 0 0.2 0.4 0.6 0.8 1
Potential (V)

Cyclic voltammograms in 0.1 M TBAP/ACN of drop cast films PTTh nanoparticles

synthesised in ethanol at scan rate100 mV/s (arrows show the direction of the scan). Einiiar is 0.0 V and the

potentials are vs. Ag/AgCI (3.0 M NaCl).
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6.3.2.1.4 Colloidal stability

The PTTh nanoparticles synthesised in emiTFSA can be dispersed in water using 5
min sonication. The particles stayed in the solution for several hours, thus the colloidal
stability was not as good as the chemically synthesised PTTh-DBSA nanoparticles.

The PTTh nanoparticles obtained from synthesis in ethanol were not well dispersed
in aqueous solution. Approximately 10 min sonication was used to disperse the PTTh
nanoparticles synthesis in ethanol and the precipitates were observed after the dispersion
was left standing for 5-10 min suggesting poor colloidal stability.

6.3.2.1.5 Size and morphology study by TEM

TEMs of PTTh nanoparticles synthesised in emiTFSA are shown in Figure 6.28.
The morphology of the PTTh nanoparticles synthesised in emiTFSA is spherical but the
particle size varied from about 50 nm to a few hundred nanometres. This sample showed a

much improved uniform particle size distribution compared to PTTh-DBSA.

1000 nm

Figure 6.28 Transmission electron microscopic picture at 100 KeV of PTTh nanoparticles synthesised

from 0.05M Th and 0.025 M AuCls in emiTFSA.
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6.4 Conclusions

This chapter demonstrates that PTTh nanoparticles synthesised in the presence of
surfactant (DBSA) and in IL (emiTFSA) could be dispersed in water. For the chemical
synthesis of PTTh-DBSA, the optimal concentration of the oxidant is 1.0 M and the
surfactant concentration is 0.20 M when 0.01 M TTh is used. The particle size of PTTh-
DBSA, as observed by TEM, varies from small spherical particles (about 30 nm) to
irregular clusters. These nanoparticles can be readily dispersed in water without sonication.
Although most of the particles precipitated out of the solution overnight some small
particles were suspended in the solution for up to 8 months. The PTTh-DBSA
nanodispersions show poor electroactivity. UV-visible and Raman spectra also indicate the
formation of short chain polymers with lower doping level.

Although the PTTh nanoparticles synthesised in emiTFSA need sonication to be
dispersed in water they show good electrochemistry and the particle sizes in the range of
about 50 nm to a few hundred nanometres as observed by TEM. UV-visible and Raman
spectra indicate relatively high doping levels in PTTh nanoparticles synthesised in
emiTFSA or ethanol. The potential use of these nanoparticles in photovoltaic devices is
being investigated in another study within our laboratory. The PTTh nanoparticles
synthesised in ethanol cannot be dispersed in water. However, they show similar

electrochemical properties as the polymer synthesised in emiTFSA.
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Chapter 7

7.1 Introduction

Polypyrroles, polythiophenes and polyanilines have all been utilised in the

development of new biosensing technologies' .

Polyanilines (PANI) have proven
particularly useful in the development of biosensors’'>. Iwuoha e al® have described a
biosensor format where PANI was electrochemically synthesised, in the presence of
polyvinylsulphonate (PVS), onto the surface of a screen-printed carbon paste electrode. The
enzyme horseradish peroxidase (HRP) was then incorporated onto the surface of the
polymer by electrostatic interactions with the polymer backbone. An amperometric method
has been used to examine the immobilised HRP?, and this biosensor format has since been
extended to develop rapid, single-step, separation-free immunosensors for real-time
monitoring”'° and incorporating multi-calibrant measurements' .

Polyanilines are synthesised readily from aqueous media and most commonly
deposited on electrode surfaces by means of electropolymerisation of aniline'’. However,
processability issues arise from this method, as aniline is a carcinogen, and also must be
distilled prior to use. In addition, acidic media are required for the formation of the most
highly conductive form of aniline, which does not lend itself to entrapment of proteins for
biosensing applications.

Protocols for the synthesis of PANI nanoparticles doped with
dodecylbenzenesulphonic acid (DBSA) (ranoPANI-DBSA) have been developed (Chapter
3). The synthesis of these nanoparticles helps to overcome the processability issues with
PANI. Such nanoparticles are purified and readily dispersed in aqueous media. Little or no
monomer should be present in these nanoparticle dispersions, thereby reducing

carcinogenic properties. The pH of these dispersions could be adjusted to neutral hence
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rendering the entrapment of biomolecular species. Nanodimensional conducting polymers
have also been shown to exhibit unique properties such as greater conductivity and more
rapid electrochemical switching speeds'’.

The work in this chapter illustrates that PANI nanoparticles (nanoPANI-DBSA), as
outlined in Chapter 3, section 3.3.1, can be successfully electrodeposited on the surface of
glassy carbon electrodes to form nanostructured films suitable to act as mediators in
biosensors. The electrodeposited polymer films were examined by scanning electron
microscopy (SEM), atomic force microscopy (AFM), and profilometry. Biomolecules were
then electrostatically adsorbed onto this surface for subsequent biosensing. The biosensor
performance has been characterised by amperometric detection of hydrogen peroxide with

immobilised HRP (see Chapter 1, section 1.3.1).

7.2 Experimental

7.2.1 Chemicals

Horseradish peroxidase (HRP) was purchased from Biozyme Laboratories or
Sigma-Aldrich. Bovine serum albumin (BSA), 2,2’-azino-bis(3-ethylbenzthiazoline-6-
sulphonic acid) (ABTS), and silver enhancer kit (SE-100) was purchased from Sigma-
Aldrich. Colloidal gold-labelled HCGPB monoclonal antibody (MoAb) was purchased from
Fitzgerald Industries International (USA). Hydrogen peroxide (H,O;) solution, 30% (v/v),
was purchased from Merck. Anhydrous di-sodium hydrogen orthophosphate (Na,HPO,)
was purchased from APS Finechem. Potassium di-hydrogen orthophosphate (KH,PO4) was
purchased from BDH

Unless otherwise stated, all electrochemical measurements were carried out in a

phosphate buffered saline (PBS) solution (0.1 M phosphate, 0.137 M NaCl and 2.7 mM
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KCIl, pH 6.4). Colorimetric assays were carried out in 10 mM phosphate buffer, (0.33 mM
KH,PO4 and 0.66 mM Na,HPO,), pH 7.0. The ABTS buffer was 200 mM dihydrogen
phosphate and 100 mM citric acid, and adjusted to pH 5.5 with concentrated NaOH.
Polyaniline-dodecylbenzenesulphonic  acid nanoparticles (nanoPANI-DBSA) were

synthesised as outlined in Chapter 3, section 3.3.1.

7.2.2 Equipment/Instrumentation

All electrochemical protocols were performed either on a BAS100/W
electrochemical analyser with BAS100/W software, or a CH1000 potentiostat with CH1000
software, using either cyclic voltammetry or time-based amperometric modes. An Ag/AgCl
(3.0 M NaCl) reference electrode and a platinum mesh auxiliary electrode were used for
bulk electrochemical experiments. Scanning electron microscopy (SEM) was performed
with a Hitachi S 3000N scanning electron microscope and an acceleration voltage of 20 kV
was employed. Atomic force spectroscopy (AFM) was performed with a Dimension 3100
(Digital Instruments) in contact mode. Profilometer readings were taken with a Dektak V-

220-Si Stylus Profilometer (Veeco Instruments Ltd., Cambridge, UK).

7.2.3 Methods

7.2.3.1 Preparation of nanoPANI-DBSA modified electrodes

The nanoPANI-DBSA (5.54 % w/w) was dispersed in distilled water and the
modified electrodes were prepared by electrodeposition from this solution onto the surface
of the glassy carbon working electrode using cyclic voltammetry (CV). The potential was

cycled between —0.5 V and 1.1 V at 100 mV/s for the required number of cycles.
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Following electrodeposition of the nanoPANI-DBSA, the electrode was transferred
to a 10 ml batch cell. To ensure the attainment of homogeneous reduced polymer film, the
surface of the polymer was reduced in PBS (degassed for 10 min with nitrogen) at —0.5 V
vs. Ag/AgCl (3.0 M NaCl) for 1500 s in potentiostatic mode. Protein (i.e. HRP or BSA)
was prepared in PBS at the required concentration prior to use. Immediately after reduction
was complete, PBS buffer was removed from the cell and quickly replaced with the protein
solution, with no stirring or degassing. Oxidation was performed immediately at 0.7 V vs.
Ag/AgCl for 1500 s. During this oxidation, the protein becomes electrostatically attached to
the polymer surface. The protein solution was carefully recovered from the cell and re-
stored at 2°C for later use.

For real-time monitoring of protein interactions in a batch cell, the modified
electrode after the immobilisation of protein was placed in PBS (10 ml) in a batch cell.
Amperometric experiments were performed in the stirred buffer solution at a constant
applied potential of —0.1 V vs. Ag/AgCl (3.0 M NacCl) and hydrogen peroxide (8 mM) was

11 The H,0, concentrations stated are

added once the current had reached steady state
based on the total volume of the amperometric cell. The sensor response was obtained by
subtracting the catalytic signal from the background signal (see Chapter 2, section 2.3.3).

In order to optimise the mass of HRP on the electrode surface, a range of dilutions
of HRP beginning at 10 mg/ml was prepared in PBS. These solutions were used for the
immobilisation of HRP onto the surface of a series of electrodes. An amperometric test was

performed where a solution of H,O, (8 mM) in PBS was added to the stirred buffer

solution.
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7.2.3.2 Characterisations of the polymer modified electrodes

The electrodeposited nanoPANI-DBSA film was cycled in 1 M HCI electrolyte at
various scan rates. The potential was cycled between —0.5 V and 1.1 V for ten cycles. The
anodic and cathodic peak heights of the second cycle were plotted as a function of scan
rate.

Scanning electron microscopy was employed to study the morphology of protein on
nanoPANI-DBSA-modified electrodes. Colloidal gold-labelled HCGP MoAb of varying
concentrations was electrostatically deposited onto the surface of the polymer film
according to section 7.3.2.1 and allowed to dry in air. Equal volumes (1 ml) of solutions A
and B from the silver enhancer kit were mixed together, and dropped onto the surface of the
electrode. After 6 min, the solution was removed, and potassium thiosulphate (0.2 M, 20

uL) was then dropped on the surface for 2 min in order to stop the silver reaction.

7.3.2.3 Colorimetric enzyme assay

Colorimetric assays were carried out according to Morrin ez al'*. Solutions of HRP
in doubling dilutions beginning at 10 mg/ml were prepared in phosphate buffer, pH 7, for
use as a set of calibration standards. A solution of ABTS (5.33 mg/ml) was prepared,
containing H,O; (0.3 mM). 20 pL of the HRP solutions were transferred to the wells of a
microtitre plate with 180 puL of the ABTS/H,O; solution. The plate was covered and left in
the dark for 35 min followed by absorbance reading at 620 nm.

Colorimetric enzyme assays were performed on the surfaces of modified glassy
carbon electrodes according to a similar protocol. In this instance, HRP-modified electrodes
were placed in the well of the microtitre plate along with 20 puL phosphate buffer to replace

the HRP solutions in the calibration standards.
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7.3 Results and Discussion

7.3.1 Preparation of nanoPANI-DBSA films onto glassy carbon electrodes

Aqueous dispersions of polyaniline nanoparticles (nanoPANI-DBSA) (particle sizes
of the order of 10 nm) were prepared as outlined in Chapter 3, section 3.3.1.

Cyclic voltammetry was used for electrodeposition of the nanoPANI-DBSA
emeraldine salt (ES) onto glassy carbon electrodes from the aqueous dispersion of the
nanoparticles (Figure 7.1 a). The potential was swept from —0.5 V to 1.1 V vs. Ag/AgCl
(3.0 M NaCl) at a scan rate of 100 mV/s, as PANI is redox active within this region at
acidic pH. The CV is typical for PANI-ES">'® with the main peaks A (0.20 V) and B (0.74
V) corresponding to the transformation of leucoemeraldine base (LB) to ES and ES to
pernigraniline salt (PS), respectively. On the reverse scan, peaks B’ (0.66 V) and A’ (0.08
V) correspond to the conversion of PS to ES and ES to LB, respectively. The presence of a
redox peak around 0.50 V/0.36 V (C and C') is associated with the formation of p-
benzoquinone and hydroquinone as a side product upon cycling the potential to 0.90 V and
beyond'”"’. It was also found that the current responses increased on subsequent scans
suggesting that the nanoparticles aggregated/assembled on the glassy carbon electrode
surface created a higher surface area electrode.

