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ABSTRACT
The use of Conducting Electroactive Polymers (CEPs) to transport metal ions has been

employed in recent years. The use of polyelectrolytes (PE®s) to facilitate this has only
been recently exploited. The first part of this work examined the preparation,

characterisation and use of a polypyrrole/poly(vinyl phosphate) (PPy/PVP) polymer in th
transport of various metal ions. PPy/PVP was prepared electrochemically using
potentiodynamic, potentiometric and potentiostatic methods from aqueous solutions of
pyrrole and polyvinyl phosphate). Post-polymerisation cyclic voltammograms (CVs)

indicated that galvanostatic growth gave rise to thin films that were the most electroa
and subsequent growth experiments employed this technique.

PPy thin films are usually grown from solutions that are 0.20 M in pyrrole. However, in
this work PPy/PVP membranes were grown from monomer solutions that contained 0.60
M pyrrole. It was found that this concentration gave rise to the thickest and most
conducting films. Growth experiments examined a range of PVP concentrations which
found that films grown from solutions with 0.20% (w/w) PVP produced the most
electroactive films, as evidenced by post polymerisation CVs.

Physical characterisation methods indicated the polymer had a ratio of 10:1 for nitroge
phosphorous, a water content of 28 ± 3% and a conductivity of 0.28 S cm"1. The polymer,
as shown by SEM and AFM, has a rough amorphous morphology. Electrochemical studies

using electrodes with thin polymer films indicated that oxidation/reduction of the mate

II

varied depending on whether potassium, sodium, lithium, calcium or magnesium ion was
present. Transport of each of these ions across PPy/PVP membranes electrodeposited onto
platinum coated polyvinylidene fluoride (PVDF) membranes was achieved using
electrochemical control. These studies can be performed using a single membrane

transport stirred cell and a pulsed potential waveform with potential values of -0.80/+0.4
V and a 50 s pulse width. It was found that transport of metal ions across PPy/PVP
composite membranes followed the order: K+ > Na+ > Li+ for the group 1 cations and Ca2+
> Mg2+ for the group 2 cations. Transport of Cu2+ ion was also achieved, with flux values
similar to Na+.

There is a wide range of applications for CEPs however they are limited in their ability to
be fashioned into devices due to their insolubility in common solvents and their
intractability. The second part of this research examined the use of PPy conducting
polymer colloids consisting of PPy doped with PVP that were produced by an
electrohydrodynamic polymerisation in the absence of an added steric stabiliser using a
three compartment flow-through cell.

Elemental analysis indicated that the colloids were more highly doped than the
corresponding thin films composed of the same material. Colloidal particles displayed

very low conductivities but were electroactive, while their zeta potentials showed that th
were negatively charged. Transmission Electron Microscopy was used to characterise the
colloids grown. This showed there were small spherical and raspberry-like particles
present. In addition, the effects of variations in flow rate and applied potential on the

m
of the electrochemically prepared colloids were also investigated. The colloids were
shown to adsorb calcium, copper and iron ions from aqueous solutions according to the
series Cu2+ > Fe2+ > Ca2+.

The third part of this work investigated electrochemically facilitated transport of aque
mixtures containing Na+, K+, Ca2+ and Mg2+ across conducting polymer composite
membranes. Experiments were also conducted with the same cations but were examined
as individual ions. Competition experiments were also performed with Cu2+/Fe2+
mixtures. The composite membranes consisted of PPy doped with poly(styrene
sulfonate)/dodecylbenzenesulfonate (1%) (PPy/PSS/DBS), hydroxyquinoline sulfonic
acid/sulfuric acid (PPy/HQS/SO/O, poly (vinyl phosphate)/dodecylbenzenesulfonate (1%)
(PPy/PVP/DBS) and /?-toluene sulfonic acid) (PPy/pTS). These CEPs were deposited onto
a platinum sputter coated poly(vinylidene fluoride) filter (0.22um). All four membranes

were utilised in transport experiments using a flow-through cell using constant potentia
techniques while PPy/PSS/DBS and PPy/PVP/DBS were used in conjunction with the flow
cell and pulsed potential waveform values of -0.80 V and +0.45 V. These two composites
were also employed with the same pulsed potential waveform and a stirred cell.

The flux of Na+, K+ and Ca2+ ions was significantly higher when transport was examined
using the flow-through cell and driven by application of a constant potential. In all
systems examined the flux of metal ions followed the sequence K+ > Na+ > Ca2+ > Mg2+.
Transport of each metal ion was more facile under all conditions examined across
composite membranes containing polypyrrole doped with PPy/PSS/DBS. Atomic Force

IV

Microscopic examination of the surface of this membrane showed it to have a significantly
smoother surface morphology compared to the other PPy doped materials.

The last part of this research examined the doping of emeraldine base with the sulfonated

calixarene host species, calix[4]-p-tetrasulfonic acidand calix[6]-p-hexasulfonic acid in
water or DMSO solvents. This process yielded the conducting emeraldine salts
Pan.calix[4]S03H and Pan.calix[6]S03H. The colloidal polyaniline products were
characterised by UV-visible and FTIR spectra, cyclic voltammetry, particle size analysis
and transmission electron microscopy. The sulfonated dopants conferred enhanced

stability on the emeraldine salts towards alkaline de-doping, with only partial conversio
emeraldine base occurring even at pH 14. The de-doped mixtures could be re-doped to
emeraldine salts using 0.10 M HC1.

The emeraldine salts were readily oxidised by persulfate ion at pH 2 to the pernigranilin
salt forms. Oxidation of the dedoped mixtures at pH 12 generated pernigraniline base.
Reduction at pH 2 and the de-doped mixtures at pH 12 using hydrazine hydrate yielded the
fully reduced leucoemeraldine base.
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CHAPTER 1

INTRODUCTION
1.1 Conducting Electroactive Polymers

Since the first reported discovery in 1977 of electrically conducting ?ra/«-polyacetylene
(Figure 1.1) [1], this class of polymers has been extensively investigated. The initial
discovery occurred by chance when a researcher inadvertently added too much catalyst
while making polyacetylene from acetylene gas. A black powder was expected; however,
the faux pas resulted in a black shiny film. The resulting film was able to conduct
electricity with a conductivity that was remarkably similar to that of traditional metals

as silver and copper, ca. 105 S cm"1 [2], but was environmentally unstable. This fascinating
result was followed by the discovery of other electrically conducting polymers such as
polypyrrole [3], polythiophene [4] and polyaniline [5] (Figure 1.2), that were more stable
as a result of their aromatic character.

c=cH,l/n

Figure 1.1. rrcms-Polyacetylene.
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These polymers, as a class, are k n o w n as Conducting Electroactive Polymers (CEPs). In
particular, polypyrrole (PPy) and polyaniline (PAn) C E P s have attracted considerable
attention for a wide variety of potential applications. Theses include use as corrosion
inhibitors [6-9], sensors [10-14], ion-selective membranes [15-24], rechargeable batteries
[25-29], electrochromic devices [30-32], anti-static coatings, electromagnetic shielding
materials [33-34] and electronic devices [35, 36]. This plethora of functionality uses is due
to the m a n y favourable properties displayed by PPy and P A n , such as redox reversibility,
and the ability to alter electrochemical, optical and mechanical properties by judicious
choice of m o n o m e r and dopants that are incorporated during synthesis [37].

A

m~

AX'

(a)

(b)

w:
(c)

Figure 1.2. Examples of some conducting electroactive polymers: (a) polypyrrole, (b)
polythiophene, (c) polyaniline.

Both PPy and PAn have an extended conjugated 7t-system. When these materials are in
their neutral state they are insulators. T o give the electrically conducting state, a 7i-bond
electron is lost from the conjugated backbone resulting in the formation of a radical cation
(polaron). This results in a p-type (or electron deficient) hole (Figure 1.3). The remaining
electrons in the % orbitals of the conjugated backbone are delocalised, permitting the
radical cation to m o v e along the chain giving interchain charge carrier mobility. During
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growth of the conjugated backbone, counter-anions (called dopants) are incorporated so as

to charge stabilise the positive charge on the polymer (Figure 1.3). This process is referre
to as "doping".

PPy polaron structure

A-

/ Yk+-/

VN

P A n polaron structure

Figure 1.3. Cation radical (polaron) structures of polypyrrole and polyaniline.

Properties of this "dopant", such as its charge and size, influence the interchain mobility of
the polaron and hence modify the overall electrical conductivity. However, no CEP is a
true molecular wire and will exist with finite molecular weight and a degree of conjugation
defects arising from non-ideal linking of monomers. Therefore, intra chain charge transfer,
again mediated by the nature of the dopant anion, must occur to facilitate electrical
conductivity.
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PPy and P A n are somewhat similar in their properties as both exhibit relatively high
conductivity and are thermally, chemically and environmentally stable [37, 38]. PAn,

however, is pH sensitive, can exist in multiple oxidation states and is less expensive; hence
has been more attractive to researchers [39]. Both these CEPs can be produced chemically
and electrochemically from their monomers, pyrrole and aniline, however, they have very
different mechanisms of polymerisation as outlined below.

1.2 Polymerisation of Pyrrole

PPy has been prepared from pyrrole using chemical oxidants in aqueous solutions [40] to
produce powders. Typically, the resulting polymers display low conductivity due to the
interpartial charge transfer. PPy has also been generated via electrochemical means with
the resulting film exhibiting higher conductivities [40]. It can be electrodeposited onto a

range of electrode substrates such as platinum, stainless steel, reticulated vitreous carbon
(RVC), gold coated mylar and indium-tin-oxide (ITO) coated glass [41, 42]. The main

criteria for substrate choice is redox stability in the synthesis potential range and the fi
desired form of coating at the electrode surface.

Both chemical and electrochemical preparation of PPy involve electron transfer reactions
incorporating dopants to balance the positive polaron charges formed on the conjugated
polymer backbone. Chemical oxidation is limited in the range of dopants that can be
incorporated because the dopant is the anion of the reduced form of the oxidant (CI" and
SO42" from FeCl3 and (NH4)2S208, respectively). Electrochemical oxidation, however,
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permits a wider range of dopants, including larger polyanionic polyelectrolytes (PE"s), to
be exclusively incorporated into PPy and, as a result, is the preferred oxidation route.
Potentiostatic, galvanostatic or potentiodynamic electrochemical methods can be used,
with the former two being the most commonly employed.

The mechanism of polymerisation (Scheme 1.1) is a free radical termination reaction
containing 4 steps [43]:

(1) The oxidation of pyrrole monomer as a result of an oxidising potential yields a radical
cation that exists in 3 resonance forms.

(2) The most stable of these forms is the a-radical [44], that couples with another giving
rise to dicationic dimers which, in turn, deprotonate leaving neutral dimers (step 2).

(3) Under the continued application of an oxidising potential neutral dimers form radical
cations. The dimer oxidation potential is typically lower than the monomer due to a higher
degree of conjugation.

(4) Chain propagation occurs as this species reacts with other cationic radicals with the
concomitant incorporation of anionic dopant species (present in solution) resulting in
overall neutrality. The insoluble PPy oligomer/polymer precipitates from solution onto the
electrode surface. This polymeric material subsequently becomes the surface for further
precipitation of insoluble PPy oligomers/polymers and oxidative grafting processes. The
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deposited polymer has a lower oxidation potential than the m o n o m e r , again, due to the
higher degree of conjugation providing charge stabilisation across the entire polymer
backbone.

1. Monomer oxidation

(°x>

N

N

H

H

Resonance forms

O— o
N
H

N+
H

N+
H

+•

2. Radical-radical coupling

H

" ^=/

H

3. Chain propagation
H
1
V /Nv

Ea

pp

N- v.7~^r-N\>

sqiii

H
N^

\
^
H

/ V A A V//N^

S'^XJ^O].

-2H+
4. Anion incorporation
Scheme 1.1. Mechanism for the polymerisation of pyrrole [43].
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1.3 Polymerisation of Aniline

Unlike PPy, PAn has a number of oxidation states that are dissimilar in the degree of
oxidation of the polymer backbone and the degree of protonation of the imine nitrogen
atoms (Scheme 1.2). The unprotonated base form can exist in three oxidation states which
are all non-conducting (a ~ 10"10 S cm"1). Pernigraniline base is the fully oxidised form,
leucoemeraldine base is the fully reduced form, and emeraldine base is the half
oxidised/half reduced form.

Each of these oxidation states can be reversibly modified by application of a potential or
pH changes [45]. The acid doping of blue emeraldine base yields green emeraldine salts
that are highly conducting (o ~ 1-5 S cm"1) [46, 47]. This emeraldine salt state, which
exists as a polysemiquinone nitrogen radical salt, has an equal number of amine and imine
units. It can be further oxidised to pernigraniline salt (blue-purple) using ammonium

persulfate [45, 47], or reduced to yellow leucoemeraldine using hydrazine hydrate [45, 47]

PAn can be prepared via the chemical or electrochemical oxidation of aniline in organic or
aqueous solutions. In the case of polymerisation in aqueous solution, the pH must be less
than 3, as aniline is insoluble in less acidic solutions [46-48]. The oxidation process
proceeds in most protionic solutions, typically of H2S04, HN03, HC1, HBF4, HC104, HF
and CF3COOH [49, 50]. PAn materials, like PPy, have been electrodeposited onto a range
of substrates such as platinum [51], ITO-coated glass [52], RVC [53] and stainless steel
[50].

Chapter 1 Introduction

8

@-K>*

2n

+OH-
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-^O-r^-rO-s-©-!!n
Leucoemeraldine Base
(yellow)

Scheme 1.2. The various oxidation states of polyaniline [45].

1.3.1 Electrochemical Polymerisation of Aniline

The mechanism for the electrochemical polymerisation of aniline can be outlined in 4 steps
[54] (Scheme 1.3):

(1) The initiation step involves formation of a radical cation from the aniline monomer. It
has been suggested that aniline exists as an anilinium ion (C6H5NH3+) in acidic solution,
and it is this species that undergoes oxidation [46, 55-58].
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(2) The resonance forms with the free radical located on the N or the para ring carbon are
most reactive and are more likely to undergo the coupling step. The ortho resonance form
is less reactive due to electrostatic repulsion of the positively charged amine groups. Rearomatization then quickly occurs yielding the neutral state.

(3) Chain propagation and doping of the polymer occur in concert with the former step

requiring oxidation of an oligomer, giving rise to a radical cation which is delocalised ov
the aniline end of the polymer chain. This intermediate reacts with a para species and
undergoes a coupling followed by re-aromatization, thereby increasing the polymer chain
length.

(4) The oxidative doping of the polymer to give the final conducting form occurs with the

conjugate base (A") of the parent acid balancing the positive charges along the entire leng
of the polymer chain.
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1. Initiation

H

f\«A

Eapp
(ox)
-eA-

-

/,H
N
A- H

/

=/
N

Au
N +
A>H

ortho

para

resonance forms of radical cation
2. Coupling

O&O

OKX

N +
A>H

A-\
(ox)
-e-

Eapp

re-aromatization /
-2H+A-

A3 Chain propagation

H

f\,\A^,
/

N

W

H

H/n

A-\EapP

kW
n+1

re-aromatization >*
.

(OX)

A-VH

.

/+H

4 Doping of the polymer

H

\===/

H+A- -e->
(ox)
protonation
delocallization

H
\

'r\^y~\Nf
I

H
/

•0^040-0\=/

H

\=/ H
\=/ H \=/
emeraldine salt intermediate

Scheme 1.3. Mechanism of polymerisation of aniline [55].
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1.3.2 Chemical Polymerisation of Aniline

The chemical polymerisation of aniline can be performed using oxidants such as hydrogen
peroxide [59] and potassium dichromate [60, 61], or most commonly ammonium
persulfate [62-67]. This process occurs in acidic media yielding green, insoluble,
conducting PAn emeraldine salt [50] in the presence of a protionic acid. The proposed
reaction mechanism for the chemical route is similar to that for electrochemical oxidation
(Scheme 1.3). However, it has been postulated the oxidative chemical doping may yield a
slightly different structure from the electrochemical route [68]. During electrochemical

oxidation at an inert electrode the mechanism leading to the emeraldine salt (Figure 1.4) i

a result of radicals adsorbed at the surface. In contrast, with chemical oxidation, radical
are dispersed throughout the solvent and may involve different coupling reactions during
polymerisation [68].

Figure 1.4.

T h e polysemiquinone emeraldine salt resulting from electrochemical or

chemical oxidation of aniline.

3 0009 03254927 6
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1.4 Characterisation of Conducting Electroactive Polymers

As advances in science and technology are made, the ability to characterise CEPs expands
accordingly. Adequately characterising PPy and PAn materials involves a wide range of
techniques (Table 1.1). Examples include cyclic voltammetry, DC-conductivity,
resistivity, Scanning Electron Microscopy (SEM), Atomic Force Microscopy (AFM)
Thermogravimetric analysis (TGA), Differential Scanning Colorimetry (DSC) and UVvisible spectroscopy, from all of which valuable information can be derived. This gives
insights into what material would be applicable for a designated application.

Table 1.1. Various characterisation methods for CEPs.

Physical

S E M , A F M , T E M , elemental

Morphology

imaging,

analysis solid state, T G A , D S C

elemental composition, water

and conductivity

content,

reversible

thermal

transition and conductivity
Electrochemical

Cyclic voltammetry, impedance

Electrochemical

features,

and resistometry

doping, charge transfer and
electroactivity

Spectroscopic

FTIR, and UV-visible

Composition
state

and

oxidation
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Cyclic voltammetry investigates the level of electroactivity of a C E P , as well as
determining the reduction and oxidation potentials. This information is then employed as a

guide for selecting potential limits in electrochemically-controlled transport of metal ion
and macromolecules using CEPs [15-24, 69]. Redox activity is essential if polymers are to
function effectively as electroactive polymers. Typically, redox activity is accompanied by
conductivity changes (Table 1.2). SEM and AFM show the morphology of a CEP, which
is advantageous in explaining the behaviour of membranes. Those with open porous
structures would be expected to allow ions to move more freely through microscopic pores
while those which have tighter, closed structures, would be expected to exhibit lower ion
transport and typically show high mechanical strength [70].

TGA is a technique that is useful in studying the stability of a polymer with respect to
temperature and is widely used to quantify the amount of water in a CEP. Materials with
high water contents can behave like hydrogels, which can undergo reversible
hydration/rehydration. These materials have low contact angles and high ionic
conductivities which are beneficial for use as electromolecular or electromechanical
actuators [71, 72]. DSC and MDSC (modulated DSC) will also assist in tracking or
identifying irreversible and reversible processes such as dehydration and glass transition

temperatures, respectively. UV-visible spectroscopy is a useful tool, giving insight into th
oxidation state/level of the CEP. It is also indicative of the presence of charge carrier
population and band energy typical of a conductive form. This is indicated by the presence
of characteristic peaks in the UV-visible region (300-1100 nm), e.g. polaron bands centred
at ca. 800 nm due to conducting PAn emeraldine salt polymers [73-75]. Also, the
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presence of free carrier tails in the spectra of PPy and PAn are characteristic of electron
mobility [76]. UV-visible information can be used in conjunction with

measurements to elucidate a materials electrical conductivity. Once al

information is collated, CEPs can then be assessed for potential appli

range of technologies such as mineral recovery, protein separations an
electrodes [77].

Table 1.2. Conductivity and dopant species for some PPy and PAn CEPs.

'

PPy/pTS

61.5

PTS

78

PPy/PSS/DBS

1.8

PSS/DBS

79

PPy/BS

47-70

BS

20

PAn/POT

35.5

POT

80

PAn//>TS

3.7

pTS

81

PAn/oPA

2-6

oPA

82

benzenesulfonate, benzene sulfonate, poly(o-toluidine) and orf/zo-phosphate, respectively.

1.5 Membrane Technology

The first achievement in ion separation technology occurred over 250 ye

discovery of osmosis [83] (Table 1.3). Over 100 years later, in 1855, t

Diffusion were elucidated [84]. Then, in 1861, studies were conducted i
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1866 a solution diffusion transport mechanism delineated [85]. The first systematic study
of membranes was conducted in 1906, with the conclusion that the process of filtration

occurs not just on the basis of size exclusion but also due to particle membrane interacti
[86]. In 1911 the first studies into the distribution of charged particles across a semipermeable membrane were performed [87]. Subsequent studies in 1935 provided a model
for the behaviour of charged membranes [88, 89] that forms the basis of our current
understanding of electrodialysis membranes.

Table 1.3. Some of the major achievements in membrane technology [84].

Osmosis

1748

L a w s of Diffusion

1855

Dialysis

1861

Solution diffusion transport mechanism

1866

Affinity effects in ultrafiltration

1906

Distribution of ions

1911

M e m b r a n e potential

1935

1.6 Commercialisation of Membrane Technology

In the early 20th century membranes started to be in demand, enough so that the company
Sartorius began selling ultrafiltration and microfiltration membranes. The development of
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membranes proceeded rapidly and they have found applications in many areas (Table 1.4).
The commercialisation of membrane technology became large scale when, in 1952,
membranes were developed that could desalinate brackish water using electrodialysis [90].
In a simple process unwanted ionic materials are removed from solution via ion selective
membranes. In 1965 an ultrafiltration cellulosic membrane was modified to give a reverse
osmosis membrane also capable of desalination of brackish sea water [91]. This was
followed by the preparation of chlorine and caustic soda from sodium chloride using
electrosynthesis in 1972 [92]. In 1979 membranes were used to separate gases [93].
Procedures for softening of hard water and filtration of potable water were developed in
the 1990's using nano- and micro-filtration membrane technologies [85].

Table 1.4. Applications and technologies in the commercialisation of membranes [84].

Brackish water desalination

1952

Electrodialysis

Brackish-sea water desalination

1965

Reverse osmosis

Chlorine and caustic production

1972

Electrosynthesis

Hydrogen gas recovery

1979

Gas separation

Softening of hard water

1990

Nanofiltration

Filtration of potable water

1994

Microfiltration
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1.7 The Driving Forces of M e m b r a n e Facilitated Separations

A membrane can be defined as a "selective barrier between 2 phases" [84], which can

allow the passage of desirable materials while restricting that of unwanted species (Figur
1.5). The type of membrane and the technology that is used to perform a particular

function is predetermined by what material is to be selectively transported across th
membrane. For example, if large sized insoluble particles are to be removed from a

solution then a microfiltration membrane with a pore size smaller than the particle size i
adequate for the purpose.

Membrane
Feed side

Permeate side

0-0

„ <s

°
o

o o o^ O
O

0 #

OO

o

•

o

° ^
>>

o °

o
Thermodynamic Driving Forces

Figure 1.5. Membrane facilitated transport as a result of thermodynamic driving forces.

Separations of various species across a membrane from a feed solution to a permeate
solution are determined by thermodynamic driving forces such as pressure, concentration,
electrical potential and temperature (Figure 1.5). These thermodynamic forces can be
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manipulated and utilised in a wide range of processing technologies (Table 1.5). Some of

these forces are responses to thermodynamic factors such as flows of mass, heat and

electricity. The relationship between these forces Xt, and the fluxes of these for
linear and can be expressed as:

Ji = ZjLifKj (1.1)

where Lij is termed the phenomenological coefficient. Although these thermodynamic

factors are the underlying principles of separations, the method is not adequately

using them. Other aspects have major roles in determining separation selectivities

size, charge and affinity between the particles in the feed solution and the membr

Table 1.5. The thermodynamic driving forces governing membrane transport and the
processing technologies used as a result of their influence [84].

Pressure

E D and ES

Potential

RO, NF, UF, M F and G S

Temperature

M D and P V

Concentration

D and H D

Notes: E D , E S , R O , N F , U F , M F , G S , M D , P V , D and H D are electrodialysis, electrosynthesis, reverse

osmosis, nanofiltration, ultrafiltration, microfiltration, gas separation, membrane distillation, pervaporat
dialysis and haemodialysis, respectively [84].
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Another factor that determines separation is the rate at which molecules or particles diffuse
through the membrane. Implicit to membrane separation is the ratio (a) of the solubility
(s) multiplied by the diffusivity (D) for each component. This can be best described by
equation 1.2:

ai/j = SiDi/SjDj (1.2)

Close examination of this equation reveals the separation power to be dependent on both
thermodynamic solubility and the kinetics of relative diffusivity.

A simple description of all the above factors is shown by equation 1.3:

Flux = Concentration x Mobility x Force (1.3)

The gradient of thermodynamic parameters (Table 1.5) is related to the thickness of the
membranes. Therefore, using thin films can increase flux because the particles have a
shorter distance to travel. Membranes as thin as 500 nm have been utilised [84], however,
it is difficult handling such a fragile material and damaging them is a common occurence.

1.8 Asymmetric Membranes

The answer to strengthening thin films while maintaining high selectivity without
sacrificing flux was delivered in the form of asymmetric membranes [91]. Ultrafiltration,

Chapter 1 Introduction

20

nanofiltration, reverse osmosis and gas separation processes all use asymmetric
membranes. These materials are made of a dense selective upper layer (0.1-0.5 um
thickness) supported by an open porous sublayer (50-150 um thickness). An example of
an asymmetric film is a 100 kD polysulfone membrane (Memtec) which is in common use

in laboratories world wide. This material separates unwanted insoluble particulates by s
exclusion under the thermodynamic force of pressure.

1.9 Electrochemical Properties of Polypyrrole CEPs

The synthesis of a polypyrrole CEP detailed in Scheme 1.1 can be depicted overall as
shown in equation 1.4:

n

+ A-

Oxidise

AN
H

/n

(1.4)

During polymerisation a positively charged polymer backbone is formed. In order to
maintain charge neutrality, counter-anions (A") present in the polymerisation medium are
incorporated into the polymer structure. One facile method of altering the properties of
conducting polymer membranes is to vary the identity of the incorporated counter-anions.
For example, the characteristic redox behaviour of polypyrrole membranes containing
small, mobile counter-anions A" can be represented as shown below in equation 1.5.
Reduction of the polymer backbone results in expulsion of the counter-anions in order to
prevent formation of a polymer with an overall negative charge. Subsequent re-oxidation
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returns the polymer backbone to its initial positive charged state with re-incorporation of
counter-anions.

+ eN

H

' /

A\ H

/n

(1.5)

/n

However, if A" is large and comparatively immobile then it is m u c h more difficult for
charge neutrality to be maintained by counter-anion movement after polymer reduction.
Under these circumstances, cations (MT) present in the surrounding solution are

incorporated into the polymer structure as shown in equation 1.6. When the polymer is re~oxidised the incorporated metal ions are subsequently'expelled, providing a mechanism for
binding and releasing metal ions.

\o

+ A+ M+ ^ + eN
H

,
/n

A"M^
(1.6)

1.10 Transport Properties of Polypyrrole C E P s

In the early 1980's the first investigations into the ion gate properties of PPy C E P s were
conducted [15, 16]. These studies showed that ionic permeability could be controlled
using electrical stimuli. It was also shown that the redox states of PPy could be
dynamically and reversibly altered to enhance ion transport. Subsequent research with PPy
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materials electrodeposited onto gold minigrid substrates indicated that anionic permeability

of the oxidized form is much higher than for the reduced form [17]. It was also noted tha
oxidized films showed selectivity for chloride over potassium ions.

Subsequently, other research [94-101] and that performed at the Intelligent Polymer
Research Institute, University of Wollongong [78, 79, 102-111], has led to the
development of CEP membrane materials as well as electrochemical hardware and

techniques for the transport and separation of ions and macromolecules. Initial work in t
Wollongong laboratories concentrated on growing stand-alone CEP membranes such as
polypyrrole doped with para-toluene sulfonic acid (pTS) [102]. This material was chosen
as it had high conductivity and exhibited excellent mechanical strength. Investigations
the transport of K+ and CF ions were performed using the CEP as a thin membrane (area =
ca. 8 cm2, 5 um thick) separating a feed solution that was 0.20 M in KC1 and a permeate
solution containing Milli-Q™ water (Figure 1.6).

The CEP functioned as the working electrode and was connected to a potentiostat. The
cell contained a reference electrode (Ag/AgCl) and platinum mesh auxiliary electrode in
the feed solution. Transport was not observed in the absence of an applied potential.

Using constant reductive potentials some transport of KC1 was achieved, but unfortunately

this was not sustainable. However, utilising a square wave potential by initially applyi
negative potential for 20 s (to reduce the polymer) and then switching to a positive
potential for 20 s (to re-oxidise the polymer) it was possible to transport the salt to
greater extent. This was due to the redox properties of the CEP. PPy//?TS allowed both
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anion and cation movement during redox switching because of its moderate size. U p o n
polymer reduction, K+ ions were incorporated (eqn 1.6) to balance the charge of the pTS
dopant. The K+ ions remained in the matrix of the polymer upon oxidation, and as
reduction and oxidation were repeated more K+ ions moved into the polymer from the feed

solution. This forced a small but significant amount of ions out of the matrix and into
permeate solution.

Reference
electrode -

-X
60

Auxiliary
electrode

Feed
solution

Permeate
solution

I
PPy/A" C E P working

-o

DODO
DD
DDD

-O
P A R 363
potentiostat

electrode

Figure 1.6. A transport cell and hardware used in the transport of K + and CI" ions with a
PPy//?TS CEP membrane [102].

Chloride ion transport was achieved due to the size of the pTS dopant. U p o n re-oxidation

the smaller chloride ions were able to move into the polymer and also act as a dopant (eq
1.5). In a similar manner to K+, the chloride ions were transported across the membrane

from the feed to the permeate solution as a result of continued reduction and re-oxidati
of the polymer membrane. For both K+ and CI" ions the driving thermodynamic force was
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not a concentration gradient alone (diffusion of ion pairs), but a combination of this and the
effect of electrochemical manipulation of the redox properties of the PPy/pTS CEP.
Another contributing factor was that the auxiliary electrode has an overall net positive
charge when the membrane experienced a negative potential. This has the effect of
repelling positively charged potassium ions in the feed solution towards the membrane.

Investigations were later conducted into the transport of a mixture of K+ and Na+ ions
[103]. Using the same type of free-standing CEP membrane and the same cell type,
configuration and parameters as above, it was found that the flux of K+ ion was five times
greater than that of Na+ ion.

As further investigations into improving flux continued, the effect of varying the
configurations of cell components were examined [104]. A cell similar to that in Figure
1.6 was utilised but with a reference and auxiliary electrode also placed in the permeate
solution (Figure 1.7).

