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Figure 4.15

Plot of peak current versus the square root of scan rate for cyclic
voltammograms of PPy.C6S.PVA dispersed in 0.10 M NaNO3. Cyclic
voltammograms were obtained using a Pt working electrode, Ag/AgCl
reference electrode and Pt mesh auxiliary electrode (Last of 5 scans
shown at each scan rate).

Figure 4.16

Effect of variations in scan rate on the cyclic voltammogram of
PPy.C6S.PVP dispersed in 0.10 M NaNO3. Cyclic voltammograms were
obtained using a Pt working electrode, Ag/AgCl reference electrode and
Pt mesh auxiliary electrode (Last of 5 scans shown at each scan rate).

Figure 4.17

Effect of variations in scan rate on the cyclic voltammogram of
PPy.C6S.PSS dispersed in 0.10 M NaNO3. Cyclic voltammograms were
obtained using a Pt working electrode, Ag/AgCl reference electrode and
Pt mesh auxiliary electrode (Last of 5 scans shown at each scan rate).

Figure 4.18

Effect of varying the supporting electrolyte on the cyclic voltammogram
of PPy.C6S.PVA, obtained using a Pt working electrode, Ag/AgCl
reference electrode, Pt mesh auxiliary electrode and a scan rate of 50 mV
s-1 (Last of 5 scans shown for each electrolyte). A – 0.10 M NaNO3; B –
0.10 M KNO3; C – 0.10 M Zn(NO3)2.

Figure 5.1

Structure of adenosine-5′-triphosphate (disodium salt).

Figure 5.2

Structures of some of the biological phosphates used in this chapter.

Figure 5.3

Cyclic voltammogram obtained during the potentiodynamic growth of
PAn.ATP.HCl on a Pt electrode. (10 cycles at 50 mV s-1; [Aniline] =
0.20 M; [Na2ATP] = 0.04 M; [HCl] = 0.50 M HCl).
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Figure 5.4

Cyclic voltammogram obtained during the potentiodynamic growth of
PAn.ATP.HCl on an ITO-glass electrode. (10 cycles at 50 mV s-1;
[Aniline] = 0.20 M; [Na2ATP] = 0.04 M; [HCl] = 0.50 M HCl).

Figure 5.5

UV-vis-NIR spectra of PAn.ATP.HCl films deposited on ITO-glass
electrode. ([Aniline] = 0.20 M; [Na2ATP] = 0.04 M; [HCl] = 0.50 M). (A)
Potentiodynamically grown (-0.20 V to +1.0 V at 50 mV s-1 for 10 scans);
(B) Potentiostatically grown (0.80 V for 120 sec); (C) Galvanostatically
grown (2 mA cm-2 for 120 sec).

Figure 5.6

CD spectrum of a PAn.ATP.HCl film grown potentiodynamically
([Aniline] = 0.20 M; [Na2ATP] = 0.04 M; [HCl] = 0.50 M).
Potentiodynamically grown (-0.20 V to +1.0 V at 50 mV s-1 for 10 scans).

Figure 5.7

CD spectra of PAn.ATP.HCl films grown potentiodynamically (-0.20 V
to +1.0 V) onto ITO-glass electrodes from an aqueous solution
containing 0.20 M aniline, 0.50 M HCl and 0.04 M Na2ATP. (A) 10 mV
s-1; (B) 25 mV s-1; (C) 50 mV s-1; (D) 100 mV s-1; (E) 250 mV s-1.

Figure 5.8

CD spectra of PAn.ATP.HCl films grown on ITO-glass electrodes using
different growth methods: (A) Potentiodynamically (cycled between 0.20 V and +1.0 V at 50 mV s-1 for 10 scans); (B) Potentiostatically (0.80
V for 120 sec); (C) Galvanostatically (2 mA cm-2 current density for 120
sec).

Figure 5.9

UV-vis spectra of a PAn.ATP.HCl film grown potentiostatically at +0.80
V for 120 sec onto an ITO-glass electrode ([Aniline] = 0.20 M; [HCl] =
0.50 M HCl; [Na2ATP] = 0.04 M). (ES) Film as grown; (EB) Film dedoped in 1.0 M NH4OH for 15 min.
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Figure 5.10

CD spectra of a PAn.ATP.HCl film grown potentiostatically at +0.80 V
for 120 sec onto an ITO-glass electrode ([Aniline] = 0.20 M; [HCl] =
0.50 M HCl; [Na2ATP] = 0.04 M). (ES) Film as grown; (EB) Film dedoped in 1.0 M NH4OH for 15 min.
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Figure 5.13

UV-vis and CD spectra for a PAn.ATP.HCl film after treatment with
aqueous 0.10 M (NH4)2S2O8/0.10 M NaOH.