Shifts in peak potentials began to occur after a number of cycles (Figure 7.1 a). This
may be the result of increased resistance of the electrode, as the film deposited becomes
thicker. The -electrodeposited film (Figure 7.1 b) showed reasonably stable CVs
corresponding to the transformation of different PANI forms similar to the

electrodeposition CV (Figure 7.1 a) described above.
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Cyclic voltammograms of: (a) electrodeposition of the nanoPANI-DBSA (5.54 % wi/w) film

onto a glassy carbon electrode, and (b) the nanoPANI-DBSA electrodeposited film from 10 electrodeposition

cycles in 1 M HCl at a scan rate of 100 mV/s (arrows show the direction of the scan). Einita is -0.50 V and the

potentials are vs. Ag/AgCI (3.0 M NaCl).

The deposition of PANI-DBSA from a solution containing the aniline monomer in

the presence of DBSA was also performed. However, mixing aniline and DBSA in aqueous
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media resulted in a white, highly viscous material, due to the formation of the insoluble
crystalline anilinium-DBSA complex®’. Although it was possible to deposit PANI-DBSA
onto glassy carbon from this medium, the resulting films were patchy and inhomogeneous,
and not suitable for further work.

Various concentrations of nanoPANI-DBSA were used to obtain electrodeposits by
cycling the potential ten times over the potential range of -0.5 to 1.1 V. The
electrodeposited films were then subjected to cyclic voltammetry in 1 M HCI. The cathodic
peak currents (B') in Figure 7.1 b was the most defined and stable therefore it was chosen to
plot against the nanoPANI-DBSA concentration used to produce the film (Figure 7.2), and

the optimal concentration of nanoPANI-DBSA was determined.
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Figure 7.2 Dependence of cathodic peak current (ipg) (2" cycle) on concentration of nanoPANI-DBSA
used for electrodeposition on glassy carbon (10 electrodeposition cycles). The electrodeposited films were

cycled from -0.5t0 1.1 Vin 1 M HCl at a scan rate of 100 mV/s.

At concentrations of 2.77 % w/w or below, the peak heights were quite low,

showing that there was not sufficient electrical connectivity for an effective communication
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between the PANI particles. Increasing the concentration to 5.54 % w/w, a sharp increase
was observed in peak current. This could be a critical concentration for the PANI-DBSA
nanoparticles to interact; hence producing much larger currents. Increasing the
concentration above values of 5.54 % w/w resulted in increases in current magnitude.
However, beyond concentrations of 7.76 % w/w, the slope of the graph began to decrease,
indicating that inhibition of charge transfer was occurring in films fabricated using greater
than 7.76 % w/w nanoPANI/DBSA. As a result, a concentration of 5.54 % w/w was used to

produce electrodeposited films in all further work.

7.3.2 Characterisations of electrodeposited nanoPANI-DBSA films

Scan rate studies on peaks B and B’ from CVs of electrodeposited film in HCI
(Figure 7.1 b) showed each of the peak currents were directly proportional to scan rate, U,
consistent with that anticipated for an electrochemical reaction involving a surface confined
species” (1 = 0.996 and 0.997, respectively) (Figure 7.3).
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Figure 7.3 Peak heights of anodic peak B and cathodic peak B’ as a function of scan rate (v) of

electrodeposited nanoPANI-DBSA film scanned in 1 M HCI.

196



Chapter 7

Profilometry results indicate that the electrodeposited film (using 30 voltammetric
cycles) from nanoPANI-DBSA (5.54 % w/w) was approximately 350 nm thick. This was
about 100-times less than the 35 um found from PANI-PVS synthesis (using the optimum
10 voltammetric cycles)'’.

SEM studies also showed a significantly smoother electrodeposited film of
nanoPANI/DBSA compared to the electropolymerised film of PANI-PVS (Figure 7.4).
Electropolymerised polyaniline films grown from acidic media, usually exhibit a sponge-
like, branched, porous-structure’'' (Figure 7.4a). Since electrodeposition of nanoparticles
involves deposition of preformed polymer, no nucleation or branching occurs and a more

ordered deposit results (Figure 7.4Db).

Figure 7.4 Typical scanning electron micrograph of: (a) PANI-PVS electropolymerised on a glassy
carbon electrode surface (10 cycles) (1,500 X magnification), and (b) nanoPANI/DBSA (5.54 % wiw)

electrodeposited on a glassy carbon electrode surface (30 cycles) (2,500 X magnification).

Atomic force microscopy was also employed to characterise the surface
morphology of the electrodeposited nanoPANI-DBSA film. The root mean square (RMS)

surface roughness for the electrodeposited films formed using various voltammetric cycles
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was calculated. RMS average of height deviations were taken from the mean data plane

using the formulation below:

RMS = \/Zn (7.1)

where Z is the height (nm) and n is the number of data points taken.

The RMS roughness data from different scan areas show the roughness of the films

increased up to 30 cycles and decreased at 40 cycles as shown in Figure 7.5.
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Figure 7.5 Root mean square (RMS) surface roughness of various electrodeposition cycles of

nanoPANI-DBSA film on a glassy carbon plate.

The AFM images show nanoPANI-DBSA films with uniform roughness (Figure
7.6). The surface from 30 CV scans is characterised by a uniform array of PANI-DBSA
nodules (Figure 7.6 d). The surface morphology agrees with the RMS surface roughness
data as the number of cycles increased, the roughness of the films also increased up to 30
cycles. At 40 cycles the roughness decreased, possibly due to the merging of individual
nodules to form a continuous film (Figure 7.6 ). The higher the roughness of the films the
higher exposed area for biomolecules to interact on the surface. These results indicate the
optimum electrodeposition cycles was 30 cycles as this resulted in formation of a uniform

and highly ordered nanostructured films with the highest surface roughness.
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Sy
0 T~

e

Figure 7.6 Atomic force microscopic 3-D image of PANI-DBSA (5.54 % w/w) electrodeposited on a glassy carbon plate: a) blank glassy carbon plate,

b) 10, ¢) 20, d) 30, and e) 40 electrodeposition cycles.
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7.3.3 Optimisation of the mass of HRP on the electrode surface

Preliminary work was performed on surfaces obtained by electrodeposition of 5.54
% w/w nanoPANI-DBSA dispersions using 10 potential cycles over the range -0.5 V to 1.1
V. The enzyme HRP, 0.1 mg/ml, was electrostatically immobilised onto this polymer
surface. The amperometric (applied potential = -0.1 V vs. Ag/AgCl) response obtained
from addition of 8 mM H,0, is shown in Figure 7.7. The applied potential of —0.1 V was
chosen in order to directly compare the amperometric response of the nanoPANI-DBSA
sensor with a previously reported PANI-PVS biosensor'’. The background current density
(5.71 pA/em?) is much lower than previously obtained (42.44 uA/cm?) using PANI-PVS
polymers. Response time, the time from the addition of H,O, to the maximum current
response obtained, was observed. Upon addition of 8 mM H,O, (at 500 s), the current
increased sharply, with the response time of less than 1 s (0.62 = 0.04 s) and it was much

less than the 9.46 + 4.12 s found for the PANI-PVS format.
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Figure 7.7 Amperometric response of electrodeposited nanoPANI-DBSA sensor to 8 mM H,0. after

electrostatic immobilisation of 0.1 mg/ml HRP. Applied potential = -0.1 V vs. Ag/AgCl (3.0 M NaCl).

Amperometric methods and SEM techniques were used to characterise the

immobilised protein. The amperometric response as a function of enzyme concentration
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used during immobilisation was obtained (Figure 7.8). Optimal amperometric responses
were achieved when HRP was immobilised using a concentration of 0.1 mg/ml. Above this
concentration the responses decreased, possibly due to the formation of large insulating
HRP multilayers which may have reduced the electron transfer kinetics in the PANI film.
To ascertain that the response was due to catalytic activity of HRP, BSA was immobilised
onto the electrode and an amperometric test performed. The sensor response from the
immobilised 1 mg/ml BSA onto the electrode surface was 0.55 + 0.36 WA/cm® which was
negligible compared to the sensor response observed when 1 mg/ml HRP was used (62.94
+4.67 pA/cm?).

The optimum catalytic signals for the PANI-PVS platform was obtained when HRP
was immobilised using a concentration of 0.66 mg/ml'’. In this work, the optimal catalytic
signals were obtained using an enzyme immobilisation concentration approximately six
times lower than required for the PANI-PVS system, showing that a much more efficient

deposition of protein is achieved on the nanoPANI-DBSA nanoparticulate surface.
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Figure 7.8 Dependence of the amperometric response obtained using electrodeposited nanoPANI-

DBSA sensor to 8 mM H,0- on the concentration of HRP used for immobilisation. Applied potential = -0.1 V

vs. Ag/AgCI (3.0 M NaCl).
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Although AFM and SEM provide adequate surface information on the overall
topography of polymer films, the resolution of individual protein or groups of proteins was
not possible. Through the use of proteins conjugated to an electron-dense particle such as
gold, it was possible to indirectly visualise the distribution of proteins. A colloidal gold-
labelled HCG3 MoAb was used as a model for the visualisation of protein on the
nanoPANI-DBSA film. Figure 7.9 contains the SEM images of colloidal gold-labelled
protein electrostatically immobilised to the surface of nanoPANI-DBSA films (5.54 %
w/w, 30 voltammetric cycles). All surfaces were enhanced with silver, in order to visualise
the gold label. This enhancing process caused the reduction of silver ions from solution,
resulting in the precipitation of metallic silver around the gold particles on the polymer
surface. A trend of increasing surface coverage was observed as the concentration of
protein used for immobilisation was increased. At a level of 0.001 mg/ml, low surface
coverage was observed. This surface coverage increased gradually until 10 mg/ml, which
had a very dense layer of protein covering the polymer layer. These images of protein-
modified nanoPANI-DBSA films showed that protein was uniformly distributed over the
surface of the nanoPANI-DBSA film and no clustering was evident. The particle size of the
protein was smaller when higher concentrations were used for immobilisation. This was
possibly due to the electrostatic charge repulsion between the protein molecules which

prevents their expansion when they get closer.

202



Chapter 7

Figure 7.9 SEM images of nanoPANI-DBSA films with varying concentrations of electrostatically immobilised HCGI MAb-Colloidal Gold. The protein can be seen
to be uniformly distributed over the surfaces, with the coverage increasing for increasing concentrations (500 X magnification). All surfaces were silver-enhanced

in order to be able to visualise the protein gold label.
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7.3.4 Optimisation of electrodeposition

The dependence of the sensor response on the number of cycles used for
electrodeposition was investigated (Figure 7.10). Up to a limit of 30 cycles, the response
increased and then above 30 cycles, the response decreased. This was possibly due to the
thicker polymer film hindering the electron transfer properties between the electrode

surface and the bulk solution.
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Figure 7.10 Relationship between amperometric response of HRP-modified nanoPANI-DBSA to H,0- (8
mM) and number of cycles used for electrodeposition of the nanoPANI-DBSA film. HRP (0.1 mg/ml) was

electrostatically immobilised on polymer films of varying thicknesses.