Both auxiliary electrodes were connected to a potential pulse generator. This resulted in
dual potentiostatic control of both sides of the CEP working electrode, which enabled the
source side to control the reduction of the polymer, and the receiving side to control
oxidation of the polymer. Free-standing CEPs (PPy/poly(vinyl sulfonate) and PPy/nafion)
were used in the transport of K+ and Na+ ions. This type of cell configuration and the
composite CEPs resulted in an increase in sodium and potassium ion flux by factors of 5
and 20, respectively.
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electrodes

P A R 363
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• -4-

Feed
phase
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PPy/A working
electrode

Figure 1.7. A uansport ceil which enables dual potentiostatic control ove* the reduction
and oxidation of PPy membranes [104].

Studies into the effect of a range of sulfonated dopants on K+ ion flux were performed
[105] and it was found the larger the dopant the greater the flux (Table 1.6). The
selectivities (flux KVflux Ca2+) were ca. 37 for the membrane containing the smallest
anion (benzene sulfonate), and increased to ca. 240 for the largest dopant (naphthalene
sulfonate).

Following this work there was further research into PPy freestanding membranes
containing dodecylsulfonate counter-ions [106], transport of functionalised sulfonated
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aromatic molecules [107], transport using dual conducting polymer membranes [108], and
monodirectional transport of K+, Na+ and Ca2+ using a potential gradient rather than a
pulsed potential [109]. All of this work resulted in only slight improvements in metal

fluxes. Parameters influencing the rate of metal ion transport across PPy membranes wer
identified such as the nature of the materials used as the auxiliary electrode material
The use of PE0s such as poly(styrenesufonate) and dodecylbenzenesulfonate[78, 79], and
layered PPy membranes were also investigated [111]. Once again, this research only
slightly improved metal ion fluxes.

Table 1.6. The effect of counter-ion on conductivity and transport of potassium ions wi
PPy CEPs [105].

PPy/BS

19-20

2.4 x 10"IU

PPy/pTS

90-110

1.9 x 10"9

PPy/EBS

90-100

2.9 x 10~9

PPy/MS

50-70

3.1 x 10"9

PPy/BDS

47-70

2.6 x 10"9

PPy/NDS

50-70

3.5 x 10~9

Notes: B S , E B S , M S , B D S and N D S are benzenesulfonate, ethylbenzenesulfonate, mesitylenesulfonate,
benzenedisulfonate and napthalenedisulfonate, respectively.

Overall, these materials provided a new generation of polymeric materials that had a wid

range of applications. However, they were limited in strength, porosity, and control ove
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the entire membrane. T o overcome the limitations of free-standing PPy CEPs, composite
membranes were developed [112]. These new membrane materials consisted of a nonconductive substrate, such as polyvinylidene fluoride (PVDF) membrane, on which was
sputter-coated a thin but conductive layer of platinum to both sides. The CEP was then
electrochemically deposited onto one side of the platinised PVDF yielding a
PPy/Pt/PVDF/Pt composite. The composite membrane was then placed in a transport cell
with the CEP facing the feed solution in the cell (Figure 1.8). Control of current was

obtained using a galvanostat that made contact to the CEP via connections to the platin
on both sides of the composite.

Initial studies using PPy/pTS/Pt/PVDF membranes to study the transport of Human Serum
Albumin (HSA) and myoglobin indicated the composites could discriminate between the

two proteins, with the former being transported far more readily [112]. The feed soluti

contained the proteins of interest while the permeate solution contained Milli-Q™ water

It was confirmed that the overriding factor in determining the transport selectivity a
was manipulation of the intrinsic electrochemical properties of the PPy composite.
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Figure 1.8. A stirred transport cell used in protein transport with PPy/pTS/Pt/PVDF
composite membranes.

1.11 Conducting Electroactive Polymer Colloids

A s seen in Section 1.1, PPy and P A n C E P s have a remarkably large range of applications.
However, a limitation of these materials has been that they are frequently insoluble in
many common solvents as well as infusible, which places severe restrictions on how they
can be fabricated into devices. One potential answer to this problem is to produce
conducting polymers in the form of colloidal dispersions [113-116] rather than as thin
films or membranes.
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PPy and P A n colloidal materials can be prepared using dispersion polymerisation
techniques with chemical oxidants such as iron chloride, potassium iodate or ammonium
persulfate in aqueous solutions [117-123]. Non-aqueous media can also be employed
[124-127]. However, synthesis in water is preferred as organic media are environmentally
deleterious and expensive.

1.12 Polypyrrole and Polyaniline Colloid Stability

A colloidal dispersion consists of a dispersed phase within a continuous phase, with the
dispersed phase containing particles of sizes ranging from 1-1000 nm [127 ]. During the
synthesis of conducting polymer colloids the polymerisation mixture initially contains
monomer, oxidant and a steric stabilizer, typically a large PE0 such as poly(vinyl pyridine)
or poly(p-aminostyrene) [113]. As polymerisation occurs the anion of the oxidant and/or
the reduced form of the oxidant can be incorporated as the dopant. This gives rise to

colloidal particles that can either then aggregate (and precipitate) or become stabilised (

remain in the dispersion phase). The presence of a steric stabilizer prevents aggregation by
adsorbing onto the surface of the CEP particles as they are synthesised (Figure 1.9). The
presence of an extensive network of hydrophilic chains on the outer layer of the colloid

causes steric repulsions between particles thereby yielding a stabilised colloidal dispersi

It is believed the stabilisation mechanism for colloidal particles involves physical
adsorption via hydrogen bonding [113], in which the hydrogen atom of the monomer
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repeat unit electrostatically interacts with hydrogen atoms of the steric stabiliser (Figure
1.10).

Colloids can also be stabilised due to electrostatic forces of repulsion. The presence of a

large layer of solvated negative charges on the surface of the colloid repels the particles,
preventing aggregation and resulting in a stabilised colloidal dispersion.

m o n o m e r + oxidant + steric
stabiliser
conducting
electroactive polymer
core

adsorbed steric stabiliser

Figure 1.9. A C E P colloidal particle stabilised with an outer layer of adsorbed steric
stabiliser [127].
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H-CH^CH—4-

6
Figure 1.10. An example of the probable adsorption mechanism between the inner
conducting PPy particle and the outer layer of steric stabiliser (poly 4-vinyl pyridine)
[113].

1.13 Electrohydrodynamic Synthesis of Colloidal Dispersions

Chemical dispersion polymerisation is an effective method for producing CEP colloids.
However, this method has limitations because the anion of the oxidant and/or the reduced
form of the oxidant is incorporated as the dopant. This results in colloidal dispersions with
more than one dopant. A further restriction is there are only a small number of dopants
that can be incorporated.

An alternative to chemical dispersion polymerisation of PPy and PAn colloids is
electrohydrodynamic synthesis in the presence of steric stabilisers, employing a
hydrodynamic process involving the use of a flow-through electrochemical cell [122, 128131]. This process produces C E P colloids at constant applied potential or current at the
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working electrode. This anode is bathed with an anolyte solution that is p u m p e d through

the electrochemical cell. Recent investigations into PPy/nitrate colloids with flow-throu

cells indicated that the greatest amount of colloid produced was with constant currents o
0.40 mA cm"2, flow rates of 40 mL"1 min and with initial pyrrole concentrations of 0.05 M
[130, 132].

The electrohydrodynamic synthesis of colloidal dispersions produces particles that are
stable, electroactive, and can be subsequently cast as conductive films. Furthermore,
electrochemical synthesis offers several advantages over chemical methods of colloid
preparation. These include providing greater quantitative control over polymer growth,

and allowing a greater range of dopants to be incorporated during synthesis rather than a
post polymerisation stage, thereby providing materials with a greater range of useful
properties.

1.14 Aims of The Project

This thesis deals with four areas of conducting polymer studies. Three of these involve
exploring CEPs as a means of metal ion transport whilst the last area examines potential
CEP systems for sensing and transporting ions of interest. These four major aspects are:

(i) The electrochemical synthesis and characterisation of PPy/poly(vinyl
phosphate) thin films and exploring the transport properties of these films
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(electrodeposited onto platinum coated P V D F membranes) using a variety of
metal ions.

The electrohydrodynamic synthesis and characterisation of PPy/poly(vinyl
phosphate) colloids and examining their efficacy for ion removal;

The electrochemically controlled transport of mixtures of metal ions across a
range of composite membranes including PPy/para-toluene sulfonate/Pt/PVDF,
PPy/poly(styrene sulfonate)/dodecylbenzene sulfonate/Pt/PVDF,
PPy/hydroxyquinoline sulfonate/sulfate/Pt/PVDF and PPy/poly(vinyl
phosphate)/dodecylbenzene sulfonate/Pt/PVDF composites, utilising a flow
cell. Comparisons of two of the composites using a flow-through cell and a
stirred cell with various metal ions and different potential regimes is also
examined;

Synthesis and characterisation of PAn emeraldine salt colloidal dispersions
doped with calix[4]-p-tetra sulfonic acid and calix[6]-p-hexasulfonic acid.
Alkaline de-doping and HC1 re-doping is examined followed by oxidation and
reduction of the colloidal dispersions.
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CHAPTER 2

GENERAL EXPERIMENTAL PROCEDURES

2.1 Introduction

As already alluded to in chapter 1 there have been many advances in Conducting

Electroactive Polymer research. One of the main reasons for this field to be advancing s
quickly is the correct use and thorough understanding of various instrumentation and
procedures. This includes techniques such as cyclic voltammetry, conductivity
determinations, thermogravimetric analysis, hydrodynamic size, zeta potential
measurements, and various microscopy analysis techniques such as Scanning Electron
Microscopy (SEM), Atomic Force Microscopy and Transmission Electron Microscopy.
UV-visible and FTIR spectroscopy have also enabled advances as they provide both
qualitative and quantitative information.

This chapter examines general experimental techniques and briefly examines the
instrumentation used.
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2.2 Electrochemical G r o w t h of Polypyrrole Thin Films

Thin films of polypyrrole (PPy) were electrodeposited onto platinum electrodes (area

0.0176 cm2) using potentiodynamic, galvanostatic and potentiostatic techniques in a t
electrode cell (Figure 2.1).

ri
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Figure 2.1. A three-electrode cell utilised in the electrochemical deposition of PPy thin
films. WE, AE and RE are the working, auxiliary and reference electrodes.

The three-electrode electrochemical cell comprised a platinum working electrode,
Ag/AgCl (3 M NaCl) reference electrode, and platinum gauze auxiliary electrode. Data
were obtained using an EG&G Princeton Applied Research model 363
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potentiostat/galvanostat with the deposition process being monitored with a M a c L a b A / D
and D/A data collection system (AD Instruments). The monomer solution contained pre-

distilled pyrrole and an electrolyte salt solution, of which, the anion was incorporate
the dopant. This solution was thoroughly deoxygenated prior to use by passing nitrogen
through a 10 mL solution for a minimum of 5 min.

PPy thin films were also grown onto gold coated mylar, Indium Tin Oxide (ITO) coated
glass and stainless steel. The former 2 substrates were cleaned using 95% ethanol and

acetone, dried at room temperature and used in the same cell as for platinum (Figure 2.

Prior to growth on stainless steel and platinum the electrodes were cleaned by polishin

with Leco 0.05 pm alumina slurry on flocked-twill polishing cloth. After polishing, the
electrodes were thoroughly rinsed with Milli-Q™ water. All electrodes were then placed

in a beaker containing water and ultrasonicated for 1 min and then washed again in Mill

Q™ water. PPy thin films were electrodeposited onto stainless steel with a cell that wa

similar to that of platinum (Figure 2.1) except that the cell itself was larger. The to
volume of this cell was 300 mL with 250 mL of monomer solution that required
deoxygenation for 15 min.

2.3 Cyclic Voltammetry

Post-polymerisation cyclic voltammogram (CV) responses of PPy CEP membranes are
measurements of current determined at the working electrode as a function of applied
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potential. The data obtained using cyclic voltammetry provides valuable electroanalytical,
thermodynamic and kinetic information relating to electroactive species (e.a.s).
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Figure 2.2. A cyclic voltammogram triangular potential waveform (a) and subsequent
current response (b).

An excitation signal, for example, initiates a linear potential scan in a negative directi

from a starting potential (E upper) to a lower limit (E lower) whereupon, the scan returns
in a positive direction to the initial starting potential (Ej) which is also known as the
potential (Ef) (Figure 2.2) [1]. This type of scan is known as a triangular waveform and
occurs at a predetermined rate (v) which is measured, for example, in mV s"1. A second

scan is initiated followed by successive scans with the current response to all scans bein
result of potential excitation.

The idealised C V shown in Figure 2.3 shows reversible behaviour during the reductive
(cathodic process) and the oxidative (anodic process) sweeps. The peak heights for the
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cathodic (ip(c)) and anodic (ip(a)) scans provide quantitative information for redox kin
according to the Randles-Sevcik equation where:

ip = (2.69 x l0YnADmCvm (2.1)

The electron stoichiometry is n, A is the area of the electrode (cm2), D is the diffusion

coefficient (cm2 s"1) of the e.a.s. in solution. C is the concentration (M) and v is the s

rate. As a result plots of ip(C) and ip(a) should increase linearly as a function of vm a

pass through the origin for a reversible system. If this occurs it indicates the kinetic

electron transfer are rapid and are unaffected by adsorption of e.a.s. onto the electrod
surface.

A redox couple for electroactive species which rapidly exchanges electrons with a

working electrode is known as a reversible couple [1]. The peak potentials for the anodi
(Ep(a)) and cathodic (Ep<c)) sweeps give information regarding the formal electrode
potential (E°) according to equation 2.2 where:

E° = (Ep(a) + Ep(C))/2 (2.2)

For a reversible system the number of electrons transferred can be found by examining
the separation between the peak potentials Ep(.) and Bm as evidenced by equation 2.3
where:

AEP= E^) - Ep(C) = 0.059/n (2.3)

Chapter 2 General Experimental Procedures

48

Hence an electroactive species which experiences a one electron transfer has A E = 0.059
V.

Red
c
fc
3

u
Potential (V)

Figure 2.3. Idealised cyclic voltammogram for a one-electron reversible process at an in
electrode surface.

The electrochemical cell in which C V s were obtained was a three-electrode cell the same
as that in Figure 2.1 but with an electrolyte salt such as 0.10 M NaN03. All CVs were
obtained using platinum working electrodes or ITO coated glass. CVs of PPy/poly(vinyl
phosphate) colloidal dispersions, however, were obtained on glassy carbon electrodes and

were typically obtained with scan rates of 100 mV s"1, but for analysis of redox processes
this value may have been as low as 10 mV s"1. The arrows seen in CVs indicate the sweep
direction. Starting and end potentials were chosen to promote reduction and oxidation of
the polymer and peak potentials Ep(a) and Ep(C) indicate where ion movement associated
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with the redox of the polymer would occur (Figure 2.3). In addition, pulsed potential
limits were determined from these values obtained from CVs such as these.

2.3.1 Oxidation Potential Studies

To determine the optimum oxidation potential of PPy/PVP polymers cyclic voltammogram
were obtained during the potentiodynamic growth of membranes onto platinum electrodes.
This was achieved by applying a cyclic voltammetry waveform over the range -0.80 <->
+1.00 V. To determine the optimum oxidation potential, tangents are drawn on the first
oxidation scan (Figure 2.4). At the intersection point of these two tangents an

extrapolation to the x-axis is performed. The voltage where this line intersects the xthen taken as the optimum oxidation potential. This value is then employed for
chronoamperometry and chropotentiometry studies.

c

B
3

u
Potential (V vs Ag/AgCl)

Figure 2.4. A n idealised cyclic voltammogram for the oxidation of pyrrole.
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2.4 Chronoamperometry

Chronoamperometry is an electrochemical technique that was performed in a cell

described in Figure 2.1. The potential was instantaneously applied and held at the same
value throughout the experiment. The resulting current response is recorded throughout

and provides information regarding electrode processes (Figure 2.5). Upon application o

a potential sufficient to oxidise pyrrole monomer, an initial current spike is followed

slow decay until a limiting value is reached. The rate at which this occurs is determin
the Cottrell equation where:

I(t) = (nFACDm)/Km tm (2.4)

The electron stoichiometry is n, F, is the Faraday constant, A is the area of the elect

(cm2), C is the concentration (M) and D is the diffusion coefficient (cm2 s"1) of the e.a.

solution. The rate of current decay can also be expressed as the square root of time. A
time passes there is a rise in current that indicates the electrode area is increasing
result of polymer deposition.
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Figure 2.5. An idealised chronoamperogram in which the current at a working electrode is
recorded against time.

2.5 Chronopotentiometry

Chronopotentiometry is another electrochemical method that was performed in a cell as
above. A constant current pulse was initiated at a working electrode and the resulting
potential (versus a Ag/AgCl reference electrode) was monitored against time during the
course of the experiment (Figure 2.6). Pyrrole monomer is oxidised at the electrode

surface as evidenced by the initial increase in potential. The potential begins to drop a
eventually reaches a steady state value. This provides valuable qualitative information
about the oxidative process, i.e. the decrease in potential is evidence of a conducting
polymer being deposited at the electrode surface. If the potential were seen to steadily
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increase during the course of the experiment it means that the polymer being grown was
resistive and could be over-oxidised.

u
<
co

>
>

Time (s)

Figure 2.6. A chronopotentiogram in which potential at a working electrode is recorded
against time.

2.6 Metal Ion Transport

To conduct metal ion transport, 0.22 u m platinum coated poly(vinylidene fluoride)
(Pt/PVDF) membranes were employed. This involved coating the PVDF membrane with
platinum using a Dynavac Model SC100MS Magnetron sputter coater. A PVDF
membrane was placed in a chamber with the side to be coated facing a platinum target.
The chamber was evacuated and maintained at 2 x 10"3 mbar of argon. The platinisation

process proceeded for 10 min by applying a current of 30 mA. Under these conditions a Pt
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coating of ca. 700 A can be obtained that does not significantly alter the pore size of the
PVDF substrate membrane. The maintained porosity was confirmed by water flux tests on
the bare PVDF and the platinised PVDF.

PPy membranes were then galvanostatically deposited onto the platinum coated PVDF
(Pt/PVDF) membranes using a two-electrode cell (Figure 2.7). The Pt/PVDF membrane
was placed in the cell with the platinum surface facing a platinum mesh auxiliary
electrode. A 100 mL monomer solution (thoroughly deoxygenated with nitrogen) was
placed in the cell and the electrodeposition process initiated with an EG&G Princeton
Applied Research model 363 potentiostat/galvanostat. The deposition process was
monitored with a MacLab A/D and D/A data collection system (AD Instruments). The
schematic in Figure 2.8 shows the platinisation and PPy deposition processes.

To ensure complete coverage of Pt/PVDF with PPy, so as to not allow the passage of
cations through the material under simple diffusion, water flux tests were performed to
optimise the thickness of PPy on Pt/PVDF. This involved placing the PPy/ATPt/PVDF (A"

= the anionic dopant species) composite material in a small cell, sealing it and pressur
to 100 KPa nitrogen pressure to ensure no water could pass through the composite.

To make the composite materials hydrophilic, so as to maximise metal ion transport
properties, the PPy/ATPt/PVDF composites were soaked in 50/50 water/ethanol mixture
for 20 min. The composite materials were then soaked in Milli-Q™ water for 15 min with
the water being changed every 5 min. The composites were then immediately utilised in
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metal ion transport experiments. The composites were visually inspected for pin holes
using an optical microscope. Composites were only used if they were pin hole free.

Monomer
solution

363 Potentiostat
Galvanostat

Platinum mesh
auxiliary electrode
Platinum coated
P V D F working
electrode
Cell Base
__^_____

Figure 2.7.

A

two-electrode cell for the galvanostatic electrodeposition of PPy

membranes onto Pt/PVDF.

Metal ion transport experiments that were performed with a stirred cell (Chapter 1, Figure
1.7) had PPy composite membranes that faced the feed solution. The area of the
composite exposed to the feed solution was 7.07 cm2. Electrical contact was made via
the exposed platinum coating around the edge of the composite membrane (Figure 2.8,

D). The PPy polymer was in the oxidised state after electrodeposition onto the Pt/PVD

hence a negative potential was initially employed in order to reduce the composite. T

potential pulse range used was -0.80 V to +0.45 V (vs Ag/AgCl (3 M NaCl)) for K+, Na+,
Ca and Mg +. For Cu2+ transport experiments this lower limit was -0.60 V. For

Cu2+/Fe3+mixtures the potential values were -0.80 V and +0.80 V. A pulse width of 50 s

Chapter 2 General Experimental Procedures

55

was used in all experiments. The pulsed potential process was initiated with an In-house
built pulsed waveform generator coupled to EG&G Princeton Applied Research model
363 potentiostat/galvanostat. The resulting data of the chronoamperograms were
collected with a MacLab A/D and D/A data collection system (AD Instruments).

Platinum
Sputter coating

B

A

Electrodeposition
of a PPy/PVP
membrane
< « — PPy/PVP
0.14 m m

$\

D

Figure 2.8. A schematic depicting the platinum sputter coating of P V D F followed by the
electrodeposition of PPy onto Pt/PVDF. A: White PVDF membrane. B: Pt/PVDF
membrane. C: A cross section view of PPy/PVP/Pt/PVDF membrane. D: Plan view of
black PPy/PVP on Pt/PVDF membrane.

Experiments involving alkali and alkaline earth metal ions were conducted in 2 different
ways:
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(i) A mixture of aqueous 0.10 M N a N 0 3 , K N 0 3 , M g ( N 0 3 ) 2 and C a ( N 0 3 ) 2 was used as the
feed solution, while an aqueous 0.10 M solution of LiN03 in Milli-Q™ water was used as
the permeate solution for the mixtures.

(ii) When analysing just one metal ion the feed solution contained either aqueous 0.10
NaN03, KN03, LiN03, Mg(N03)2 or Ca(N03)2 while the permeate contained 0.10 M
NaN03, or KN03 when sodium ion was investigated.

Transport experiments involving copper had feed solutions that contained 1.25, 2.50 or

5.00 g L"1 Cu2+ ion respectively, while both the feed and permeate solutions contained 0
M H2S04. Transport experiments with Cu /Fe mixtures had feed solutions that
contained 0.10 M Cu(N03)2 and FeS04 in 0.01 M H2S04 while the permeate solution was
0.01MH2SO4.

After assembling the cell and filling both cell compartments, a period of between 30 an
60 min was allowed to pass during which 1 mL samples were withdrawn to determine

whether any metal ion transport occurred in the absence of an applied potential. The a

potential waveforms were then applied for between 2-6 hr after which the experiment was

continued for a further 30-60 min in the absence of any applied potential. Samples (1 m

for metal ion analysis were withdrawn at 30 min intervals during both the applied pote
and post-potential phases of the experiment, and analysed by atomic absorption
spectroscopy (AAS). In order to maintain a constant solution volume in the permeate
compartment 1 mL 0.10 M of the salt in the permeate phase was added to the permeate
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solution after each sample was withdrawn. The analytical results were adjusted for the
dilution of the permeate.

2.7 Atomic Absorption Spectroscopy

A determination of metal ion concentrations was performed on acidified samples with a
Varian SpectrAA atomic absorption spectrophotometer. Calibration curves were generated
by sets of standards made by serial dilutions of 1000 ppm standard metal ion solutions.
The prepared standards were typically in the range of 0.5 to 10 ppm and were 0.10 M in
nitric acid for K+, Na+, Li+, Ca2+ and Mg2+ and 0.01 M sulfuric acid for Cu2+ and Fe3+.

All glassware used in conjunction with AAS studies was prepared by thoroughly rinsing
with Milli-Q™ water and allowing all volumetrics to sit for 2 weeks containing 3.0 M
HN03 acid. After thoroughly washing with Milli-Q™ water the containers were filled
with Milli-Q™ water and allowed to sit for a further 2 weeks prior to use.

2.8 Electrical Conductivity Measurements
2.8.1 Conductivity of Polypyrrole Thin Films

PPy thin films, grown onto stainless steel electrodes were peeled off and cut into 2 mm b
10 mm strips, had conductivity measurements performed on them according to the four
point probe technique [2]. The device used in electrical conductivity measurements

comprised two identical sections that held a thin film tightly between them (Figure 2.9).

Chapter 2 General Experimental Procedures

58

T w o pairs of external and inner electrodes m a d e contact with the membrane. The inner
electrodes were used to measure the potential difference whilst a constant current was
applied between the outer electrodes. The conductivity (which is the inverse of volume
resisitivity (Rv)) of PPy CEP membranes was determined by equation 2.5 where:

Rv= ab/c x AE/I Q cm (2.5)

And equation (2.6) where:

o = 1/Rv S cm"1 (2.6)

Considering equation 2.5, a and b are CEP thickness and width while c, AE and I are the
distance between the inner electrodes in mm, the potential difference between the same

electrodes and the current applied between the outer electrodes. The conductivity (a ) is
determined from equation 2.6, where the inverse of Rv is taken.

An EG and G Princeton Applied Research Model 363 Potentiostat/Galvanostat was used to

apply 1 mA current across the outer electrodes. Potential differences were measured usin
a HP34401A multimeter. PPy CEP membrane thicknesses were determined using
Mitutoyo digital vernier callipers.
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C E P sample
Outer
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Figure 2.9. Plan view of a four point probe device used in conductivity measurements of
PPy CEP membranes.

2.8.2 Conductivity of Polypyrrole and Polyaniline Colloids

Samples of colloidal dispersions for electrical conductivity studies were dried at room
temperature in a dessicator and pressed into pellets using an hydraulic press (6 Tonne
pressure for 5 min). Their conductivities were measured using the Van der Pauw

technique [3]. In this method the pellet has four connections (1, 2, 3 and 4) made to i

using conducting silver paste on the outer edge with all being equal distant apart (Fig
2.10). Potential differences are measured across points 3 and 4 as a result of current

passed across 1 and 2. The connections to the leads coming off the silver paste contact
are then changed so that the same current is passed across 1 and 4 and the potential
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difference across 2 and 3 is determined. W h e n the voltage ratio (V3and4/V2and3) is ca. 1 and

the diameter (d) of the pellet known, equation 2.7 can be utilised and Rv calculated since

Rv = 7td/ln2 x (V3and4/V2and3)/2I Q cm (2.7)

Colloid pellet

••
>-

363
potentiostat
and
multimeter

Figure 2.10. The V a n der P a u w method for determining the conductivity of colloid pellets.

An EG and G Princeton Applied Research Model 363 Potentiostat/Galvanostat was used to
apply 1 mA current across the outer electrodes. Potential differences were measured using
a HP34401A multimeter. Colloidal pellet thicknesses were determined using Mitutoyo
digital vernier callipers.
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2.9 Microscopy Studies of Polypyrrole and Polyaniline C E P s
2.9.7 Atomic Force Microscopy

Atomic Force Microscopy investigations were conducted on PPy thin films (grown onto
stainless steel electrodes) at the Materials Engineering Department, University of
Wollongong. AFM micrographs were acquired using a Leica Cambridge 440 Scanning
Electron Microscope.

AFM three dimensional images and cross section micrographs of PPy free-standing
membranes and PPy composites were acquired using the tapping mode on the solution side
of approx 3 mm thin films. Only one sample could be analysed at a time but the same

sample could be used to derive the 2 different types of images. Those obtained were eit
400, 900 or 2500 um2. Roughness analysis investigations were derived from the three
dimensional micrographs but were all were performed on 50 x 50 um sections .

Three-dimensional analysis gives an indication of the surface morphology while cross

section analysis indicates the same but from a side view (Figure 2.11). The latter anal
technique also indicates the distance from the highest peak to the lowest trough.

Roughness analysis provides data on the three-dimensional surface area and the percent
roughness of the surface.
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Figure 2.11. Cross sectional A F M image of a PPy/PVP/Pt/PVDF composite.

2.9.2 Scanning Electron Microscopy

Scanning Electron Microscopy investigations were conducted on PPy thin films (grown
onto stainless steel electrodes) and acquired using and a Digital Nanoscope 3
microscope. SEM was performed on the solution side of approx 3 mm2 PPy thin films.
The polymers were coated with a thin film of gold to make them conductive which
improved the quality of the images. Only 1 sample could be analysed at a time

however, 10 samples could be loaded onto the target at a time. Magnifications of SEM
images varied between 100 and 20 K.
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2.9.3 Transmission Electron and Electron Beam Microscopy

Transmission Electron Microscopy (TEM) and Electron Beam Microscopy (EBM) images

of colloidal dispersions obtained by evaporating their aqueous dispersion onto a 300 me
Pelco Int. Lacey Carbon (Type A) Copper TEM support grid, were recorded using a Jeol
2000 (160 kV) Transmission Electron Microscope at the Materials Engineering
Department, University of Wollongong. Magnifications varied from 20K to 100K.

2.10 Dialyses and Centrifugation of Colloidal Dispersions

Both PPy and PAn colloidal dispersions were dialysed to remove unwanted salts with

dialysis tubing (Sigma) that had mol. wt. cut-off of 12,000 and 2,000 Da. The dispersion
were dialysed in Milli-Q™ water for 24 hr with the water being changed regularly. The
dispersions were then centrifuged in a Beckman Optima™ L80 centrifuge for 90 min at
49K. The supernatant was decanted and the remaining solid redispersed in fresh Milli-Q™
water.

2.11 Hydrodynamic size, Zeta Potential and Electrophoretic Mobility
Measurements

Hydrodynamic diameter measurements were based on the principle of photocorrelation
spectroscopy. Measurements of colloidal dispersions were performed with an Autosizer
Lo-C 3000 (Malvern Instruments). Zeta potential and electrophoretic mobility
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measurements were based on the laser Doppler effect. These measurements were made on
samples of colloidal dispersions using a Zetamaster 3000 (Malvern Instruments). All
samples were diluted with Milli-Q™ water prior to analysis that gave solutions with
concentrations of lmg mL"1

2.12 Spectroscopy Studies

UV-visible spectra of PPy thin films electrodeposited onto ITO coated glass slides, PPy
colloidal dispersions and colloidal aqueous and DMSO dispersions of PAn were obtained
utilising a Shimadzu UV-1601 spectrophotometer. Spectra of solutions were obtained
using 1 cm pathlength cuvettes.

Infrared spectra of PPy thin films (electrochemically deposited) and PPy colloidal
dispersions (physically cast) on gold coated mylar, were recorded using a Bomem MB-100
Fourier Transform Infrared spectrophotometer. Solid PVP and PAn colloids, emeraldine
base and sulfonated calixarenes in KBr discs were recorded using the same equipment.