Figure 5.14

UV-vis and CD spectra for a PAn.ATP.HCl film after treatment with
aqueous 0.10 M (NH4)2S2O8/0.10 M NaOH followed by 0.50 M HCl.
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UV spectrum of a 0.10 M HCl solution after it was used for the reduction
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UV-vis-NIR spectrum of a polyaniline film grown potentiodynamically
(-0.2 V to +1.0 V at 100 mV s-1 for 10 cycles) from aqueous 0.2 M
aniline/0.50 M HCl/0.01 M AMP.
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UV-vis-NIR spectrum of a polyaniline film grown potentiodynamically
(-0.2 V to +1.0 V at 100 mV s-1 for 10 cycles) from aqueous 0.2 M
aniline/0.50 M HCl/0.01 M cAMP.
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ABSTRACT

This thesis describes the synthesis and characterisation of a range of novel conducting
polymer materials with potential applications in the area of separations. Both
polypyrroles and polyanilines are examined. Following a General Introduction and an
Experimental Chapter, the new studies are described in Chapters 3 to 7.

In Chapter 3 it is shown that polypyrrole doped with either α-cyclodextrin sulfate (αCDS) or β-cyclodextrin sulfate (β-CDS) is readily deposited electrochemically.
Electrodeposited polypyrrole has been characterised using UV-Vis spectroscopy, cyclic
voltammetry, AFM, SEM, microanalysis, and electrical conductivity measurements.
This electrodeposited polypyrrole can easily be prepared as a composite membrane
(with Pt-coated PVDF) for use in metal ion transport experiments. Transport of metal
ions across PPy.β-CDS is shown to be significantly greater than across PPy.α-CDS, and
also greater than that previously observed with related polypyrroles. However, the
increased flux results in a loss in the selectivity that the membrane shows between
different metal ions.

Chapter 4 describes a novel electroless polymerisation of pyrrole in the presence of the
sulfonated calixarene, calix[6]arene-4-sulfonic acid (C6S). A solution containing
pyrrole and C6S undergoes a slow polymerisation reaction in the absence of any added
chemical oxidant or electrochemical oxidation. A specific host-guest interaction
between pyrrole and C6S is thought to be an important part of the reaction mechanism.
The product of this reaction is an insulating black powder. However, it is electroactive
XXXII

and exhibits spectral features similar to conducting polypyrroles and is doped with C6S.
On the basis of the obtained data, a structure consisting of small conducting regions of
polypyrrole isolated by insulating pyrrolidine and ring-opened products is proposed.
The addition of polymeric stabilisers such as poly(vinyl alcohol), poly(vinyl
pyrrolidinone) or poly(styrene sulfonate) results in the formation of stable colloidal
dispersions of the polypyrrole.

The interaction of polyaniline and some biological phosphates (particularly adenosine5′-triphosphate (ATP)) is reported in Chapter 5. When ATP is included as a dopant
during the electrosynthesis of polyaniline, highly optically active films with chiral
anisotropy factors as high as 1.9 % are obtained. It is believed that this optical activity
arises from interactions between hydrogen- and ionic-bonding sites of the ATP dopant
with the amine nitrogen (NH) and radical cation (+·NH) centres on the polyaniline
chains. These highly optically active polyaniline films retain their optical activity upon
de-doping, re-doping, oxidation and reduction. Initial investigations into potential
applications for these polyanilines show that the release of ATP from the polymers
cannot be electrochemically or pH controlled; and no chiral discrimination towards 10camphorsulfonic acid is observed.

The covalent attachment of a chiral substituent to nitrogen centres of polyaniline is
examined in Chapter 6. 10-camphorsulfonyl chloride readily reacts with polyaniline
emeraldine base in solution to form a weakly optically active emeraldine salt. This
substituted polyaniline retains its optical activity in solution even upon alkaline dedoping. However, optical activity is lost upon oxidation and reduction. An analogous
reaction can also be performed on leucoemeraldine base to form a virtually identical
XXXIII

optically active emeraldine salt. Alternatively, a similar reaction on aniline monomer
forms a substituted chiral monomer. However, this monomer cannot be polymerised,
presumably due to the steric and/or electron withdrawing effects of the 10camphorsulfonyl substituent.

In the final chapter, Chapter 7, the induction of chirality into poly(2-methoxyaniline-5sulfonic acid) (PMAS) via acid-base interactions with a range of chiral bases is
investigated. Films evaporatively cast from aqueous solutions of PMAS mixed with
alkaloids, amino acids or adenosine are all found to be optically active, confirming
induction of chirality into the PMAS chains. The origin of this chiral induction is
discussed on the basis of the chiroptical properties of the PMAS.Chiral Base species
obtained.
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Chapter 1

Chapter 1
General Introduction

1.1 Conducting Polymers – An Overview
1.1.1 History of Conducting Polymers
Conducting polymers are a relatively new class of materials whose interesting metallic
properties were first reported in 1977, with the discovery of electrically conducting
polyacetylene (Table 1.1).1 This chance discovery occurred when a researcher
accidentally added too much catalyst while synthesising polyacetylene from acetylene
gas, resulting in a shiny metallic like substance rather than the expected black powder.
This shiny semi-conducting material was subsequently partially oxidised with iodine or
bromine vapours resulting in electrical conductivity values of up to 105 S cm-1, which is
in the metallic range.2 The importance of this discovery was recognised in 2000 when
the Nobel Prize for Chemistry was awarded to the scientists who discovered electrically
conducting polyacetylene in 1977: Alan MacDiarmid, Alan Heeger and Hideki
Shirakawa.3