This result agrees with the film morphology study using AFM (section 7.3.3) which
showed the optimum electrodeposition cycle was 30 and the uniform and highly ordered
films could have contributed to the enhanced sensor performance. The highest sensor
response was 603+154 pA/cm” and the signal-to-noise ratio was 61+3. In the previous
study of PANI-PVS formats, the highest sensor response was 1004+198 pA/cm? and the
signal-to-noise ratio was 17+4 under the optimum conditions (10 voltammetric

electrodeposition cycles, 0.66 mg/ml HRP solution was used for immobilisation)'.
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7.3.5 Colorimetric enzyme assay

The absolute mass of enzyme immobilised at the solution concentration of 0.1
mg/ml was determined by a colorimetric enzyme assay'*, and was calculated to be 5.0 x
10" molecules. Assuming an ideal flat two-dimensional nanoPANI-DBSA surface with an
area of 7.07 x 10° m’, the theoretical number of molecules of HRP (radius: 26 A)
necessary to form a monolayer on the surface of these electrodes was estimated to be 3.33 x
10" molecules'®. This theoretical number of molecules of HRP required to form a
monolayer at this surface can be compared to the number of molecules immobilised at
optimum concentration (0.1 mg/ml). Therefore, it would appear that at this concentration,
roughly a monolayer of protein is formed at the surface. In comparison to the PANI-PVS
formats'® previously developed, both optimum catalytic signals and monolayer formation
for the nanoPANI-DBSA platform occur when the concentration of protein for
immobilisation is six-fold lower. This extra efficiency of the nanoparticulate system leads

to a more economic biosensor in terms of protein reagents used.
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7.4 Conclusions

This work illustrates deposition of a uniform, highly ordered, nanometric structured
polyaniline film on a glassy carbon electrode from the nanoPANI-DBSA dispersions. This
uniform surface shows improved enzyme deposition characteristics and better signal-to-
noise ratios than when polyaniline is electrochemically deposited from bulk monomer
solutions. The nanoPANI-DBSA film is more efficient in terms of protein immobilisation
and requires a concentration of protein six-fold lower than the PANI-PVS layer for
monolayer coverage. In addition, the signal-to-noise ratio of the nanoPANI-DBSA
biosensor (61+13) is approximately three times higher than the PANI-PVS biosensor
(17+4) to H,O;, (8 mM) under optimum conditions (ranoPANI-DBSA: 30 voltammetric
electrodeposition cycles, HRP immobilised at 0.1 mg/ml; PANI-PVS: 10 voltammetric
electropolymerisation cycles, HRP immobilised at 0.66 mg/ml). The response time for the
optimised nanoPANI-DBSA biosensor (0.62+0.04 s) is at least one order of magnitude
lower than that of the PANI-PVS biosensor (9.46+4.12 s), under the optimum conditions
stated above.

These data show that the nanoPANI-DBSA is more powerful as a biosensor
platform, due to its highly ordered nanostructure. This system provides modified electrode
platforms with improved processability and functionality over previously described

methods.
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8.1 Introduction

Poly(2-methoxyaniline-5-sulphonic acid) (PMAS) is a water-soluble self-doped
polyaniline (PANI) which has been synthesised from the corresponding substituted
monomer (see Chapter 1, section 1.1.2). Although it has lower conductivity and lower
molecular weight than the parent PANI it is useful in applications such as sensors and
biosensors as it is processable and redox active in neutral or high pH solution'.

In polymer-modified amperometric biosensors, conducting polymers are usually
fabricated on a conducting substrate. The biomolecules can be entrapped in the conducting
polymer by electrochemical polymerisation of the conducting polymer in the presence of
the biomolecules® or they can be subsequently immobilised on the polymeric films by the
means of electrochemical deposition'®"?, evaporative casting'” or dip-coating'*. Tatsuma ez
al® demonstrated a one-step fabrication method that involved evaporative casting a mixture
of PMAS and the biomolecules to fabricate an HRP based biosensor onto glassy carbon
electrode. This method allows the amount of biomolecules to be controlled and minimises
waste. Moreover, this method provides better accessibility of the polymer to the
biomolecules, as the biomolecules are not just absorbed on the polymer surface but
entrapped in the polymer matrix encouraging polymer and biomolecules interaction
throughout the film"’,

The water solubility of PMAS is useful in that it can be solubilised in the same
medium as used for biomolecules. However, the mixture of PMAS and biomolecules must
be rendered insoluble on a suitable conductive substrate before it can be subjected to
electrochemical measurements operated in aqueous medium'®. Polycations such as poly(L-

lysine) hydrochloride (PLL), poly(ethyleneimine) (PED), and
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poly(diallydimethylammonium chloride) (PDDA) are used to form insoluble complexes
with the water soluble polymers'>". In this work, according to Tatsuma et al'’, PLL was
used to form a complex with the PMAS-HRP mixture. The complex is formed between the
negatively charged sulphonate group in PMAS and the positively charged polycation.
Structures are shown in Figure 8.1.

NH3
SO;- SO;-

MeO MeO

Figure 8.1 Structures of (a) PMAS, (b) PLL and (c) PEI.

Using electrochemical fabrication methods (Chapter 7), PANI has been used as the
mediator for HRP based biosensors. In this chapter, we use the polymer complex PMAS-
PLL as the mediator for fabrication of a HRP-H,0, biosensor. The sensor is fabricated by
evaporative casting of a mixture of PMAS-HRP-PLL onto ITO-coated mylar. The effect of
PMAS and PLL concentrations is studied using cyclic voltammetry (CV). The morphology
and thickness of the polymer films are characterised using atomic force microscopy (AFM).
Amperometric detection is employed to detect the response upon the addition of HO,.

Response of PMAS-HRP-PLL electrodes as a function of HRP concentration, H,O,
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concentration, pH of buffer solution, applied potential and storage time are also

investigated.

8.2 Experimental

8.2.1 Chemicals

PMAS was synthesised using a method developed previously in our laboratories by
Dr. Syed Ashraf. ITO-coated polyester mylar (OC™ 50, resistance 45 Q/sq.) from CPFilms
Inc. was used as the electrode substrate. Isopropyl alcohol and hydrogen peroxide (H,O>)
were purchased from Asia Pacific Specialty Chemicals Limited (APS). Anhydrous di-
sodium hydrogen orthophosphate (Na,HPO,) was purchased from APS Finechem.
Potassium di-hydrogen orthophosphate (KH,PO4) from BDH, sodium chloride (NaCl) from
Fluka, and hydrochloric acid (HCI) from Ajax Finechem were all used as received.
Potassium chloride (KCI), poly-L-lysine hydrochloride (PLL), horseradish peroxidase
(HRP), bovine serum albumin (BSA), L-ascorbic acid and polyethyleneimine (PEI) were
purchased from Sigma.

Unless otherwise stated, all electrochemical measurements were carried out in
phosphate buffered saline (PBS) (0.1 M phosphate, 0.137 M NaCl and 2.7 mM KCI, pH
6.4). PBS solutions of different pH were prepared by mixing 0.1M KH,PO,4 buffer and
0.1M Na,HPOj, until the desired pH was obtained. All solutions were prepared using Milli-

Q water.
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8.2.2 Equipment/Instrumentation

A Denver Model 20 pH/Conductivity Meter was used. UV cleaner, Jelight
Company Inc. Model No. 42-220, was used for pre-treatment of the ITO-coated mylar. All
electrochemistry was performed in a three-electrode cell using a polymer modified working
electrode with platinum mesh and Ag/AgCl (3.0 M NaCl) auxiliary and reference
electrodes, respectively. A Bioanalytical Systems (BAS) CV-27 workstation, interfaced
with ADInstruments/4e (ADI/4e) MacLab analogue/digital converter connected to a
computer was used to record the cyclic voltammograms and amperometric responses. The
cell was purged with nitrogen gas prior to amperometric experiments. All potentials stated
are vs. Ag/AgCl (3.0 M NaCl) reference electrode. Atomic force microscopy (AFM) was

performed with a Dimension 3100 (Digital Instruments) in contact mode.

8.2.3 Methods

8.2.3.1 Preparation of polymer modified electrodes

To clean the ITO-coated mylar (1 x 3 cm?), it was sonicated in an anionic detergent
solution for 5 min, washed with tap-water twice, washed with isopropyl alcohol twice and
left to dry in the open air before cleaning in a UV ozone cleaner for 15 min. The pretreated
mylar was masked by adhesive tape to give a constant exposure area (1 cm?).

While keeping the mass ratio (w/w) of PMAS:PLL = 1:1, mixtures of PMAS-PLL
at various PMAS concentrations were prepared. The mixtures (35 pL) were cast onto the
pretreated ITO-coated mylar and the films allowed to dry overnight in a desiccator at 2 °C.
Cyclic voltammograms were obtained in 0.1 M HCl (-0.2 V to 1.1 V) for 10 cycles at 100
mV/s. The magnitude of the oxidation peak at about 0.65 V (third scan) was plotted against

PMAS concentration. The optimal PMAS concentration was chosen and the PLL
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concentration varied. In the same manner, the solutions containing various ratios of
PMAS:PLL were cast and CVs recorded as above.

HRP or BSA was dissolved at various concentrations in the PMAS solution. This
solution was further mixed with PLL based on the optimal ratio of PMAS:PLL. The
mixture was cast onto UV treated ITO-coated mylar. The films were dried in a desiccator at

2°C. The amperometric test was conducted the following day.

8.2.3.2 Characterisation of the polymer modified electrodes

The cast PMAS-PLL film was cycled in 0.1 M HCI electrolyte at various scan rates.
The potential was cycled between -0.2 V and 1.1 V for the required number of cycles. The
anodic and cathodic peak heights were plotted as a function of square root of scan rate.

The film thickness of the polymer modified electrode was measured using AFM. A
small area of the polymer film was removed from the substrate surface by gently
scratching. The scratch was made in the middle of the film to avoid the effect of the film
tapering at the edge. Atomic force microscopy was run in contact mode over the scratched
area. Cross section analysis was used to measure the different heights from the top of the
polymer films to the substrate surface to determine the thickness of the films (see more
detail in Chapter 2, section 2.2.2)

To perform real-time monitoring of protein interactions in a batch cell, the modified
PMAS-HRP (or BSA)-PLL electrodes were used as the working electrode in a 10 ml three-
electrode cell. Phosphate buffer saline solution (10 ml) was added into the cell and
degassed prior the test. The cell was connected to an amperometric analyser. The solution
was stirred while a constant potential was applied to the cell. After the constant current was

obtained, the desired amount of H,O, was added into the cell. The sensor response was
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obtained by subtracting the catalytic signal from the background signal (see more detail in
Chapter 2, section 2.3.3).

A hundred PMAS-HRP-PLL sensors were made at once and separated into two
series to be kept in a closed container in air and in PBS solution (pH 6.4) at 2°C.
Amperometric tests were carried out using different sensors at various time intervals for six
months to establish long term stability.

As well as the long term stability, the effect of an interference was also studied. The
effect of 200 uM ascorbic acid, which is common compound present in biological
samples™, was investigated.

The error bars in all graphs represent the standard deviation calculated from the data

set (n).

8.3 Results and Discussion

8.3.1 Complexation and fabrication methods

Initially, PMAS was cast onto electrodes and allowed to dry without the addition of
a polycation. Due to PMAS being water-soluble, the film immediately began to dissolve
once in contact with aqueous media. Addition of a polycation such as PLL into the PMAS
solution prior to casting, resulted in the formation of a PMAS-PLL film that was insoluble.
This insoluble film results from the electrostatic cross-linking of the sulphonate groups in
PMAS to the positive NH;" groups in the polycation PLL". The mixing sequence of these
two polymers was investigated. The first approach involved casting the PMAS solution,
drying and subsequent casting with PLL. The second method involved casting the PLL

solution onto the substrate, drying and subsequent casting with PMAS. The third approach
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was to pre-mix the PMAS and PLL and cast this solution onto the substrate. For all
approaches the PMAS:PLL w/w ratio was maintained at 1:0.50.

The films obtained from these three approaches are shown in Figure 8.2. Although
the films from the first two methods (Figure 8.2 a and 8.2 b) appeared non-continuous, they
were insoluble in water. The CVs of these films were similar to those obtained using the
film from the third pre-mixing method (see Figure 8.3 a), albeit lower current intensities
were observed (result not shown). The higher currents obtained from the pre-mixed films
were possibly caused by a greater extent of PMAS adhering to the substrate, indicating
more effective PMAS-PLL interaction in the pre-mixed films. The consistency of the films
from the first two approaches could probably be improved if the second layer was cast onto
the first layer from very small droplets using spray or ink-jet printing, as it could help

improve the mixing efficiency of PMAS and PLL.