2.13 Elemental analysis

Microanalyses were performed at the Australian National University. Analyses were
conducted on PPy/PVP thin films and PPy colloids, which were dried at room temperature
in a dessicator and ground into fine powders. This was done to determine the elemental
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composition of the CEPs. This then allows the ratio of pyrrole repeat unit to phosphate
charge group to be determined.

2.14 pH measurements

All pH measurements were made with a Metrohm 360 pH meter.

2.15 Thermogravimetric Analysis

Thermogravimetric Analysis (TGA) is a temperature dependent technique that measures
the changes in mass of a particular sample. These transformations can be physical or
chemical in nature and occur as the temperature of the sample is raised. This provides
valuable qualitative information in determining the presence of both the residual water

content of a sample or water that is chemically bound to the polymer. It can also indica
the temperature of polymer degradation and indicate in a semi-quantitative manner if
residual unreacted monomer is present in the sample.

TGA studies were performed on 15 mg samples (ground into fine powders) of PPy/PVP
CEP membranes and PPy/PVP CEP colloids under a nitrogen atmosphere using a PerkinElmer Model TGA7 thermogravimetric analyser. A temperature range of 50 to 850 C was
examined at a rate of 20 °C min"1.

Chapter 2 General Experimental Procedures

66

2.16 Reagents and Materials

Pyrrole (Merck) and aniline (Aldrich) were distilled under nitrogen gas prior to use.
Polyvinyl phosphate) (MW = 133,000 Da. 75% phosphorylation, Polysciences),
poly(sodium 4-styrenesulfonate) (PSS, MW = 70,000 Da. Aldrich), sodium
dodecylbenzenesulfonic acid (Sigma) hydroxyquinoline sulfonic acid (Fluka), and para-

toluene sulfonic acid (Sigma) were all used without further purification. Calix[4]aren

tetra sulfonic acid and Calix[6]arene-/?-hexa sulfonic acid were obtained from Across
used as received. Concentrated H2S04, HN03, were obtained from Sigma and diluted as
required. NaOH, NaCl, NaN03, Na2C03, NapTS, Na2S04, Na2HP04, NaH2P04, KN03,
LiN03, Ca(N03)2, Mg(N03)2, Cu(N03)2, FeS04 (NH4)2S208 and N2H2 (all AR, Ajax)

were used as received. All solutions were prepared using deionised Milli-Q™ water (18
MD cm). Dimethylsulfoxide, 7V-methylpyrrolidinone, w-cresol, chloroform, acetone,
toluene and dimethylformamide solvents were purchased from Crown Scientific.
Dialysis tubing (2,000 and 12,000 mol. wt. cut-off) was obtained from Sigma.
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CHAPTER 3

POLYPYRROLE POLYVINYL PHOSPHATE)
MEMBRANES
3.1 Introduction
The incorporation of polyelectrolytes (PE's) as dopants in conducting polymers can be
achieved directly via electropolymerisation (Chapter 1, eqn 1.4) however, the presence of
PE0 during polymerisation can inhibit polymer deposition [1, 2]. This is believed to be
due to excess (uncompensated) charge on the PE0 dopant resulting in more soluble
oligomeric and polymeric structures being formed. Incorporation of PE0s into PPy also
gives rise to some unique chemical and physical properties in the resultant materials. For
example, upon reduction of the polymer (eqn 1.6) charge compensation is usually achieved
exclusively via incorporation of cations, M+, from the supporting electrolyte [3, 4].

It has also been found that incorporation of PE0s into conducting polymers results in
materials with more open and porous structures, and high water contents [5]. The latter
have been reported to be greater than 90% (w/w) in some instances, and are attributable to
uncompensated charge on the PE0 within the structure. Incorporation of PE0s into CEPs
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also provides a facile route for introduction of functional groups that are electroactive [6],
capable of complexing metal ions [1], or confer biocompatibility [5].

In this Chapter, investigations into the use of polyvinyl phosphate) (PVP), Figure 3.1, as a
dopant into PPy were carried out. The effect of PVP on the polymerisation/deposition

process was studied, and the composition of the resulting polymer as well as the electri

mechanical and ion transport properties examined. The latter are of particular interest
development of novel electrochemically controlled membranes as selective metal ion
transport systems [7-16]. Prior to this work, there have been only a relatively small
number of studies which focused on the metal ion transport properties of PPy/PE0
composites [3-5, 17-22]. Furthermore, no investigations into PPy/PVP composites for
metal ion transport have been conducted. It would be expected that using a very large
counter-anion such as PVP would result in good cation exchange processes.

CH2—CH—

I
O
0=P—o"
I
OH

n

Figure 3.1. Polyvinyl phosphate). A P E 0 which has an average molecular weight of
133,000 Da. and an average 75% degree of phosphorylation.
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3.2 Experimental
3.2.1 Preparation of Polypyrrole/Poly(vinyl phosphate) Polymers

Electropolymerisation was performed in aqueous solutions containing 0.60 M pyrrole and
0.20% (w/w) PVP. Polymers were electrodeposited onto platinum utilising galvanostatic,

potentiodynamic and potentiostatic methods. Stainless steel electrodes, gold coated Mylar
and Indium Tin Oxide (ITO) coated glass were also used as substrates for polymer growth,
but only the galvanostatic method (using a current density of 1 mA cm"2) was used with
these substrates. After completion of electrodeposition the membranes were thoroughly
rinsed with deionized water prior to analyses and use.

Microanalyses, water content measurements, AFM and SEM studies were performed on
membranes grown on a highly polished stainless steel electrode (60 cm2 area) using
aqueous solutions containing 0.60 M pyrrole and 0.20% (w/w) PVP. Determination of the
thickness of membranes was performed using digital vernier callipers. Composite
materials used in metal ion transport studies were prepared by depositing PPy/PVP onto
platinum coated polyvinylidene fluoride (PVDF) membranes (0.22 um, Millipore).

3.2.2 Water Content

The water content of large membranes (typically ~ 60 cm2 area) was determined using the
following procedure. After preparation, the membranes were placed in an atmosphere of
constant humidity (95%, 23.5 °C) and allowed to attain constant mass. They were then
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dried to constant mass in an oven at 80 °C, and the change in mass expressed as a
percentage of the initial wet membrane.

3.2.3 Cyclic Voltammetry Studies

Cyclic voltammetry studies were performed with PPy/PVP membranes immersed in 1.25,
2.5 and 5.00 g L"1 copper that was 0.01 M in H2S04 and 0.10 M potassium, sodium,
lithium, calcium and magnesium nitrates in aqueous solutions. The potential scan range

was -0.80V to +0.45V for the alkali metals and alkaline earth metals, but -0.75 V to +0.7
V for copper.

3.3 Results and Discussion
3.3.1 Polymer Growth

The PPy/PVP polymer was grown using potentiodynamic, galvanostatic and potentiostatic
techniques from solutions containing pyrrole (0.60 M) and PVP (0.20%, (w/w)). PPys are
typically grown from aqueous solutions that are 0.10 to 0.20 M in monomer [13, 23-27].

However, as will be shown in Section 3.3.2.6, the pyrrole concentration that gave rise to
the most highly conducting PPy/PVP materials was 0.60 M. Cyclic voltammetry studies of
PPy/PVP films grown galvanostatically from solutions with PVP concentrations that
varied from 0.05 to 1.00% (w/w). This indicated the optimum PVP concentration was
0.20% (w/w). It was shown that post-polymerisation cyclic voltammograms (CVs),
obtained on PPy/PVP films grown onto platinum disk electrodes, gave the best defined
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peaks and had peak currents that were higher in magnitude when a P V P concentration of
0.20% (w/w) was used.

To determine the oxidation potential of pyrrole in the presence of PVP, films were grown
utilising potentiodynamic methods in which a cyclic voltammetry waveform was
employed over the range -0.80 <-> +1.00 V. This showed an increase in current as the
number of cycles increased, indicating that deposition of the polymer occurred at the
electrode surface (Figure 3.2).

-0.6

-0.1

0.4

Potential (V vs Ag/AgCl)

Figure 3.2. Cyclic voltammogram obtained in an aqueous solution containing 0.60 M
pyrrole and 0.20 % (w/w) P V P . Woking electrode was a platinum disc. Scan rate = 50
raVs'1.
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Subsequent scans indicated additional responses which can be seen in Figure 3.2 and are
labelled as A and B. As the potential is swept in a positive direction Peak A can be seen

(EP(a) = +0.10 V) and is attributable to oxidation of the polymer in which a polaron state
generated in the polymer matrix. A concommitant incorporation of PVP occurs to balance

the positive charge in the polymer matrix. As the potential is swept in a negative directi

peak B can be seen (Ep(c) = -0.17 V) and this is related to the reduction of the polymer an
the movement of sodium ions into the polymer matrix.

The magnitude of peak currents associated with these peaks continued to increase as a

function of the number of potential scans which is consistent with other studies of PPy/PE
films such as PPy/poly(styrene sulfonate) (PPy/PSS) [28] and PPy/poly(methoxyaniline
sulfonate) (PPy/PMAS) [29]. This is due to more polymer being deposited on the
electrode at positive potentials. The oxidation potential for lower molecular weight
dopants occurs at more positive potentials [30-31]. The difference being ascribed to the
large macromolecular structure of PE0s. Evidence for further deposition of the polymer at
the electrode surface was given by an increase in current magnitude as a function of an
applied sweep potential. This also indicates that the surface area of the polymer is
increasing. From the first scan the minimum oxidation potential (for constant current and
constant potential experiments) of the monomer was determined to be +0.69 V. This was

determined from tangents drawn off the first scan. This value enables the full oxidation o
pyrrole monomer without causing over-oxidation.
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Galvanostatic growth methods indicated that the preferred potential for polymer growth
was given by the steady state potential of +0.69 V. The chronopotentiogram shows a
significant decrease in growth potential with time, demonstrating the polymer grown was
conductive (Figure 3.3).
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Figure 3.3. Chronopotentiogram for PPy/PVP grown galvanostatically on a platinum disc
sy

electrode using a current density of 1 m A cm" and a solution containing 0.60 M pyrrole
and 0.20 % (w/w) PVP.

Furthermore, it indicates initial polymer growth was difficult, requiring a higher potenti
of +0.82 V as expected, as it is well known that monomer oxidises more readily on the
deposited polymer than on bare metal or carbon surface [32, 33].

Factors involved in the nucleation/growth of pyrrole are shown in Chapter 1 Scheme 1.1.

Intrinsic to this scheme (for the growth of PPy/PVP) are reactants being transported to th
electrode surface with products being deposited or transported away from the surface.
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These two processes can be affected by the presence of P V P in solution. It is known that
PE0s with large MW produce a viscous solution, which require higher potentials for
growth whereas simple organic counterions require lower potentials [1].

Table 3.1. Growth potentials of films electrodeposited onto Pt obtained from solutions o
differing pyrrole concentrations. Growth time 180 s. Current density 1 mA cm" .

0.2
0.4
0.6

0.65
0.66
0.69

Notes: Potentials were measured relative to Ag/AgCl.

Growth potentials of membranes electrodeposited onto Pt obtained from solutions of

differing pyrrole concentrations varied from +0.65 V to +0.69 V (Table 3.1). These resul
appear to indicate that the polymer grows more readily at lower monomer concentration
because lower growth potential is attained during growth. However, other evidence such
as conductivity, thickness measurements and optical observation by microscopy of large
patchy films grown onto stainless steel indicated low monomer concentration produced
thin films of low conductivity whereas films grown at higher monomer concentration were
thicker and possessed higher conductivity. This suggests that at higher monomer
concentration deposition occured more readily.

Figure 3.4 illustrates a typical chronoamperogram obtained during polymerisation at a

constant potential of +0.69 V, and shows that after an initial charging current transien
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there is a sharp decrease and a subsequentrisein current magnitude. The slow increase in

current with time is attributable to an increase in the electroactive surface area cause
the deposition of the polymer.
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Figure 3.4. Chronoamperogram for PPy/PVP grown potentiostatically on a platinum disc

electrode at a potential of +0.69 V using a solution containing 0.60 M pyrrole and 0.20 %
PVP.

3.3.2 Physical Characterisation of PPy/PVP Membranes
3.3.2.1 Elemental Analysis

The results of replicate C, H , N and P analyses performed on membranes grown under
identical conditions showed a surprisingly high ratio of nitrogen to phosphorous (10:1,

Table 3.2). With small anionic dopants, such as /?TS and benzenesulfonic acid, the ratio o

pyrrole to dopant molecules is typically 3:1 or 4:1 [10, 13]. Alkylpyrroles doped with /?
and perchlorate have similar ratios [34]. However, much higher values (up to 9:1) have
been reported for PPy doped with bulky anions such as sulfonated naphthalene [35]. This
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indicates the size and shape of dopant molecules can have a significant effect on polymer
structure.

Table 3.2. Elemental analysis of PPy/PVP polymer electrodeposited (galvanostatically,
current density = 1 mA cm"2) onto stainless steel.

1

c

51.6

H

5.8

N

9.5

P

2.0

O

31.1

Notes: N:P ratio was calculated to be 10:1

The elemental analyses results could be adequately explained if the phosphate group on
PVP was doubly charged. In an attempt to elucidate the charge on PVP, i.e. was it PVP"

PVP2", pH titrations were conducted. The pH of the first and second proton dissociation

occurred at pH 5.00 and 8.92, respectively. The natural pH of a 0.20% (w/w) solution of
PVP was found to be 7.36 thus, it would be highly unlikely for PVP to be doubly
deprotonated.

The results indicate that the positive charge on the PPy chain is spread out over a lar

number of monomer units. It is possible that pyrrole, after forming as polypyrrole at t
electrode surface, polymerises around the large, bulky and convoluted PVP (Figure 3.5)
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molecule (still at the electrode surface). With the average degree of phosphorolyation of
PVP at 75% there are a number of carbons that exist without pendant phosphate groups.

Hence, the distance between each negative charge can be significant so that actual N to P

ratio becomes large as reflected in the elemental analyses. It is also possible that pyrr
monomer becomes trapped in the polymer matrix due to electrostatic interactions. This
may occur as a result of hydrogen bonding between the nitrogens of pyrrole and the
oxygen atoms of the phosphate groups. This does not seem implausible in view of the high
pyrrole concentration of the monomer solution used for polymerisation.

&) r->

Figure 3.5. The large, bulky and convoluted PVP" as it m a y exist as part of a polymer with
positive charges of pyrrole oligomers balancing negative charges on PVP.

3.3.2.2 Thermogravimetric and Water Content Analysis

In an attempt to provide qualitative information of the thermal stability and water conten
of PPy/PVP membranes, Thermogravimetric Analysis (TGA) was performed on PPy/PVP
membrane powder and a TGA thermogram acquired (Figure 3.6). The first weight loss
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occurs quickly between 50 and 110 C, and this is attributed to the loss of residual water.
Weight is then lost slowly up until 180 °C, and this is attributed to pyrrole m o n o m e r and
oligomers trapped in the polymer matrix and/or chemically bound water.

50
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Figure 3.6.

T G A (50°-800 °C) of a PPy/PVP membrane powder under a nitrogen

atmosphere.

The weight loss between 220 and 270 °C and then above 300 °C may correspond to
degradation of P V P and the PPy backbone, respectively. Similar weight losses from 50 C
to 300 °C have been reported for PPys doped with chloride and dodecyl sulphate [36].

The water content of polymer membranes grown onto a stainless steel electrode and dried
to constant mass was found to be 28 ± 3 % . Even higher water contents have been found
previously for composites prepared from PPy and PE 0 s such as poly-2-acrylamido-2-
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methylpropanesulfonic acid [1]. The latter materials occupy large volumes and are able to

undergo reversible hydration/dehydration. The relatively high water content found for the
PPy/PVP polymer suggests that this material may also have an open, porous structure
which would facilitate movements of ions to and from the polymer.

3.3.2.3 FTIR Spectroscopy

The reflectance infrared spectra of sodium PVP (KBr disc) and PPy/PVP (electrodeposited

onto gold coated mylar) are illustrated in Figure 3.7 and assignments can be seen in Table
3.3 [37-39]. Free PVP contains broad absorption bands centred at approximately 3125,
2500 and 1645 cm"' (Figure 3.7a). These bands are assigned to O-H stretching of the
phosphate group, the P-O-H and HO-P=0, respectively. Absorption bands at 1099 and
927 cm"1 are assigned to P=0 and P-O-C stretching modes of the phosphate group,
respectively, while a band at 1290 cm"1 is attributed to stretching of carbon and oxygen
the phosphate groups. Aliphatic -CH2 stretching of PVP, which should be seen at
approximately 2962m"1 (asymmetric) and 2861 cm"1 (symmetric), is not clearly defined as
it is masked by broad O-H stretching. The aliphatic -CH2 deformation band can be seen as
a shoulder at approximately 1470 cm"1.
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Figure 3.7. FTIR spectra of (a) free P V P (KBr disc), and (b) PPy/PVP polymer
electrochemically deposited onto gold coated mylar.
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Table 3.3. FTIR assignments for PVP (KBr pellet) and a PPy/PVP thin film [37-39].

3
X (cm" ) Relative intensity Assignment

Mem" 1 ) Relative intensity3 Assignmentb

3425

v

t)(NH)

3125

v

Ds(OH)

3125

v

Ds(OH)

2970

w

Uas(CH2)

2962

s

Uas(CH2)

2870

w

Us(CH2)

2861

w

Ds(CH2)

2560

w

Us(P-O-H)

2500

s

t)s(P-O-H)

1650

s

\)s(HO-P=0)

1645

m

0)s(HO-P=O)

1558

s

D«(C=C)

1470

sh

5S(CH2)

1456

s

8S(CH2)

1240

w

t)s(CO)

1290

m

Us(CO)

1188

m

t)s(=CH)

1034

m

D.(P=0)

1099

m

t)s(P=0)

921

m

t)s(P-0-C)

927

m

\)s(P-0-C)

Notes: av-very strong, s-strong, m-medium, w-weak, sh-shoulder. bu-stretching vibration, 8-deformation
mode, s-symmetric stretch and as-asymmetric stretch.

The most intense absorption in the reflectance spectrum of PPy/PVP illustrated in Figure
3.7b is a very broad band centred at 1558 cm"1. This absorption band, which is absent in
Figure 3.7a, is assigned to the C=C stretching mode of the pyrrole groups. Absorptions at
1650, 1034 and 921 cm"1 are again attributed to vibrational modes due to the phosphate
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groups. The lower frequencies of these absorption bands in the polymer reflect
electrostatic interactions between the PPy backbone and the dopant. Figure 3.7b also
contains a broad absorption band extending between 1368 cm"1 and 1188 cm"1 which is

assigned to overlapping bands due to vibrational modes of both the phosphate and pyrrole
groups. A broad band can also be seen at 3425 cm^and is due to N-H stretching. A peak
can also be seen at approximately 3125 cm"1 which is due to the OH stretching of the
phosphate group of PVP. Aliphatic -CH2 stretching of PVP can be seen at approximately
2970 cm"1 (asymmetric) and 2870 cm"1 (symmetric). Weak bands at 2560 and 1240 cm"1
are assigned to P-O-H and C-0 stretching of the phosphate groups. A band at 1456 cm" is
assigned as the aliphatic CH2 groups of the polymer backbone.

3.3.2.4 Scanning Electron Microscopy

Scanning electron microscopy (SEM) images of the electrode and solution sides of a
PPy/PVP membrane are illustrated in Figure 3.8a and 3.8b respectively. The former shows
a smooth elongated pore shape. Geometrical pore shapes are known to exist, e.g.
PPy/poly(methyl methacrylate) [40], in which pores are approximately 6-7 urn apart.
However PPy/PVP displays non geometrical pores that are approximately 2-10 pm apart

(Figure 3.8a). The solution side of the membrane is entirely different as the surface ha
rough amorphous like morphology. The cauliflower like nodules, evident in Figure 3.8b,

have been reported previously for polypyrrole polymers [11, 23,40]. These relatively lig
coloured high areas of the surface can be compared to the darker trough-like regions

below. This is indicative of an open, porous structure and this is reflected in the lack
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Strain tests with PPy/PVP free standing films could not be

conducted as the films could be pulled apart in a similar fashion to very soft tissue
PPy//?TS and PPy/PSS have mechanical strains of 75 and 40 MPa, respectively [13] and

display a smoother surface with tighter and more rigid structuring (of the polypyrrole,
pTS and PSS which form the polymer matrix) than PPy/PVP.

Figure 3.8. Scanning

Electron Micrographs

of a PPy/PVP free-standing film

galvanostatically deposited onto stainless steel (current density = 1 mA cm"2) from a
solution that was 0.60 M pyrrole and 0.20% (w/w) PVP. (a) Electrode side of membrane.
(b) Solution side of membrane. Scale bar =10 um.
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3.3.2.5 Atomic Force Microscopy

Atomic force microscopy (AFM) studies of the membrane corroborated the rough, open
and microporous nature seen in SEM images. Figure 3.9a shows a 3 dimensional
micrograph of a section of PPy/PVP (20 x 20 pm) membrane. This image clearly shows
island like structures (the cauliflower-like appearance seen in SEM micrographs above)
which are contrasted to darker and lower trough-like regions. PPy doped with small
counter-ions can show varying morphology. For example, studies with PP/pTS,

PPy/benzenesulfonate and PPy/nitrate [41, 42], showed uniform crystalline structure wi
relatively smooth surface. However, when the dopant was a large PE0 such as heparin or
dextran, microporous, dendritic and rough structures were seen [41]. By performing AFM
cross section roughness studies and analysing the same section of PPy/PVP membrane,
further evidence was obtained confirming the rough nature (Figure 3.9b). The root mean
square surface area of nodules was determined to be 594 um2. The polymer was also

shown to have a surface roughness of 48.5%. The peak to valley distance of a section of
polymer that was 12.7 urn in length was found to be 3.9 um. Previous studies with a
PPy/hydroxyquinoline sulfonate/S04 composite displayed a much smoother appearance

that had a peak to valley distance of only 413 nm, an order of magnitude difference whi
having a much greater roughness of 76.5% [43].
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Figure 3.9. Atomic Force Micrographs of the solution side of a PPy/PVP film membrane
galvanostatically deposited (current density = 1 mA cm") onto stainless steel from a

solution containing 0.60 M pyrrole and 0.20% (w/w) PVP. (a): A 3 dimensional image of

a section of polymer (area = 400 um2). (b): A plan view and cross section analysis of
same section.
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3.3.2.6 Conductivity

The effect of monomer concentration on membrane conductivity and thickness is present

in Table 3.4. In this study it was found that, when growing to the same charge (3.2 m

solutions containing the highest pyrrole concentration examined (0.60 M) gave membran

that were thicker and had the highest conductivities. This overall trend suggests tha

even the highest pyrrole concentration examined (0.60 M) there was insufficient monom
present in solution to optimise polymer formation. Instead, the polymer may have

contained significant amounts of low molecular weight pyrrole oligomers. Such species
would not be large enough to be doped with PVP, providing an explanation for the low
degree of dopant incorporation suggested by microanalysis.

Table 3.4 Conductivities and thickness of membranes grown galvanostatically using
aqueous solutions containing 0.20% (w/w) polyvinyl phosphate) and different pyrrole
concentrations.

' (AfdddJuKmByBQOTf
0.20

0.04

3.0 + 0.3

0.30

0.08

4.0 ± 0.3

0.40

0.11

5.5 + 0.4

0.50

0.17

7.0 + 0.4

0.60

0.28

9.0 ± 0.5
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This m a y also explain the relatively low conductivities observed for these polymers. The
highest conductivity observed for a PPy/PVP membrane was 0.28 S cm"1, which is several
orders of magnitude less than values typically found for polypyrrole membranes (10-100 S
cm"1) [10]. Another possible explanation for the low conductivity may be the very large
size of the PE' dopant. It has been shown previously that large anions influence polymer
chain packing in conducting polymers, and increase interchain and interparticle hopping
distances [35].

3.3.2.7 UV-visible Spectroscopy Studies

Further support for the low conductivity of the PPy/PVP polymer was provided by
absorption spectroscopic studies performed on films grown (deposited galvanostatically,
current density = 1 mA cm"2) onto Indium Tin Oxide (ITO) coated glass. Figure 3.10
shows the absorption spectra of PPy/PVP films exposed to solutions with different pH

values for 2 hr. In the pristine spectrum there are three bands evident. The first, occurrin
at 320 nm, is attributable to n-n* transitions of the conjugated polypyrrole backbone [44].
This band can occur at higher wavelengths (ca. 420 nm) in fully conjugated neutral PPy
polymers [45-48]. Those appearing at 440 and 850 nm are due to anti-bipolaron [49] and

bipolaron [50] transitions, respectively. This transition occurs as a result of excitation o

electrons associated with a radical cation and dication, respectively, that are excited from
valence bands to conduction bands. There is, however, no evidence of a significant free
carrier tail, which is consistent with the low conductivities of these materials determined
by the four point probe method.
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Figure 3.10. UV-vis spectra of PPy/PVP membranes galvanostatically deposited at 1 m A
cm"2 onto ITO coated glass from a solution containing 0.60 M Pyrrole and 0.20% (w/w)
PVP, and exposed to solutions with different pH values. Black: pH 7 distilled water
(pristine polymer). Blue: pH 2 (HC1). Red: pH 12 (NaOH). Yellow: pH 6. (phosphate
buffer). Purple: pH 7 (phosphate buffer). Green: pH 8 (phosphate buffer).

The UV-visible spectra of polymers immersed in H C 1 and N a O H differ only very slightly
from that of the pristine polymer indicating exposure to CI" and OH" anions does not

dope the polymeric material to any significant extent. If de-doping occurred there w

be a shift in the polaronic band to shorter wavelengths [44]. The spectra of polymers

exposed to phosphate buffers are essentially the same as the spectra exposed to Mill
water indicating PVP is also resistant to the de-doping effects of the H2P04" anion.
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3.3.3 Electrochemical Characterisation
3.3.3.1 Cyclic Voltammetry Analysis in Sodium Chloride

In an attempt to determine what potentials should be applied for ensuing metal ion
transport analyses cyclic voltammetry was employed. Studies were undertaken with

PPy/PVP polymers deposited galvanostatically onto platinum electrodes and cycled in 0.10

M NaCl. Figure 3.11 shows the effect of maintaining a constant starting potential of +0.4
V and scanning in a negative direction to varying potential limits. Evident in the sweep
from +0.45 to -0.80 V are 4 peaks: A, B, C and D. The nature of these peaks and the
possible processes occurring will be discussed below.

In the scans from +0.45 V to +0.20, +0.00 and -0.20 V no peaks can be seen. However,
peaks C and D become evident when the potential is taken to -0.40 V or lower thus
indicating C and D are a redox couple. Peaks A and B become evident when the potential
is taken to -0.60 V, however the peaks are best defined when the potential is -0.80 V

thereby indicating these peaks to be a redox couple also. Figure 3.12 shows the effect of

maintaining a constant starting potential of -0.80 V and scanning in a positive directio
varying potentials. When sweeping to -0.40 V no peaks can be seen. However when the
sweep goes to -0.20V peaks A and B become evident. When sweeping to 0.00 V or higher
C and D also become evident. This all serves to corroborate the redox nature of peaks A,

B and C, D.

Chapter 3 Polypyrrole Polyvinyl phosphate) Membranes

91

For further cyclic voltammetry studies potentials ranging from +0.45 to -0.80 V with a
starting potential of +0.45 V were utilised.
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Figure 3.11. Cyclic voltammograms of a PPy/PVP polymer galvanostatically deposited
(current density 1 m A cm" 2 ) onto a platinum electrode. Electrolyte: 0.10 M NaCl. Scan rate
= 100 m V s"1. A starting potential of +0.45 V was used throughout while end potentials of
the reduction scan was increased in a negative direction from +0.2 V to -0.80 V. The
cyclic voltammogram, which was swept from +0.45 to -0.80 V, displays regions A , B, C
and D that correspond to cation insertion, cation expulsion, anion insertion and anion
expulsion, respectively.
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Figure 3.12. Cyclic voltammograms of a PPy/PVP polymer galvanostatically deposited
(current density 1 mA cm"2) onto a platinum electrode. Electrolyte: 0.10 M NaCl. Scan

rate = 100 mV s"1. A starting potential of -0.8 V was used throughout while end potential
of the oxidation scan were increased in a positive direction from -0.8 V to +0.45 V.
Regions A, B, C and D represent the same as in Figure 3.11.

The possible processes occurring at peaks A, B C, and D, Figures 3.11 and 3.12, are
described in Equations 3.1, 3.2 and 3.3.

N a + from solution
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N
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W h e n the polymer backbone was electrochemically reduced the overall polymer became
negatively charged due to the immobile PVP PE0 (Equation 3.1).

CI - from solution
PVP e Na+

\

'/

N
H

n

ox
red

PVP e +Na+
N
H

n

+
PVP
n

N
H

e

ci+Na+
(3.2)

In order to maintain overall charge neutrality, sodium ions from solution were incorporated
into the polymer (Figure 3.11 peak A, Ep(c) = -0.50 V). On re-oxidation of the polymer
(Equation 3.2), the polymer backbone became positively charged, and overall neutrality
was achieved by both expulsion of sodium ions (Figure 3.11, peak B, Ep(a) = -0.32 V) and

incorporation of chloride ions from solution (Figure 3.11, peak C, Ep(a) = +0.02 V). When
the polymer was reduced during subsequent cycles an additional feature was seen in the
cyclic voltammogram (CV) (Figure 3.11, peak D, Ep(c) = -0.05 V), which corresponded to
expulsion of previously incorporated chloride ions (Equation 3.3).

+ PVPe

AM
N
H

Na+CIn

red
ox

'/ \^

N
H

n

PVP° + ciNa+
(3.3)
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T w o competing processes therefore accompanied polymer oxidation: expulsion of cations
and incorporation of anions. The latter process may lead to stabilisation of the polymer
backbone through electrostatic interactions with incorporated chloride ions, leaving the
PVP and sodium ions to interact predominantly with each other.