Since the discovery of polyacetylene there has been much research into conducting
polymers and many new conducting polymers have been synthesised. The most
important, and common, of these are polypyrrole (PPy),4 polythiophene (PTh),5 and
polyaniline (PAn),6 the structures of which are shown in Table 1.1. There have been
many potential applications suggested for these materials, including sensors,7-10
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electrochromic devices,11,12 corrosion inhibitors,13-15 electrochemical actuators,16,17
electromagnetic shielding,18,19 polymeric batteries,20-22 and membrane separations.23-28
This wide range of applications is possible in part due to the ability to alter the
electrochemical, optical, chemical and mechanical properties of these polymers by
changing the monomer and/or dopant incorporated into the polymer.29

Table 1.1 Generalised structures of some conducting polymers (in undoped form).3
Name

Abbreviation

Polyacetylene

PAc

Structure

CH

CH

n

Polypyrrole

PPy

N
H
Polythiophene

PTh

S
Polyaniline

n

n

PAn

H
N
n

1.1.2 Synthesis of Conducting Polymers
Conducting polymers such as polypyrrole, polythiophene and polyaniline are generally
prepared by oxidation of a suitable monomer (Figure 1.1). In the vast majority of cases
2
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the oxidation is either chemical or electrochemical in nature, although limited examples
of photochemically and enzymatically-catalysed oxidative polymerisations have been
reported.3

+
y
X

-

mA

-

A

OXIDATION

Equation 1.1

X
n

m

where y = n x m

Figure 1.1 Oxidation of pyrrole to form polypyrrole (X = NH) or thiophene to form
polythiophene (X = S).

1.1.2.1 Electrochemical Polymerisation
Electrochemical polymerisation results in a film deposited on the working electrode
surface. The electrochemical method is the most useful as it provides greater control
over the rate of polymerisation and results in a more reproducible product. It also allows
the insertion of a much wider range of dopant anions as any anion present in the
reaction mixture can be incorporated into the polymer to maintain electrical neutrality.
The polymerisation of conducting polymers is classified as a free radical propagation
reaction and consists of a number of steps. These steps are clearly seen in the
mechanism for electropolymerisation of the 5-membered heterocycles thiophene and
pyrrole (Figure 1.2).
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Figure 1.2 Mechanism of polymerisation of pyrrole (X = NH) and thiophene (X = S)
forming polypyrrole and polythiophene, respectively.30
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The four steps involved in the mechanism of electropolymerisation (Figure 1.2) are:
Step 1: Oxidation of the monomer, resulting in formation of a radical cation
which exists in three resonance forms.
Step 2: The most stable of these resonance forms (the a-radical)31 couples with
another a-radical producing a dicationic dimer.
Step 3: The dicationic dimer undergoes a deprotonation reaction leaving a
neutral dimer.
Step 4: The neutral dimer is oxidised to a radical cation. This dimer couples with
other radical cations leading to chain propagation. Upon reaching a certain
length, the polypyrrole chain becomes insoluble and precipitates onto the
electrode surface.

The electropolymerisation of aniline occurs in a similar manner. Again, there are four
key steps involved in the reaction (Figure 1.3). These steps are:
Step 1: Oxidation of the monomer, resulting in the formation of a radical cation
which exists in three resonance forms.
Step 2: An oxidised aniline species with the radical cation centred on the
nitrogen atom couples with an oxidised aniline with an unpaired electron centred
in the para-position, forming a dicationic species. Deprotonation of this species
results in a neutral dimer.
Step 3: The neutral dimer is oxidised forming a radical cation, with the radical
cation centred on the nitrogen atom. This couples with an oxidised aniline with
an unpaired electron centred in the para-position, resulting in chain propagation.
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Step 4: The growing polymer chain is oxidised to a radical cation and doped
with HA.
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Figure 1.3 Mechanism for electropolymerisation of aniline forming polyaniline.3
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1.1.2.2 Chemical Polymerisation
Typically, chemical polymerisation uses a chemical oxidant such as FeCl 3 or
(NH 4 ) 2 S 2 O 8 , which simultaneously oxidises the monomer and provides the dopant
anion. This approach to producing conducting polymers is extensively used in industry
(e.g. by DSM, Mitsubishi Rayon, Ormecon Chemie), but is limited to the small number
of oxidants that can both oxidise the monomer and provide a suitable dopant. Chemical
oxidation most often results in the formation of a conducting polymer powder, which
generally displays lower conductivity than electrochemically prepared conducting
polymer.30 This is a result of the lack of control over the potential within the reaction
mixture, which may rise to a level that over-oxidises the polymer, as well as poor
doping control.32