) ) c) Pre-mixed
a) PMAS-PLL b) PLL-PMAS PMAS-PLL

1cm

Figure 8.2 Photographs of films from sequential and pre-mixed casting of PMAS and PLL: (a) casting of
PLL solution onto PMAS film, (b) casting of PMAS solution onto PLL film, and (c) pre-mixed and cast the

mixture of PMAS-PLL. All films were allowed to dry at room temperature.

Pre-mixing of PMAS and PLL resulted in formation of large fibres in the solution
and a film exhibiting a rough morphology. In order to improve the film morphology, other
polycation (PEI) was used as the complexing agents. Polyethyleneimine (PEI) (Figure 8.1

c) was complexed with PMAS resulting in even larger fibres in solution than observed for
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PMAS-PLL. The CV of the film cast from this solution (being partially soluble in water)
showed much lower current intensity than the film cast from PMAS-PLL. These results
suggest that PLL is the best polycation PMAS complexing and it therefore was used for all

further experiments.

8.3.2 Optimisation of PMAS concentration

A cyclic voltammogram was recorded in 0.1M HCI after coating the ITO-coated
mylar with PMAS-PLL (Figure 8.3 a). Two redox couples appearing at 0.2/0.0 V (A/A")
and 0.64/0.38 V (B/B’) are tentatively assigned to conversion of the leucoemeraldine form
of PMAS to the emeraldine salt (ES) form (A/A’) and the ES to pernigraniline (B/B’),
respectively (Figure 8.3 a). This CV is similar to that obtained for the film cast from an
ethanol slurry of PMAS-poly(4-vinylpyridine) mixture and scanned in 0.1 M HCI, as
reported by Tallman and Wallace'.
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Figure 8.3 (a) Cyclic voltammogram of a cast film from PMAS-PLL (0.110 mg/cm?), PMAS:PLL ratio =
1:1, on UV treated ITO-coated mylar in 0.1M HCI at scan rate 100 mV/s (arrows show the direction of the
scan). Eniiar is — 0.5 V and the potentials are vs. Ag/AgCl (3.0 M NaCl). (b) Dependence of anodic peak

current (ip,8) on the surface concentration of PMAS-PLL (n=3).

While maintaining the ratio of PMAS:PLL at 1:1, the PMAS surface concentration
used to cast onto the ITO-coated mylar surface was varied from 0.010 to 0.250 mg/cm”.
Using CV, the maximum oxidation current (peak B) was observed at a PMAS surface
concentration of 0.110 mg/cm” (Figure 8.3 b). This implies that the concentration of PMAS
was high enough to form an interconnected conducting film on the ITO surface. At PMAS
surface concentrations greater than 0.110 mg/cm? the current decreased. This may be due to

a thicker film forming, reducing the charge transfer between the PMAS and the ITO.

8.3.3 Optimisation of PLL concentration

Maintaining a concentration of 0.110 mg/cm® PMAS, the PLL concentration was
varied and CVs of the cast films obtained (Figure 8.4). The higher the PLL content, the

lower the current magnitude observed. Minimising the amount of PLL in the mixture to a
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ratio of 1:0.25 PMAS/PLL gave the best electrochemistry, but resulted in dissolution of the
cast film when scanned in 0.1 M HCIL A stable film was obtained when a ratio of
PMAS:PLL = 1:0.50 or higher was used, and with a ratio of PMAS:PLL = 1:0.50 the films
also exhibited well defined PMAS electrochemistry. Therefore this ratio was chosen for

further experiments.

1.2
0.8 _ Do
o 0.4
IS
(&]
<
E
T
2 :PLL=1:0.25
=] ° '
O .0.8 - % o —PMAS:PLL=1:.05

12 \ - PMAS : PLL = 1:1

x PMAS : PLL = 1:2

'16 T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0
Potential (V)
Figure 8.4 Cyclic voltammograms obtained in 0.1 M HCI at 100 mV/s scan rate for various ratios of

PMAS:PLL on ITO-coated mylar. 0.110 mg/cm? PMAS concentration was used for all castings. Arrows show

the direction of the scan. Einitar is —0.5 V and the potentials are vs. Ag/AgCI (3.0 M NaCl).

The previous results show that the optimal film composition is 0.110 mg/cm’
PMAS and 0.055 mg/cm” PLL surface concentrations. A film cast from this composition
was further characterised using CV. Potential scan rate studies of peak B and B’ in Figure
8.4 showed each of the peak currents were directly proportional to the square root of scan
rate rate, 0%, (R* = 0.996 and 0.997, respectively) as shown in Figure 8.5. This indicates

that the redox process is a diffusion limited process *.
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Figure 8.5 Peak heights of 2n cycle anodic peak B (ipg) and cathodic peak B'(irg) as a function of

square root of scan rate of a PMAS:PLL = 1:0.50 cast film scanned in 0.1 M HCI.

Atomic force microscopy characterisation of the PMAS-PLL film (ratio 1:0.50)
indicated the cast film to be very rough (Figure 8.6). This is presumably due to the fibrous
nature of the preformed complex of PMAS and PLL. Root mean square (RMS) surface

roughness of the film was measured (see Chapter 7, section 7.3.2) and found to be 216.2

nm.
1um
0.5 -
30 um
30 um
Figure 8.6 Atomic force microscopic image from 30 x 30 pm scan size of a PMAS:PLL = 1:0.50 film

cast onto ITO-coated mylar.
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8.3.4 Optimisation of the mass of HRP on the electrode surface

The sensor performance of the cast PMAS-PLL film was studied using the HRP-
H,0; system and the amperometric method (see experimental, section 8.2.3.2). The typical

response from this format showed steady state sensor response after the addition of H,O,

(Figure 8.7).
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Figure 8.7 Typical sensor response for PMAS-HRP-PLL biosensors upon addition of 10 mM H,0; with

a constant potential of -0.1 V applied.

Initially the effect of the mass of HRP utilised in the polymer was studied. While
maintaining the PMAS:PLL ratio at 1:0.50, the amount of HRP was varied in order to
obtain the optimal sensor response. Various concentrations of HRP were pre-mixed with
PMAS-PLL before casting onto the electrode. The catalytic response to H,O, using various
surface concentrations of immobilised HRP on the electrode was determined (Figure 8.8).
To confirm that the current response was due to catalytic reduction of H,O, by HRP, a
blank PMAS-BSA-PLL polymer composite was also tested.

The response obtained from pre-mixed PMAS-HRP-PLL compared to PMAS-BSA-
PLL confirmed the activity of HRP, as there was negligible catalytic response when BSA

was used in place of HRP (Figure 8.8). The highest sensor response was obtained when a
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HRP surface concentration of 0.14 mg/cm” was used (Figure 8.8). At concentrations greater
than 0.14 mg/cm’ the signal decreased which is attributed to the formation of HRP
multilayers that may reduce the electron transfer kinetics due to large insulating layer

formation.

—_ — N
o ()] o
1 1 1

Sensor response (HA/cm?)
()}

0 0.1 0.2 0.3 0.4

Protein surface concentration (mg/cm?)

Figure 8.8 Dependence of catalytic response on [HRP] or [BSA] pre-mixed with PMAS-PLL mixture

(n=3). Concentration of H20, used was 10 mM.

Atomic force microscopy was employed to measure the film thickness of the
PMAS-PLL and PMAS-HRP-PLL cast films (Figure 8.9). The higher the HRP
concentration, the greater the sensor response at least until 0.14 mg/cm?”. Also thicker films
were obtained with increased HRP loading. The highest sensor response was found at a
HRP concentration of 0.14 mg/cm?, with the film thickness being 838 nm. The sensor
response started to decrease beyond this point, which coincided with an increase in film

thickness indicating the inhibition of the electron transfer in this thick film.
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Figure 8.9

PMAS-HRP-PLL films.

8.3.5 Characterisations of the PMAS-HRP-PLL sensors

8.3.5.1 Sensor response to various applied potentials and buffer pH

Sensor response (p,AIcmz)

Dependence of film thickness and sensor response to immobilised HRP concentration in

A potential of -0.1 V vs. Ag/AgCl (3.0 M NaCl) was applied during the

amperometric test, converting PMAS to its reduced form. The reduced leucoemeraldine

base form of PMAS was needed as the electron transfer mediator to complete the electron

transfer cycle as described by Iwuoha ef al'® (see Chapter 1, section 1.3.1-Figure 1.20). The

applied potential was varied from -0.5 V to 0.0 V and the effect on the amperometric sensor

response was determined upon addition of 10 mM H,O; in PBS solution pH 6.4 (Figure

8.10).

Application of -0.5 V provided the highest response, but reproducibility was poor

with the response from BSA also being high. This is possibly due to the effect of

interference species which could be reduced at this high reduction potential. Although the
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sensor response obtained at -0.1 V was lower than at -0.5 V, the ratio of response from
HRP to BSA was higher. The ratio of sensor response from HRP to BSA was 22.3 and 4.0
at -0.1 V and —0.5 V applied potential, respectively. Moreover, the best reproducibility was

obtained at an applied potential of —0.1 V. Hence this potential was used for all further

experiments.
20 BSA OHRP
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Figure 8.10 Responses of PMAS-HRP-PLL biosensors to 10 mM H;O, at various applied potentials
(n=3).

As the pH of the buffer can affect the electrochemistry of PMAS', the effect of the
pH of the PBS solution was also studied. Calibration curves in the three different buffers
(4.4, 6.4 and 8.4) were obtained (Figure 8.11). At an acidic pH of 4.4, the sensor response
was highest at concentrations of H,O, greater than 1 mM. The sensor response was higher
at lower concentrations of H,O, at pH 6.4. Therefore, the pH 6.4 buffer was chosen as it
showed highest sensor response at the lowest concentration of HRP. No detectable sensor
response was observed below 0.01 mM H,0O, in all buffers; therefore the minimum
detectable concentration of this sensor was taken as 0.01 mM H,O,. The minimum
detectable concentration was higher than the analogous PMAS-HRP-PLL sensors which

were fabricated on ITO-coated glass reported by Tatsuma ef al'> (0.01 pM). This may be
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attributed to the difference in conductivity of the electrode substrate and the source of
PMAS, which could affect the electrochemistry of the sensors and consequently the

biosensing performance.
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Figure 8.11 Cathodic current responses of PMAS-HRP-PLL biosensors to various concentrations of

H20,in PBS pH 4.4, 6.4 and 8.4 (n=3). A constant potential of -0.1 V was applied.

8.3.5.2 Linearity and sensitivity
In pH 6.4 PBS, the response to various H,O, concentrations from 0.01 to 5 mM was

obtained (Figure 8.12).

16 -
<14
12 -

10 -

Sensor response (LA/cm
oo
I

[H20,] (mM)
Figure 8.12 The responses of biosensors (immobilised 0.14 mg HRP /cm?) to H,O; in pH 6.4 PBS (n=3).

A constant potential of -0.1 V was applied.
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In Figure 8.13, linearity of the sensor response in pH 6.4 PBS solution was found in
the range of 0.01 to 0.1 mM H,0,, with a sensitivity of 24.9 pnA/cm®* mM™ and correlation
coefficient 0.9966. This linear range is similar to the glucose sensors using PPy/ceramic
carbon as the electrode material reported by Tian and Zhu* which have shown a linear
response range from 0.08 to 1.3 mM.
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Figure 8.13 Linear range of the sensor in PBS pH 6.4 from 0.01 mM to 0.1 mM H0,. A constant

potential of -0.1 V was applied.

8.3.5.3 Interference test

The interference test was performed by using ascorbic acid as the model. The
concentration of ascorbic acid used was 200 pM which is a normal physiological level
presenting in biologic samples’. Amperometric test was performed in the absence and
presence of ascorbic acid: the response after addition of 200 uM H,0, was 4.43 + 0.25
uA/cm? and 4.3 + 0.25 pA/em?’, respectively. This indicated that, at -0.1 V, there was

negligible effect from the presence of ascorbic acid.
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8.3.5.4 Long-term stability test

The results of amperometric stability tests on three sensors kept in air or in PBS pH
6.4 in a closed container for up to 180 days are shown in Figure 8.14. The sensors were
very stable, as the response obtained after 6 months storage remained at 95% of that
observed with freshly prepared sensors.