3.3.3.2 Cyclic Voltammetry Studies Using Various Nitrate and Sodium Salts

When the cation of the supporting electrolyte (whilst maintaining nitrate as the anion) was
varied the potentials of features in the CV attributable to incorporation and expulsion of
cations changed (Table 3.5). When the cation is changed from sodium to potassium or
lithium there is very little change in Ep(c) and Ep(a) values. However, when the cation was
changed to the divalent species calcium and magnesium the peaks corresponding to
incorporation and expulsion of cations were no longer evident. The positive charge of
these divalent species cause changes in resistance which detrimentally affects the
electrochemical signal hence, they are not seen. Figure 3.13 shows the differences
between the monovalent and divalent ions K+ and Ca2+. Similar behaviour was observed
previously for polypyrrole doped with perchlorate from tetrabutylammonium perchlorate,
after immersion in solutions containing either BaCl2 or MgCl2 [51]. CVs of the latter
solutions showed much smaller peaks due to cation insertion than when the supporting
electrolyte used was NaCl or KC1. Furthermore, the cation incorporation peaks seen in
CVs obtained using solutions containing divalent metal ions were present at more positive
potentials, suggesting that a stronger driving force existed for incorporation of divalent
metal ions into the polymer than univalent metal ions. This is not surprising, given that
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PVP is a highly charged PE0 anion. The peaks attributable to the incl

of the nitrate ion are still seen at peak potentials similar to those
electrolytes with monovalent cations (Figure 3.13).

Table 3.5. Sensitivity of PPy/PVP coated platinum electrodes to diffe

peak potentials, E^), and cathodic peak potentials, Ep(C), obtained fr

voltammograms of electrodes immersed in solutions containing supporti

Supporting electrolyte
M)(0.1
*EP(C)I

%<m

(V)

(V)

(V)

<n

NaN0 3

-0.45

-0.25

0.08

+0.04

KNO3

-0.43

-0.29

-0.01

-0.02

LiN0 3

-0.43

-0.28

-0.02

+0.01

Ca(N0 3 ) 2

+0.04

-0.11

Mg(N0 3 ) 2

+0.02

-0.10

+0.02

-0.05

+0.31

+0.18

NaCl

-0.50

-0.32

Na/jTS

-0.61

-0.22

NaH2P04

-0.59

-0.33

Na 2 S0 4

-0.55

-0.26

Na2C03

-0.47

-0.25

a

e

Em2

%<02

E p ( c ) 1 = Peak D. T ^ , = Peak B. c E p ( c ) 2 = Peak A. b E p ( a ) 2 = Peak C.
Notes: Potentials were measured relative to Ag/AgCl
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Both the cathodic peak potentials E p ( c ) and anodic peak potentials Ep(a) vary depending on
the electrolyte used, indicating that the PPy/PVP composite is sensitive to the identity of
cations and anions present in solution. Incorporation and expulsion of Li + , Na + , and K + , to
and from the PPy/PVP polymer was clearly suggested by cyclic voltammetry. This was
also clearly seen with CI" and N 0 3 , despite the possibility that the large immobile P V P
dopant would inhibit incorporation of other negatively charged species.
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Figure 3.13.

Cyclic voltammograms of PPy/PVP coated platinum electrodes (grown

galvanostatically, current density 1 m A cm" 2 ) immersed in different electrolytes. (1) 0.10
M K N 0 3 . (2) 0.10 M Ca(N0 3 ) 2 . Scan rate = 100 m V s"1.

Experiments were conducted in the same manner as for the above cations, however the
nature of the anion was changed whilst the cation remained as sodium. A s can be seen in
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Table 3.5 and in Figure 3.14 there is a dramatic change in the values for anion

incorporation and expulsion. It is clearly evident that when the anion is large, as in th

case of pTS, there are no peaks due to the presence of this species. However, in the case
the smaller anion, nitrate, the peaks become evident. The same result was obtained with
chloride ion. However, anion incorporation and expulsion was not generally observed, as
H 2 P04", pTS", C 0 3 " and S O 4 " ions did not appear to interact with the polymer.
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Figure 3.14.

Cyclic voltammograms of PPy/PVP coated platinum electrodes (grown

galvanostatically, current density 1 m A cm" 2 ) immersed in electrolytes with different size
anions. (1) 0.10 M NaCl and (2) 0.10 M Na/?TS. Scan rate = 100 m V s"1.
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3.3.4 Metal Ion Transport Studies
3.3.4.1 Transport of Alkali Metal Ions

To ensure metal ion diffusion through the composite occurred via electrochemical control
and not simple diffusion it was necessary to grow membranes to a thickness that did not

allow water to pass through at 100 KPa nitrogen pressure [41]. Figure 3.15 illustrates the
effect that varying the charge density used to grow membranes had on the flux of water
through the membrane. It can be seen that a charge of 1680 mC for each cm2 of membrane
resulted in a membrane that was impermeable to water. This charge density was then used
to grow all membranes used in transport experiments.

A transport cell, as shown in Chapter 1, Figure 1.7, was used to transport metal ions via
electrochemical manipulation of the redox properties of PPy/PVP. The metal ion of
interest was placed in the feed side that faced the PPy/PVP membrane on the Pt/PVDF.
The composite membrane had -0.80V applied for 50 s to reduce the polymer. The
reduction process was expected to incorporate metal ions from the feed solution into the
polymer to balance the negative charges of the PVP dopant. Then +0.45 V was applied for
50 s to re-oxidise the polymer. The oxidation process would be expected to leave the
metal ions in the polymer matrix. Hence, a concentration gradient favoured metal ion
movement from the matrix into the permeate side of the cell. When -0.80 V was applied, a

field was applied on the feed side of the cell. In contrast, when +0.45 V was applied to t
membrane the field was switched to the permeate side of the cell. During oxidation the

negative field of the auxiliary electrode on the permeate side of the cell resulted in me
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ions being attracted to it. This is also a driving force moving ions from the matrix into the
permeate side of the transport cell.
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Figure 3.15. Effect of charge passed during growth on the permeability to water of
PPy/PVP coated Pt/PVDF membranes prepared galvanostatically (1 mA cm"2) using a
solution containing 0.60 M pyrrole and 0.20% (w/w) PVP.

In all experiments the composite was subjected to rigorous visual microscopy

investigations to ensure there were no holes in the material. Initially, holes were detec
but wiping the Pt/PVDF polymer with a tissue soaked in isopropanol circumvented this.
This had the benefits of roughing the surface of the platinum and promoting adhesion of
polymer during electrodeposition resulting in a pinhole free PPy/PVP/Pt/PVDF composite
material.
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The cations potassium, sodium, lithium, calcium and magnesium were all transported
across the membrane (Figure 3.16). In all cases no transport was observed in the absence
of an applied electrical potential (Figure 3.16, region A), or an application of a constant
negative or positive potential to the membrane. However, immediately after application of
the pulsed potential waveform to the membrane transport of ions was observed in all cases
(Figure 3.16, region B). After an initial dramatic increase in concentration of metal ion
(for K+, Na+ and Ca

+

ions) in the permeate side, the concentration increased at a slower

rate. When the applied potential was switched off, the metal ion transport ceased (Figure
3.16, region C). In the case of Li+ and Mg2+ ions the rate of transport was much slower
and lesser amounts of both these ions were transported.

The average fluxes observed for each metal ion examined are presented in Table 3.6

together with the ionic radius [52] for the hydrated ion. Overall the fluxes observed in t
study are comparable to values observed for polypyrrole polymers containing simple
dopant molecules [10, 12, 13, 53]. The average fluxes observed for the sodium and
potassium ions were comparable to each other, and an order of magnitude greater than that
of lithium. This may be due to the significantly greater size of the hydrated lithium ion
compared to those of sodium and potassium, which restricts the passage of this ion through
molecular-sized pores in the membrane. Previously it had been noted that the flux of alkali
metal ions through membranes composed of either PPy/pTS or PPy/dodecylsulphate
depended on the size of the hydrated cations [53].
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Figure 3.16. Electrochemically controlled transport of K + , Na + , Ca 2+ , Li + and M g 2 + across
a PPy/PVP composite membrane grown galvanostatically (current density 1 m A cm" 2 ).
Feed solution: 0.10 M metal ion (as the nitrate salt). Permeate solution: 0.10 M N a N 0 3
( K N 0 3 for N a + transport experiments). Region A: N o applied potential. Region B:
Applied potential pulsed between -0.8 V to +0.45 V. Region C: Applied potential
switched off.
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Table 3.6. Average flux values for ions during transport experiments.

K+

5.74 x 1 0 " ^

3

Na+

5.63 x 10"9

4

Li+

4.83 x 10"10

6

Ca2+

4.36 x 10"10

6

Mg2+

1.03 x 10" n

8

The flux of calcium through the membrane was slightly less than than that of lithium. In

view of the similar hydrated ionic radii for these metal ions, this also suggests that the
of transport was determined to a large extent by the size of the hydrated ion relative to
of pores in the membrane. This is supported by the significantly lower flux observed for
magnesium, which has the largest hydrated metal ion radius of the metals examined,
compared to that for calcium. However, it should also be remembered that the lower
fluxes observed for calcium and magnesium may also be due to higher affinities for the

dopant as a result of their greater charge. This would retard release of the metal ion upo
polymer re-oxidation compared to when a univalent metal ion was present.

The transport selectivity factor (a) is given by equation 3.4:

0 = FluxM(l)/(FluxM(2))

(3.4)
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It had been shown previously that the K + / C a 2 + selectivity factor decreased as the size of the
dopant incorporated into polypyrrole increased [13]. This suggested that larger dopants

had a lower ability to interact selectively with these metal ions. Further evidence for thi
provided by the current study. For example, the K+/Ca2+ selectivity factor determined in

the current work was 13.2, which is seven times less than that observed previously (94) for
PPy/pTS [13]. Furthermore, the K+/Ca2+ selectivity factor for the latter polymer (3.1) [12]
was also significantly greater than that observed in this study (1.02). Overall this tends
suggest that polypyrroles containing PE0 dopants may not necessarily offer any advantages
over similar polymers containing simple dopants for selectively transporting metal ions.

3.3.4.2 Investigations Involving Varying Times of Applied Potential

The effect of varying the duration of the pulsed potential waveform on ion transport was
investigated using potassium ion. In one experiment, after verifying that no potassium
transport occurred after one hour when no potential was applied, the same potential
waveform as used above was applied for thirty minutes then stopped (Figure 3.17 (1)).
During application of the potential waveform the concentration of potassium ions in the
permeate side increased sharply in an analogous fashion to that shown in Figure 3.16.
However, immediately after the potential was removed potassium transport ceased and the
concentration of potassium ions in the permeate phase remained constant even after a
further 5.5 hr of simple diffusion with no applied potential.
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In a second experiment the pulsed potential waveform was applied for a total of four hours,
again after ensuring that no transport occurred in the absence of electrochemical stimulus
(Figure 3.17 (2)). After two hours the concentration of potassium ions in the permeate
phase was similar to that illustrated in Figure 3.16. However, during the following two
hours there was no further significant increase in the amount of potassium transported.
After the potential was switched off, 2 hr of simple diffusion showed ions in the permeate
phase remained constant.

The same occurred when a potential was applied for 6 hr after 1 hr without applied

potential (Figure 3.17 (3)). After the potential was switched off no diffusion of metal ion
was observed. These results indicated that the flux of potassium ions across the membrane

reached an equilibrium state after two hours. In order to achieve further transport of meta
ion across the membrane it would be necessary to remove the metal ions present in the
permeate phase.
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Figure 3.17. Electrochemically controlled transport of K + ion across a PPy/PVP composite
membrane (grown galvanostatically, current density = 1 m A cm" ). Feed solution: 0.10 M
K + ion (as the nitrate salt). Permeate solution: 0.10 M N a N 0 3 . (1) Applied potential
pulsed between-0.8 V to+0.45 V for 30 min. (2) Same as (1) but for 240 min. (3) Same
as (1) but for 360 min.

3.3.4.3 Transport of Copper Ions

The transport of copper ion was studied to determine if it could be transported in an
analogous fashion to the alkaline earths examined above. The C V of a PPy/PVP thin film
(galvanostatically deposited onto a platinum working electrode) immersed in 1.25 g L"
copper nitrate in 0.01 M H 2 S 0 4 was obtained (Figure 3.18).
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Figure 3.18. A cyclic voltammogram of a PPy/PVP coated platinum electrode immersed
in 1.25 gL"1 C u 2 + in 0.01 M H 2 S 0 4 . Scan rate = 100 m V s"1. PPy/PVP was grown
galvanostatically at 1 m A cm" 2 for 180 s.

During the reduction scan a peak was observed at -0.30 V and in the reverse sweep a pea
was seen at +0.55 V, which corresponded to reduction and oxidation of solid copper onto
the polymer coated electrode. The redox properties of the PPy/PVP polymer were not seen
due to the large peak current (ip(C) and ip(a)) values where copper was reduced and oxidised.

Due to the reduction and oxidation peaks being seen at -0.30 V and +0.55 V, respectively
potential limits of -0.40 V and +0.60 V were chosen to reduce and oxidise the PPy/PVP
polymer. Using these limits and the same regime as above, transport of C u 2 + ion was
achieved. The transport profiles of three separate experiments in which the feed solution
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contained either 1.25, 2.50 or 5.00 gL"1 Cu2+ ion indicated the latter 2 concentrations
corresponded to larger amounts of metal ion being transported from the feed to the
permeate side of the cell (Figure 3.19).
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Figure 3.19. Electrochemically controlled transport of Cu2+ ion across a PPy/PVP
composite membrane grown galvanostatically (current density 1 mA cm"2). Feed solution:
0.10 M Cu(N03)2 in 0.01 M H2S04. Permeate solution: 0.01 M H2S04. Region A: No
applied potential. Region B: Applied potential pulsed between -0.40 V to +0.60 V.
Region C: Applied potential switched off.

At the completion of experiments it was noticed that solid Cu° had deposited onto the
auxiliary electrode and the PPy/PVP. The masses of these depositions onto the membrane
are summarised in Table 3.7. The 2.50 and 5.00 gL"1 Cu2+ solutions lead to the greatest
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amounts of solid copper deposited and highest fluxes across PPy/PVP composites. The
lower flux value for the experiment in which 1.25 gL"1 was used was due to a
concentration effect.

To account for the solid copper depositing onto the PPy/PVP membrane it is important to
realise the working electrode (a PPy/PVP/Pt/PVDF composite) was held for 50 s at -0.45
V. This potential was sufficient for the reduction of Cu

+

to Cu° [52] on the surface of

PPy/PVP polymer since:

Cu2+(aq)+ 2e" <=> Cu°(s) where E° =+0.337 V (3.5)

When the membrane was pulsed positively (+0.60 V for 50 s) Cu° was oxidised back to
Cu2+. Upon re-reduction of the membrane the copper ions were incorporated into the
polymer matrix to balance the negative charge on the PVP. Some of the ions were also
reduced to the zerovalent Cu°. As the composite is repetitively reduced and oxidised,

copper ions move from the feed into the permeate solution. The potential of the auxiliary
electrode was measured when the membrane was pulsed positively and was found to be 1.03 V. This would account for the reduction of Cu2+ ion onto this electrode. With the
permeate electrolyte being H2S04 the solid Cu° is solubilized off the electrode back into
solution over time.
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Table 3.7. Average flux values for periods of applied potential and periods of diffusio
following applied potential and Cu° deposited onto auxiliary electrodes.

7.50x10""
1.25
1.85x10"" 0J0 9.55x10""
5.63
xlO"10 1.41 xlO"10 0.80 1.83 xlO"10
2.50
5.73
xlO"10 7.50 xlO"10 1.20 1.49x10"*
5.00
Motes: Total flux values are a sum of the fluxes and the amount of copper deposited onto the auxiliary
electrode.

The hydrated size of Cu2+ ion is the same as Li+ and Ca2+ and larger than Na+. Hence, it
was surprising to note that when the feed solution contained 5gL" Cu ion (which is ~
0.10 M) the flux of Cu2+ ions across PPy/PVP composites were more similar to the fluxes
of the smaller Na+ ion. Obviously, the application of -0.40/+0.60 V, which resulted in
reduction and oxidation of copper, facilitates the transport of this electroactive ion
PPy/PVP composites.
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Composites

3.3.4.4.1 Scanning Electron Microscopy

It is believed that flux across membranes is dependent on the passage of metal ions
through the microscopic pores in these materials. In an attempt to gain evidence in

support of this theory microscopy studies were undertaken. SEM images of (a) a pristine
PPy/PVP/Pt/PVDF composite, (b) a PPy/PVP/Pt/PVDF composite exposed to K+ion, and
(c) a PPy/PVP/Pt/PVDF composite exposed to Li+ ion were obtained (Figure 3.20). The
pristine PPy/PVP/Pt/PVDF composite shows cauliflower like nodules and trough-like
features consistent with PPy/PVP free-standing membranes. The open and porous nature
seen in these materials is also evident in the composites. This would be expected to

facilitate transport by enabling ions to pass freely through the pores of the material

interesting to note that the composite used to transport K+ ion is only slightly diffe
the pristine composite, indicating only small amounts of ion had clogged the pores of

composite. It may also involve a co-ordination, chelation or an adsorption effect betw

the K+ ion and the phosphate groups of PVP. It also implies (as there is only slight v
difference between the two) that the K+ ion moved through the pores with relative ease.
This is supported by the flux for this ion across the PPy/PVP composite.
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Scanning electron micrographs of (a) a Pristine PPy/PVP/Pt/PVDF

composite and (b) a PPy/PVP/Pt/PVDF composite used to transport K+ion. Scale bar =
um. PPy/PVP was galvanostatically grown at 1 mA cm"2 for 28 mins.
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Figure 3.20. A scanning electron micrograph of (c) PPy/PVP/Pt/PVDF composite used
to transport Li+ ion. Scale bar = 1 pm. PPy/PVP was galvanostatically grown at 1 mA
cm"2 for 28 mins.

In the case of the composite utilised to transport Li+ ion (very low flux compared to K+
ion) the morphology had changed significantly. The pores appear to be clogged with Li+

ions, except where the material has small pin holes. It was noticed before the experime

the composite was pin hole free. It is plausible that microscopic rupturing of composit
exposed to Li+ ions may be a result of applied potential. However, composites used to
transport K+, Na+ Ca2+and Mg2+ ions did not show any signs of pin holes upon

completion of experiments. It is possible that microscopic rupturing is a result of th
ions interacting with the surface phosphate groups of the composite. This may have

affected the mechanical strength of the PPy/PVP material on the surface of the Pt/PVDF.
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However, no significant transport of Li+ ion was apparent despite the pin holes in the
composite.

3.3.4.4.2 Atomic Force Microscopy

In an attempt to corroborate the SEM conclusions AFM investigations were undertaken
with a pristine PPy/PVP/Pt/PVDF composite, a PPy/PVP/Pt/PVDF composite used to
transport K+ ion, and a PPy/PVP/Pt/PVDF composite used to transport Li+ ion (Figure
3.21). The AFM micrographs supported the SEM observations of the PPy/PVP/Pt/PVDF

composite because it is rough and amorphous-like. These studies also indicated that th
PPy/PVP had an open and porous like morphology. This enables the free passage of
suitably sized ions through the PPy/PVP matrix then on through the Pt/PVDF into the

permeate solution. It is interesting to note that the composite membrane exposed to Li
ions appeared to be rougher than the composite membrane exposed to K+ ion. This is

similar to the differences that exist between these two materials as seen in SEM image
above.
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Figure 3.21. Three dimensional A F M images of (a) a Pristine PPy/PVP/Pt/PVDF
composite and (b) a PPy/PVP/Pt/PVDF composite used to transport K+ ion. PPy/PVP
was galvanostatically grown at 1 mA cm"2 for 28 mins.
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Figure 3.21. Three dimensional A F M images of (c) a PPy/PVP/Pt/PVDF composite used
to transport Li+ ion. PPy/PVP was galvanostatically grown at 1 mA cm"2 for 28 mins.

Further evidence in support of the rough morphology seen in SEM and AFM images was

derived from AFM cross sectional analysis studies. Table 3.8 summarises 3 dimensiona

area, peak to valley distance and also percentage roughness derived from AFM roughne
analysis.

It can be seen from Table 3.8 that PVDF and Pt/PVDF are very similar in surface

morphology. However, with the electrodeposition of PPy/PVP onto the platinum surface

there is a remarkable difference in the resulting composite material. The 3 dimensio

true surface area increases from ca. 2800 to 3410 um2. The peak to valley distance is

larger (almost by a half) and the percentage roughness of the material increases fro
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11.34% to 36.40%. W h e n comparing the pristine composite to those exposed to K + and
Li+ ions there is an increase in the three characteristics shown in Table 3.8.

Table 3.8. Three dimensional area, peak to valley distance and percentage roughness for
PVDF, Pt/PVDF, a pristine PPy/PVP/Pt/PVDF composite, a PPy/PVP/Pt/PVDF composite

utilised to transport K+ ion, and a PPy/PVP/Pt/PVDF composite used to transport Li+ ion.

WiZffJ> Juwm

PVDF

2784

0.98

11.34

Pt/PVDF

2864

1.11

14.56

Pristine PPy/PVP/Pt/PVDF

3410

1.66

36.40

PPy/PVP/Pt/PVDF exposed to K + ion

3302

1.92

32.09

PPy/PVP/Pt/PVDF exposed to Li+ ion

3354

2.74

50.51

Notes: Analyses were performed on 50 x 50 urn sections of each material.
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3.4 Conclusions

A PPy/PVP polymer can be successfully prepared electrochemically using galvanostatic
methods (with a current density of 1 mA cm"2) from solutions containing 0.60 M pyrrole

and 0.20% (w/w) PVP. Physical characterisation indicates that PPy/PVP has a ratio of 1

to 1 for pyrrole repeat unit to charged phosphate group, a relatively high water conten
28 ± 3% and a low conductivity of 0.28 S cm"1. FTIR studies confirm the incorporation
of the dopant PVP, while UV-visible spectroscopy qualitatively indicates the material
be conducting and that PVP is an immobile dopant. TGA analysis shows that PPy/PVP

undergoes weight loss consistent with a material that has residual and chemically boun
water and possibly trapped pyrrole monomer and oligomers in the polymer matrix. AFM
and SEM microscopy indicates it has a rough amorphous morphology. The use of a large
relatively immobile PE0 dopant gives membranes composed of this material an open
porous structure.

Despite the low conductivity, electrochemical studies indicate that the polymer is
responsive to a number of different metal ions. Consequently, the polymer can be
deposited onto platinum coated PVDF membranes and the resulting composite material
can be utilised in the transport of various metal ions. This is achieved by applying a

pulsed potential waveform to a composite that is placed in a single membrane transport
cell. In the case of the group 1 and 2 cations these potential values were -0.80 V and
+0.45 V. The fluxes of metal ions across the composites followed the sequences: K+ >

Na+ > > Li+ for the group 1 metals, and Ca2+ > > Mg2+ for the group 2 cations. This order
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is related to the size of the hydrated cations that follow the sequence: K+ < Na+ < Ca2
Li+<Mg2+.

The PPy/PVP composite membrane can also transport Cu2+ ions by applying a pulsed
potential waveform with potential values of -0.40 V and +0.60 V. The fluxes of this
cation across PPy/PVP composites is similar to the fluxes for Na+ ions and this is

surprising as Cu2+ ion is the same size as Ca2+ and Mg2+ ions. This is likely to be rela
to the reduction/oxidation of copper onto the PPy/PVP membrane.

SEM and AFM microscopy studies of PPy/PVP/Pt/PVDF composites corroborates the

conclusions of microscopy studies with free-standing membranes and it is postulated th
the open porous nature of the material enables ions to move freely into the membrane
matrix thereby giving reasonable flux values.
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CHAPTER 4

POLYPYRROLE/POLY(VINYL PHOSPHATE)
COLLOIDS

4.1 Introduction

Although Conducting Electroactive Polymers (CEPs) have a wide range of potential

applications e.g. sensors [1, 2], ion-selective membranes [3-12], rechargeable batteries [1315] and electronic devices [16, 17], they are limited in how they can be fashioned into
devices. This is because these materials are frequently insoluble in many common
solvents as well as being infusible.

One potential answer to this problem is to produce CEPs as colloidal particles [18-21]
rather than free-standing membranes. It has been demonstrated in our laboratories, that it
is possible to electrochemically produce conducting polymer colloids in the presence of

steric stabilisers by an hydrodynamic process involving the use of a flow-through cell [22,
23] (Figure 4.1). The size and shape of colloidal particles can be controlled to produce
particles that are electroactive and that can be subsequently cast as conductive films.
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Electrochemical synthesis of colloids offers several advantages over chemical methods of
preparation. These include providing greater control over polymer growth, and allowing

a greater range of dopants to be incorporated, thereby providing materials with a greater

range of useful properties. This is in contrast to chemical synthesis of colloids where t
anion of the oxidant in its reduced form, is incorporated as the dopant.

Ag/AgCl Reference electrode

[
Cathode

Cathode

N e o septa
membranes

Anode

Anolyte
reservoir

Peristaltic
pumps

Catholyte
reservoir

Figure 4.1. A n electrohydrodynamic flow through cell utilised in the production of
PPy/PVP colloids.
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Incorporating polyelectrolytes (PE's) as dopants into conducting polymers confers

interesting properties on the resulting materials, including open porous structures and hig
water contents [24, 25]. In addition, the lack of mobility exhibited by PE®s results in
charge compensation exclusively via cation incorporation when the conducting polymer is
reduced [25-27]. The synthesis, characterisation, and ion transport properties of
polypyrrole membranes containing polyvinyl phosphate) (PVP) as a dopant has recently
been described [28]. By using pulsed potential waveforms, transport of alkali metal ions,
alkaline earths and copper was demonstrated.

To date there has been very little attention given to the potential use of conducting polym
colloids for metal ion recovery. Such materials may offer advantages over other methods
that involve free-standing CEPs, composite CEPs, activated carbon, or biological

materials, by virtue of the increased surface area they afford. Recently the ability of bot
polyaniline-Si02 and polypyrrole-Si02 nanocomposites to remove gold and palladium ions
from acidic aqueous solutions was investigated [29]. It was demonstrated that both
materials were able to bind significantly more gold than palladium. It was also shown that
the uptake of gold was an electroless reduction of the metal resulting in deposition of
elemental gold onto the surface of the PAn and PPy particles.

In this Chapter, the electrohydrodynamic synthesis and characterisation of colloids
composed of PPy/PVP, and their ability to remove calcium, iron, and copper ions from
aqueous solutions were investigated. Under the conditions investigated, the PVP not only
acts as a dopant, but also as the electrostatic stabiliser of these colloids.
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4.2 Experimental
4.2.1 Electrochemical Synthesis

Electrochemical synthesis of colloids was performed using an EG&G Princeton Applied
Research model 363 potentiostat/galvanostat, in conjunction with a three-compartment
flow through cell (Figure 4.1). This cell is a modification of a two-compartment cell
described previously [30]. Both the anode and cathodes were constructed from reticulated
vitreous carbon (RVC). The maximum theoretical surface area of the anode was 620 cm
while for each cathode it was 1860 cm2, assuming an RVC surface area of 65 cm2 cm"3.
The anolyte solution consisted of 250 ml 0.60 M pyrrole/0.20% (w/w) PVP, and the
catholyte solution 250 ml 0.20 M NaN03. Both solutions were recycled through the cell
via peristaltic pumps. The three compartments of the cell were divided by AMH
(Neosepta) anion exchange membranes. Polymerisation was performed while the
catholyte and anolyte solutions were passed through the cell at a constant flow rate of
either 20, 40 or 60 mL min"1. After allowing polymerisation to proceed at a constant
potential for 15 min, the potential was progressively reduced in order to avoid polymer
overoxidation and maintain instrument compliance. The freshly produced colloidal

solution was dialysed using cellulose dialysis tubing (Sigma; 12,000 mol. wt. cut-off) for
24 hr to remove unreacted monomer and salts with the water being changed regularly, then
centrifuged for 90 min at 49,000 rpm and 25 °C. The solid, after decanting the
supernatant, was redispersed into Milli-Q™ water prior to characterisation.
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4.2.2 Water Content

The water content of colloids was determined using the following procedure. After
centrifugation the supernatant water was discarded and the colloids allowed to attain

constant mass in a dessicator of constant humidity (94% 24 °C). The mass of the colloids
was then determined prior to being placed in an oven at 80 °C and dried for a further 2
days until constant mass was again attained. The net change in colloid mass was then
expressed as a percentage of the initial wet colloid.

4.2.3 HPLC Analysis

HPLC analysis was conducted on a Shimadzu LC-10AT liquid chromatograph. Utilising a
50 uL sample injection volume, the pyrrole concentration was monitored with an Activon
Linear UV-visible 200 detector at 210 nm wavelength. The samples were passed through a
Ci8 Ulltima 5 pm chromatography column supplied by Alltech. The mobile phase was
50% methanol/water with 0.10 M tetrabutylammonium dihydrogen phosphate (an ion
pairing reagent). The typical elution time for pyrrole monomer was approximately 5
minutes. The pyrrole concentration was determined from the resulting chromatogram.
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4.2.4 Metal Ion Uptake Studies

Stock solutions for metal ion uptake experiments contained 1.25 ppm metal ion (Cu2+,
Ca2+ or Fe3+) in 0.001 M HN03. Experiments involving uptake of a single metal ion
were carried out by combining 45 ml of one of the above stock solutions with 5 ml of

colloid solution (centrifuged and redispersed, concentration = 3.6 mg ml"1) to produ
solution whose initial metal ion concentration and pH were 1.125 ppm and 3,

respectively. Prior to analysis, samples were centrifuged for 90 min at 49,000 rpm an
25 °C and the metal ion content of the supernatant determined by atomic absorption
-y i •> i

spectroscopy.

The C u /Fe

competition experiment was performed using the same

procedure, and a stock metal ion solution containing 1.25 ppm Cu2+ and 1.25 ppm Fe3+.

The concentration of both metal ions at the start of this experiment was 1.125 ppm an
the pH of the solution was 3.

4.2.5 Cyclic Voltammetry

Cyclic voltammograms (CVs) were obtained with dispersions of PPy/PVP colloids (2.72
mg mL"1) that were 0.01 M in H2S04 and 0.10 M in Ca(N03)2, Cu(N03)2 and FeS04.
The potential range was +0.45 V to -0.80 V for Ca(N03)2, and +0.70 V to -0.80 V for
Cu(N03)2 and FeS04.
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4.3 Results and Discussion
4.3.1 Synthesis of PPy/PVP Colloids

The flow-through process was monitored using UV-visible absorption spectroscopy.
Polymerisation was initiated at +0.90 V and at a flow rate of 40 ml min"1. Samples were
withdrawn and UV-visible spectra recorded (Figure 4.2). After 1 hr of synthesis 3 peaks
ca. 350, 450 and 620 nm were observed but were poorly defined at shorter polymerisation
times (e.g. 15 min). These spectra are typical of those observed for partially doped

polypyrroles [30-32]. No significant increase in intensity of these peaks was observed in
the spectra of samples withdrawn after more than 2 hr.