The chemical polymerisation of pyrrole is thought to occur with a mechanism similar to
that for electropolymerisation (Figure 1.2). However, for polyaniline the mechanism of
chemical polymerisation is significantly different from that of the electropolymerisation
reaction.3 This difference occurs in the chain propagation and product formation steps
(Figure 1.4), as the initial product formed is pernigraniline salt.33,34 This pernigraniline
salt is reduced in a subsequent reaction with free aniline, giving emeraldine salt and a
radical cation of aniline.3
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Figure 1.4 Mechanism for the chemical polymerisation of aniline forming polyaniline.3

1.1.2.3 Other Polymerisation Methods
Other methods of polymerisation have been used for the preparation of conducting
polymers such as polyaniline and polypyrrole. The enzymatically catalysed synthesis of
polyaniline has been achieved with the enzyme horseradish peroxidase (HRP) and H 2 O 2
as an oxidant.35,36 This procedure was limited, however, by the fact that the products
were generally low molecular weight oligomers with extensive branching.

Recent

studies have overcome these limitations through the use of polyelectrolyte templates,
such as poly(styrene sulfonate) PSS or DNA, in the reaction mixture.37-40 The template
is thought to act by aligning the aniline molecules in such a way as to promote head-totail coupling while providing the localised low pH environment that is necessary for
PAn growth. Polyaniline has also been synthesised photochemically3,41,42; via electron
acceptors; with a plasma polymerisation method; and was also found to grow
spontaneously by an “electroless polymerisation” route on platinum or palladium foil.3
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Polypyrrole has also been prepared via enzymatic catalysis with bilirubin oxidase
(BOX).43 Pyrrole has also been found to undergo an acid-catalysed polymerisation
reaction in strong acid solutions (6.0 M HCl).44,45 This polymerisation occurs via a 2,5dipyrrol-2-ylpyrrolidine trimer intermediate and results in a brown non-conductive
powder. This insulating property is explained by the polymer possessing alternating
pyrrole and pyrrolidine units, with varying degrees of ring-opened units and nitrogen
loss.45

1.1.3 General Properties of Conducting Polymers
Conducting polymers as a class of materials have a number of properties in common,
even though their structures can differ greatly. The chief property they have in common
is the fact that, unlike traditional polymers, they conduct electricity. These polymers
also possess a high degree of conjugation along the polymer chain.46 This conjugation
gives rise to the electrical conductivity as it allows the efficient transfer of electrons (or
positive charges) along the polymer backbone. However, this conductivity only exists
when the polymer is in an oxidised state.47 The loss of an electron from a π-bond results
in the formation of a radical cation or polaron charge carrier (Figure 1.5). Electrical
conductivity arises from the delocalisation of these charge carriers, which are capable of
both inter- and intra-chain transfer.
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Figure 1.5 Radical cation (polaron) structures of polypyrrole and polyaniline.48
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The positive charge that arises during the formation of the polaron charge carriers
necessitates the incorporation of an anion into the polymer to maintain overall charge
neutrality in a process known as “doping”. The anions that are incorporated can be
anything ranging from small ions such as Cl-, to more complex ions including
proteins.47 The nature of the dopant has dramatic effects on the electrical, mechanical,
physical and morphological properties of the polymer.

Another feature common to all conducting polymers is that they are electroactive and
can exist in a number of stable oxidation states. In general, it is possible to reversibly
switch the polymer between these different oxidation states, resulting in changes in the
electrical, mechanical, physical, chemical and morphological properties of the
material.30 Figure 1.6 shows this redox cycling for polypyrrole.
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Figure 1.6 Redox cycling between the oxidised (conducting) and reduced (insulating)
forms of polypyrrole (where n is number of monomer units per positive charge, m
determines molecular weight and A- is dopant anion).
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1.2 Polypyrrole
1.2.1 General Overview
Polypyrrole is one of the most widely studied conducting polymers and has been well
characterised. This is in part due to the fact that it is known to exhibit a relatively high
conductivity of up to 100 S cm-1 and good environmental stability.49 Like most
conducting polymers, polypyrrole is electroactive and can act as an anion exchanger
(Figure 1.7). During the synthesis of polypyrrole, dopant anions (A-) are incorporated to
balance the positive charges that develop on the oxidised polymer. Upon reduction of
polypyrrole the positive charges are removed and hence the dopant anions are expelled
from the polymer.50-52 Upon reoxidation of the polymer, anions from the supporting
electrolyte will be incorporated to balance the developing positive charges.

However, if large and immobile dopants anions such as polyelectrolytes (PE-) are
incorporated into the polymer matrix during growth, then they will be almost
completely retained upon reduction of the polymer (Figure 1.7). In order to maintain
charge neutrality, cations (X+) from the surrounding solution are therefore taken up by
the polymer. These cations will be expelled from the polymer when it is reoxidised,
opening up the possibility of using these polymers as cation-exchangers.53
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Figure 1.7 Redox cycling of polypyrrole with different ion exchange properties (where
n is number of monomer units per positive charge, m determines molecular weight, A- is
a dopant anion, PE- is a large dopant anion such as a polyelectrolyte, X+ is a cation).