18
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< 14 ]
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Figure 8.14 Stability of the sensor stored at 2 °C in air and in pH 6.4 PBS solution.
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8.4 Conclusions

The use of ITO-coated mylar as the base electrode for a H,O, sensor is
demonstrated using PMAS as the insoluble conducting polymer mediator by complexing
with the polycation PLL. Investigation of the mixing sequence of PMAS and PLL on the
substrate shows that the cast film from pre-mixing of PMAS and PLL has the best
electrochemistry, film stability and morphology. The optimal PMAS to PLL ratio is 1:0.50,
and the optimal surface concentrations of PMAS and PLL are 0.110 mg/cm’ and 0.055
mg/cm?, respectively. The HRP enzyme is easily pre-mixed with PMAS and then PLL
before casting onto the ITO-coated mylar electrode. The higher the surface concentrations
of HRP the thicker the film becomes, with greater sensor response until up to 0.14 mg/cm’.
At surface concentrations of HRP greater than 0.14 mg/cm’, the thick film hinders the
charge transfer process between the polymer film and the electrode surface resulting in a
decreased sensor response.

The sensor has a minimum detectable concentration of 0.01 mM H,O, with a linear
range between 0.01 and 0.1 mM H,0O,, and a sensitivity of 24.9 uA/cm2 mM!. The sensor
has high selectivity at a constant applied potential of -0.1 V, as no catalytic effect from the
presence of the interference ascorbic acid is observed. It also exhibits very good long-term
stability when stored in air and in pH 6.4 PBS at 2°C.

In summary, this work demonstrates the ability to easily fabricate biosensors by
evaporative casting conducting polymer nanoparticles onto conductive substrates. The
sensors have good performance with long-term stability. The water solubility of PMAS is

also amenable for ink-jet printing and its printability will be discussed further in Chapter 9.
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Chapter 9

9.1 Introduction

In previous chapters, the use of conducting polymer nanoparticles as mediators in
biosensor applications has been demonstrated. The polymer layer is usually
electrodeposited (Chapter 7), or evaporative cast (Chapter 8) onto the conductive
substrates. This chapter investigates the use of ink-jet printing of ICP nanodispersions to
produce biosensors.

Ink-jet printing is a non-contact printing method and the high speed printing ability
makes it amenable to mass production. Precise and accurate printing patterns can be
controlled using conventional computer software'. Furthermore, different materials can be
printed simultaneously via different nozzles®, and only picolitre volumes are consumed per
printed drop”.

Epson produces a commercially available ink-jet printing machine. It is controllable
through common computer programs such as Power Point™ which renders the desirable
printing format. It has been used to print polyelectrolytes to pattern electronic circuits and
print poly(3,4-ethylenedioxythiophene) (PEDOT) and PANI to fabricate RC filter circuits*
% Due to the low cost and availability, an Epson C45 printer was used in this work. This
model utilises a Micro Piezo print head which contains 48 black nozzles and 45 colour
nozzles (15 nozzles for each colour) with a maximum resolution of 2880 x 720 dot-per-
inch (DPI)’. There are however, some limitations with this type of printer, such as the
substrate must be flexible in order to be able to feed through the printer, and the cartridge
and print heads are usually plastic and not compatible with some organic solvents®. The

nozzle diameter for the Epson printer is normally less than 30 um which means printable

228



Chapter 9

materials must be either completely soluble or be present as only small particles in
dispersions.

The viscosity of the dispersions to be printed should be sufficiently low as the
power generated by the piezo-electric membrane to force the ink ejecting out the nozzles is
limited®. The suitable viscosity range for ink-jet printing is 1 - 30 mPa's®’. The surface
tension of the ink should also be in between 20-70 dyne/cm as it must be high enough to be
held in the nozzle without dripping and low enough to allow spreading over the substrate

. 10,11
surface to form continuous films'®

. Conventional pigments in ink-jet inks contain
particles in the size range of 100-400 nm'? with a concentration high enough to achieve
good printed colour.

When printing multiple materials, the tri-colour cartridge was used. This cartridge
contains three colour chambers: magenta, yellow and cyan. By mixing these three colours,
any other colour (other than white) can be achieved. This is known as the subtractive

CYMK colour model"®. Computer software however uses a different colour model, known

as the Red Green Blue (RGB) colour model. These models are shown in Figure 9.1.

Please see print copy for Figure 9.1

Figure 9.1 Colour model: (a) RGB model using in computer, and (b) CMYK model using in printer's.
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Considering these two models, in order to print material from the magenta chamber
of the cartridge, for example, it is necessary to select magenta on the computer software by
ensuring it contains 50 % blue and 50 % red only. Similarly, in order to print the red, the
printer would use both the yellow (50 %) and magenta (50 %) inks to print.

The print head is an intricate part of the printer, and contains ink channels and the
piezoelectric element. Ink is jetted from the cartridge through the printhead onto the
substrate at a given frequency according to the settings of the piezoelement. A print head
was cut open (Figure 9.2 and 9.3). On one side was the piezoelement which causes the ink
to be jetted (Figure 9.2a). Underneath this element were the ink channels for the different

colour print heads (Figure 9.2b).

Yellow Inlet

Magenta Inlet

Cyan Inlet
Black Inlet

Cyan nozzles

Magenta nozzles

Yellow nozzles

Black nozzles

(a) (b)
Figure 9.2 Inner working of Epson C45 print head: (a) piezoelectric elements, and (b) Black, Cyan,

Magenta and Yellow channels.
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The ink nozzles are completely separated from each other as shown in Figure 9.2b
making it possible for several different solutions to print separately and simultaneously.
The benefits from this approach will be outlined in the poly(2-methoxyaniline-5-sulphonic
acid) (PMAS)-poly(L-lysine) hydrochloride (PLL) section (9.3.4.3).

Polymer nanoparticles generally tend to aggregate (see Chapter 3, 4 and 5) and this
is not favourable for ink-jet printing as they can block the print head. In order to have a
printable material, it must form dispersions with very small particle size. Numerous
methods have been used to make polymers with controlled particle size using surfactant
(Chapter 3, 6), steric stabiliser (Chapter 5) or centrifugation to isolate small particles. A
total of four conducting polymer materials; namely PMAS, supernatant of nanoPANI-
DBSA (sPANI-DBSA), PANI-dodecylbenzene sulphonic acid-rapid mixing (PANI-DBSA-
RM) and polypyrrole-dodecylsulfate-poly (vinyl alcohol) (PPy-DS-PVA) were investigated
as potentially printable materials (see Table 9.1).

This chapter aims to demonstrate that ink-jet printing is a feasible, practical
approach for printing polymer-modified biosensors (see Chapter 1, section 1.3).
Conducting flexible plastic sheets were used as substrates. They were coated with gold,
indium tin oxide (ITO) or conducting polymer. The electrochemical potential window of all
these substrates was examined to determine their suitability for use as electrode platforms
in electrochemical sensing. Also, their hydrophilic/hydrophobic property was indirectly
investigated using contact angle measurements. All of the conducting polymer materials
investigated here were characterised by measuring the viscosity of the dispersions
containing them, the wetting ability of the polymer dispersions to the substrate surface
using contact angle measurement and finally the printability and quality of the prints

obtained. Each ink-jet printed ICP film was characterised electrochemically prior to its
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evaluation as a suitable biosensor. The suitability of the film for use as a biosensor was
investigated using a horseradish peroxidase (HRP) for amperometric detection of hydrogen

peroxide (H,O,) (see Chapter 1 section 1.3.1).

9.2 Experimental

9.2.1 Chemicals

Phosphate buffer saline solution (PBS) (0.1 M phosphate, 0.137 M NaCl and 2.7
mM KCI, pH 6.4) was used as electrolyte for amperometric measurements. Horseradish
peroxidase (HRP), poly-L-lysine hydrochloride (PLL) and sodium hydroxide (NaOH) were
purchased from Sigma. Hydrogen peroxide (H,O;) and ethyl alcohol were purchased from
Asia Pacific Specialty Chemicals Limited. Hydrochloric acid (HCI) was purchased from
Ajax Finechem. All solutions were prepared using Milli-Q water. The conducting polymer

materials used in this chapter are summarised in Table 9.1.

Table 9.1 The conducting polymer nanodispersions used for ink-jet printing.
Materials Conductivity | Concentration Preparation method
(mS/cm) (% w/w) (Reference)
PMAS 11 0.5 Synthesised by Dr. Syed Ashraf,

IPRI, University of Wollongong

sPANI-DBSA 421 0.5 Chapter 3 section 3.3.1.3

PANI-DBSA-RM 40 4.3 Chapter 3 section 3.3.2

(Huang and Kaner'*)

PPy-DS-PVA 40 3.6 Chapter 5 section 5.3.3
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9.2.2 Substrate

ITO-coated polyester Mylar (OC™ 50, resistance 45 Q/sq.) from CPFilms Inc,
Gold coated mylar from CPFilms Inc. and poly(3,4-ethylenedioxythiophene) (PEDOT)

coated mylar from Agfa were used.

9.2.3 Equipment/Instrumentation

An Epson C45 printer was used to perform all printing. An Epson chip-resetter was
purchased from 9to6'°. Contact angle values were obtained using the contact angle
instrument (CAM 100 version 1.50, KSV Instruments Ltd.). Viscosity measurements were
performed using Ubbelohde viscometer No. 0B K659. An E-Corder 401 with EDAQ
Potentiostat was used for all electrochemical experiments. A UV cleaner (Model No.42-
220, Jelight Company, Inc.) was used for pretreatment of the ITO-coated mylar. Particle
size was determined using dynamic light scattering (Nano-ZS Zetasizer, Malvern
Instruments) with 8° angled back scattered light. Atomic force microscope (Dimension
3100, Digital Instruments) was used to measure film thickness by cross-section analysis
(see Chapter 2 section 2.2.2). A Multimeter (QM 1535, Digitech) was used to measure
resistance across the polymer films. An optical microscope (eyepiece LMPlan FI 10X/0.25)

was used to observed macroscopic morphology of the polymer films.
9.2.4 Methods

9.2.4.1 Viscosity measurements and pH adjustment of the ICPs nanoparticles
Viscosity measurements were performed using an Ubbelohde viscometer (Figure
9.3). The time the liquid required to travel the glass viscometer from mark D to mark F

(efflux time) was recorded in seconds and multiplied by the viscometer constant to obtain
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the kinematic viscosity. This value was used to calculate to absolute viscosity (u) by

multiplying by density of the liquid as shown in equation 9.1.

il

4 (mPa-s) = constant x efflux time (s) x density (g/ml) 9.1)

where constant for viscometer no. OB K659 = 0.004849 mm?/s?

Figure 9.3 The Ubbelohde viscometer.

As the neutral pH is a suitable condition for immobilisation
of biomolecules, the ICP nanodispersions were pH adjusted by slowly adding 0.1 M NaOH

solution. The adjustment was carried out in a vigorously stirred solution.

9.2.4.2 Printing method for Epson C45 printer

In order to refill the cartridge, the top cover was cut open, the internal sponge was
removed and the cartridge was repeatedly washed using Milli-Q water. The material of
interest was then poured into the cartridge, the chip was reset if necessary by pushing the
chip-resetter to the cartridge electronic board until green light appear. The top of the
cartridge was then resealed. Unless otherwise stated, the area of each sensor, 0.25 cm?, was
designed through Microsoft Power Point program as squares (0.5 x 0.5 cm). According to
Chen et al’., more continuous films were obtained by annealing after every single print on

the hotplate at 50 °C. In this work, the temperature of the hot plate was set at about 40 °C
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so as not to denature the HRP. Hence, after each print, the substrate was placed on hotplate

set at 40 °C for a 2-3 min or until the film dried.

9.2.4.3 Film preparation

Excess surfactant was washed off the ink-jet printed film using ethanol (0.25 ml of
ethanol per single sensor) which was gently dropped on to the surface of the film. To
ensure the removal of the surfactant, the film was placed vertically after the addition of the

ethanol and left to dry before subsequent addition.

9.2.4.4 Real-time monitoring of enzyme/substrate interactions in a batch cell
Amperometry was conducted in a 10 ml cell containing PBS (pH 6.4) with

continuously stirring. The cell was purged with nitrogen gas prior to amperometric

experiments. All potentials stated are vs an Ag/AgCl (3.0 M NaCl) reference electrode.