It was found that the spectrum of each sample withdrawn from the reaction mixture
changed significantly upon standing for 24 hr (Figure 4.3). Each aged spectrum now
showed two main peaks, at ca. 460 nm and ca. 760 nm, with a shoulder on the low

wavelength side at ca. 350 nm. Similar changes in absorption spectra with time have been
noted previously for PPy/nitrate colloids, and were attributed to post-polymerisation
oxidation of PPy by dissolved oxygen in solution [30-32]. The presence of a band at ca.

760 nm in the spectrum is characteristic of valence band to bipolaron band transitions o
PPys with relatively high conductivities [33-37]. The band at ca. 350 nm is attributable
the

TC-XC*

transitions while the band at ca. 460 nm is assigned as the valence band to pol

transition [33-37].
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Figure 4.2. Absorption spectra obtained during polymerisation to form PPy/PVP colloids
using a constant initial potential = +0.90 V and flow rate = 40 ml min"1. (A) = 15 min, (B)
= 30 min, (C) = 45 min, (D) = 60 min, (E) = 90 min, (F) = 120 min, (G) = 150 min.
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Figure 4.3. The effect of post-polymerisation doping. Spectra are of the same samples as
those in Figure 4.2 but were acquired after 24 hr.

After dialysis of the reaction mixture produced by electropolymerisation at +0.90 V and 4
mL min"1, the resulting colloidal material was centrifuged, decanted and redispersed in

Milli-Q™ water. The UV-visible absorption spectrum of the colloids after dialysis, Figure
4.4 curve A, shows a broad band centred at ca. 755 nm and a smaller peak at ca. 340 nm.
The assignments of these bands are the same as those in Figure 4.3. Figure 4.4, curve B,
shows the spectrum of the colloids after centrifugation and redispersion in water. This
spectrum shows a broad band at ca. 750 nm and a shoulder at ca. 350 nm. The absorption

spectrum of the supernatant obtained after centrifugation Figure 4.4, curve C, contains t

same peaks as that of the colloids after dialysis, but with lower absorbances. This indic
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that the centrifugation was not 100 % successful in settling out all colloidal material, and
some conducting material was still present in the supernatant.
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Figure 4.4. Absorption spectra of solutions of PPy/PVP colloids grown at +0.90 V and 40
m L min' flow rate: (A) Colloids obtained after dialysis. (B) Colloids obtained after
centrifugation and redispersion into water. (C) Supernatant obtained after centrifugation.

At present it is unclear why the polaron band (seen in Figure 4.3) is not evident in all 3
spectra (Figure 4.4), however it m a y be masked by the intense absorption of the lower
wavelength band. In any event it indicates that electrohydrodynamic synthesis of PPy/PVP
colloids produces a conducting material of different sizes.
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4.3.2 Effect of Variations in Synthesis Conditions

The effect of variations in flow rate and applied potential on the yield and properties o
electrochemically grown colloidal material are presented in Table 4.1. The optimum flow

rate of 40 mL min"1 (initial polymerisation potential of +0.90 V), resulted in the highes
yield of colloid which is consistent with previous findings for other PPy colloids [38].
anolyte contained 4.0 mg mL1 of PPy/PVP colloid, while 1.30 g had adhered to the RVC
cathodes. When flow rates of 40 (initial potential +0.75 V) and 60 mL min"1 (initial

potential of +0.90 V) were used deposition of PPy was also observed to a lesser extent at
the RVC anode surface. This indicates that the hydrodynamic effect of colloid removal

from the diffusion layer was less efficient with the latter two parameters. Polymerisatio

at 20 mL min"1 (+0.90 V initial applied potential) led to less efficient polymerisation a
electrode surface. This flow rate was too slow to maximise the oxidation of pyrrole
monomer at the electrode surface.

The results of variations in flow rate and applied potential are in accordance with
previously reported observations [31, 32, 38, 39]. The optimum flow rate (40 mL min"1,
+0.90 V) maximised the time the monomer solution was exposed to the anode thereby
preventing excessive deposition of polymer while producing the greatest amount of
colloidal material.
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Table 4.1. Effect of synthesis conditions on the yield and properties of electrochemically
generated colloids.

20 (+ 0.90)

0.48

0.08(16.6%)

370 ± 60

-16.6 ±0.1

-1.32 ±0.01

40 (+ 0.90)

2.35

1.30(52.6%)

530 ± 50

-33.2 ±0.9

-2.64 ± 0.07

60 (+ 0.90)

0,78

0.50 (69.2%) 490 ± 80

-25.1 ±0.5

-1.99 ±0.04

40 (+ 0.75)

0.97

0.70 (77.8%) 480 ± 50

-23.1 ±0.1

-1.83 ±0.01

Notes: Zeta potential measurements were performed after dialysis for 24 hrs. p H of dialysed colloids = 5.20.
"Voltage is in brackets. "Figures in brackets are mass of colloid adhered to RVC as a percentage of the total
mass of colloid produced. SVA stands for Siemens"1 Voltage"1 unit area"1.

Measurement of the zeta potential of the colloids (Table 4.1) gave small negative numbers
with the most negative being the colloids produced using a flow rate of 40 mL min"1 and
initial potential of +0.90 V. The colloidal particles had many anionic sites from the PVP.
This gave rise to the negative zeta potentials. Interestingly, it was the optimum growth
conditions that gave the largest hydrodynamic diameter (ca. 530 nm). This combined with
a zeta potential of -33.2 mV (Table 4.1) stabilised and enabled the colloidal material to
remain in solution.
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Figure 4.5. Absorbance at Xmax 750 n m of reaction solution as a function of time for
variations in flow rates and applied initial potential. A: 20 mL min"1 (+0.90 V). B: 40
min' (+0.90 V). C: 60 mL min"1 (+0.90 V). D: 40 mL min! (+0.75 V). Samples were
obtained after standing for 24 hr and prior to dialyses.

Further insight into the dramatic effect of variations in flow rate and initial applied
potential on colloid production was obtained from UV-visible spectra of samples allowed

to stand for 24 hr. The absorbance at A,max 750 nm of reaction solutions was plotted as a

function of time (Figure 4.5). Spectra A, B, C and D represents the experiments performe
with flow rates of 20 mL min"1 (+0.90 V), 40 mL min'1 (+0.90 V), 60 mL min"1 (+0.90 V)
and 40 mL min'1 (+0.75 V), respectively. Plots B and C indicated reactions were at
completion after ca. 2 hr while data A and D clearly show colloid production occurred
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beyond 2 hr. T h e reactions had ceased to produce any further polymeric material after 180
min and 270 min, respectively, for A and D. These results for A and D indicate that
beyond 2 hr there was post synthesis doping. However, using a lower initial applied
potential leads to slower production of colloids [32], while using higher potentials can
overoxidise the polymer and is more likely to precipitate more colloid at the electrode
surface. This is corroborated by the amount of colloidal material in solution (Figure 4.5,
B) and the amount of polymer that remained adhered to the anode (Table 4.1).

Absorption spectra of centrifuged and redispersed colloids from the experiments shown in
Figure 4.5 further indicate the effect of variations in synthesis conditions (Figure 4.6).
each case the spectrum contains a free carrier tail centred at ca. 750 nm. However, the

intensity of this band is clearly greatest for the sample prepared using a flow rate of 40 ml
min"1 and initial potential of +0.90 V, suggesting that the colloids present in this sample
were the most conductive.
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Figure 4.6. Effect of variations in synthesis conditions on the absorption spectra of
electrochemically grown colloids: (A) initial potential = +0. 90 V, flow rate = 20 m L min
'; (B) initial potential = +0. 90 V , flow rate = 60 m L min"1; (C) initial potential = +0. 75 V,
flow rate = 4 0 m L min"1; (D) initial potential = +0. 90 V, flow rate = 40 m L min"1.

4.3.3 Stabilisation via Electrosteric Means

Addition of 0.10 g NaCl to 25 ml of colloid solution (concentration = 3.6 mg mL'1) did no
result in precipitation or any significant changes to the UV-visible absorption spectrum of
the solution. Further additions of 0.10 g NaCl up to a total of 0.50 g also had no effect.
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Based on these results it can be concluded that the colloid is principally stabilised by
electrosteric means, not electrostatically.

The stability of PPy/PVP colloids seems to arise from the physical adsorption of the large
anionic PVP dopant onto PPy particles. The extent to which this occurs is determined

largely by the intrinsic hydrophilic nature, size and solvent properties of the dopant spec
[18, 39-41]. The likely adsorption mechanism for PPy/poly(4-vinyl pyridine) has been
postulated [18] (Chapter 1, Figure 1.10) where hydrogen bonding occurs via the N atom of
the pyridine ring and the H atom of PPy repeat unit. The same is likely to have occurred
with PPy/PVP colloids in which the O atom of the phosphate charge group hydrogen
bonds with the H atom of the PPy repeat unit. This seems plausible, as there is no other
steric stabiliser present.

4.3.4 Effect of Variation in Monomer Concentration

The effect of pyrrole concentration on colloid yield was investigated using HPLC analysis.
PPy colloids have been typically grown from monomer solutions that ranged from 0.05 to
0.20 M pyrrole [30-32, 38]. However, studies with PPy/PVP thin films showed the
greatest conductivity was with a pyrrole concentration of 0.60 M [28]. Investigations were
therefore undertaken with anolyte solutions of both 0.60 M and then 0.10 M in pyrrole at
the initial conditions of 40 mL min' with +0.90 V. The results indicated the higher pyrrole
concentration gave a lower average % conversion (27.16%) whereas the lower
concentration of pyrrole gave an average % conversion that was higher (56.28%). In real
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terms however, 27.16% corresponded to a larger amount of colloid produced (2.73 g)
while 56.28% equated to a smaller amount produced (0.94 g). The higher pyrrole

concentration did not cause any greater extent of deposition of colloid onto the anode. It
was expected that the 0.60 M pyrrole concentration would hinder the formation of colloid
due to excessive deposition and fouling.

4.3.5 Physical Characterisation of PPy/PVP Colloids
4.3.5.1 Conductivity

Measurement of the conductivity of a pellet produced from the colloids grown at 40 mL
min"1, (using an initial potential of +0.90 V. and after standing for 24 hrs post
polymerisation), gave a value of 0.3 \iS cm"1. This is 106 times lower than the value of
0.30 S cm"1 reported previously for PPy/PVP membranes [28] and lower than values
previously reported for PPy colloids [42-48]. However, similar low conductivities have
been noted for PPy colloids stabilized with polyvinyl alcohol) [49], functionalised
polyvinyl alcohol) with pendant groups [50] and carboxylic functionalised polystyrene
latex [51]. It has been noted previously that the conductivity of conducting polymer
colloids is frequently at least an order of magnitude lower than for a film or powder
composed of the same material [52], however in the present example there is a much more
dramatic reduction. While the UV-visible spectra suggests high conductivity, the
insulating effect of excess PVP surrounding the colloids, in addition to the higher
resistance due to inter-particle contacts, obviously has a dramatic effect on the values
obtained by four point probe measurements.
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4.3.5.2 Hydrodynamic Diameter, Zeta Potential and Electrophoretic Mobility

The average sizes of colloidal particles (approximately 450 nm) withdrawn from the

polymerisation solution during the first 2 hrs of reaction were shown by hydrodyna

diameter measurements to remain relatively constant (Table 4.2). However, a signif

decrease in electrophoretic mobility was detected, along with a change in zeta pot

from -23.3 mV for the sample withdrawn after 30 min, to -17.1 mV for the 2 hr sampl

Table 4.2. Hydrodynamic diameter, zeta potential, electrophoretic mobility and num

particle measurements of PPy/PVP colloids at a starting potential + 0.90 V and wit
rate of 40 mL min"1. Samples had measurements obtained during polymerisation.

30

388.3 ± 134.2

-23.3 ± 0.4

-1.84 ±0.03

3626.7 ± 13.0

60

456.4 ± 116.9

-21.8+0.3

-1.73 ±0.02

3259.4 ± 120.9

90

450.7 ± 59.3

-20.1 ±0.3

-1.59±0.02

3025.9 ±111.4

120

457.1 ±80.2

-17.4+ 1.6

-1.50 + 0.13

2371.1 ±91.3

150

445.0 + 73.5

-17.1 ±0.9

-1.36 + 0.07

2289.1 ±103.8

1
Notes: K C p s and S V A stands for Kilo Counts s' and Siemens" Voltage" unit area ', respectively.
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The number of particles measured after 2 hr (Table 4.2) was found to be 2731.1 x 10 3
counts s"1 (KCps) whereas, 24 hr later the same sample was measured as 1990.0 KCps
(Table 4.3). This is consistent with colloids that are undergoing post polymerisation

doping. Moreover, the particles appear to be dense in nature since size remains relative
constant while electrophoretic mobility and number of particles decrease.

Table 4.3. Hydrodynamic diameter, zeta potential, electrophoretic mobility and number of

particle measurements of PPy/PVP colloids at a starting potential + 0.90 V and with a flo
rate of 40 mL min"1. Samples had measurements obtained after standing for 24 hr.

30

299.6 ±78.4

-20.7 ± 0.4

-1.64 ±0.24

2737.0 ±81.5

60

400.2 ± 85.6

-21.2 ±0.6

-1.68 ±0.05

2750.7 ±25.5

90

450.7 ±51.7

-16.6 ±0.3

-1.32±0.02

1991.3 ±66.4

120

420.3±91.3

-13.5 ±0.3

-1.07 ±0.03

1942.6 ± 110.3

150

386.2 ±65.2

-12.6 ±2.0

-1.30 ±0.15

1990.0 ±71.9

Notes: K C p s and S V A stands for Kilo Counts s and Siemens ' Voltage unit area', respectively.
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4.3.5.3 Elemental Analysis

Elemental analysis revealed that the ratio of nitrogen to phosphorous present in PP
colloids was 6.4:1 (Table 4.4), suggesting that they may be more highly doped than

PPy/PVP films obtained electrochemically (N:P =10:1) [28]. However, it is important

note that elemental analysis does not give a clear indication of the degree of dopi
because not all the phosphate groups act as dopants.

Table 4.4. Elemental analysis of PPy/PVP colloids grown at +0.90 V and 40 mL min"1.

c

46.35

H

7.12

N

4.43

P

1.64

O

40.46

Notes: N:P ratio was calculated to be 6.4:1

4.3.5.4 Thermogravimetric and Water Content Analysis

In an attempt to determine qualitative information about the thermal stability and w
content of PPy/PVP colloids, Thermogravimetric Analysis (TGA) was performed on

colloid powder and a TGA thermogram acquired (Figure 4.7). In the thermogram, the fi

weight loss occurs between 50 and 160 °C. This is attributable to the loss of residu
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and pyrrole monomer that is trapped in the polymer matrix. This has been reported for
PPy/N03 and PPy/dodecylsulphate membranes [53]. The second weight loss between 220

and 340 °C may correspond to removal of PVP. The weight loss that occurs above 340 °C
is possibly due to degradation of the PPy particles [53].

100

850

Temperature (°C)

Figure 4.7. A T G A thermogram of PPy/PVP colloid powder obtained under a nitrogen
atmosphere.

The water content of a sample of colloid was determined to be 24 ± 2 % by drying the
colloid to constant mass. This value concurs with that determined by a similar method
membranes composed of PPy/PVP (28 ± 3%) [28], and is not surprising as high values
have been reported previously for other CEPs doped with other PE®s.

Chapter 4 Polypyrrole/poly(vinyl phosphate) Colloids

144

4.3.5.5 Colloid morphology

Transmission electron microscopy (TEM) was used to examine the size and shape of
polymer colloid particles. The transmission electron micrograph of a sample of colloidal
material that had been dialysed, centrifuged and redispersed in aqueous solution was

obtained (Figure 4.8a), together with that of the residue left in the supernatant obtaine
after centrifugation (Figure 4.8b). Both small discreet colloidal particles and larger
aggregates measuring approximately 490 nm in diameter were present in the micrographs
of the redispersed solution.

Figure 4.8.

Transmission electron micrographs of PPy/PVP colloids, (a): Dialysed,

centrifuged and the precipitate redispersed into Milli-Q™ water, (b): Colloids from the
supernatant.
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The transmission electron micrograph of the residues in the supernatant contained small
(approximately 50 nm), highly spherical, individual particles. This indicates that the

centrifugation process successfully removed all the larger aggregates, however significant
amounts of smaller colloidal particles were left. The sizes seen in both micrographs are
consistent with sizes of those reported previously for PPy colloids [54-56]. The size of

PPy particles is largely dependent on the type of stabilizer used in formation of colloida
dispersions [57]. Utilising polyvinyl alcohol) particle size can be varied from ca. 66 to
300 nm, however, when poly(ethylene oxide) is employed larger particles are produced
(ca. 300 nm) [44].

The spherical morphology seen in the supernatant residue (Figure 4.8b) is consistent with
other findings [58, 59] and is, by far, the most common type of morphology seen in
aqueous PPy colloidal dispersions [57]. The redispersed colloids (Figure 4.8a) display
spherical and raspberry-like morphology. This raspberry-like nature has been reported
previously for PPy silica stabilised nanocomposites [60, 61]. There appears to be a large
number of very small particles "glued" together forming non spherical raspberry-like
colloidal material (Figure 4.8a).

The zeta potential of colloids dispersed in the supernatant was determined to be -31.4 mV,
a value similar to that of the redispersed sample (-33.3 mV). The hydrodynamic diameter
was shown to be 49.3 ± 10.5 nm. The electrophoretic mobility was -2.50 ± 0.09 cm2/SVA,
measurements also consistent with the redispersed sample (-2.64 ± 0.07 cm2/SVA).
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4.3.5.6 FTIR Spectroscopy

FTIR spectra of PVP in a KBr disc (Figure 4.9a) and freshly prepared PPy/PVP colloids
cast onto gold coated mylar (Figure 4.9b) indicated the incorporation of PVP in the PPy

colloids (assignments can be seen in Table 4.5 while those of PVP can be seen in Chapter

3, Section 3.3.2.3). Evidence for the formation of doped PPy is given by the bands seen a
1573, 1416 and 959 cm"1. [62-70]. These bands are attributed to the C=C stretching, C-N

stretching and out of plane aromatic C-H bending, respectively. Further evidence is give
by absorptions at 990 cm"1 and 929 cm"1 which are attributed to vibrational modes due to
the phosphate groups. The lower frequency of these absorption bands in the polymer

reflect electrostatic interactions between the PPy backbone and the dopant. A broad band
can be seen at 3348 cm"1 and is due to N-H stretching. The OH stretching band of the
phosphate group of PVP can not be seen as it is masked by broad and very strong N-H
stretching. Aliphatic -CH2 stretching of PVP can be seen at approximately 2955 cm"1
(asymmetric) and 2825 cm"1 (symmetric). Shoulders at 2750, 1284 and a strong band at
1745 and cm"1 are assigned to P-O-H, C-O and 0=P-OH stretching, respectively.
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Figure 4.9. FTIR spectra of (a) free P V P and (b) PPy/PVP colloids.
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Table 4.5. FTIR assignments for PPy/PVP colloids cast onto gold coated mylar.

:

A'i:'/?A/A'f/

3348

v,b

t)s(NH)

2955

s

Uas(CH2)

2825

s

Ds(CH 2 )

2750

sh

t)as(P-O-H)

1745

s

t) as (HO-P=0)

1573

w

Ds(C=C)

1416

s

t)s(C-N)

1284

sh

t)s(CO)

990

w

5S(P=0)

959

sh

8S(=C-H)

929

w

t)s(P-O-C)

Notes: av-very strong, s-strong, m-medium, w-weak, sh-shoulder, b-broad. "as-asymmetric stretch and ssymmetrical stretch,

4.3.6. Electrochemical Characterisation
4.3.6.1 Cyclic Voltammetry Studies

The enhanced electroactivity of PPy/PVP colloids (2.72 mg mL"1 in 0.10 M sodium ni
was evidenced by cyclic voltammograms (CVs) obtained using bare platinum working
electrodes and sweeping from +0.40 to -0.80 V with scan rates of 100, 50, 40, 20 and 10
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m V s 1 (Figure 4.10). Each voltammogram shows well defined reduction peaks in the
cathodic sweeps and oxidation peaks during the reverse anodic sweeps, all being seen at
negative potentials (Table 4.6). A reversible oxidation/reduction process which has been
previously reported for PPy colloids formed by chemical oxidation with potassium sulfate
with no added steric stabiliser [71] was obtained.

There is a concomitant movement of cations into and from the colloid during the
reduction/oxidation process. Cathodic peak potentials (Ep(c)) were seen to shift to slightly
more negative values as scan rate increased whereas anodic peak potentials (Ep(a)) were
seen to shift to slightly more positive values. This latter occurrence has been seen in
studies with PPy/PSS thin films [18]. As this occurs, in this study, cathodic peak current

(i (c)) and anodic peak current (ip(a)) were seen to increase [18]. The variation in reversib

as a function of scan rate indicates a limited rate of electrochemical charging which may b

due in part to the concentration of the colloids [18]. Furthermore, if the ratio ip(a/ip(c) i
simple reversible redox couple is apparent. For all scan rates this ratio was ~ 1.
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Figure 4.10. Cyclic voltammograms of a sample of PPy/PVP colloid (colloid
concentration = 2.72 mg mL"') redispersed in 0.10 M NaN03. Platinum working electrode.
(A) Scan rate = 100 mV s"1. (B) Scan rate = 50 mV s"1. (C) Scan rate = 40 mV s"1. (D)
Scan rate = 20 mV s"1. (E) Scan rate = 10 mV s"1.

A reversible system's peak current (as shown by the Randles-Sevcik equation Chapter 2,

eqn 2.1) ip is directly proportional to the square root of scan rate. Plots of anodic peak
current (ip(a)) and cathodic peak current (ip(C)) against the square root of the scan rate

proved to be close to linearity (Figure 4.11). This indicates that the kinetics of electro

transfer were reasonably rapid and largely unaffected by adsorption of solid material ont
the electrode surface.
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Scan rates, peak potentials and peak current obtained from the cyclic

voltammograms in Figure 4.12.

100

-0.51

-0.35

-19.50

18.40

50

-0.49

-0.36

-14.20

13.45

40

-0.48

-0.37

-12.25

10.50

20

-0.48

-0,38

-7.55

8.05

10

-0.48

-0.39

-9.85

6.09

Notes: Potentials were measured relative toAg/AgCl
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Figure 4.11. Plots of peak current versus the square root of scan rate obtained from the
cyclic voltammograms in Figure 4.10.

4.3.6.2 Effects of Concentration of Colloid on Peak Current

The Randles-Sevcik equation (eqn 2.1) shows ip not only increases with the square root of

scan rate but is directly proportional to concentration. In an attempt to determine the eff
of concentration on ip(a) and ip(c) values, a solution containing 15 mg mL"1 PPy/PVP

colloids (redispersed) was diluted to give dispersions with 4 different concentrations. All
the solutions were 0.10 M in NaN03 and had PPy/PVP concentrations of 2.70, 1.98, 1.47
and 0.99 mg mL"1, respectively. CVs obtained on bare platinum electrodes, sweeping from
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+0.45 to -0.80 V, at a scan rate of 100 m V s"1 showed similar responses to those obtained
previously (Figure 4.12).
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Figure 4.12. Cyclic voltammograms of PPy/PVP colloids with concentrations: (A) 2.7 m g
mL"1, (B)1.98mgmL"\ (C) 1.47 m g m L 1 , (D) 0.99 m g m L " 1 .

Plots of anodic peak current (ip(a)) and cathodic peak current (ip(c)) against concentration
proved to be close to linearity (Figure 4.13). The ratio ip(a/ip(c) for all three scans was ~ 1
further corroborating PPy/PVP to have a simple reversible redox couple.
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Figure 4.13. Plots of peak current versus concentration obtained from the cyclic
voltammograms in Figure 4.12.

4.3.5 Metal Ion Uptake Studies
4.3.5.1 Investigations with Calcium, Copper and Iron

The percentage metal ion removal with time for colloids in contact with solutions
containing either 1.125 p p m ferric sulphate, copper nitrate or calcium nitrate was
determined (Figure 4.16). For both the iron and copper containing solutions, metal ion
removal was more rapid and more extensive. Over half of the copper and iron initially
present in solution had been removed after being in contact with the colloidal dispersion
for 3 h, while only 2 0 % of all calcium had been removed after this period of time. After
2 days the amounts of copper and iron removed was > 9 0 % , while calcium removal was
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7 2 % . From these values the binding capacities of the colloid towards copper, iron and

calcium were calculated to be 6.00, 9.10 and 4.50 mequiv. g"1 colloid, respectively. Thes
values are comparable to those of standard strong and weak cation exchange resins. For
example, Dowex 50W-X8(H) resin (a strong cation exchanger) with a particle size
distribution of 0.04 - 0.075 m m has a cation binding capacity of 4.80 mequiv. g"1 dry resin
[72]. However, the advantages of a conducting polymer colloid over a non conducting
resin is that the electroactive properties of the former material open up a broader range of
potential applications.
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Figure 4.14. Metal ion uptake profiles for PPy/PVP colloids (0.36 m g mL" 1 , total vol = 50
mL).

Initial concentration of Ca 2 + , C u 2 + or Fe 3 + = 1.125 ppm. Colloids were grown

potentiostatically at +0.9 V and 4 0 m L min"1.
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4.3.7.2 Competition Experiments with Copper and Iron Mixtures

A second metal ion removal experiment was performed to determine whether the colloid
showed selectivity in its ability to remove copper and iron ions. When a solution
containing 1.125 ppm Cu2+ and 1.125 ppm Fe3+ was exposed to a fresh colloid solution
(0.36 mg mL"1), removal of both metal ions was considerably reduced (Figure 4.15)
compared to the previous experiments. After 3 days, metal ion removal had reached

equilibrium, perhaps as a consequence of the colloids having become saturated with meta
ions.

Figure 4.15. Competition metal ion uptake profiles for PPy/PVP colloids (0.36 m g mL" 1 ,
total vol = 50 mL). Initial concentration of Cu2+ and Fe3+ = 1.125 ppm. Colloids were
grown potentiostatically at +0.9 V and 40 mL min"1.
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Only 6 3 % of the copper initially present had been removed along with 5 5 % of iron during
this time. The zeta potentials of colloids exposed to calcium, iron or copper and a
copper/iron mixture for 3 days were -22.0 mV, -23.0 mV -19.0 and -17.2 mV, respectively

(Table 4.7). Each of these values is considerably lower than the -33.3 mV determined for

these colloids prior to exposure to metal ions. This decrease was expected, as metal ion

adsorption would be expected to partially neutralise the negative charges present on the
outer stabilising layer of PVP.

Table 4.7. Hydrodynamic diameter, zeta potential and electrophoretic mobility for
PPy/PVP colloids exposed to calcium, copper and iron ions.

Ca 2 +

324.5 ± 29.9

-22.0 ± 0.2

-1.75 ±0.02

Cu2+

365.6 ±63.8

-22.4 ± 2.2

-1.43 ±0.16

Fe 3+

317.2 ±64.4

-23.0 ± 0.3

-1.83 ±0.04

Cu 2 + and Fe 3+

372.7 ±78.8

-17.2 + 0.1

-1.52 + 0.10

Notes: S V A stand for Siemens" Volts" unit area" .

The absorption spectra of colloidal samples which had been exposed to solutions
containing Ca2+, Cu2+ or Fe3+ for more than 24 h showed no significant differences to that
freshly dispersed colloid which had not been exposed to any metal ions (absorbance kmm =
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ca. 750 n m ) . These results provide support for a pure adsorption mechanism for metal ion
uptake. If adsorption were accompanied by reduction of metal ions onto the colloid
surface, then significant changes in the conductivity of the colloid and therefore its
absorption spectrum would be apparent.

4.3.7.3 Cyclic Voltammetry Investigations

In an attempt to corroborate the adsorption hypothesis, cyclic voltammetry was employed.
CVs were obtained with PPy/PVP colloidal dispersions (2.72 mg mL1) in 0.01, 0.10 M
FeS04 and 0.10 M Ca(N03)2 on bare platinum at a scan rate of 100 mV s' (Figure 4.16).
The presence of Ca(N03)2 on a fresh dispersion of PPy/PVP colloids gave a similar cyclic
voltammetry response as those exposed to 0.10 M NaN03 (Figure 4.16A). When a fresh
colloidal dispersion was made 0.10 M in FeS04 the response of the colloids was not seen.
The CV was completely dominated by the presence of iron where Fe3+ (the presence of
acid oxidises Fe2+ ion to trivalent Fe3+) was reduced to Fe2+, then to Fe° followed by the
corresponding oxidation back to Fe2+ and then to FeJ+ at the electrode surface (Figure
4.16B). When another dispersion of colloidal material was made 0.01 M in FeS04 the
peak potentials representing reduction and oxidation of iron were much smaller (Figure

4.16C) with ip(c) and ip(a) being concentration dependent. Similar cyclic voltammetry result
were seen for copper with concentrations the same as that of iron. The response due to the
presence of PPy/PVP colloids was, once again, not seen.
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In the presence of Fe 3+ ion an applied potential has no obvious effect on the colloidal
material (Figure 4.16A).

In the case of Ca 2+ ion there is simple metal ion

incorporation/expulsion as a result of reduction and oxidation of the colloid, respectively.
This qualitatively indicates that the process of metal ion uptake proceeds via an adsorption
mechanism rather than electroless reduction of metal ion.

-1

-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

E (V vs Ag/AgCl)

Figure 4.16. Cyclic voltammograms of PPy/PVP colloids. (A) In 0.10 M Ca(N0 3 ) 2 . (B)
in 0.10 M FeS04. (C) in 0.01 M FeS04.

The colloidal material exposed to copper and iron ions was investigated using Xray
Photoelectron Spectroscopy (XPS) to determine if the metals were cations or solid Cu° and
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F e . This would indicate whether an electroless reduction had occurred. However, the
results indicated there was no metal present. A problem with this technique is that it may
be insensitive to copper and iron at this concentration.