Polypyrrole varies in colour from pale yellow for the fully reduced (de-doped) form to
black for the fully oxidised (doped) form. The UV-vis spectrum of polypyrrole has been
found to be highly dependent upon the doping level of the polymer.3 Fully doped
polypyrrole generally shows three absorption bands: a low wavelength (ca. 350 nm) ππ* transition and two bipolaron bands at ca. 475 nm and 1240 nm. However, the
position and shape of these bands is highly dependent on the environment the polymer
is in. For example, polypyrrole films on a hydrophilic glass surface have been shown to
have a bipolaron absorption band at 1180 nm, while similar films on hydrophobic
silanised glass surfaces have an intense free carrier tail that extends well into the nearinfrared (2600 nm).3 This is thought to signify a shift in the conformation of the
polymer chains from “compact coil” to “extended coil”.
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The rigidity of the polypyrrole backbone means that it is an intractable material in the
conducting state.54 Polypyrrole is generally insoluble in water and common organic
solvents, and does not melt upon the application of heat, but instead decomposes. This
is due to a high degree of both ionic and covalent cross-linking.3,50 There are also
usually strong inter-chain interactions within polypyrrole that tend to cause aggregation
to form non-uniform particles.55 In many cases this has meant that polypyrrole is yet to
come close to realising its potential and therefore there is much interest in preparing
more processable polypyrroles.50 Some progress has been made in this area through
counter-ion induced solubility as well as from functional pyrrole monomers.3,56 The
preparation of colloidal dispersions of polypyrrole has also been investigated.

1.2.2 Colloidal Polypyrrole
Colloidal systems consist of a dispersed phase distributed uniformly throughout a
dispersion medium and have at least one component whose average size is in the range
of one nanometre to one micrometre.57,58 This should be compared to solutions, in
which the size range of the species present is less than one nanometre, and suspensions
where the size range of the species present is greater than one micrometre.59

Colloidal dispersions are generally stabilised by steric stabilisation, charge stabilisation
or Brownian motion. Steric stabilisation involves the absorption of a polymeric material
onto the outside of the colloidal particles, thereby providing a “buffer” zone that
prevents interactions between colloidal particles and hence stops aggregation. Charge
stabilised colloids are stable as a result of the repulsive electrostatic forces that arise
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between particles having the same charge. Brownian motion of very small particles
keeps them in constant motion and prevents settling of the particles.59

Polypyrrole colloids have been produced by many researchers.32,60-70 They generally fall
into two categories. The first category consists of polypyrrole surrounded by either a
physically adsorbed or chemically bound (acting as a dopant) layer of inert polymeric
surfactant. Alternatively, they may consist of a thin polypyrrole coating applied to the
surface of another colloidal dispersion such as silica or a polymeric latex. The latter is
said to be a “core-shell” morphology.50 These colloidal dispersions of polypyrrole
represent a good way of preparing a more processable polymer for potential applications.

1.3 Polyaniline
1.3.1 General Overview
Polyaniline was first discovered in 1835 and used as a dye, known as “aniline black”,
for cotton.3 Studies on this compound in the early part of the 20th century led to a
proposed octamer structure and the discovery of different oxidation states.71,72 Electrical
conductivity in polyaniline was not discovered until much later.73,74 The structure now
generally accepted for polyaniline can be seen in Figure 1.8.

Polyaniline is unique among the conducting polymers as it exhibits two reversible forms
of doping to form the only conductive state, emeraldine salt.3 Chemical or
electrochemical oxidation (p-type doping) of the fully reduced leucoemeraldine base
leads to the conductive form known as emeraldine salt, while the complete protonation
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(protonic doping) of emeraldine base by a protonic acid also gives emeraldine salt. The
relationship between the different redox forms of polyaniline is shown in Figure 1.8.

Polyaniline is the only conducting polymer to exist in three stable oxidation states.3
These oxidation states are also generally affected by the pH of the environment. The
five common forms are readily interchangeable via redox cycling or changes in pH. The
changes in polymer form are accompanied by colour changes, with leucoemeraldine
base being yellow, emeraldine base being blue, emeraldine salt green, pernigraniline
base violet and pernigraniline salt blue.3
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Figure 1.8 Redox and pH switching of polyaniline between its various forms.