1''7 and Grennan et al'® the potential applied was -0.1 V and 10

According to Killard et a
mM hydrogen peroxide was added when a steady background current was obtained.

The sensor response was calculated by subtracting the catalytic signal from

background signal (see details of amperometric test in Chapter 2 section 2.3.3).

9.3 Results and Discussion

9.3.1 Instrumentation

Epson have imposed certain technologies in their printers (including the C45) so
that they cannot be refilled with generic inks. The Epson C45 printer cartridges contain
built-in chip technology to indicate the ink level. The printer will not print with an empty

cartridge read by the chip on the cartridge. Once the chip is reset, the cartridge will read as
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full and the printer will print. Therefore, in order to refill the cartridge, the chip resetter'®
was used.

The print heads eventually became blocked resulting in a low quality print or no
print at all. The built in cleaning systems of the printer was used to clear the blockage but
often the problem was still fatal therefore limiting the lifetime of each printer. In general, it
was found that the printer could be cleaned a maximum of 40 times, or approximately 350
sensors were produced, before complete failure. When changing the ink, the ink was
removed from the cartridges and Milli-Q water was placed in the cartridges followed by
multiple printing. Isopropyl alcohol, a conventional print head cleaner, was found to be
unsuitable here as it caused polymer to adhere to the print head and terminally block the

nozzle. Milli-Q water was found to be an effective cleaner.

9.3.2 Substrate characterisation

9.3.2.1 Electrochemistry

The electrochemical potential window of all substrates was examined as it indicated
the suitable range which electrochemistry of the polymer films could be performed without
any interference from the substrates (Figure 9.4 to 9.6). 0.1 M HCIl was the chosen
electrolyte as it was used to investigate electrochemistry of the polymer-modified

electrodes in this chapter (section 9.3.4.3, 9.3.4.4 and 9.3.4.5).
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Current (|,1A/cm2)

-0.3 -0.1 0.1 0.3 0.5 0.7 0.9 1.1
Potential (V)

Cyclic voltammogram of non UV-treated ITO-coated mylar in 0.1M HCI at 100 mV/s scan

rate. Einita is -0.3 V with the arrows indicating the direction of potential scan. All potentials are vs. Ag/AgCI (3.0

M NaCl).

Figure 9.5

Current (pA/cmz)

Potential (V)

Cyclic voltammogram of non-UV treated gold coated mylar in 0.1M HCI at 100 mV/s scan

rate. Eiita is -0.1 V with the arrows indicating the direction of potential scan. All potentials are vs. Ag/AgCI (3.0

M NaCl).
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Figure 9.6 Cyclic voltammogram of non-UV treated PEDOT coated mylar in 0.1M HCI at 100 mV/s scan
rate. Einita is -1.0 V with the arrows indicating the direction of potential scan. All potentials are vs. Ag/AgCI (3.0

M NaCl).

From CVs of all substrates, the ITO-coated mylar was shown to have the widest
potential range with limits of -0.3 V to 1.0 V where there was no faradaic current observed.
The on-set of dissolved oxygen reduction at Ej, ~-0.1 V" originally appeared in CV
obtained using the ITO-coated mylar but this was eliminated by purging nitrogen gas
through the electrolyte. However, oxidation/reduction responses were still evident for the
gold and PEDOT coated mylar films even after purging with nitrogen. Hence they had a

much narrower potential window than the ITO-coated mylar.

9.3.2.2 Hydrophilicity of substrates

The hydrophilic/hydrophobic nature of the substrate as indirectly determined by
contact angle measurements (see Chapter 2 section 2.5) is important as this influences the
spreading of ink drops®. A low contact angle for liquid on the substrate surface indicates a
high hydrophilicity. Hence the ink can spread easily resulting in smooth homogeneous

films. Contact angle measurements were carried out on the non UV-treated substrates using
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water (1 pl). Similar contact angles were obtained for gold and ITO-coated mylar (Table
9.2). It was found that PEDOT coated mylar has the highest contact angle indicating the
lowest hydrophilicity.

From an electrochemical perspective, ITO-coated mylar is the most desirable as the
widest electrochemical window was observed. From these results and additionally in order
to directly compare the sensor performance with PMAS-HRP-PLL biosensors as outlined
in Chapter 8, this work was continued with ITO-coated mylar.

Table 9.2 Contact angle values of each of the substrates measured using 1 pL of Milli-Q water.

Substrates Contact Angle (°)

PEDOT coated mylar | 115+2

ITO-coated mylar 87+3

Gold coated mylar 72+3

9.3.3 Properties of ICP nanoparticles

9.3.3.1 Particle size in concentrated solution

A critical property of the ICP nanodispersions for printing is the particle size in
concentrated solution. From a printing perspective, the typical pigment particle size is 100-
400 nm'? which can be printed using ink-jet printer with the nozzle diameter about 30-60
um?. Therefore, the particle size of ICPs nanoparticles should be at least in the same order
of magnitude to the typical pigment particle size. Due to effects of polymer aggregation,
particle sizes bigger than 1000 nm was deemed unsuitable due to the possibility of clogging
the print head and rendering the printer useless. Dynamic light scattering was used to

determine the particle sizes with the size distribution of all materials used shown in Figure
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9.7. The results are shown in both % Number and % Volume (see relevance of these two
measurements in Chapter 2 section 2.2.3).

PANI-DBSA-RM solution was found to have a size range lower than 100 nm and
PMAS particle size was lower than 160 nm (Figure 9.7 a and 9.7 b, respectively). There
was no particle with a size over 160 nm in both PMAS and PANI-DBSA-RM dispersions
and both materials were able to be continually printed without blocking the print head. The
particle size by Number and Volume % plots were similar for both materials indicating
there is no anomalous effects arising from the presence of large particles. However, sPANI-
DBSA dispersions contain some particles with size over 1000 nm as indicated by the %
Volume plot (Figure 9.7 c). Although the dispersions could be printed continuously, once
printing was stopped for a few min, the print head became blocked with agglomerated
particles. The same trends in particle size were observed for PPy-DS-PVA; hence the
quality of PPy-DS-PVA printing was very poor, due to the presence of large particles in the
dispersion (Figure 9.7 d).
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Figure 9.7 Size distribution of all nanodispersions used, indicated by % Number and % Volume: (a)

PMAS and PANI-DBSA-RM, (b) sSPANI-DBSA, and (c) PPy-DS-PVA.

9.3.3.2 Wetting ability and viscosity

As with the hydrophilic/hydrophobic property of the substrate, the wetting ability of
the printing materials is also important. This property will drastically affect the printing
quality as it affects the spreading and drying behaviour of the ICP nanodispersions on the
substrates. The lower the contact angle value the higher the wetting ability of the
dispersions. The contact angles of all materials were measured on ITO-coated mylar

substrate as shown in Table 9.3.
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Table 9.3 Measured contact angle and viscosity values of each of the printing materials used on non

UV-treated ITO-coated mylar substrate. The values in brackets represent the concentrations of materials used.

Printing materials (1 pl) Contact angle (°) | Viscosity (mPa-s)
Water 84+3 0.88
PMAS (0.5 % w/w) 80+1 1.58
PPy-DS-PVA (3.6 % w/w) 68+4 1.50
sPANI-DBSA (0.5 % w/w) 11+£1 0.99
PANI-DBSA-RM (4.3 % w/w) 11+£1 1.35

From contact angle measurement, PANI-DBSA-RM and sPANI-DBSA dispersions
have the highest wetting ability which may be due to the presence of a large amount of
surfactant. Also, it could be seen when printing these materials onto the substrate that they
would spread over the surface to a larger extent than PMAS solution which has highest
contact angle value.

Viscosity of the dispersions is also another issue as it affects the delivery of the ink.
Typically ink viscosity should be between 1 — 30 mPa-s in order to render it printable®’.
From Table 9.3, the viscosity of all dispersions tested was found to be in a range that is

suitable for printing.

9.3.4 Ink-jet printing of ICP nanodispersions

9.3.4.1 Printing the PPy-DS-PVA nanodispersions

Despite the large particle size observed in the dispersion prepared, PPy-DS-PVA
could be printed onto transparencies and plain paper. Only a very light colour could be
observed (data not shown) even when printed from concentrated solutions (3.6 % w/w).
This is probably the result of the print head acting as a filter for the larger particle sizes and

hence only very small particles were actually jetted through the print head. Printing work
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on this dispersion was discontinued due to the poor print quality and hence it was not

evaluated for biosensing of hydrogen peroxide.

9.3.4.2 Printing the PMAS and PLL solutions

PMAS has been shown previously to be suitable (Chapter 8) as a cast film in a
biosensor system. As this polymer is totally soluble in water, and conducting, it was a
suitable material for ink-jet printing.

PMAS was printed from the black cartridge of an Epson C45 printer onto paper and
ink-jet transparencies. Both 1 % (w/v) and 4 % (w/v) PMAS were printed. The films
formed were of good quality, but they were not homogeneous. This could probably be due
to its low interaction to the substrate surface as indicated by high contact angle value on the
substrate (Table 9.3). Epson ink was added to the 4 % (w/v) PMAS solution at
concentrations from 1 % (w/v) to 8 % (w/v) to see if the homogeneity of PMAS films could
be improved. A double print was used for each print. The homogeneity of these films

improved as the Epson Ink content was increased (Figure 9.8).

(a) (b) (©)

Figure 9.8 Photographs of Ink-Jet printed PMAS from solutions containing 4 % PMAS and: (a) 0 %

Epson Ink, (b) 2 % Epson Ink, and (c) 4 % Epson Ink.
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Although the homogeneity of the films increased, the resistance across them also
increased as Epson Ink was added (Table 9.4). This is due to the non-conducting nature of
the Epson ink.

Table 9.4 Dependence of Epson Ink content on the measured resistance of double printed fims of

PMAS (4 % wiv (aq)).

% (w/v) Epson Ink | Measured resistance across film (MQ)
1 20
2 50
4 100
8 120

Although PMAS printed easily the resulting film was soluble in water. For
biosensor applications, the film needs to be stable in aqueous solutions, therefore the
polymer needs to be complexed with a polycation®', such as PLL, to form an insoluble film
on the substrate as previously shown in Chapter 8, section 8.3.1. As the Epson C45 is a
colour printer, it has a multi-print head function. Hence, PMAS can be printed
simultaneously with PLL by placing PMAS and PLL in separate compartments. This is
important as these materials ideally should not mix before exiting the printer, as on mixing,
insoluble fibres with the size over 3000 nm are observed using DLS and so would block the
print head.

Internal investigation of the printhead showed that the ink nozzles were completely
separated from each other (Figure 9.2). Therefore, it was safe to print two materials that
reacted to form large particles from different ink compartments. In Chapter 8, the ratio of
PMAS:PLL=1:0.5 was found to be optimal in producing stable and uniform films by

evaporative casting. In this work the ratio was varied: 1:1, 1:0.5 and 1:0.25. It was found a
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ratio of 1:1 was required to produce a stable uniform film on the substrate. Therefore
PMAS (0.5 % w/v), (8 ml), was put in the yellow compartment of the colour cartridge,
while PLL (0.5 % w/v) was placed in the magenta compartment (8 ml). A red colour
translate to 50 % yellow and 50 % magenta in the printer hence 0.5% (w/v) PMAS and
0.5% (w/v) PLL were printed successfully (Figure 9.9 a).

The prints of the PMAS-PLL films were allowed to dry, before printing subsequent
layers. Typically, 8 prints were carried out for any one film. In order to test the solubility,
the films were allowed to completely dry, and water was run over the films. When water
was run over PMAS only, the film dissolved away immediately. However, with
PMAS:PLL at a 1:1 ratio, the films did not dissolve (Figure 9.9 a).

It was shown however, that by reducing the ratio to 1:0.5, the films partially
dissolve presumably the uncomplexed PMAS dissolves to leave only the complexed PMAS

on the surface. Reducing the ratio further to 1:0.2 results in even more dissolution of

PMAS, and a very thin, patchy film is left behind (Figure 9.9 b and 9.9 c¢).