4.3.7.4 TEM Investigations

Exposure to metal ions resulted in significant changes to the morphology of particles
present in solution. Figure 4.17 illustrates the TEM micrographs of redispersed samples of
colloid that had been exposed to calcium, copper and iron ions for 3 days. In striking
contrast to each of the previous micrographs, the colloids exposed to calcium ions have
become more disperse (Figure 4.17a). Colloids exposed to copper ions have changed
morphology and one very large single aggregate is present and almost no small particles
(Figure 4.17b). Iron ions affect the colloids by appearing to break up some of the larger
aggregates with smaller discrete particles being evident (Figure 4.17c). Similar results
were seen with colloids exposed to a mixture of copper and iron ions. Hence, TEM

investigations present evidence consistent with a significant level of metal ion adsorption
by the PPy/PVP colloids.

Metal ion adsorption would be expected to be a favourable process owing to the presence
of negatively charged PVP on the surface of individual colloid particles. Furthermore by
complexing to phosphate groups on different colloid particles the adsorbed metal ions
provide a mechanism by which particle coagulation can occur. The critical coagulation
concentration is largely determined by the valency of the counter-cations. Under
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controllable conditions, the critical coagulation concentrations are approximately in the
ratio 1 : 0.013 : 0.0016 for counter-cations of valency 1, 2 and 3, respectively [73].

Figure 4.17. Transmission electron micrographs of PPy/PVP colloids after exposure to a
metal ion for 72 hr: (a) Ca2+, (b) Cu2+, (c) Fe3+.
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Metal ion exposure has had a dramatic effect on hydrodynamic diameter and
electrophoretic mobility on PPy/PVP colloids. The hydrodynamic diameter had decreased
from 530 ± 50 nm (the size of fresh dispersed sample) to 324.5 ± 29.9, 365 ± 63.8, 317.2 ±
64.4 and 372.7 ± 78.8 nm after exposure to calcium, copper, iron and a mixture of
copper/iron ions, respectively (Table 4.7). This trend corroborates results seen in TEM
images (Figure 4.17) where some of the large particles have come apart with smaller

particles being apparent. It seems plausible the electrostatic interaction of metal ions wi
negatively charged phosphate groups on the surface of the material caused the larger
aggregates to break apart into smaller components.

Electrophoretic mobility of colloids exposed to calcium, copper, iron and a mixture of
copper/iron ions was also seen to decrease (Table 4.7). This further indicates metal ions
have adsorbed onto the surface of the colloidal particles.

4.3.7.5 Electron Beam Diffraction Analysis

To further corroborate metal ion uptake by PPy/PVP colloids, dispersions exposed to
copper, iron and a mixture of copper/iron ions were analysed using Electron Beam
Diffraction (EBD) techniques. The resulting micrographs delineated the presence of metal
ions (Figure 4.18). Copper was very diffuse (Figure 4.18a), with iron forming a regular
crystal lattice work (Figure 4.18b). Colloids exposed to a mixture of copper and iron was
less diffuse than copper itself, however a lattice network was evident (Figure 4.18c).
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Figure 4.18. Electron beam diffraction micrographs of PPy/PVP colloids after exposure
,3+

to metal ions for 72 hr: (a) C a , (b) C u.2+ , (c) Fe J .
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The lattice network evident in colloids exposed to F e 3 + is clearly more obtrusive than that
of colloids exposed to Cu2+. The trivalency of iron may lend itself to adsorbing onto the
surface of the colloidal material and forming a lattice work more readily than divalent
copper ion. It is interesting to note that when Fe3+ is combined with Cu2+ the crystal lattice
network becomes more obvious than that of Cu2+ itself. The EBD of fresh redispersed
colloid was similar to that seen in Figure 4.18a.

4.4 Conclusions

Electrohydrodynamic polymerisation using a divided three-compartment flow-through cell
yields conducting PPy/PVP colloids. The effects of variations in flow rate and applied
potential on the yield of the colloids indicates the optimum synthesis conditions is a
combined flow rate/initial applied potential of 40 mL min' and +0.90 V. Starting
concentrations of 0.10 and 0.60 M show the lowest % conversion occurs with 0.60 M but
produces the greatest amount of colloid. The colloids are prevented from precipitating by
an electrosteric stabilisation mechanism involving the dopant polyvinyl phosphate). The
colloids are more highly doped than electrochemically produced PPy/PVP thin films
(Chapter 3).

UV-visible spectroscopy, FTIR and elemental analysis indicates that the PPy colloids are
doped with PVP. Transmission Electron Microscopy indicates the supernatant contains

small discrete particles while the material that is centrifuged appears as aggregates. Cycli
voltammetry shows the PPy/PVP colloids to be electroactive. Furthermore, plots of peak
anodic and cathodic current versus the square of scan rate are linear which indicates the
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rate of electron transfer is rapid and largely unaffected by adsorption onto the electrode
surface. Further techniques such as the four point probe method, hydrodynamic diameter
measurements, zeta potential and electrophoretic mobility measurements indicates the
colloids have a low conductivity of 0.3 pS cm"1, a size of ca. 530 nm, negative charged
particles of ca. -33 mV and mobility of ca. -2.64 cm2/SVA, respectively.

The colloids were able to remove calcium, copper and iron ions from aqueous solutions in

a process that involves metal ion adsorption. The selectivity followed the series: Cu2+ >
Fe3+ > Ca2+. TEM, EBD, hydrodynamic diameter and zeta potential investigations indicates
that the colloids have changed morphology, size and charge after exposure to metal ions.
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CHAPTER 5

METAL ION TRANSPORT USING STATIC
AND FLOW CELLS

5.1. Introduction

Since the first transport properties of Conducting Electroactive Polymer (CEP) membranes
were demonstrated [1-3] research has concentrated on the design of CEP materials and
instrumentation for the transport of various ions. [4-22]. Several studies into metal ion

transport using a stirred solution cell similar to that in Chapter 1, Figure 1.7 have been

conducted [9-12, 14-17, 19-22]. The results of these studies demonstrated that application

of a pulsed potential waveform to the polymer results in a greater metal ion flux than whe
constant potentials were used [9]. Consequently most studies of metal ion transport using
stirred solution cell now employ pulsed potential waveforms.

This Chapter examines the effect of using a flow-through cell on metal ion flux across
conducting polymer membranes (Figure 5.1). The basic flow-through cell design is very
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similar to that of the stirred solution cell, with the polymer m e m b r a n e again serving as the
working electrode and separating the feed and permeate solution compartments. However,
in the flow-through cell both compartments are connected to larger solution reservoirs via
silicone tubing. Centrifugal pumps are used to continuously circulate the feed and
permeate solutions between the cell compartments (70 mL total volume) and their
respective reservoirs (400 mL total volume). This means that much larger quantities of

metal ion must be transported before a significant drop in the concentration gradient acro
the membrane occurs. By continually sweeping the solution away from the membrane on

the permeate side this is further enhanced. This is because the solution that moves into th
permeate side of the cell from the permeate reservoir has a lower metal ion concentration
than the solution which flows from the same side of the cell to the permeate reservoir.

Results are presented for different PPy composite materials prepared by galvanostatically
depositing PPy onto platinum sputter coated PVDF filters. Poly(styrene sulfonate)
/dodecylbenzene sulfonic acid (PSS/DBS), /7-toluene sulfonic acid (pTS),
hydroxyquinoline sulfonic acid/sulfate (HQS/S04) and polyvinyl phosphate)/
dodecylbenzene sulfonic acid (PVP/DBS) were chosen as dopants and dopant mixtures to
be incorporated into the conducting polymer during polymerisation. It had been previously
demonstrated in our laboratories that PPy doped with these polyelectrolytes (PE®s) can be

used for metal ion transport studies [19, 20, 25]. The effects of different electrochemical
strategies for reducing/oxidising the polymer membrane on metal ion flux is also reported.
This involved examining the effect of applying constant potentials and pulsed waveform
potentials.
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Figure 5.1. Flow-through cell used for metal ion transport studies. A" = anionic dopant
species.
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5.2. Experimental
5.2.7 Preparation of Composite Membranes

The electrochemical growth conditions for PPy/poly(styrene sulfonate) /dodecylbenzene
sulfonate(l%) (PPy/PSS/DBS), PPy/poly(vinyl phosphate) /dodecylbenzene sulfonate(l%)
(PPy/PVP/DBS), PPy/hydroxyquinoline sulfonate/sulfate (PPy/HQS/S04) and PPy/ptoluene sulfonate (PPy/pTS) are shown in Table 5.1.

Table 5.1. Electrochemical polymerization conditions for growth of PPy/PSS/DBS,
PPy/PVP/DBS, PPy/HQS/S04 and PPy/pTS composite membranes.

1

f.y

' .

material
PPy/PSS/DBS

0.20

M

pyrrole/0.10

M

5 min at 1 m A cm"

PSS/0.001 M D B S
PPy/PVP/DBS

0.60

M

10 min at 2 m A cm" then

pyrrole/0.20%

28 min at 1 m A cm"2

PVP/0.001 M D B S
PPy/HQS/S04

0.20

M

pyrrole/0.20

M

4.5 min at 3 m A cm""

HQS/0.20 M H 2 S0 4
PPy/pTS

0.20 M pyrrole/0.05 M pTS

10 min at 1 m A cm"

Notes: All composite membranes were grown to a thickness that did not allow water to pass through at 100
KPa nitrogen pressure.
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5.2.2 Cyclic Voltammetry Studies

All polymers were electrodeposited galvanostatically onto platinum electrodes for 1 mi
using a current density of 1 mA cm"2. The cyclic voltammograms (CVs) of these polymers
in 0.10 M K+, Na+, Ca2+ or Mg2+ (nitrate salts) were recorded from +0.45 V to -0.80 V at
scan rate of 100 mV s"1. CV studies of PPy/PSS/DBS polymers with Cu2+/Fe3+ ion

mixtures were recorded from +0.80 V to -0.80 V at 100 mVs"1. The potential ranges for a
subsequent metal ion transport studies were decided upon based on these CVs.

5.2.3 Metal Ion Transport Studies

Transport experiments conducted with the flow-through cell (Figure 5.1) were performed
with Na+, K+, Mg2+ and Ca2+ ions under two sets of electrochemical conditions:

(i) Pulsed potential waveform experiments employed potential values of -0.80 V and
+0.45 V.
(ii) Constant potential experiments were performed using a home-built potentiostat
supplied by Industrial Research Limited, New Zealand. The potential at the composite
membrane was held at -0.40 V throughout. A master/slave mode was used, as described

previously [17]. Using this approach the potential of the membrane on the feed side wa
controlled by a 'master' potentiostat, whilst the potential on the permeate ('slave')
allowed to float so that the currents passed were equal and opposite.
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Transport of C u V F e + mixtures conducted with the flow-through cell employed a pulsed
potential waveform with potential values of -0.80 V and +0.80 V.

The flow rate in all experiments was 450 mL min"1 for both the feed and permeate
solutions.

5.3 Results and Discussion
5.3.1 Polymer Morphology

SEM micrographs of the composite membranes indicated that the surfaces exposed to the
polymerisation solution during growth had a variety of morphologies (Figure 5.2).
PPy/PSS/DBS/Pt/PVDF, PPy/PVP/DBS/Pt/PVDF and PPy/pTS/Pt/PVDF composite
membranes each displayed the typical "cauliflower" morphology observed for many other
polypyrroles, including free standing membranes composed of either PPy/PSS/DBS,
PPy/PVP or PPy/pTS [9, 11, 12, 17, 19-22]. However, the SEM image of a
PPy/HQS/S04/Pt/PVDF composite membrane showed a very different morphology with a
very dense and smooth appearance. Similar findings had been reported previously for
PPy/HQS/S04 composite membranes [24] and may be attributable to the much shorter
growth time of this composite (4.5 min compared) to the other composites (15 min or
more). While the SEM images suggest that the surface morphology of the composite
membranes were similar (except for PPy/HQS/S04), this conclusion was not supported by
AFM studies (Figure 5.3).
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Figure 5.2. Scanning Electron Micrographs of composite membranes composed of: (a)
PPy/PSS/DBS/Pt/PVDF, (b) PPy/PVP/DBS/Pt/PVDF, (c) PPy/pTS/Pt/PVDF and (d)
PPy/HQS/S0 4 /Pt/PVDF. Scale bar = 1 um.
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Figure 5.3.

Atomic Force Micrographs of composite membranes composed of: (a)

PPy/PSS/DBS/Pt/PVDF and (b) PPy/HQS/S04/Pt/PVDF. For conditions of growth refer
to Table 5.1.
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Figure 5.3. Atomic Force Micrographs of composite membranes composed of: (c)
PPy/PVP/DBS/Pt/PVDF and (d) PPy//?TS/Pt/PVDF. For conditions of growth refer to
Table 5.1.
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The results of A F M analysis of all four composite surfaces appear to indicate that the

PPy/PSS/DBS membrane has a smooth surface (Figures 5.3). This conclusion is suppor

by roughness analysis (Table 5.2). For the PPy/PSS/DBS composite an area of membra

measuring 50 pm x 50 pm (2500 um2) was found to have a true surface area of 2576 um

This is equivalent to a surface roughness of only 3%, considerably less than the 2
determined for an identical sized area of a PPy/PVP/DBS membrane.

Table 5.2. Data derived from AFM cross section and roughness analysis for composit
membranes to be used in metal ion transport.

HjA^^S*^^«H|

3llvSfoOjtfOlTL5Q'S?^1ffTwW?1

PPy/PSS/DBS

2576.1

0.872

3.05

PPy/HQS/S0 4

2751.6

0.703

10.07

PPy/PVP/DBS

3088.7

1.693

23.55

PPy/pTS

2736.7

0.891

9.47

Similar roughness values for PPy/HQS/S0 4 and PPy/pTS were seen (10.07% and 9.47%,
respectively). Both composite membranes have similar morphologies and true surface
areas (ca. 2752 and 2737, respectively). These similarities may due to the similar
the dopants (HQS, S04 and pTS) used to prepare both composite membrane materials.
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In an attempt to obtain more information on the morphology of the 4 composite
membranes, cross section analysis studies were undertaken (Table 5.2). These

investigations revealed that the average distance between peaks and valleys present alon
50 pm section of the surface was ca. 0.8 pm for PPy/PSS/DBS, PPy/HQS/S04, and
PPy/pTS, respectively, while for PPy/PVP/DBS it was ca. 1.7 pm. Although no clear
conclusions can be drawn from these results, the difference seen in the latter material
be due to the presence of a very large and bulky dopant (PVP).

5.3.2 Electrochemical Characterisation Using Cyclic Voltammetry

In order to determine the optimum potentials for metal ion transport experiments cyclic
voltammograms (CVs) were obtained with polymer coated platinum electrodes. CVs that
were obtained using a PPy/PSS/DBS coated electrode immersed in KNO3 or NaN03

displayed distinct cathodic peaks (Ep(C)) attributable to reduction of the polymer (Figur
5.4). A concomitant movement of the cations K+ and Na+ (Ep(c) = -0.59 V and -0.57 V,

respectively) from the surrounding solution into the polymer occurred, with the magnitud
of the cathodic current (ip(C)) being similar for both metal ions (Table 5.3). During the
oxidation sweep anodic peaks due to oxidation of the polymer were noted. These
corresponded to expulsion of K+ and Na+ (Ep(a) = -0.17 V and -0.19 V, respectively) into
the surrounding medium. The peak anodic currents, ip(a) observed for these oxidation
processes were similar to each other as was expected (Table 5.3).
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Figure 5.4. Cyclic voltammograms obtained using PPy/PSS/DBS coated (galvanostatic
growth at 1 m A cm" 2 ) platinum electrodes immersed in 0.10 M K N 0 3 and N a N 0 3 . Scan
rate= 100 mVs"1.

When Ca(NOs)2 or Mg(N03)2 was used as the supporting electrolyte, CVs obtained using
PPy/PSS/DBS coated platinum electrodes showed distinct features attributable to polymer

reduction and re-oxidation (Figure 5.5). During the reduction scans peaks attributable t
reduction of the polymer could be seen at Ep(C) = -0.59 V and -0.57 V for Ca2+ and Mg2+,
respectively. The movement of Ca2+ and Mg2+ ions from the surrounding solution into the
polymer accompanies these cathodic processes. During the reverse anodic sweep peaks
due to re-oxidation of the polymer were seen at Ep(a) = -0.17 V and = -0.19 V, which
correspond to expulsion of Ca2+ and Mg2+ ions, respectively. The magnitudes of ip(c) and
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ip(a) values, that accompany the incorporation and expulsion processes, were somewhat
similar as was expected.

Table 5.3. Ep(c), E^, ip(C), and ip(a) values for PPy/PSS/DBS polymers electrodeposited onto
platinum electrodes.

PPy/PSS/DBS
KNO.,

-0.59

-15.10

-0.17

7.51

NaN0 3

-0.57

-8.20

-0.19

5.25

Ca(N03)2

-0.49

-6.13

-0.29

4.90

Mg(N03)2

-0.39

-5.25

-0.29

10.21

Notes: Potentials were measured relative to Ag/AgCl
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Figure 5.5. Cyclic voltammograms of PPy/PSS/DBS coated (galvanostatic growth at 1 m A
cm"2) platinum electrodes immersed in 0.10 M C a ( N 0 3 ) 2 and M g ( N 0 3 ) 2 . Scan rate = 100

mVs"1.

Analysis of C V s obtained using platinum electrodes coated with PPy/PVP/DBS,
P P y / H Q S / S 0 4 and PPy/pTS membranes revealed different E p(C ), Ep(a), ip(c) and ip(a) values
(Table 5.4). This suggests that these polymers interacted in a dissimilar fashion with
sodium, potassium, calcium and magnesium. This was expected because PPy/PVP/DBS
and P P y / H Q S / S 0 4 contained large immobile dopants that can incorporate and expel
cations more readily than PPy/pTS. This is because the smaller, more mobile dopant in
PPy/pTS moved out of the polymer matrix and exchanged with nitrate ions that then acted
as the dopant.
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Table 5.4. Ep(c), Ep(a), ip(c), and ip(a) values for PPy/HQS/S0 4 , PPy/PVP/DBS and PPy/pTS
polymers electrodeposited onto platinum electrodes.

PPy/HQS/SO
KN03
NaN03

-0.37

-16.02

-0.37

Ca(N03)2

-0.32 -8.15 -0.37 3.56

Mg(N03)2

-0.31 -6.03 -0.37 2.06

6.28

PPy/PVP/DBS
KN03

-0.60 -16.15 -0.38 11.03

NaN03

-0.43 -18.21 -0.38 7.59

Ca(N03)2

-0.42 -12.05 -0.38 6.51

Mg(N03)2

-0.41 -10.56 -0.38 2.13

PPy/pTS
KNO,

-0.48 -8.30 -0.18 11.51

NaN03

-0.48 -9.06 -0.20 11.62

Ca(N03)2

-0.42 -7.69 -0.20 8.15

Mg(N03)2

-0.42 -7.56 -0.20 6.02
Notes: Potentials were measured relative to Ag/AgCl

Also surprising, electrodes coated with PPy/HQS/S0 4 and PPy/PVP/DBS underwent

reduction and oxidation at similar potentials despite significant differences in si

dopants. For all four composites Ep(C) values were most negative for K+, and became m
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positive in the order Na+ > Ca2+ > Mg2+. For PPy/PSS/DBS and PPy/pTS coated platinum

electrodes, the Ep(a) values displayed the opposite trend and became more negative in going
from K+ to Mg2+.

It is interesting to note the absence of peaks attributable to incorporation and expulsio
the relatively small nitrate ion in CVs obtained using PPy/PSS/DBS coated platinum
electrodes (Figures 5.4 and 5.5). While this was expected for polymers doped with large
PEes, it is worth noting that CVs of solutions containing KN03, NaN03, Ca(N03)2 or
Mg(N03)2 obtained using platinum electrodes coated with PPy/PVP did show features
attributable to anion incorporation/expulsion [20]. This difference may be due to

differences in polymer structure, or perhaps are related to the different deposition times
used during growth of PPy/PVP (3 min), and the other PPys used here (1 min).

The Ep(c) values of all polymers ranged from -0.31 V to -0.60 V (Table 5.4). This indicated

that all polymers would require a constant potential of at least -0.60 V to reduce them, a
induce metal ion transport. However, any potential more negative than -0.40 V resulted in
membrane rupture. Therefore -0.40 V was chosen for constant potential experiments.

The above cyclic voltammetry studies were also useful in determining the potential range
to be used for transport experiments performed using a pulsed potential waveform. From
the results in Tables 5.3 and 5.4 potential values of -0.80 V and +0.45 V can clearly be
seen to be sufficient to reduce and oxidize all of the composites, without overoxidation
occurring.
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5.3.3 Metal Ion Transport Studies
5.3.3.1 Transport Using a Flow-through Cell

Metal ion transport studies were conducted with the various composite membranes and th
flow-through cell using a mixture of 0.10 M K + , Na + , C a 2 + and M g 2 + ions.

300

-Sodium
- Potassium
Calcium
Magnesium

90

Time (min)

Figure 5.6. Electrochemically facilitated transport of metal ions across a PPy/PSS/DBS
composite membrane in a flow-through cell. Feed solution: 0.10 M mixture of Na + , K + ,
Ca 2 + and M g 2 + . Region A : N o applied potential. Region B: Constant potential of -0.40
V. Region C: N o applied potential.

Figure 5.6 illustrates the metal ion transport profile obtained using the flow cell with a
PPy/PSS/DBS composite membrane, on application of -0.40 V constant potential. During
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the initial phase of the experiment when no external potential was applied to the membr

(region A), no metal ion transport occurred. However, as soon as application of a const
negative potential was commenced metal ion transport occurred (region B), and continued

until application of the potential was ceased. At this point (region C) the concentrati

each of the metal ions in the permeate phase leveled off. Transport experiments conduct
with PPy/PVP/DBS, PPy/HQS/S04 and PPy/pTS composite materials yielded results
similar to Figure 5.6. The equilibrium concentrations of metal ions were then used to

calculate a value for the flux of each metal ion across the composite membranes. Metal io
fluxes are presented in Table 5.5, and reveal that PPy/PSS/DBS was the most permeable
composite material of those examined.

Table 5.5. Fluxes of metal ions across composite membranes under constant potential
regime in a flow-through cell.

K+

Na+

Ca 2 +

Mg2+

PPy/PSS/DBS

3.3 xlO"8

2.6 xlO"8

4.9 xlO"9

1.1 x l O 1 0

PPy/HQS/S04

1.4 xlO"8

1.3 xlO"8

3.5 xlO"9

1.6 xlO 1 0

PPy/PVP/DBS

4.5 xlO"9

2.9 xlO"9

2.4 xlO"10

PPy/pTS

6.3 xlO"10

3.1 xlO"10

6.1 xlO""

Notes: Aqueous feed solutions containing a mixture of 0.10 M N a N 0 3 , K N 0 3 , Ca(N0 3 ) 2 and M g ( N 0 3 ) 2 were
used for each experiment. The permeate solution was 0.10 M LiN03. All composite membranes were grown
to a thickness that did not allow water to pass through at 100 Kpa nitrogen pressure.
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The overall order of membrane permeability was PPy/PSS/DBS > P P y / H Q S / S 0 4 >
PPy/PVP/DBS » PPy/pTS, with the only anomaly being the flux for Mg2+ ion. It was
found that the flux of this cation across a PPy/PSS/DBS composite was less than that
across PPy/HQS/S04. However, the difference in flux is within the experimental error of
the analysis techniques.

5.3.3.2 Mechanism of Cation Transport

Metal ion transport occurs after a reductive potential is applied to the feed side of the

membrane. This results in an equal and opposite potential across the permeate side, with a

resulting net effect of current being passed between the auxiliary electrodes 1 and 2 (Fi
5.7). While the mechanism of cation transport is largely unclear, it is plausible that

electrodialysis is largely responsible, with transport occurring as a result of the poten

difference between auxiliary electrodes 1 and 2. Alternatively, polymer reduction results
incorporation of cations from the feed solution with subsequent expulsion into the
permeate solution upon re-oxidation. This latter process is promoted by the concentration
gradient from the feed to the permeate solution. However, this mechanism is only feasible
if the membrane can sustain a potential difference between the feed and permeate
solutions.

Light was shed on the possible mechanism of metal ion transport by examining the surface
resistance of both sides of PPy/PSS/DBS free standing films before and after transport
experiments with K+ ion [23]. Before transport both sides of the membrane showed
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approximately 2 KQ. surface resistance. After transport the surface resistance of the side

which faced the solution (as opposed to facing the electrode surface) during growth
polymer was determined to be 70 MQ, while the surface resistance of the other side
remained fairly constant at approximately 2 KD.

+400 m V measured
on permeate side of
composite

-400 m V applied to
feed side of
composite

•1200 m V measured at A u x 2

Aux2

+1200 m V measured at A u x 1

Ref2

Refl

Aux 1

Net current flow
Feed
PPy/ATPt/PVDF

"O
"O

CT
O"

Potentiostat

Figure 5.7. The feed and permeate sides of a flow-through cell (Figure 5.1) showing
applied and measured voltages during a transport experiment.
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The difference in surface resistance between the two sides indicates that the mechanism of

transport is a process dependent on the redox properties of the polymer, with the applie
potential causing the membrane to become reduced and less conducting on one side.

5.3.3.3 A comparison of Static and Flow Cell Transport Experiments

Transport of an aqueous mixture of K+, Na+, Ca2+ and Mg2+ across a PPy/PSS/DBS
composite as part of the stirred solution cell was achieved using a pulsed potential
waveform with potentials of -0.80 V and +0.45 V (Figure 5.8).

The observed transport profiles are qualitatively similar to those reported earlier for

Na+ and Ca2+ ions using PPy free-standing films with cells similar to that shown in Figur

1.7 [9-12, 14, 16, 17, 19-22]. The transport profile was also similar when the experimen
was repeated using a composite membrane containing PPy/PVP/DBS. Qualitatively
identical behaviour was also observed when both membranes were used in conjunction
with the flow-through cell (Figure 5.9).
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Figure 5.8. Electrochemically facilitated transport of an aqueous mixture of Na + , K + , Ca 2 +
and Mg2+ ions across a PPy/PSS/DBS composite membrane in a stirred solution cell.
Region A: No applied potential. Region B: Pulsed potential waveform; potential limits 0.80/+0.45 V; pulse width 50 s. Region C: No applied potential.
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-•-Sodium

-*- Potassium
-±-Calcium
-»- Magnesium

180

Figure 5.9. Electrochemically facilitated transport of metal ions across a PPy/PSS/DBS
composite membrane in a flow-through cell. Feed solution: 0.10 M mixture of Na+, K+,
Ca2+ and Mg2+. Region A: No applied potential. Region B: Pulsed potential waveform;
potential limits -0.80/+0.45 V; pulse width 50 s. Region C: No applied potential.

For each system examined the metal ion flux followed the sequence: K + > N a + > Ca 2 + >
Mg2+ (Table 5.6). These results are in keeping with those reported previously for
composite membranes containing PPy/PVP [20], or free standing membranes consisting of
PPy/PSS/DBS, PPy/pTS or PPy/pTS/DBS [19]. It was pointed out previously that the

above trend could be rationalised by considering the radius of the hydrated metal ions,
which follow the sequence: K+ < Na+ < Ca2+ < Mg2+ [25]. Since the radius of the hydrated

potassium ion is the smallest of the metal ions examined, it is able to pass most freel
through pores present in the membrane leading to the highest flux.
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Table 5.6. Comparison of metal ion fluxes through polymer membranes using flowthrough and stirred solution cells.

ii^^^i^ayyiii Flux of metal ion (mol $
Stirred solution cell
and pulsed potential

Flow-through cell and
pulsed potential

•

•

•

•

cm)
L' „ „ , +U^*\..r.U _r._r.ll

nnA

riow-tnrougn ceil ana
constant potential

PPy/PSS/

PPy/PVP/ PPy/PSS/

PPy/PVP/

PPy/PSS/

PPy/PVP/

DBS

DBS

DBS

DBS

DBS

DBS

180

900

120

3300

450

720

97

790

97

2600

290

Ca 2+ (6) 200

9.5

180

27

490

24

Mg 2 + (8)

3.1

17

13

11

8

K+

(3) 810

Na + (4)

12

Notes: Aqueous feed solutions containing a mixture of 0.10 M N a N 0 3 , K N 0 3 , Ca(N0 3 ) 2 and M g ( N 0 3 ) 2 were
used for each experiment. The permeate solution in each case was 0.10 M LiN03.

W h e n used under the same conditions, composite membranes containing PPy/PSS/DBS
gave higher fluxes for each metal ion compared to when membranes containing
PPy/PVP/DBS were used. This was true irrespective of what cell was used, or what

electrochemical method was employed to initiate metal ion transport in the flow-through

cell. Possible explanations for this observation involve differences in the metal ion b
properties of the PE0 dopants, or in the microscopic structure of the polymer membranes
themselves. While neither PE® would be expected to form very stable complexes with any
of the metal ions examined, the phosphate group of PVP may be expected to show some
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affinity towards the two divalent metal ions. It should be noted that using constant

potentials in conjunction with the stirred cell always resulted in membrane rupture. Thi
was true for a wide range of constant potentials. As a result studies could not be
undertaken using this method with the stirred cell.

The decrease in flux on moving from a PPy/PSS/DBS membrane to one containing
PPy/PVP/DBS did not vary dramatically between metal ions (Table 5.6). This pattern is
evident in the results obtained using both types of transport cells, and implies that

differences in interactions between the metal ions and the different dopants is relative

unimportant in determining relative metal ion flux. It is therefore more likely that the
types of membranes differ significantly in structure at the sub-microscopic level, with

containing PPy/PSS/DBS different in such a way that passage of all metal ions is enhance

It should also be remembered that transport can be significantly influenced by membrane
thickness [19]. Measurements on PPy/PSS/DBS and PPy/PVP/DBS membranes gave
average thicknesses of 0.121 mm and 0.142 mm, respectively (Table 5.7). Obviously the
greater thickness of the PPy/PVP/DBS membrane may also be another reason why it is
more difficult for cations to move freely through this membrane.

The conductivities of PPy/PSS/DBS and PPy/HQS/S04 membranes were shown to be 4.26
and 0.98 S cm"1, respectively which are significantly greater than that of PPy/PVP/DBS

(0.09 S cm"1) (Table 5.7). These differences may also contribute to the greater metal ion
fluxes observed with the former materials (Table 5.5). However, it is then difficult to
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rationalize the lower metal ion fluxes seen with PPy/pTS membranes in

higher conductivity of ca. 35 S cm"1. The relatively poor fluxes of me

latter material may be due to the relatively small size of the dopant.

smaller and therefore more mobile dopant than either PVP or PSS, it ca
leached from the polymer upon reduction.