Ultraviolet-visible-near infrared (UV-Vis-NIR) spectroscopy provides an easy method
of determining the oxidation state of polyaniline.75 Leucoemeraldine base exhibits only
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one absorption band in its UV-Vis spectrum above 300 nm. This peak is centred at ca.
320 nm and is assigned to a π-π* electronic transition between the valence and
conduction bands of the polymer. Emeraldine base shows a similar π-π* band plus a
second strong band at ca. 600 nm attributed to an intramolecular charge transfer exciton
associated with the quinoid rings. Pernigraniline base also exhibits a π-π* band at ca.
320 nm, as well as a Peierls gap transition at ca. 530 nm. Pernigraniline base can be
protonated in acid solutions to form a blue polymer, pernigraniline salt. Upon such
protonation, the initial band at ca. 530 nm is replaced by a strong band at ca. 700 nm.
Emeraldine salts typically show three absorption bands. These are a π-π* transition at ca.
330 nm, a π-polaron transition at ca. 430 nm and a polaron-π* transition at ca. 800
nm.3,76

Although the above mentioned features are generally seen in the UV-Vis-NIR spectra of
the different forms of polyaniline, the measured spectrum is highly dependent on the
conformation of the polymer, as conjugated polymers tend to show a high degree of
coupling between the electronic and geometric properties. The effect changes in chain
conformation have on the UV-Vis-NIR spectra of polyaniline are clearly seen in
emeraldine salts, where the “compact coil” form of the polymer has a localised band in
the region 750 to 850 nm, whereas the “extended coil” form of the polymer has a broad
absorption in the NIR ranging from 1500 to 2500 nm.3

The conformation of polyaniline has been found to be affected by treatment with
“secondary dopants” such as m-cresol. PAn.(±)-HCSA (HCSA = 10-camphorsulfonic
acid) films cast from NMP, DMF or DMSO solvents show a UV-Vis-NIR spectrum
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typical of the “compact coil” form of emeraldine salt, with a localised peak at ca. 700
nm. However, PAn.(±)-HCSA films cast from m-cresol solutions show spectral
characteristics of the “extended coil” conformation, with a strong, broad NIR absorption
band at wavelengths greater than 1000 nm.76,77 This change in the polymer chain
conformation is also reflected in a dramatic increase in the conductivity of the polymer
from approximately 1 S cm-1 to nearly 150 S cm-1.76,77 The effect of m-cresol is believed
to arise from H-bonding between the hydroxyl group of m-cresol and the carbonyl
group of HCSA, combined with π-stacking of the benzene rings in m-cresol and the
polyaniline chain.78,79

Polyaniline is generally insoluble in most common organic and aqueous solvents.
Green and Woodhead first reported the solubility of polyaniline in 80% acetic acid, 60%
formic acid, pyridine and concentrated sulphuric acid.71 Later studies found limited
solubility of emeraldine base in NMP, DMF, THF, benzene and chloroform.80 However,
emeraldine salt doped with inorganic acids proved to be insoluble. In 1993 Heeger et al.
found that doping PAn with a surfactant-like acid such as HCSA or dodecylbenzene
sulfonic acid (DBSA) produced an emeraldine salt that was soluble in m-cresol, NMP,
DMSO, and xylene.81,82 However, the general lack of solubility in everyday solvents has
limited the development of potential applications for polyaniline.

1.3.2 Substituted Polyanilines
Substituted polyanilines have been investigated as a means of overcoming the
limitations of polyaniline caused, primarily, by the difficulty in processing the polymer,
which is largely insoluble in commonly used solvents.3 This lack of solubility limits the
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potential industrial applications of polyaniline. The use of substituents such as alkyl or
alkoxy chains or polar substituents is seen as a means of improving both the solubility
of polyanilines in organic and aqueous media, and the processability of these materials.

1.3.2.1 Ring-substituted Polyanilines
Substitution of the hydrogen atoms on the arene rings of polyaniline has been
extensively studied and found to affect the properties of the polymer.83-101 These
substituted polyanilines (Figure 1.9) have been formed from both substituted aniline
monomers83,88,92-101 and via modification of pre-formed polyaniline.84-87,89-91
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Figure 1.9 Structures of some ring-substituted polyanilines.
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Alkyl- and alkoxy-substituted polyanilines (e.g. Figure 1.9) such as poly(mmethylaniline) and poly(o-ethoxyaniline) have been extensively studied and are
prepared both electrochemically and chemically.88,97-105. Electropolymerisation has also
been used to prepare the novel polyaniline, poly(aniline-co-2,2-dithioaniline) for which
the dithio- group provided a link between adjacent polymer chains.94 Carboxylic acid
substituted aniline monomers have also been polymerised via electrochemical means,
forming polymers with properties quite different from those of unsubstituted polyaniline,
including electroactivity in neutral and basic solution.83,95,96

Both chemical86 and electrochemical92,93 polymerisation have been used to prepare
poly(2-methoxyaniline-5-sulfonic acid) (PMAS). This polymer is of great interest as the
sulfonic acid group in the repeat unit results in a water soluble polymer. Polymerisation
is carried out in solutions with a pH of 4 to 5 to overcome the poor solubility of the
monomer in water or strongly acidic media. Chemical polymerisation results in a
polymer with an average molecular weight of 10,000 Da and a conductivity of 0.01 S
cm-1.86 Electropolymerisation of the monomer provides a material with similar
conductivity, but a slightly higher average molecular weight of 15,000 Da.93 The UVvis spectrum of this polymer differs dramatically from that of polyaniline. Unlike the
spectra described above for PAn, PMAS exhibits a broad peak in the region 330 to 400
nm and a sharp peak at ca. 473 nm. There is also a broad absorption band at
wavelengths greater than 1000 nm, sometimes with a maximum at 1500 to 2000 nm.106