(a) (b) (©
Figure 9.9 Ink-Jet printed of films (1 X 1 cm?) on an ink-jet transparencies: (a) PMAS-PLL (1:1) after

washing with H20, (b) PMAS-PLL (1:0.2) before, and (c) PMAS-PLL (1:0.2) after washing with H.O.
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In order to improve the print quality of PMAS-PLL, ITO-coated mylar was treated
using UV-ozone cleaner. The electrochemical window of the UV-treated ITO-coated mylar
was found in the same range as those obtained for non UV-treated ITO-coated mylar.
Optical microscopy was carried out on PMAS-PLL films that were ink-jet printed (8 prints)
on non UV-treated and UV-treated ITO-coated mylar (Figure 9.10 a and 9.10 b,
respectively). Ink-jet printing on non UV-treated ITO-coated mylar resulted in films that
did not cover the surface area of the ITO adequately (Figure 9.10 a) whereas UV-treated
substrate resulted in more homogeneous films that covered a larger portion of the surface of
the ITO-coated mylar (Figure 9.10 b). The contact angles of PMAS solution on both
substrates were measured. It was found that without UV treatment, the contact angle of
PMAS solution (0.5% w/v) had a value of 80£1°. This value decreased to 14+1° after UV
treatment of the ITO-coated mylar. This was probably due to the UV-treatment removal of
organic impurities on the substrate surface and so increases hydrophilicity. Therefore the

UV-treated ITO-coated mylar was the preferred substrate for ink-jet printing.

(a) (b)
Figure 9.10 PMAS-PLL (0.5 %) ink-jet printed on (a) non-UV treated ITO and (b) UV treated ITO (10 X

Magnification).
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PMAS (0.5 %) and PLL (0.5 %) were printed as 1 cm” squares on UV treated
conducting ITO-coated mylar (8 prints). Cyclic voltammetry was carried out using these
films resulting in well defined redox peaks which were stable upon repetitive scans (Figure
9.11 a). In order to evaluate effectiveness of the ink-jet printing, the cast films were also
prepared wherein 35 pL was dropped and spread over the 1 cm’ area. Cyclic
voltammograms were subsequently obtained (Figure 9.11 b) and compared to those
obtained from ink-jet printing. The CVs of the ink-jet printed films were more defined
exhibiting 2 redox transitions between LB and ES at 0.28/-0.02 V (A/A’), and ES to PS at
0.79/0.46V (B/B'). These results are similar to those obtained using PMAS** and sulphonic
acid ring substituted PANI (SPAN) film*. The middle peak at 0.59/0.36 V (C/C’) indicated
degradation products from overoxidation of the polymer film at high potential scan. For the
cast films (Figure 9.11 b), similar redox processes were observed with the redox couples
shown at 0.29/0.06V (A/A’) and 0.75/0.34V (B/B’). However, the CVs were less defined
and the middle peak (C/C’) was more pronounced at about 0.59/0.34 V. Film thickness
were measured using AFM and found to be 263 nm for ink-jet printed film and greater than
838 nm for evaporative cast film. Although ink-jet printed film were much thinner than the
cast film CVs of the ink-jet printed films were comparable in current magnitude to the cast
films. This is probably due to the higher surface area of the ink-jet printed films as the
multiple prints (8 prints) possibly created multi-thin layer polymeric film on the ITO
surface and hence more accessible electron transfer between the electrolyte and the ITO

than the dense layer of the evaporative cast films.
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Figure 9.11 Cyclic voltammograms in 0.1 M HCI of: (a) ink-jet printed film (8 prints), and (b) evaporative
cast film of PMAS-PLL (35 L) on UV-treated ITO-coated mylar at 100 mV/s scan rate. Concentrations used:

0.5 % PMAS, 0.5 % PLL. Einia is -0.3 V and arrows indicate direction of potential scan. All potentials are vs.

Ag/AgCI (3.0 M NaCl).

UV-visible spectrum of the ink-jet printed PMAS-PLL was compared to the cast
film as shown in Figure 9.12. The spectra showed similar electronic properties with
characteristic peaks appearing at 340 and 475 nm”* albeit with lower intensity for the ink-

jet printed film which was due to less polymer mass on the substrate.
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Figure 9.12 UV-visible spectra of (a) ink-jet printed film (8 prints) and (b) evaporative cast film of PMAS-

PLL (35 pL/cm?) on UV-treated ITO-coated mylar. Concentrations used: 0.5 % PMAS, 0.5 % PLL.

During the printing of these reagents, many problems were encountered. Although
PMAS printed easily and consistently, its low wetting ability made the full coverage of the
printed area difficult. Moreover, PLL constantly blocked the print heads (a problem that
destroyed the printer). It is not known exactly why PLL did this, as it is completely soluble
in water with pH of 0.5% (w/v) PLL in water 5.5. There may be a compatibility issue with
the printer due to its strong cationic properties. As PLL was such a hindrance in the printing
process, it was decided that it was not feasible to ink-jet print PLL in this way. As a result,
the PMAS-PLL study was abandoned. However, alternative polycations are being

investigated to replace PLL for future work.
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9.3.4.3 Printing the sSPANI-DBSA

The supernatant from nanoPANI-DBSA (sPANI-DBSA) was prepared as outlined
in Chapter 3 section 3.3.1.3.

The sPANI-DBSA (0.5% w/w polymer) was successfully ink-jet printed on UV-
treated ITO-coated mylar. Figure 9.13 shows an image of a film taken with a 10x
magnification lens. The film appears to almost fully cover the surface of the ITO-coated

mylar. The dark spots indicate uncovered areas.

Uncovered
ITO coated mylar

Figure 9.13 Optical Image (10x Magnification) of a nanoPANI-DBSA ink-jet printed film (8 prints) on UV-

treated ITO-coated mylar.

Cyclic voltammograms were obtained using the ink-jet printed film on ITO-coated
mylar as the working electrode (Figure 9.14). Two redox couples appeared at 0.27/0.01V
and 0.63/0.45V indicating the redox transition from LB to ES (A/A’) and ES to PS (B/B’),

respectively (see detail of PANI-DBSA redox transition in Chapter 1 section 1.1.1).
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Figure 9.14 Cyclic voltammogram in 0.1 M HCI of: (a) an ink-jet printed of SPANI-DBSA (0.5% w/w) film
from 8 prints at scan rate 100 mV/s. Einisat is -0.3 V and arrows indicate direction of potential scan. All potentials

are vs. Ag/AgCl (3.0 M NaCl).

The absorption spectrum of the ink-jet printed sSPANI-DBSA films are compared
with the spectrum of the sSPANI-DBSA nanodispersions (Figure 9.15). The polaron band in
the spectrum of the ink-jet printed film was shifted to higher wavelength compared to the
dispersions (from 788 nm to 821 nm, respectively) indicating higher conjugation length®

which was probably due to the chain interaction during the film formation.

788 nm

Absorbance

350 450 550 650 750 850 950 1050
Wavelength (nm)

Figure 9.15 UV-visible spectra of: (a) sSPANI-DBSA dispersions (0.09 g/L), and (b) film from ink-jet

printed of SPANI-DBSA (8 prints).
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The nanoPANI-DBSA dispersions were shown previously in Chapter 7 to behave as
an effective mediator for a biosensor when it was electrochemically cast onto electrodes.
The sPANI-DBSA dispersion was adjusted to pH 7.0, and HRP was added at the required
concentration. The particle size of the dispersion was then remeasured and it was shown
that the pH adjustment and addition of HRP did not impact on particle size. The sPANI-
DBSA-HRP was then prepared on UV-treated ITO electrodes using ink-jet printing. The
biosensor performance was evaluated and the film containing HRP showed a higher sensor
response than the film without HRP (Figure 9.16) indicating the presence of active HRP in

the film.
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Figure 9.16 Amperometry of ink-jet printed film from sPANI-DBSA films containing (a) 0 mg/ml HRP and

(b) 5 mg/ml HRP. No. of Prints: 8. Substrate: UV-treated ITO-coated mylar. H,O, concentration: 10 mM.

This material was shown to be promising. However, there were some limitations.
The low concentration of polymer made it necessary for multiple printing to be made. An
attempt to increase the concentration of polymer in the supernatant failed as the polymer

consistently aggregated at higher concentrations. Also since no stabiliser was present in the
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dispersion, printing had to be continuous. Only a short down-time would cause blockage of
the print head. Moreover, there was a high variability in the particle size within the
supernatant. In some batches the particle size was over 1000 nm, a size which eventually
blocked the print heads. Although the ink-jet printed films were shown to be sensitive to
HRP, the catalytic signal was very low compared with the previous electrodeposited
nanoPANI-DBSA biosensors in Chapter 7. One reason for the lower signals could be the
lower polymer concentration in the dispersion (at least ten times). Due to these limitations,

the work on these nanodispersions was discontinued.

9.3.4.4 Printing the PANI-DBSA-RM nanodispersions

A rapid mixing method'* was modified in order to attempt to obtain a dispersion
with an even smaller particle size as outlined in Chapter 3 section 3.3.2.

The PANI-DBSA-RM contained 4.26% (w/w) solid with a monodispersed size
around 50 nm. The pH was adjusted to 7 before printing onto UV treated ITO-coated mylar

(20 prints) to produce smooth films as shown in Figure 9.17.

Figure 9.17 Photographs of ink-jet printed films from PANI-DBSA-RM, 20 prints.
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The ink-jet printed films dissolved in solution. This solubility was caused by the
larger amount of surfactant, DBSA, present in the films. In order to remove excessive
surfactant, the films were very gently washed with ethanol. These washed films were then
rendered insoluble and electrochemistry was then performed in 0.1 M HCI electrolyte as

CV shown in Figure 9.18.
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Figure 9.18 Cyclic voltammogram of ink-jet printed films (20 prints) from supernatant PANI-DBSA-RM in
0.1 M HCI at scan rate 20 mV/s. Eiiiar is — 0.5 V and arrows indicate direction of potential scan. All potentials

are vs. Ag/AgCl (3.0 M NaCl).

Cyclic voltammograms obtained using these films were found to be similar to the
sPANI-DBSA films but slightly less defined. Two redox couples appeared at 0.27/0.01 V
(A/A") and 0.62/0.52 V (B/B’) which are due to the switching from LB to ES and ES to PS,
respectively. The strong reduction peak (C') of degradation products, p-benzoquinone and
hydroquinone®, at about 0.41 V appeared in this samples which is possibly due to the small
size of the polymer deposited on the surface that formed a thin film which was more easily

overoxidised.
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UV-visible spectrum of the PANI-DBSA-RM ink-jet printed film is shown in
Figure 9.19 and some different features were found with respect to the UV-visible spectrum
of the dispersion. The polaron band in the spectrum of the ink-jet printed film was shifted
to higher wavelength compared to the dispersions (from 819 nm to 842 nm, respectively)
indicating higher conjugation length® which was probably due to the chain interaction
during the film formation.
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Figure 9.19 UV-visible spectrum of (a) PANI-DBSA-RM nanodispersions (2.13 g/L) and (b) film from ink-

jet printed PANI-DBSA-RM (20 prints).

Various concentrations of HRP were prepared in PBS pH 6.4. These solutions (5
uL) were cast on top of the ink-jet printed films, amperometry was conducted on these
films where H,O, was added to a stirred solution of buffer where the potential of the film
was held at —0.1 V. Typical sensor response appeared to be the same as films from sPANI-
DBSA (Figure 9.16). The results of varying HRP concentrations are shown in Figure 9.20
and the highest sensor response (30.47 pA/cm?) obtained from 5 pL of 0.05 mg/ml HRP

used. Above this concentration of HRP the responses decreased, possibly due to the
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formation of large insulating HRP multilayers which may have reduced the electron

transfer kinetics in the PANI film.
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Figure 9.20 Sensor response of ink-jet printed films from PANI-DBSA-RM with 5 pL of HRP cast on top.

Potential applied was -0.1 V and 10 mM of H,0, was added.