Table 5.7. Thicknesses for PPy/PSS/DBS, PPy/HQS/S04, PPy/PVP/DBS and PP

composite materials and conductivities of their corresponding thin fil

!%?!$&£[
" " " " " "

PVDF

0.114

Pt/PVDF

0.116

PPy/PSS/DBS/Pt/PVDF

0.121

4.26

PPy/HQS/S04/Pt/PVDF

0.120

0.98

PPy/PVP/DBS/Pt/PVDF

0.142

0.09

PPy/pTS/Pt/PVDF

0.118

35.01

By growing either PPy/PSS/DBS or PPy/PVP/DBS for shorter or longer periods of time it

may be possible to enhance or reverse the trend observed amongst fluxe

two types of membranes. Indeed it is interesting to compare the result

obtained using the stirred solution cell with values obtained under si
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previously. For example, transport of an aqueous mixture of each of the alkali metal ions
(0.0125 M in each metal) across a thick (.35 pm) PPy/PSS/DBS free-standing membrane

used as part of a transport cell similar to the stirred solution cell used in the current

has been previously reported [19]. The flux of potassium and sodium were reported to be 1

x 10"9 and 3.5 x 10"9 mol cm"2 s"1, respectively. Both values are significantly less than t
values in Table 5.6, and indeed are also less than the values obtained using a
PPy/PVP/DBS membrane. In contrast significantly higher values (3 to 4 fold) than those
presented in Table 5.6 for PPy/PVP/DBS membranes were reported previously for the flux
of potassium, sodium and calcium across thicker (9.0 pm) PPy/PVP composite membranes

used with the same stirred solution cell [20]. It should be noted, however, that these la
results were obtained using feed solutions containing only a single type of metal ion at
M concentration. A decrease in flux may have been due to saturation of the polymer with
metal ions when a mixture of 4 metal ions were present in the feed solution.

The fluxes obtained for both types of polymers using the flow-through cell and pulsed

potentials were very similar to those obtained using the stirred solution cell with the s
potential regime (Table 5.6). However, operating the flow-through cell with a constant
potential resulted in fluxes 3 to 4 times greater for potassium, sodium and calcium
compared to experiments performed under either of the other sets of conditions used. For
example, the flux obtained for potassium using the flow-through cell under constant
potential conditions was 3.3 x 10"8 mol cm"2 s"1. This value, which was the highest flux

observed, is over 3 times greater than that obtained (9.0 x 10"9 mol cm"2 s"1) using the sa

cell under constant potential conditions. There was therefore a small but clearly evident
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advantage to be gained from using the flow-though cell under constant potential conditions.
This was somewhat surprising as previous studies employing stirred solution cells had
shown that significantly greater fluxes were obtained when pulsed potentials were
employed [9, 22].

The data presented in Table 5.6 was used to calculate transport selectivity factors (a) for
pairs of metal ions, M(l) and M(2), using equation 5.1:

a = Flux M(l)/(Flux M(2)) (5.1)

Calculation of these selectivity factors revealed that PPy/PSS/DBS composite membranes
did not produce any surprising selectivities under any of the experimental protocols used
(Table 5.8). For example, the K+/Na+ selectivity factors varied between 1 and 2 for all
systems investigated. Furthermore, the K+/Ca

+

selectivity factors varied only between 4

and 20. The latter values are comparable to the value of 13 determined previously using
the same stirred solution cell and PPy/PVP composite membranes [20], and significantly
less than the value of 94 reported for PPy/pTS [11]. The K+/Mg2+, Na+/Mg2+ and
Ca2+/Mg2+ selectivity factors obtained using the flow-through cell operating under constant
potential conditions are slightly larger than the corresponding values obtained using the

other experimental protocols. This reflects the significantly higher fluxes observed for al
metal ions except Mg2+ under the former set of conditions. However, these values are still
comparable to those obtained previously. For example, the K+/Mg2+ selectivity factor
obtained using a PPy/PSS/DBS membrane in the current work using the flow-through cell
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and constant potential conditions was 300, which is significantly lower than the value of
560 obtained using fluxes previously reported for these metal ions across a PPy/PVP
composite membrane as part of the same stirred solution cell used in this work [20].

Table 5.8. Metal ion selectivities obtained using different electrochemical techniques f
facilitating transport across PPy/PSS/DBS composite membranes.

K + /Na +

K + /Ca 2 +

K+/Mg2+

Na + /Ca 2

Na + /Mg 2 +

+

Ca 2+ /
Mg2+

Pulsed E/stirred

0.9

3.1

51.6

3.6

59.3

1.7

Pulsed E/flow

1.1

4.9

5.4

4.3

4.7

1.1

Constant E/flow

1.3

6.7

300

5.3

238

45.0

Overall the results appear to indicate that PPy/PSS/DBS does not discriminate significantly

between the metal ions examined, apart from on the basis of differences in the sizes of t
hydrated cations. This is in keeping with previously reported results obtained using
composite PPy/PVP membranes [20]. It therefore appears that lower molecular weight

dopants may be more suitable for imparting significant metal ion selectivity in membranes
of the type used here.
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5.3.3.4 Transport of Individual Metal Ions

Flux values for K+, Na+, Ca2+ and Mg2+ cations were greatest across PPy/PSS/DBS
composite membranes using the flow-through cell. As a result investigations into the
transport of individual metal ions across PPy/PSS/DBS composites were undertaken. The
transport of K+, Na+, Ca2+ and Mg2+ cations was achieved using the flow-through cell and

constant potential of -0.40 V. The transport profiles for the individual ions were som

similar to those observed when a mixture of ions was used (Figure 5.6). This was reflec
in the flux values (Table 5.9). There were slightly greater flux values of metal ions
the PPy/PSS/DBS composite when examined separately (compared to metal ions in a
mixture, Table 5.4).

Table 5.9. Fluxes of K+, Na+, Ca2+ and Mg2+ ions across PPy/PSS/DBS composites.

K+

3920

3300

Na+ 2950

2600

Ca2+ 901

490

Mg2+ 18

11
Notes: "Data taken from Table 5.6 for comparison purposes.
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Quite clearly the flux of an individual metal ion is reduced when it is present in a mixture.
This is probably a result of competition between metal ions for the pores in the
PPy/PSS/DBSPt/PVDF composite membrane material. When only one ion is present the

pores can cope with the smaller amount of cation present. The selectivity factors for a

metal ions were similar to the values shown in Table 5.8 with the only exception KVMg2+
being an order of magnitude less.

5.3.3.5 Transport of Copper and Iron
5.3.3.5.1 Cyclic Voltammetry Analysis

Cyclic voltammetry was used to determine the optimum potential limits for transporting
copper and iron ions across PPy/PSS/DBS composite membranes in both stirred and flow'y

through cells. A PPy/PSS/DBS polymer electrodeposited onto bare platinum (1 m A cm"
current density) was immersed in a mixture of 0.10 M copper nitrate and 0.10 M iron
sulfate. The resulting CV, obtained by sweeping between +0.80 V and -0.80 V, showed 3
distinct redox peaks (Figure 5.10).

During the cathodic scan peaks were evident at Ep(c)i = +0.43 V, Ep(C)2 = -0.20 V and Ep(c
= -0.55 V. These corresponded to reduction of Fe3+-^Fe2+, Fe2+^Fe° and Cu2+->Cu°,
respectively. During the reverse anodic sweep, peaks could be seen at Ep(a)i = -0.18 V,
Ep(a)2 = +0.30 V and Ep(a)3 = +0.58 V, which corresponded to oxidation of the polymer,
Cu°—>Cu2+, Fe°—>Fe2+ and Fe2+-+Fe3+, respectively. These assignments were made by
examining the CVs that were obtained from PPy/PSS/DBS coated Pt electrodes immersed
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in either 0.01 M H 2 S 0 4 , 0.10 M C u ( N 0 3 ) 2 or 0.10 M F e S 0 4 and sweeping from +0.80 V to
-0.80 V.

As a result of CV analysis, pulsed potential values of -0.80 V and +0.80 V were dete
to be the optimum voltage limits for stirred and flow-through cell regimes.
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Figure 5.10.

The cyclic voltammogram obtained using a PPy/PVP D B S coated

(galvanostatic growth at 1 m A cm" 2 ) Pt electrode immersed in a 0.01 M H 2 S 0 4 solution
containing Cu2+ and Fe3+. Scan rate = 100 mV s"1.
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Mixtures

Transport of Cu2+ and Fe3+ ions in a mixture across PPy/PSS/DBS composites was
attempted using the flow-cell and a constant potential of -0.60 V, however the membranes

ruptured on application of this potential. It was believed the reduction of metal ions on
the composite, and the pressure of the flowing solution onto the metal impregnated
membrane, caused the membrane to rupture. However, transport of both Cu2+ and Fe3+ in a
mixture across the composite was achieved by using a -0.80/+0.80 V pulsed potential
waveform regime with both the stirred and flow-through cells (Figures 5.11 and 5.12). In
both experiments the feed solution was allowed to stand in the cells for 30 min prior to
application of the potential waveform. This was to ensure the metal ions did not pass
across them under simple diffusion conditions. The pulsed potential waveforms were then
applied for 2 hr. After 2 hr the potential was switched off and the feed and permeate
solutions were removed from the cell. The composite was also removed from the cell and

inspected for pinholes. After ensuring the composite was pinhole free it was reconfigured
in the cell and the feed and permeate solutions replaced in the cell. The cell was then

allowed to sit with the solutions being stirred for 78 hr. This ensured that the solid c

and iron metal that had deposited on the auxiliary electrode during the transport experi

were completely dissolved. Without performing this step the copper and iron concentration

in the permeate solution, and therefore also the metal ion flux, would have been less tha
the correct value.

Chapter 5 Metal Ion Transport Using R o w Cells and Static Cells

204

The fluxes for copper ion were found to be 1.02 x 10"8 and 7.60 x 10"9 mol s"1 cm" 2 for the
stirred and flow-through cells, respectively. For iron these values were 2.2 x 10"9 and 5.02
x 10"9mol s"1 cm"2, respectively.
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Figure 5.11. Electrochemically facilitated transport of metal ions across a PPy/PSS/DBS
composite membrane in a stirred cell. Feed solution: 0.10 M mixture of Cu2+ and Fe3+ in
0.01 M H2S04. Permeate solution: 0.01 M H2S04. After 30 min of diffusion a pulsed

potential waveform was applied for 2 hr (potential limits -0.80/+0.80 V; pulse width 50
which was followed by diffusion up to 72 hr.
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Figure 5.12. Electrochemically facilitated transport of metal ions across a PPy/PSS/DBS
composite membrane in a flow-through cell. Feed solution: 0.10 M mixture of C u 2 + and
Fe 3 + in 0.01 M H 2 S 0 4 . Permeate solution: 0.01 M H 2 S 0 4 . After 30 min of diffusion a
pulsed potential waveform was applied for 2 hr (potential limits -0.80/+0.80 V; pulse width
50 s) which was followed by diffusion up to 72 hr.

The use of a stirred cell compared to a flow-through cell improved the flux of Fe 3 + across
PPy/PSS/DBS composites when using a pulsed potential waveform. It is known that
during the application of a negative potential the C u 2 + and Fe 3 + ions are reduced to the
zerovalent metal on the surface of the PPy/PSS/DBS composites. It seems plausible that as
the feed solution of the flow-through cell flows over the surface of the membrane it
removed the deposited copper and iron metal. In the stirred cell there is not the same
hydrodynamic pressure and the solid Fe° remained plated to the membrane surface.
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Investigations were subsequently conducted with composites used in transport experiments

and that had solid copper and iron deposited onto them, to determine how strongly the soli
metals had adhered to the composite surface. Bathing the deposited metal that had plated
to the PPy/PSS/DBS composites with a slowly moving stream of Mill-Q™ water was

sufficient to remove the deposited solid metal from the composites. This indicated that th
hydrodynamic forces of the flow-through cell may have washed the reduced zerovalent
metal off the face of the composites resulting in lower fluxes for iron with this cell.

The selectivity factors of Cu2+/Fe3+ were 0.48 and 1.35 for the stirred and flow-through

cells, respectively. This indicates that the stirred cell was only slightly more efficien

selecting for Fe3+, while the flow-through cell was only marginally better at selecting for
Cu2+.

5.4. Conclusions

Transport of alkali metal ions and alkaline earths across conducting polymer composite
membranes can be accomplished using a flow-through transport cell with both constant
potential and pulsed potential conditions. Using the flow-through cell and a constant
potential regime of -0.40 V, the flux of K+, Na+, Ca2+ and Mg2+ ions across composites
follows the order PPy/PSS/DBS > PPy/HQS/S04 > PPy/PVP/DBS > PPy/pTS. Small but
measurably greater ion fluxes can be obtained using the flow-through cell operating under

constant potential conditions, than when either the same cell is used under pulsed potent

conditions (potential values of -0.80/+0.45 V), or when a stirred solution cell is used (-
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0.80/+0.45 V ) . In each experiment the flux of metal ions follows the sequence flux K + >

flux Na+ > flux Ca2+ > flux Mg2+, consistent with the ease of metal ion transport depend

on the diameter of the hydrated cation. Significantly higher fluxes can be obtained usi
PPy/PSS/DBS composite membranes under all sets of conditions.

The mechanism of metal ion transport is likely to be related to the intrinsic
reduction/oxidation properties of the membranes and is independent of the potential
regime. SEM and AFM analyses indicates the PPy/PSS/DBS membrane to have a
smoother surface, while PPy/PVP/BDS has the roughest surface morphology. Transport of
metal ions across PPy/PE0 composites is lowest for PPy/PVP/DBS. Although PPy/pTS

shows the largest conductivity it displays the lowest flux of all 4 metal ions. It is k
that it is not an effective cation exchanger which is likely to be due to the smaller
more mobile pTS dopant. This may explain these low values. PPy/PSS/DBS and

PPy/HQS have relatively similar conductivities and this also may relate to their enhan
ability to transport cations.

The flow-through cell and PPy/PSS/DBS composites can be used to transport K+, Na\

Ca2+ and Mg2+ ions. This is achieved while applying a constant applied potential of -0.4
V to the membrane. The fluxes that are obtained under theses conditions are slightly
greater when comparing to those of a source solution containing mixtures of the same
metal ions. The fluxes follow the sequence: K+ > flux Na+ > flux Ca2+ > flux Mg2+. This

is likely to be related to the size of the hydrated metal ions that follow the order: K

< Ca2+ < Mg2+.
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The stirred and flow-through cells can be used in conjunction with a pulsed potential
waveform of -0.80 V and +0.80 V, to transport Cu2+/Fe3+ mixtures using PPy/PSS/DBS
composites. The transport of Fe3+ is greater than Cu2+ when using the stirred cell than
when the flow-through cell is used while the transport of Fe3+ is less than that of Cu2+
when using the flow-through cell. The differences may be due to the hydrodynamic

process of the flow-through cell which washes the zerovalent metals off the surface of th
PPy/PSS/DBS composite membrane. The selectivity factors are 0.48 and 1.35 for

Cu2+/Fe3+ when using the stirred and flow-through cells, respectively. The differences are

only slight and the type of cell employed does not confer any great advantages in separa
of Cu2+/Fe3+ mixtures.
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CHAPTER 6

POLYANILINE CALIXARENE EMERALD
SALTS

6.1. Introduction

Polyaniline (PAn) in its emeraldine oxidation state has attracted considerable interest due
to its environmental stability and electrical conductivity [1-3], and has emerged as a
promising material for applications in various areas [4-6]. Unlike other conducting
polymers, PAn can also be reversibly modified by pH changes (with the conducting
emeraldine salt being de-doped by base to the insulating emeraldine base form), as well as
oxidised and reduced to pernigraniline and leucoemeraldine forms, respectively (Chapter 1,
Scheme 1.2)

Although polyaniline salts have been extensively investigated, applications are currently
limited due to their poor solubility in common organic solvents and water. /V-alkyl or
alkyl/methoxy ring-substituted polyanilines possess enhanced organic solvent solubility.
Water solubility of polyanilines has also recently been achieved via the incorporation of
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sulfonate groups on the aniline rings or the amine nitrogen atoms [7-10]. This has usually
been achieved post-polymerisation via attack on preformed emeraldine or leucoemeraldine
base substrates, although the polymerisation of sulfonated monomers such as 2methoxyaniline-5-sulfonic acid has also been reported [11]. However, these synthetic
routes are frequently tedious and the presence of substitutents on the aniline rings or N
atoms usually decreases the electrical conductivity. Simple synthetic routes to water

soluble (or water-dispersable) parent polyanilines have recently been described, including
chemically [12, 13] and enzymatically [14] controlled processes leading to conducting
PAn/polystyrenesulfonate materials.

Recently, sulfonated calixarenes have been described and shown to function as watersoluble anionic sensing host species [15]. Their incorporation into polypyrrole and
polythiophene conducting polymers has been reported [16-19]. In this Chapter is reported,

for the first time, the use of sulfonated calixarenes for the synthesis of water-dispersab
conducting polyanilines (Figure 6.1). This facile route involves the acid doping of
emeraldine base (EB) with calix[4]-p-tetrasulfonic acid 1 or calix[6]-p-hexasulfonic acid
in water to give emeraldine salts (Scheme 6.1, where A" is the anionic form of the dopant
acid). These colloidal polyaniline products, PAn.calix[4]S03H 3 and PAn.calix[6]S03H 4,
could also be readily generated in DMSO solvent.
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Figure 6.1. Calix[4]-p-tetrasulfonic acid 1 and calix[6]-p-hexasulfonic acid 2.

N

0>~r<H^0>- O+ l(or2)

:

-<OHr<H

2n

(3, A - = anion of 1)
(4, A- = anion of 2)

Scheme 6.1. Calix[4]-p-tetrasulfonic acid 1 and calix[6]-p-hexasulfonic acid 2 doping of
emeraldine base yielding PAn.calix[4]S03H 3 and PAn.calix[6]S03H 4.
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6.2 Experimental
6.2.1 Preparation of Emeraldine Base

Emeraldine base (EB) was synthesised via the chemical oxidation of aniline in 1.0 M HC1
and subsequent alkaline de-doping, according to a literature procedure [20].

6.2.2 Preparation of Colloidal Emeraldine Salt Polymers 3 and 4 in Dimethylsulfoxide

EB (10 mg, 0.03 mmol on the basis of tetramer repeat unit) in 3.0 mL of DMSO was

combined with calix[4]-p-tetrasulfonic acid 1 (62 mg, 0.074 mmol) (equivalent to a four
fold molar excess of sulfonate groups compared to that required to fully dope the EB

tetramer repeat unit). The mixture was stirred until the reaction had gone to completio

hr) as evidenced by UV-visible spectroscopy. Filtration through a sintered glass funnel
followed by a 0.22 pm membrane, gave a colloidal dispersion of the polymer product 3
that was employed for subsequent characterisation studies.

A similar procedure was followed to synthesise the related colloidal emeraldine salt
PAn.calix[6]S03H 4, commencing with calix[6]-p-hexasulfonic acid 2 (71 mg, 0.063
mmol) and 10 mg (0.03 mmol) of EB.

6.2.3 Preparation of Colloidal Emeraldine Salt Polymers 3 and 4 in Water

Initial UV-visible spectroscopic studies of the doping of EB with the calixarenesulfoni

acid dopants 1 and 2 in water, carried out by stirring EB (10 mg, 0.03 mmol) with varyi
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molar excesses of the dopants, showed that full doping occurred using a > 2:1 molar excess
of 1 or 2.

The colloidal emeraldine salts 3 and 4 were prepared and isolated via analogous
procedures, illustrated below for the PAn.calix[4]S03H case:

EB (10 mg, 0.03 mmol) in water (7.5 mL) was mixed with calix[4]-p-tetrasulfonic 1 (62
mg, 0.073 mmol) and the reaction mixture stirred for 48 hr at room temperature. Samples
were withdrawn at periodic intervals for the first 8 hr to monitor the progress of the
reaction via UV-visible spectroscopy. The mixture was then filtered through a sintered
glass funnel and the filtrate dialysed with water for 24 hr using 2,000 mol. wt. cut-off

dialysis tubing. Following centrifugation at 49 Krpm for 90 min, the solid emeraldine sal
product 3 was separated and dried for a week in a dessicator (yield 59 mg, 86%).

A similar procedure commencing with 10 mg (0.03 mmol) of EB and 71 mg (0.064 mmol)
of calix[6]-p-hexasulfonic acid (a 6-fold molar excess of S03H groups for full doping of
EB) gave 61 mg (85% yield) of the emeraldine salt 4.

6.2.4 Cyclic Voltammetry Studies

Cyclic voltammetry studies of aqueous dispersions of salts 3 and 4 in 0.10 M NaN03 were

conducted with a potential scan range of +0.8 V to -0.2 V for both emeraldine salts, with
scan rate of 100 mV s" .
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6.2.5 De-doping/Re-doping Experiments on Salts 3 and 4

Aqueous dispersions of 3 and 4 (initially at a pH of ca. 2) were de-doped by titrating wi
1.0 M NaOH until the pH was raised to 14. UV-visible spectra were recorded immediately
after each addition of NaOH. The reaction mixtures were continually stirred utilising a
magnetic stirrer during titrations.

The emeraldine base dispersions formed in the above alkaline de-doping reactions were
subsequently re-doped by titration with 1.0 M HC1 to generate the emeraldine salt
PAn.HCl. UV-visible spectra were recorded immediately after each addition of acid.

6.2.6 Redox Reactions on Salts 3 and 4

The aqueous polyaniline colloids 3 and 4 were each oxidised in two different pH regimes:
(i) pH 2 - dispersions of the emeraldine salts in water exhibited a pH of ca. 2. Solid
ammonium persulfate was then added sufficient to give 0.10 M oxidant.
(ii) pH 12 - aqueous dispersions of polymers 3 and 4 were also raised to pH 12 (with
NaOH) prior to initiating oxidation with 0.10 M ammonium persulfate.

The corresponding reductions of the aqueous colloids 3 and 4 were carried out at initial
values of 2 and 12. The latter solution, initially pH 2, was raised with the addition of
NaOH. These reactions were conducted in an analogous fashion to the above oxidations,

but with the addition of hydrazine hydrate sufficient to give 0.10 M reductant. The redox
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reactions were monitored by withdrawing samples at regular intervals from the stirred
reaction mixtures for UV-visible spectral analysis.

6.3 Results and Discussion
6.3.1 Formation of Polymers 3 and 4 in Dimethylsulfoxide

The acid doping of EB with the calixarenesulfonic acids 1 and 2 was investigated in a
range of organic solvents such as /V-methylpyrrolidinone (NMP), dimethylformamide,
dimethylsulfoxide (DMSO), ra-cresol, chloroform, acetone and toluene. However, the

only organic medium that facilitated the conversion of EB to colloidal emeraldine salts w
DMSO, due to the low solubility of the calixarenes in the other solvents. This contrasts

with the solubility in a range of organic solvents of emeraldine salts doped with sulfonic
acids such as 10-camphorsulfonic acid, dodecylbenzenesulfonic acid and
dinonylnapthalene sulfonic acid [21-25].

Attempted doping in NMP solvent resulted in the formation of a solution turquoise in
colour. However, UV-visible spectra indicated there was only very slight doping of EB.
In contrast, the blue colour of EB when dissolved in DMSO changed to deep green within
30 min upon addition of excess 1 or 2, indicating the formation of the emeraldine salts
PAn.calix[4]S03H 3 and PAn.calix[6]S03H 4, as in Scheme 6.1.

Conversion of EB to the colloidal emeraldine salts 3 and 4 was confirmed by the UVvisible spectral changes (Figure 6.2). The band at 630 nm for the initial EB (exciton
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transition of quinoid rings) [26-29] disappeared and was replaced by bands at > 800 nm

characteristic of emeraldine salts [30]. In the case of the PAn.calix[4]S03H 3 product, a
high wavelength polaron band was observed at ca. 800 nm together with significant near-

infrared absorption. The latter may be attributed to delocalisation of polarons along the
polymer chain [14, 30, 31]. For the related colloidal PAn.calix[6]S03H 4 product, the
high wavelength polaron band became only a weak shoulder (at ca. 850 nm) superimposed
on a strong free carrier tail in the near-infrared.
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Figure 6.2. UV-visible spectra of EB, PAn.calix[4]S03H 3 colloids and PAn.calix[6]S03H
4 colloids in DMSO solution.

On the basis of earlier analyses of emeraldine salt spectra [32, 33], these spectroscopic
features for polymer 4 indicate extensive delocalisation of the high wavelength polaron
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band and the adoption of an "expanded coil" conformation by the polyaniline chains. A
mixture of "compact coil" and "expanded coil" conformations may be similarly assigned to
the polyaniline chains in the related polymer 3 involving the smaller calix[4]-ptetrasulfonic acid dopant.

The red shift of the high wavelength polaron band for 4, as compared to 3, is possibly

attributable to the difference in size of the dopants 1 and 2. Previous UV-visible studie
PAn doped with sulfonic acid species of different sizes (e.g. methane sulfonic acid, p-

toluenesulfonic acid and naphthalenedisulfonic acid) indicated a similar result [34]. Tha
is, the high wavelength polaron bands were observed at longer wavelengths as the size of
the dopant increased.

For both the emeraldine salts 3 and 4, a shoulder was also observed at ca. 400 nm which
may be assigned to the expected second polaron band [30]. Observation of the %-%* band
below 350 nm was obscured by intense absorption by the DMSO solvent.

6.3.2 Formation of Polymers 3 and 4 in Water

Initial spectroscopic studies of the doping reaction (Scheme 6.1) in water were carried ou
by stirring solid EB for 48 hr with varying molar ratios of the calixarenesulfonic acid
dopants 1 and 2 (see Experimental). For both dopants, a 2:1 [dopant]/[EB] ratio was found
to be sufficient to ensure full doping of the EB to give the colloidal emeraldine salts 3
4. These dopant/EB molar ratios provided a 4:1 and 6:1 molar excess of S03H groups
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from the dopants 1 and 2, respectively. Figures 6.3 and 6.4 show the UV-visible spectra
obtained for reaction mixtures using varying dopant/EB ratios. It was observed that when
the [S03H]/[EB]ratios were less than 4:1 and 6:1 (for dopants 1 and 2, respectively) the

dispersions obtained had a persistent turquoise colour. In contrast, dispersions generate
with ratios of 4:1 and 6:1 were green, with the blue colour of EB being completely
discharged.
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Figure 6.3. UV-visible spectra of PAn.calix[4]S0 3 H 3 colloids formed in water using
0.67:1, 1.33:1, and 4:1 molar ratios of dopant S 0 3 H groups to E B .
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Figure 6.4. UV-visible spectra of PAn.calix[6]S03H 4 colloids formed in water using 1:1,
2:1, and 6:1 molar ratios of dopant S03H groups to EB.
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Subsequent studies of the doping reaction (Scheme 6.1) in water therefore used a
dopant/EB molar ratio of ca. 2:1. UV-visible spectra recorded periodically over 48 hr

showed that the reaction proceeded at very similar rates for dopants 1 and 2 (Figures 6.5
and 6.6), which was reflected in the similar yields of the isolated colloidal products 3
(86% and 8 5 % , respectively).
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Figure 6.5. UV-visible spectra of PAn.calix[4]S0 3 H 3 colloid during formation in water.

Formation of the colloidal emeraldine salts 3 and 4 was confirmed by the appearance of a
broad, high wavelength polaron band at ca. 850 n m in each case, together with bands at ca.
440 and 350 (broad) n m assignable as the expected low wavelength polaron band and the

7t-7t* transition, respectively. The presence also of significant near-infrared absorption
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both emeraldine salts 3 and 4 suggests that the polyaniline chains adopt a mixture of
"compact coil" and "expanded coil" conformations.
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Figure 6.6. UV-visible spectra of PAn.calix[6]S0 3 H 4 colloids during formation in water.

Interestingly, the very similar final (48 hr) spectra for the colloidal emeraldine salt
products 3 and 4 in water (Figures 6.5 and 6.6) contrast with the behaviour in DMSO

solvent, where the dopant 2 led to a more "expanded coil" conformation for the emeraldin
salt product than with the related dopant 1.
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6.3.3 Physical Characterisation
6.3.3.1 Morphology/Particle Sizes

A Tyndall effect could be seen when light was passed through aqueous dispersions of salts
3 and 4. Hydrodynamic diameter analysis showed the size of the colloid 3 particles to be
517 ± 59 nm, while colloid particles 4 were considerably smaller (279 ± 8 nm). These
differences in particle size for the two emeraldine salt dispersions may be due to the
differing doping modes by the two sulfonate dopants. However, they are both within the
range observed (30-600 nm) for other colloidal polyaniline dispersions [35-42]. The

particles for both colloidal salts 3 and 4 exhibited negative zeta potentials (-28 ± 1 an

± 5 mV, respectively), consistent with anionic groups from the calixarenesulfonate dopants
being on the surface of the particles.

The electrophoretic mobilities for 3 and 4 were found to be -3.32 ± -0.15 cm2 s"1 V"1 A"1
and -3.23 ± 0.10 and cm /SVA, respectively. These values compare with mobilities of 0.32 ± 0.03 and -3.2 ± 0.3 cm2/SVA for PAn/camphorsulfonic acid colloids stabilised by
silica [43] and poly(styrene sulfonate) [44], respectively. The hydydrodynamic diameter

of these latter particles were similar to those of 3 and 4 in the present study, indicatin

sulfonated calixarenes can dope PAn in a simple 1 -step procedure forming stable colloida
emeraldine salts without the need for added steric stabilisers.

Transmission electron microscope (TEM) images for deposited 3 indicated that small,
discrete particles (ca. 50-100 nm in diameter) were present and held together to produce
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larger raspberry morphology (Figure 6.7a). Similar raspberry morphologies have been
previously reported for PAn colloids stabilised with silica [40, 43]. TEM images of 4
showed a similar range of particles but were more disperse and displayed a rice-like
morphology (Figure 6.7b). This morphology is more common [45] and has also been
reported for PAn colloids stabilised with poly(2-vinylpyridine-co-p-aminostyrene [35],
poly(l-vinylimidazole) [36], and both poly(styrene sulfonate) and poly(2(dimethylamino)ethyl methacrylate) PE®s [41].

Figure 6.7.