The sulfonation of pre-formed polyaniline, in either its leucoemeraldine or emeraldine
base forms, has also been used to prepare sulfonated polyaniline (SPAN).84,85,89,90 This
polymer is again of great interest as the sulfonic acid groups provide water solubility.
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Substitution reactions have also been used to introduce many other functional groups,
including

dodecylthio-,

mercaptoacetic

acid,

n-propylamine,

2-aminopyridine,

pyrrolidine and piperidine, onto polyaniline chains.87,89,91

1.3.2.2 N-substituted Polyanilines
Substitution of the nitrogen atom on the polyaniline chain is a facile way of improving
the processability of these materials. Many examples of this type of substitution have
been

reported

(Figure

1.10).88,107-117

Ohsaka

et

al.

have

reported

the

electropolymerisation of various N,N-disubstituted anilines forming insoluble cationic
polymers (e.g. Poly[N,N-dibutylaniline] and Poly[N-methyl-N-ethylaniline], Figure 1.10)
that functioned as anion exchangers.107-109 Malinauskas and Holze electropolymerised
N-methylaniline to form a polymer showing similar UV-vis spectral features to
polyaniline.112 The same researchers also electropolymerised N-(3-sulfopropyl)aniline,
forming a water-soluble polymer.113 N-ethylaniline has been electropolymerised by
Athawale et al., again forming a polymer {poly(N-ethylaniline), Figure 1.10} with
similar UV-vis spectral features to polyaniline,114 while Zheng et al. electrodeposited
poly(N-acetylaniline) from acidic solution.117 The acetyl group of this latter polymer
was reactive and the researchers were able to attach β-cyclodextrin molecules onto the
polymer.
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Figure 1.10 Structures of some N-substituted polyanilines.

N-substituted polyanilines have also been prepared via chemical substitution reactions
on polyaniline.110,111,116 Oka et al. and Zheng et al. reacted leucoemeraldine base with
alkyl halides to successfully prepare organically soluble polyanilines.110,111 These
polymers {e.g. poly(N-dodecylaniline)} had alkyl chains ranging from four to eighteen
carbons in length attached to the nitrogen atoms of the aniline residues. Lin and Chen
prepared a water-soluble polyaniline by reacting emeraldine base with o-sulfobenzoic
anhydride.116 This polymer, poly(aniline-co-N-benzoylsulfonic aniline) (Figure 1.10),
again showed similar UV-vis spectral features to the parent polyaniline.

1.4 Optically Active Conducting Polymers
1.4.1 Chirality
Molecules that cannot be superimposed on their mirror images are said to be chiral and
the mirror images are termed enantiomers.118 Enantiomeric compounds exhibit identical
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physical properties such as melting point, boiling point and solubility in achiral solvents.
Their interactions with achiral substances are also identical. However, they can be
distinguished from one another by their interaction with polarised light. An enantiomer
of a chiral molecule will rotate plane-polarised light in one direction, while the opposite
hand of the compound will rotate the light in the opposite direction. This phenomenon is
known as optical activity and was first observed by Louis Pasteur.118 In the case of
circularly polarised light, enantiomers absorb left- or right-handed circularly polarised
to a different extent. This differential absorption is measured in a technique known as
circular dichroism spectroscopy.119

Chiral molecules have very important implications in biological systems, since
biological systems tend to favour one hand of a chiral molecule over the other. This is
clearly seen for amino acids within the body where only L-amino acids are used as the
building blocks of proteins.120 The chirality of many biological molecules such as amino
acids, carbohydrates, proteins, hormones, and nucleic acids is now well established.121
The importance of chirality in biological systems is also seen in the high number of
chiral compounds used in the agricultural and pharmaceutical industries. The
importance of understanding chirality was highlighted in an example from the
pharmaceutical industry where failure to distinguish between the enantiomers of the
drug thalidomide (Figure 1.11) had disastrous consequences. This drug was
administered to pregnant women in the late 1950’s as a racemic mixture for the
treatment of morning sickness. It was later found that although the (+)-enantiomer had
the desired effect, the (-)-isomer caused birth defects.122
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Figure 1.11 Structures
of the enantiomers of the drug thalidomide.
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There are four main types of chirality in molecules. These are central chirality, planar
chirality, axial chirality and helical chirality. In the study of conducting polymers the
most important forms of chirality are those of central chirality and helical chirality.
Central chirality arises when a tetrahedral atom has four different groups attached to it
(e.g. a-amino acids such as alanine, Figure 1.12). A helical molecule can adopt either a
left- or a right-handed twist giving rise to helical chirality. This type of chirality is found
in DNA and proteins and in synthetic polymers such as conducting polymers. The
induction of chirality in conducting polymers may occur via several routes, such as the
presence of a chiral substituent on the monomer repeat units, a chiral dopant, or acidbase interactions with chiral molecules.
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Figure 1.12 Enantiomers of the amino acid alanine.