As an ink-jet printable mediator for a biosensor, the PANI-DBSA-RM material was
shown to be the most promising. The small particle size was consistent from batch to batch
and it was shown to be about 20-70 nm. Small size and high wetting ability ensured that
good printing quality was obtained. The optimum sensor response was high (0.05 mg/ml
HRP used). This response was about 10 pA/cm” higher than the PMAS-HRP-PLL sensor
system in Chapter 8 with about 100 times less HRP being used. Although this ink-jet
printed material provided lower sensor responses (on ITO-coated mylar) than the
nanoPANI-DBSA-HRP (on glassy carbon electrode in Chapter 7), it is still a promising
material due to its potential for ink-jet printing very thin films from its small particle size.
Therefore, ink-jet printing of this material could be a cost effective approach for sensor

fabrication that could hold a great deal of potential from a mass production viewpoint.
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9.4 Conclusions

An Epson C45 printer is used for piezoelectric ink-jet printing of ICP
nanodispersions. The life-time for the Epson printers is not very long, due to clogging with
larger particles. Nevertheless, even with 350 sensors produced it is still a low cost
approach.

ITO-coated mylar is chosen as the most suitable substrate for printing as it is shown
to have the widest potential window range. The hydrophilicity of the mylar is increased
from UV-ozone treatment which helps the dispersions spreading in larger area on its
surface and continuous film obtained. Moreover, ITO-coated mylar is used in order to
directly compare to PMAS-HRP-PLL system in Chapter 8.

From the % Volume particle size data PPy-DS-PVA show large number of large
particles over than 1000 nm hence poor printability is obtained from these nanodispersions.

The sPANI-DBSA is successfully ink-jet printed. However, catalytic signals to
H,0O; are very low, compared with the previous PANI-DBSA HRP biosensors (Chapter 7).
This is due to the lower concentration of polymer in the supernatant that is used. Moreover,
the particle size is difficult to control as the desired size (lower than 1000 nm) is found
occasionally which made the printing non-reproducible.

For PMAS-PLL system, PMAS and PLL are printed successfully from different
channels but the major drawback is that PLL persistently blocks the print heads and makes
the consistent printing impossible. Alternative polycations are being investigated to replace
PLL for future work. The resulting films from ratio PMAS:PLL = 1:1 is not dissolved in

aqueous electrolyte. Cyclic voltammograms of the ink-jet films are much more defined than
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the evaporative cast films and very stable indicating more efficiency of ink-jet printing over
casting method.

The most promising material is the PANI-DBSA-RM from the modified rapid
mixing method'®. The particle size is varied from batch to batch around 20-70 nm. The
dispersions have high wetting ability as indicated by low contact angle value. The printed
films are smooth and homogeneous. Although, they dissolve in the water but the washed
film (by ethanol) is stable and shows good sensing performance. At 0.05 mg/ml HRP, the
highest sensor response is 30.47 pA/cm” which about 10 pA/cm® higher than the PMAS-
HRP-PLL system in Chapter 8 and about 100 times less HRP being used. Some further
optimisations that could be carried out to achieve higher sensor response include varying
number of prints, using other, more suitable conducting substrates in terms of conductivity
and hydrophilic/hydrophobic property such as screen-printed electrodes (SPEs). HRP could
also be fabricated using ink-jet printing.

This work has demonstrated the ink-jet printability of conducting polymer
nanoparticles and their use as working electrodes for biosensors. These effective low cost

sensors can be easily fabricated, its distinct benefit is its amenability to mass production.
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Conclusions and Future studies

In this thesis, the synthesis of inherent conducting polymers (ICPs) was achieved
using various methods such as emulsion polymerisation, use of steric stabiliser and
synthesis in the presence of ionic liquid. The nanoparticles obtained were stable in aqueous
as dispersions which were more processable. These nanodispersions were further fabricated
as mediators for biosensors using electrodeposition, evaporative casting and ink-jet printing
and the sensor performance was evaluated.

The nanoPANI-DBSA with the particle size of 10+2 nm as observed by TEM has
been synthesised on a large scale which provided benefits for mass production. The
polymer showed typical pH and redox switching and electrochemical properties of PANI.
The dispersion of these nanoparticles in aqueous medium showed remarkable stability with
small particles suspended in solution for up to 12 months. Their electronic property was
stable for up to 8 months and electrochemical property remaining constant for up to 6
months. The conductivity of the nanoPANI-DBSA was found to be 3447 S/cm. These
nanoparticles proved useful as a mediator in biosensor application when they were
fabricated onto the conductive electrode using electrodeposition method as demonstrated in
Chapter 7. The nanodomain of these particles contributed to highly ordered nanostructure
patterning on the electrode surface. The scan rate study showed that the electrochemical
reaction occurring at these nanofilms were surface confined processes. This uniform
surface showed improved enzyme deposition characteristics and lower background signal
than the electrochemically synthesis of PANI from bulk monomer solutions. Microscopic

images showed uniform nanostructured polymeric surfaces which contributed to the
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uniform enzyme attachment. The enzyme assay result also confirmed that the horseradish
peroxidase (HRP) enzyme immobilised on the polymer film was deposited, approximately
as a monolayer, over the surface. The sensors showed about three times higher sensor
response to background ratio, at least one order of magnitude quicker response time and
about six times lower HRP concentration used under the optimal conditions compared to
the sensors fabricated from electropolymerisation of the bulk monomer from previous
works of PANI-PVS.

The nanoPANI-DBSA tended to aggregate and form clusters in concentrated
solution. Centrifugation was used to separate the nanoparticles from the agglomerates
which precipitate out of the solution. The supernatant (sPANI-DBSA) containing the small
particles was produced and used as a material for ink-jet printing as outlined in Chapter 9.
The enzyme HRP was pre-mixed with the sPANI-DBSA nanoparticles and the mixture was
fabricated using ink-jet printing. The catalytic signal of the sSPANI-DBSA/HRP biosensors
to H,O, was very low, compared to the nanoPANI-DBSA/HRP system. This may be due to
the lower concentration of PANI in the sSPANI-DBSA. Moreover, the particle size was
difficult to control as the desired size (lower than 1000 nm) was often not achieve and,
hence, making the printing non-reproducible. Therefore, no further work from this material
has been conducted.

The PANI-DBSA-RM nanoparticles were synthesised as a material to be used for
ink-jet printing applications. The PANI-DBSA-RM had a particle size of about 50 nm as
observed by TEM and DLS method. These nanoparticles gave good quality ink-jet print on
ITO coated mylar substrate. The good adherent films were obtained by washing the excess
surfactant using ethanol. HRP was subsequently immobilised onto the polymer film and the

sensors tested for amperometric detection of hydrogen peroxide. The biosensing properties
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from these ink-jet printed sensors were lower than the sensors from the nanoPANI-
DBSA/HRP system (see Chapter 7) which was possibly due to lower conductivity of the
PANI-DBSA-RM nanoparticles. Conductivity of dried PANI-DBSA-RM films was 40+8
mS/cm. However, at 0.05 mg/ml HRP, the highest sensor response was 30.47 pA/cm’
which was about 10 pA/cm” higher than the PMAS-HRP-PLL system (as outlined in
Chapter 8) and about 100 times less HRP being used. This work has demonstrated the ink-
jet printability of conducting polymer nanoparticles and their use as working electrodes for
biosensors. These effective low cost sensors can be fabricated easily with the distinct
benefit of its amenability to mass production. For future work, the biosensor performance
could be improved by some optimisations such as varying the number of prints, using more
suitable conducting substrates in terms of conductivity and hydrophilic/hydrophobic
properties such as screen-printed electrodes (SPEs). HRP could also be fabricated using
ink-jet printing or electrochemical immobilisation.

For future work, synthesis of ICPs nanoparticles to which biomolecules is attached
is being interested and the biosensor fabrication from these biomolecules attached ICPs
nanoparticles could be performed in a single step. It is anticipated that more efficient
electron transfer between ICPs and biomolecules would be achieved and this would make it
possible for mass production of sensors using an ink-jet printer.

Carbolan Blue (CB) dye was used as a model compound to incorporate into the
PANI-DBSA nanoparticles and it did not hinder the doping and redox switching process.
Some different features on UV-visible spectra of the PANI-DBSA-CB nanoparticles
compared to the PANI-DBSA indicated the presence of the dye in PANI. The dye was
found to have strong interaction with the polymer backbone using Raman spectroscopy and

centrifugation test. The PANI-DBSA-CB nanoparticles were electronically stable for up to
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8 months and electrochemically stable for up to 6 months. Due to the distinctive colour
upon reduction process compare to PANI-DBSA, the PANI-DBSA-CB can be a potential
candidate for electrochromic devices. It may be possible to incorporate the others dye
molecules or functional groups into PANI using this procedure in future work.

The water soluble polymer, PMAS, was also used to fabricate biosensors. It was
made insoluble by complexing with the polycations PLL. HRP was mixed into PMAS-PLL
matrix before evaporative cast onto ITO-coated mylar substrate. This biosensor format has
proven ability to be easily fabricated from conducting polymer nanoparticles by one-step
casting. The scan rate study showed the diffusion limited process dominated in these
PMAS-PLL films. The optimum sensor performance was obtained from using surface
concentration of 0.11 mg PMAS/cm®, 0.055 mg PLL/cm” and 0.14 mg HRP/cm®. The
optimised sensor had a minimum detectable concentration of 0.01 mM H,O; and a linear
range between 0.01 and 0.1 mM H,0, was observed with the sensitivity of 24.9 |,LA/cm2
mM. The sensor had a high selectivity at a constant potential of -100 mV applied as no
significant effect to the catalytic current from the presence of the interference ascorbic acid
was observed. It also showed very good long-term stability both being stored in air and in
PBS pH 6.4 at 2 °C. The PMAS-PLL system was also fabricated using ink-jet printing. The
CVs from ink-jet printed films were much more defined than the CVs from evaporative
casting films indicating electron transfer was enhanced due to better film formation which
could lead to better sensor performance. However, the problem with PLL blocking the print
head resulted in no further work being pursued. If the problem with PLL could be solved,
the ink-jet printed PMAS-HRP-PLL could form a basis for fabrication of a biosensor for

hydrogen peroxide. Work is continuing in this area in our laboratory.
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PPy nanodispersions were successfully synthesised as outlined in Chapter 4. The
use of steric stabiliser (PVA) in the synthesis provided stable nanodispersions with the size
decreasing with increasing PVA content. The optimum synthesis temperature was 25 °C
with the optimum ratio of PPy to SDS being 1:0.125. High loading of PPy with small
particle sizes and stable nanodispersions was obtained from 0.4 M Py, 2.4% (w/v) PVA and
0.05 M SDS. The PPy-DS-PVA nanoparticles showed reasonable conductivity of 40.1
mS/cm with TEM images showing the segregated nanoparticles with a particle size of 52+5
nm indicating the stabilising efficiency of PVA. The concentrated dispersion (3.6 % w/v)
was used in ink-jet printing. The print quality was poor due to the presence of large
particles over than 1000 nm as observed by DLS method indicating some aggregation in
concentrated solution. No further work on ink-jet printing with this dispersion will be
undertaken.

The PTTh nanoparticles dispersed in aqueous media were also synthesised in the
presence of surfactant (DBSA) and in IL (emiTFSA). For the synthesis of PTTh-DBSA
nanoparticles, the effect of oxidant and surfactant concentrations were studied. The results
from UV-Visible and Raman spectroscopy, and OCP and particle size measurements
showed the optimal concentration of the oxidant to be 1.0 M and surfactant to be 0.2 M
where the TTh monomer concentration was maintained at 0.01 M. The particle size of
PTTh-DBSA as observed by TEM varied from small spherical particles (about 30 nm) to
irregular clusters and it showed poor dispersion stability as most of the particle precipitated
overnight. However, some small particles were able to be suspended in the solution for up
to 8 months. The PTTh-DBSA nanoparticles showed poor electroactivity.

The PTTh nanoparticles synthesised in emiTFSA exhibited good electrochemistry

with the particle size in the range of about 50 nm to a few hundred nanometers as observed
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by TEM. These nanoparticles were dispersed in water by sonication for 2-3 minutes
sonication. The effect of oxidant concentrations to UV-Visible and Raman spectra, CVs,
and particle size were studied. Raman spectra indicated that a relatively highly doped
polymer was obtained. The use of these nanoparticles in photovoltaic devices is being
investigated in our laboratory. Ethanol was also used for the synthesis in order to see the
effect of the solvent. The PTTh nanoparticles synthesised in ethanol were large and not

stable in water.
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