Transmission Electron Micrographs of (a) PAn.calix[4]S03H 3, (b)

PAn.calix[6]S03H 4.
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6.3.3.2 Electrical Conductivity

The solid state electrical conductivities for pressed, dried pellets of 3 and 4 were fo

be 3.2 x 10"4 and 2.9 x 10"4 S cm"1, respectively. These conductivities are low compared t

most PAn.HA salts reported to date, which are usually in the range 0.1-10 S cm"1 [35-38].
UV-visible-near infrared spectra indicated a partially "expanded coil" conformation for

PAn chains (see above), which is usually suggestive of high conductivity; hence this low
conductivity value is most likely due to the insulating nature of the large calixarene
dopants. This feature has been reported before for some other steric stabilizers [46],

rise to resistance within the pellets. Examples in the literature include emeraldine sal
stabilised by polyvinyl alchohol [39], colloidal silica [40, 43] and both poly(styrene
sulfonate) and poly(2-(dimethylamino)ethyl methacrylate) PE0s [41].

6.3.3.3 Infrared spectra

The two emeraldine salts 3 and 4 exhibited very similar infrared spectra (Figure 6.8), t
confirmed the incorporation of the dopants 1 and 2 (see Table 6.1 for assignments) [47,

48]. The symmetric -OH stretch of the phenol groups at the base of the calixarene dopant
was observed at ca. 3450 and 893cm"1 [47, 48]. The dopant methylene -CH2 asymmetric
stretch and deformation bands were seen at ca. 2925 cm"1 and 1427 cm"1, respectively,
while the in-plane bending or rocking of -CH2 was observed at 710 cm"1 [49]. A strong
asymmetric S=0 band was also observed at ca. 1350 and 1111 cm"1, while bands at ca.
1036 and 623 cm"1 are attributed to S-O-C symmetric stretching [9, 14, 45, 50]. Bands at
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1300 and 1255 cm"1 are assigned to symmetric stretching of = C - N and = C - 0 , respectively
[51]. Benzene ring (C=C) deformation peaks were also observed at ca.1632 cm"1, 1485

cm"1 and 660 cm"1 [49], while the band seen at 802 cm"1 is assigned to C-H out-of-plane
bending vibration of the para-substituted benzene ring dopants [52].

3000
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Figure 6.8. FTIR spectra of (a) Pan.calix[4]S03H 3, and (b) Pan.calix[6]S03H 4 in KBr
pellets.
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Table 6.1. FTIR band assignments for polymers 3 and 4.

X (cm" )

Relative

Assignment13

A. (cm"1)

Intensitya

Relative

Assignment13

Intensity3

3450

V

Vs(OH)

3473

V

Vs(OH)

2925

w

v as (CH 2 )

2942

w

Vas(CH2)

1632

s

v s (C=C)

1625

s

v s (C=C)

1485

s

v s (C=C)

1496

s

v s (C=C)

1427

s

5 S (CH 2 )

1433

s

5 S (CH 2 )

1350

w

v as S(=0) 2

1348

s

V as S(=0) 2

1300

w

v,(=C-N)

1305

w

vs(=C-N)

1255

s

v s (=C-0)

1260

s

vs(=C-0)

1111

s

VasS(=0)2

1117

s

v as S(=0) 2

1036

s

Vs(S-O-C)

1042

s

vs(S-0-C)

893

s

Vs(OH)

900

s

v s (OH)

802

w

x(C-H)

802

w

x (C-H)

710

w

p(CH 2 )

720

w

p(CH 2 )

660

s

8(C=C)

665

s

8(C=C)

623

s

ys(S-0-C)

629

s

vs(S-0-C)

Notes:

a

v-very strong, s-strong, w-weak, b s-symmetric, as-asymmetric, v-stretching mode, 6-deformation

mode, p- rocking vibration, and f-out of plane bending or twisting.
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6.3.3.4 Cyclic Voltammetry

Aqueous dispersions of the PAn.calix[4]S03H 3 and PAn.calix[6]S03H 4 salts (both
containing 0.45g in 5 mL of 0.10 M NaN03) were electroactive, as seen from their Cyclic
Voltammograms (CVs) (Figure 6.9). For both colloidal polymers, two oxidation peaks
were observed in the anodic sweep and two corresponding reduction peaks in the reverse
cathodic sweep. In keeping with previous studies on PAn.HA films [1, 7, 53-56], the
anodic peaks Ep(a)i and Ep(a)2 may be assigned to the oxidations of leucoemeraldine to
emeraldine salt and of emeraldine salt to pernigraniline, respectively, as depicted in
Scheme 6.2.

The redox potentials for the two colloidal salts 3 and 4 are similar (Table 6.2).

Interestingly, their Ep(a)I values (0.40 V) are significantly more positive than those typica
observed for PAn.HA films [11, 57], while the EP(a)2 potentials (+0.55 V) are considerably
less positive. This results in a narrower potential range of redox stability for the
emeraldine state of these colloids compared to typical PAn.HA films. That is, the
emeraldine salt is both more readily oxidised to pernigraniline and more easily reduced to
leucoemeraldine. This contrasts with some PAn salts which are resistant to oxidation to
pernigraniline [1, 14, 57]. There was no evidence in the cyclic voltammograms of 3 and 4
of a third redox peak (between Ep(a)i and Ep(a)2) sometimes observed. This third redox peak

has been attributed to structural defects (irregular couplings), degradation, or dimers and

oligomers trapped in the polymer matrix [58]. As this set of peaks were not evident in this
study, the colloidal dispersions 3 and 4 appear free of these complications.
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Potential (V vs Ag/AgCI)

Figure 6.9. Cyclic voltammograms of aqueous colloidal dispersions of PAn.calix[4]S03H
3 and PAn.calix[6]S03H 4 (both 0.45g in 5 mL 0.10 M NaN03) using a glassy carbon
electrode. Scan rate =100 mV s" .

It is important to note that the dopants themselves are electroinactive over the potential
range studied here. This has been reported previously [18, 59, 60] and was confirmed in
the present work. In contrast, funtionalising the lower rim phenolic sites of calixarenes
with redox active groups such as quinones [61-64] or metal containing moities [65-66]
confers electroactivity.

CVs of dispersions of polymers 3 and 4 showed a larger peak current for polymer 4,

indicating this colloid is more electroactive. The reason for this is not clear at present
may have been anticipated that calix[4]-p-tetrasulfonic acid 1, being a smaller and
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probably more mobile dopant than 2, would have facilitated easier oxidation and reduction
of polymer 3 compared to 4.

N N

-<£>- O -

Pernigraniline Base

-e- k +e-2H+ +2H+
-A- Ir+A-

U^r^i-

Emeraldine Salt

-e- +e+A- -A"

-^-r^QriY

Leucoemeraldine Base

Scheme 6.2. T h e oxidation states of polyaniline.

Table 6.2. Redox potentials observed for aqueous colloidal dispersions of the emeraldine
salts 3 and 4.a'

——

PAn.calix[4]S0 3 H

3

0.40

0.55

0.20

0.45

PAn.calix[6]S0 3 H

4

0.40

0.55

0.25

0.45

Notes: "Cyclic voltammograms recorded at ca. p H 2.
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Plots of peak cathodic current (ip(c)) and peak anodic current (ip(a)) against both the square

root of the scan rate (v) and against scan rate, where v is varied from 10 to 100 mV s"

proved to be non-linear. This indicates that the redox process is not diffusion contro

6.3.4 De-doping and Re-doping of Dispersions of 3 and 4
6.3.4.1 De-doping using Sodium Hydroxide

Aqueous dispersions of both PAn.calix[4]S03H 3 and PAn.calix[6]S03H 4 could be partly
de-doped with NaOH to give EB and then re-doped with HC1 to generate the PAn.HCl salt.
This was demonstrated by changes in the UV-visible spectra as dispersions of the

emeraldine salt 3 or 4 were titrated with 1.0 M NaOH (e.g. Figures 6.10 and 6.11). Upon

raising the pH from 2 (the natural pH of salts 3 and 4) to 4 or 6, the broad polaron ba

the initial emeraldine salts at > 800 nm underwent a distinct red shift (accompanied by

colour change from green to turquoise). This behaviour is similar to that reported rec
by others [67] during the early stages of the alkaline de-doping of other PAn.HA (HA =
HC1) salts in KH2P04 buffered media, and may be associated with a conformational

change in the polyaniline backbone. The intensity of the low wavelength polaron band fo
the initial salts 3 and 4 at ca. 450 nm was also observed to decrease significantly as
was raised progressively from 2 to 4 to 6.
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Figure 6.10. UV-visible spectral changes as aqueous colloidal PAn.calix[4]S03H 3 is
progressively de-doped with 1.0 M NaOH. Curves labelled in the range pH 2-12.

Upon raising the pH further to 8, significant amounts of the de-doped EB product were

produced for both polymers, as evidenced by the appearance of a broad shoulder at ca. 600
nm (Figures 6.10 and 6.11). Moreover, the absorption maxima of the resulting emeraldine
salts were shifted to shorter wavelengths, which may be related to branching (ortho

coupling) of the less protonated forms of PAn [1, 68]. The intensity of this characteris

exciton band for EB increased upon further raising the pH to 10 and then 12 (Figures 6.10
and 6.11). The titration mixtures had also adopted a blue/violet colour by this stage.
However, even at pH 14, de-doping of the initial emeraldine salts was incomplete, as
indicated by the retention of a broad band in the 750-800 nm region. The relative
intensities of the 600 nm and 750-800 nm bands suggest that alkaline de-doping of the
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emeraldine salts is less than 5 0 % complete at p H 12. Separate studies showed a similar
result at pH 14. In contrast, typical emeraldine salts PAn.HA (e.g. HA = HC1, HC104,
HPTSA) are generally fully de-doped to EB at pH > 4 [69] (however, this can require pH
values of up to 6 or 7) [70]. The exceptional inertness to alkaline de-doping by the

colloidal salts 3 and 4 parallels that previously noted [12, 13, 71] for PAn.HA salts w

HA is a PE0 such as poly(styrene sulfonic acid) or poly(acrylic acid). It may be explain

as arising from Donnan phenomenon effects due to a high electrostatic field in the regi
close (10 nm) to the PE® [72, 73].
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Figure 6.11. UV-visible spectral changes as aqueous colloidal PAn.calix[6]S03H 4 is
progressively de-doped with 1.0 M NaOH. Curves labelled in the range pH 2-12.
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A n interesting feature of the alkaline de-doping spectra (Figures 6.10 and 6.11) is the lack

of isosbestic points, which have been seen previously for the analogous de-doping of othe
polyaniline salts [11, 35, 74]. This may be due, in the present case, to conformational
changes in either the polyaniline chains or the dopants as the pH is raised. It has been
shown, for example, that the calixarene sulfonic acids 1 and 2 have a number of
conformations that can be pH dependent [44, 75]. At low pH the sulfonate and phenol
groups are all protonated. However, at neutral and higher pH values, 1 and 2 are hexa-

anionic and octa-anionic, respectively. This is due to the removal of two protons from th
phenol groups at the base of the cups of each calixarene, as well as the complete

deprotonation of the sulfonate groups. As a result, at neutral pH both species 1 and 2 ca

change from a cone to a 1,3-alternate and double partial-cone conformation, respectively,
with several of the sulfonated phenol groups inverting and pointing down. For this
conformational mobility to eventuate, rotation of each aryl group about the C2-C6 axis

must occur with movement of the phenolic group through the centre of the calixarene ring.
For dopant 2, the structure is maintained in this position by hydrogen bonding of each
negatively charged phenolate to the two neighbouring phenolic OH groups, as shown in
Figure 6.12 [75-77]. For dopant 1, it is unclear which of the 4 possible conformations
would be preferred. In any event, with such conformational changes occurring for both
dopants, the de-doping process (as evidenced by the UV-visible spectral changes) is not
well defined.
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Figure 6.12. The cone and double cone configuration of calix[6]-p-hexasulfonic acid 2.

6.3.4.2 Re-doping using Hydrochloric Acid

Both partially de-doped polymers could be re-doped with H C 1 to generate the PAn.HCl
emeraldine salt, as evidenced, for example, in Figures 6.13 and 6.14. Lowering the pH of
the de-doped PAn.calix[4]S03H 3 and PAn.calix[6]S03H 4 from 12 to 7 caused a marked
decrease in the EB absorption band at 600 nm and the appearance of a broad, polaron band

at > 850 nm (together with significant near-infrared absorption) attributed to the forma
of PAn.HCl. Addition of further HC1 to give a pH of 2 caused a progressive decrease in
the intensity of the absorption at 600 nm with time (over 48 hr) and the appearance also
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the expected second polaron band at ca. 440 nm. Accompanying these spectroscopic

changes was a change in the colour of the titration mixture from blue/violet (pH 12 to 6
turquoise (pH 6 to 4) and finally to the green colour characteristic of conducting

emeraldine salts (at pH 4 to 2). It was noted that the re-doping process, in a similar f

to the initial doping, proceeded slowly. The spectra labelled pH 2 in Figure 6.13 contin
to change over 48 hr due to further formation of doped PAn.HCl.
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Figure 6.13. UV-visible spectral changes as the de-doped colloidal dispersion from Figure
6.10 is re-doped with 1.0 M HC1. Curves are labelled in the range pH 2-12. Curve 2(i)

was at pH 2 immediately after addition of acid, while 2(h) and 2(iii) were after 24 hr an
48 hr reaction.

Chapter 6 Polyaniline Calixarene Emeraldine Salts

238

Further evidence for the de-doping/re-doping of the colloidal emeraldine salts was
obtained by casting 3 and 4 onto glass slides. The salt films were then exposed to
ammonia vapour and their typical green colour changed to blue within 30 min. This was
indicative of de-doping and reforming of the EB/emeraldine salt mixture. After standing
these partially de-doped films in air for 2 hr, the ammonia evaporated and the blue colour
was discharged, regenerating a vivid green colour. This showed that the EB/salt mixture
had been re-doped forming the emeraldine salts 3 and 4.
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Figure 6.14. UV-visible spectral changes as the de-doped colloidal dispersion from Figure
6.9 is re-doped with 1.0 M HC1. Curves are labelled as in Figure 6.13.
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6.3.5 Oxidation and Reduction of Colloidal Dispersions of 3 and 4
6.3.5.1 Oxidation at pH 2

Addition of ammonium persulfate (0.10 M) to aqueous dispersions of the emeraldine sa

colloids 3 or 4 at pH 2 caused a rapid change in colour from green to blue/violet (T

6.3). Oxidation under these acidic conditions led to the pernigraniline salt form (C

1, Scheme 1.2, A- = anion of dopant 1 or 2), as confirmed in both cases by the appea

within 10 min of a strong absorption band at ca. 700 nm characteristic of the pernig
salt [78, 79] (Figures 6.15 and 6.16).

Table 6.3. Initial and final pH values and colours of aqueous dispersions of 3 and 4
are oxidised with 0.10 M ammonium persulfate.

3

2

Green

1

Blue/violet

3

12

Violet/blue

1

Blue/violet

4

2

Green

1

Blue/violet

4

12

Violet/blue

1

Blue/violet
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Figure 6.15. UV-visible spectral changes upon oxidising an aqueous colloidal dispersion
of 3 with 0.10 M a m m o n i u m persulfate at p H 2. T = time in min.

These fully oxidised pernigraniline salts were relatively unstable, undergoing slow
decomposition over 24 hr, as evidenced by the loss of the 700 n m absorption band. Similar
instability has been reported [80, 81] for other pernigranilines and m a y be associated with
hydrolytic cleavage of the polyaniline backbone and/or formation of quinone type
products.
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Figure 6.16. UV-visible spectral changes upon oxidising an aqueous colloidal dispersion
of 4 with 0.10 M ammonium persulfate at pH 2. T = time in min.

6.3.5.2 Oxidation at pH 12

In contrast, treatment with persulfate ion (0.10 M) of the emeraldine salt/emeraldine base
mixture generated by partially de-doping the colloidal salt 4 at pH 12 (see section 6.2.5
above), led to a relatively fast oxidation to a blue/violet solution (Table 6.3) of the
corresponding pernigraniline base. This was confirmed by the appearance within 1 min of
an absorption band at 515 nm (Figure 6.17), which may be assigned as the Peierls gap

transition characteristic of pernigraniline base [82]. This partially oxidised polyaniline
again unstable with time, its distinctive 515 nm band disappearing over 4 hr.
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A similar oxidation occurred for the colloidal salt 3. However, the process proceeded
much more slowly. An unknown product was observed to appear within 10 min. The
unknown product was again unstable over time and eventually decomposed over 8 hr
leaving a blue/violet solution (Table 6.3).
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Figure 6.17. UV-visible spectrum of the pernigraniline base product obtained by oxidising
an aqueous colloidal dispersion of 4 at p H 12 with 0.10 M a m m o n i u m persulfate. T = time
in m m .

6.3.5.3 Reduction at pH 2

Reductions of the emeraldine salt colloids 3 and 4 with hydrazine hydrate (0.10 M ) were
examined at p H 2 and 12. UV-visible spectral studies showed that reductions at p H 2 were
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relatively slow (Figures 6.18 and 6.19), the visible absorption bands of the initial
emeraldine salt gradually disappearing over 5 hr indicative of reduction to leucoemeraldine
base (Chapter 1, Scheme 1.2). The expected E B peak was not seen during the reduction to
leucoemeraldine base. The red shift of the polaron band at ca. 850 n m , during the initial
stages of the reaction, could be indicative of a conformational change to give a product
with a longer conjugation length [83-86].
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Figure 6.18. UV-visible spectral changes upon reducing an aqueous colloidal dispersion of
3 at p H 2 with 0.10 M hydrazine hydrate. T = time in min.
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Figure 6.19. UV-visible spectral changes upon reducing an aqueous colloidal dispersion of
4 at p H 2 with 0.10 M hydrazine hydrate. T = time in min.

6.3.5.4 Reductions at pH 12 with Hydrazine Hydrate

Reductions with hydrazine hydrate (0.10 M ) of emeraldine salt/EB mixtures, obtained by
partially de-doping the colloidal salts 3 and 4 at p H 12, were also examined (Figures 6.20
and 6.21). Although the expected n-n* band for the leucoemeraldine base product at ca.
300-360 n m [87] could not be detected due to strong background absorption in the reaction
mixtures, the gradual disappearance of the visible region bands was consistent with
reduction to leucoemeraldine base in each case (Chapter 1, Scheme 1.2). The products
after 5 hr reaction had a cream colour, indicative of leucoemeraldine base formation (Table
6.4). The reductions of the emeraldine salts 3 and 4 at p H 12 are m u c h slower than the
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analogous reactions at p H 2. This m a y be due to the E B present in the starting mixture at
pH 12, which is less readily reduced than emeraldine salt.
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Figure 6.20. UV-visible spectral changes upon reducing an aqueous colloidal dispersion of
3 at pH 12 with 0.10 M hydrazine hydrate. T = time in min.
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Figure 6.21. UV-visible spectral changes upon reducing an aqueous colloidal dispersion of
4 at pH 12 with 0.10 M hydrazine hydrate. T = time in min.

Table 6.4. Initial and final pH values and colours of aqueous dispersions of 3 an
are reduced with 0.10 M hydrazine hydrate.

12

Tan/Cream

Violet/blue

12

Cream

2

Green

12

Tan/Cream

12

Violet/blue

12

Cream

3

2

3

12

4
4

Green
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6.4 Conclusions

Acid doping of EB with calixarenesulfonic acids 1 and 2 in water leads to the facile
formation of colloidal dispersions of emeraldine salts PAn.calix[4]S03H 3 and
PAn.calix[6]S03H 4. Their particle sizes of 517 and 279 nm, respectively, are in the range
of other polyaniline salt colloids stabilised with polyelectrolytes.

The relatively low conductivities of pressed dried pellets of 3 and 4 (3.2 x 10"4 and 2.9 x
10"4 S cm"1, respectively) are presumably due to the presence of the large insulating
dopants. FTIR spectra of pressed pellets of 3 and 4 confirm the presence of the dopants 1
and 2. The aqueous colloidal dispersions in 0.10 M NaN03 are electroactive, exhibiting
redox peaks in their cyclic voltammograms consistent with oxidation from
leucoemeraldine to emeraldine salt and then to pernigraniline base. The colloidal
dispersions can undergo reduction back to emeraldine salt and then to leucoemeraldine
base.

Treatment of the colloids 3 and 4 (starting pH of ca. 2) with NaOH, yields partially dedoped emeraldine salt/EB mixtures. The re-doping of these dispersions with HC1
generates PAn.HCl species. However this process is slower than the de-doping, occurring
over 48 hr. Interestingly, 3 and 4 exhibit enhanced stability towards alkaline de-doping,
due to the counterions 1 and 2. The colloidal emeraldine salt dispersions 3 and 4 at pH 2
can be chemically oxidised with 0.10 M ammonium persulfate yielding pernigraniline salts
that slowly degrade over time. Reduction of 3 or 4 with hydrazine hydrate at both pH 2
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and 12 yields the leucoemeraldine base form with reductions at p H ca. 2 proceeding more
rapidly. This is possibly due to the dispersions formed at higher pH values containing
mixtures of emeraldine salt and EB.

The simple one-step synthesis of conducting PAn.calix[4]S03H 3 and PAn.calix[6]S03H 4

colloids provides an expedient, alternative method for processing emeraldine salts, wit
final products require no further purification. The introduction of a potential metalcomplexing moiety, such as sulfonated calixarene, into the PAn chains opens up a wider

range of potential applications such as environmental remediation, e.g. metal ion remov
or transport from waste water.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

7.1 Polypyrrole Polyvinyl phosphate) Membranes

A PPy/PVP polymer can be grown using a variety of electrochemical techniques with

galvanostatic electrodeposition being preferred because large films prepared using thi
method are thicker and pin hole free. The membranes can be grown onto a variety of
substrates such as platinum, indium tin oxide coated glass, gold coated mylar and
stainless steel. This allows a range of characterisation methods to be employed which
provide valuable information into the characteristics of PPy/PVP membranes. Elemental

analysis indicates a ratio of 10 to 1 for pyrrole repeat unit to charged phosphate grou
Drying to constant mass shows a relatively high water content of 28 ± 3%. TGA studies
indicate three mass changes that may be due to residual water loss, followed by
chemically bound water (and trapped monomer/oligomer) loss and finally degradation of
the polymer. The electrical conductivity is low (0.28 S cm"1) while a rough amorphous
morphology, as shown by AFM and SEM microscopy, is evident. The use of a large
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relatively immobile (PVP) dopant gives membranes composed of this material an open
porous structure.

Cyclic voltammetry studies indicate that the polymer can respond to a range of metal io
such as potassium, sodium, calcium, lithium magnesium and copper. Electrodeposition
of PPy/PVP onto platinum coated PVDF membranes facilitates testing PPy/PVP as a
material for transporting metal ions. This is achieved by applying a pulsed potential

waveform with potential values of+0.45 V and -0.80 V to a composite that is placed in a
single membrane transport cell. K+ and Na+ ions are readily transported while Ca2+,

Cu2+, Li+, and Mg2+ ions are also transported but to a lesser extent. The rate of flux is
closely related to the size of the hydrated ions which follows the sequence: K+ < Na+ <
Ca2+ = Cu2+ = Li+<Mg2+.

Microscopy studies of PPy/PVP/Pt/PVDF composites shows an open porous nature
which enables ions to move freely into the membrane matrix thereby giving reasonable
flux values.

7.2 Polypyrrole Polyvinyl phosphate) Colloids

Electroactive conducting PPy/PVP colloids can be synthesised using an
electrohydrodynamic polymerisation process in a divided three-compartment flowthrough cell. The flow rate/initial applied potential that produces the greatest yield
colloid is 40 mL min'V+0.90 V. The greatest % conversion occurs with a concentration
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of 0.10 M , however 0.60 M shows a lower conversion rate but produces the greatest
amount of colloid. It is believed the stabilisation mechanism involves the dopant PVP
and that the colloids are prevented from precipitating by electrosteric means. The
colloids are more highly doped than electrochemically prepared PPy/PVP thin films with
a ratio of 6:1 for pyrrole repeat unit to phosphate charge group.

Further evidence of doping with PVP can be obtained using UV-visible and FTIR
spectroscopy. Transmission Electron Microscopy indicates the supernatant contains
small discrete particles while the material that is centrifuged appears as aggregates.
Electrochemical studies show the PPy/PVP colloids to be electroactive. Cyclic
voltammetry analyses with different scan rates indicates there is a linear relationship

between peak anodic and cathodic currents and the square of scan rate. This indicates the
redox process is not diffusion controlled.

Drying the colloids to constant mass indicates a water content of 24 ± 2%. TGA studies
show 3 mass losses which may be due to residual water loss, then chemically bound
water (and trapped monomer/oligomer) loss followed by degradation of the colloidal

particles. Further characterisation techniques shows the colloids have a low conductivit
of 0.3 pS cm"1, a size of ca. 530 ran, negative charged particles of ca. -33 mV and
mobility of ca. -2.64 cm2/SVA, respectively.

The colloids can adsorb calcium, copper and iron ions from aqueous solutions in a
process that involves metal ion adsorption. The colloids have changed morphology, size
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and charge after exposure to metal ions as seen in T E M , hydrodynamic diameter and zeta
potential measurements.

7.3 Metal Ion Transport Using Static and Flow Cells

The use of a flow-through transport cell with both constant potential and pulsed poten

conditions enables transport of alkali metal ions and alkaline earths across a range o

composites. Using a flow-through cell and a constant potential regime, the flux of meta
ion across composites follows the order PPy/PSS/DBS > PPy/HQS/S04 > PPy/PVP/DBS
> PPy/pTS. Small but measurably greater ion fluxes can be obtained using the flowthrough cell operating under constant potential conditions, than when either the same

operates under pulsed potential conditions, or when a stirred solution cell is used. I
experiment the flux of metal ions followed the sequence: K+ > Na+ > Ca2+ > Mg2+. This

is consistent with the metal ion transport being dependent on the diameter of the hydr
cation which follows the series: K+ < Na+ < Ca2+ < Mg2+. PPy/PSS/DBS composite
membranes show significantly higher fluxes under all sets of conditions.

The transport mechanism is likely to be related to the reduction/oxidation properties o
the membranes themselves, rather than constant applied potential. Microscopy analysis
shows the PPy/PSS/DBS membrane has a smoother surface than the other composites

with PPy/PVP/BDS having the roughest. Interestingly, this latter composite displays th

greatest thickness and may indicate that it is more difficult for the metal ions to mov
through a thicker material. The PPy/pTS composite displays the lowest flux of all 4
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metal ions despite having the largest conductivity.
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Its inability to act as a cation

exchanger is due to the small mobile pTS dopant. PPy/PSS/DBS and PPy/HQS
composites have similar conductivities and this may relate to their superior transport
abilities.

Transport of K+, Na+, Ca2+ and Mg2+ ions examined separately can be achieved using the
flow-through cell and PPy/PSS/DBS composites in conjunction with a constant applied

potential of -0.40V. The flux values of these individual ions are slightly greater to t
of mixtures of the same metal ions. The fluxes follow the sequence: K+ > Na+ > Ca2+ >
Mg2+.

Transport of Cu2+ and Fe3+ mixtures using PPy/PSS/DBS composites can be achieved

with the stirred and flow-through cells and a pulsed potential regime with limits of -0.
V to +0.80 V. Using the stirred cell, transport of Fe3+ ion is greater than that of Cu2+
across a PPy/PSS/DBS composite. With the flow-through cell transport of Cu2+ ion is
greatest.

7.4 Polyaniline Calixarene Emeraldine Salts

Emeraldine base can be doped with calix[4]arene-p-tetra sulfonic acid and calix[6]arene
p-hexa sulfonic acid. This reaction is performed in water or DMSO and leads to the
facile formation of colloidal dispersions of emeraldine salts PAn.calix[4]S03H 3 and
PAn.calix[6]S03H 4. As seen in TEM micrographs and zeta sizing analyses, the particle
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sizes of 517 and 279 n m for 3 and 4, respectively, are similar to other polyaniline salt
colloids stabilised with large polyanionic dopants.

Pressed dried pellets of 3 and 4 have low conductivities (3.2 x 10^ and 2.9 x 10"4 S cm"

respectively) and this is presumably due to the presence of the large insulating dopants

Incorporation of the dopants 1 and 2 can be confirmed by FTIR spectra of pressed pellets
of 3 and 4. The aqueous colloidal dispersions in 0.10 M NaN03 are electroactive,
exhibiting redox peaks in their cyclic voltammograms consistent with oxidation from
leucoemeraldine to emeraldine salt and then to pernigraniline base. The colloidal
dispersions can undergo reduction back to emeraldine salt and then to leucoemeraldine
base.

The colloidal dispersions 3 and 4 (starting pH of ca. 2) undergo alkaline de-doping with
NaOH. This gives partially de-doped emeraldine salt/EB mixtures. Acid facilitated redoping of these dispersions with HC1 generates PAn.HCl species. The colloidal
emeraldine salt dispersions 3 and 4 at pH ca. 2 can be chemically oxidised with 0.10 M
ammonium persulfate yielding pernigraniline salts that slowly degrade over time.
Reduction of 3 or 4 with hydrazine hydrate at both pH ca. 2 and 12 yields the
leucoemeraldine base form with reductions at pH ca. 2 proceeding more rapidly. This
may be due to the dispersions (that have an initial pH of 12) containing mixtures of
emeraldine salt and EB.
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7.5 Future W o r k

Future studies could examine other PPy composites with a variety of polyelectrolytes to
fabricate membrane systems that could be used in environmental remediation, i.e.
removal of heavy metals from waste water.

Potential work with PPy/PVP colloids could examine the metal ion binding mechanism
of this material. This could include examination of whether binding is affected by the
oxidation state of the polymer, and whether the metal ion binding process can be
reversed. This may entail acid digestion of colloids that have adsorbed metal ions to
confirm the removal of metal ions by the colloids. PPy/PVP colloids may have corrosion
control applications and it may be worthwhile examining this.

The use of a flow-through cell slightly improves metal ion transport across PPy
composites. Further work may include an examination of different composite materials

and parameters, i.e. PAn/ PE0 composites and the effect of variation in flow rate of the

feed or permeate sides of the cell or both. There may be advantages in studying the eff

of applied potential and how to circumvent the deleterious effects of negative potenti
lower than -0.40 V.

The use of sulfonated calixarenes to dope PAn to give conducting colloidal dispersions
a fascinating area of research with a wide range of potential applications. The most
important of which is the sensing and transport of target ions such as sodium and
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It m a y be possible to functionalise the hydroxy groups with a metal-

complexing moiety thereby facilitating metal ion co-ordination. This could lead to a

device that can mimic the sodium/potassium pump of nerve fibres and from this artificia
nerves and muscles may be derived.