1.4.2 Chiral Substituents on Conducting Polymers
The first reports of chiral polypyrroles prepared by the polymerisation of pyrrole
monomers bearing optically active substituents were by Elsenbaumer et al. and Salmon
and Bidan in 1985.123,124 Since that time, the preparation of optically active conducting
polymers in this manner has been extensively studied for both polypyrrole and
polythiophene.123-143 A selection of these monomers is shown in Figures 1.13 and 1.14.
Initial studies suggested that the presence of a chiral substituent on the pyrrole or
thiophene monomer induced a one-handed helical structure onto the polymer chains.
However, more recent studies by Meijer et al. suggest that for chiral polythiophenes the
observed optical activity arises from the formation of supramolecular chiral aggregates
rather than a one-handed helix.125-129 This approach to the preparation of optically active
conducting polymers (namely the covalent attachment of chiral substituents to the
appropriate monomer before polymerisation) has, to date, not been used for polyanilines.
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Figure 1.13 Structures of some chiral pyrrole monomers used to prepare chiral
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Figure 1.14 Structures of some chiral thiophene monomers used to prepare chiral
polythiophenes.
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1.4.3 Chiral Dopants for Conducting Polymers
The induction of chirality in polypyrrole via the incorporation of optically active dopant
anions has not been studied to the same extent as for chiral polypyrrole monomers. Kato
et al., Zhou et al., and Aboutanos et al. have examined the doping of polypyrrole with
(+)- and (-)-tartaric acid and (-)-mandelic acid.144-146 The polypyrroles formed were
found to be only weakly optically active and had poor mechanical properties. A
different approach was used by Piao et al. to form chiral polyacetylenes.147,148 The
addition of axially chiral molecules and metal complexes as dopants for nematic liquid
crystals formed a chiral solvent. The polymerisation of acetylene within this solvent
resulted in the formation of a one-handed helical form of polyacetylene.

The majority of success stories where chiral dopant anions have been used as chiral
inducers in conducting polymers involve polyaniline. Since the first report of optically
active polyaniline doped with enantiomerically pure 10-camphorsulfonic acid by Majidi
et al.,149 and Havinga et al.,150 there has been a great deal of interest in these materials
and many new chiral dopants have been used.97-101,151-164 A selection of these dopants is
shown in Figure 1.15.
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Figure 1.15 Structures of some chiral dopants used to generate optically active
polyanilines.

Optically active polyanilines containing chiral dopants have been prepared by the
doping of pre-formed emeraldine base97,98,150-152, via electropolymerisation of aniline
monomer in the presence of the chiral dopant,149,153 or by chemical polymerisation in
the presence of the chiral dopant.156 The optical activity of these polyanilines is believed
to arise via induction of a one-handed helix in the polymer chains. It is thought that the
dopant interacts with the chain via electrostatic interactions and H-bonding, thereby
forcing the polymer chain to preferentially adopt a one-handed helical structure.98,152,153

The optically active emeraldine salts exhibit characteristic circular dichroism (CD)
spectra. For example, PAn.(+)-HCSA typically exhibits bisignate bands at ca. 720 nm
and 800 nm (associated with the high wavelength polaron band at ca. 775 nm). Also,
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overlapping bisignate bands are observed at lower wavelengths (with a strong band at ca.
450 nm) associated with the low wavelength polaron band and the π-π* absorption
band.149,151 The CD bands observed for polyaniline are usually bisignate, having a
positive and a negative component. Bisignate CD bands arise from exciton coupling
between chromophores, located near one another in space, resulting in a splitting of the
electronic excited state for the molecule and hence the observed positive and negative
Cotton effect for the CD band.165 In conducting emeraldine salts, exciton coupling may
occur via intrachain coupling between polaron chromophores on the same polymer
chain, or through interchain coupling between such chromophores on adjacent polymer
chains. Chiral polyanilines in other oxidation states (fully reduced leucoemeraldine and
fully oxidised pernigraniline) have also been reported and their CD spectra
characterised.155

1.4.4 Chirality via Acid-base Interactions
Another method used for the preparation of optically active conducting polymers is
through acid-base interactions. The water soluble conducting polymer, poly(2-methoxy5-anilinesulfonic acid) (PMAS), has recently been prepared in an optically active form
via the interaction of the acidic SO 3 H groups on the polymer chain with the chiral
amines and amino alcohols shown in Figure 1.16.92,106 Optical activity was generated in
the polymer by polymerisation in the presence of the chiral base92,106 or by mixing the
pre-prepared ammonium (NH 4 +) salt of PMAS with the chiral base.106 Optical activity
was only observed when the polymer was in the solid state, presumably due to only
weak interactions between the polymer SO 3 H groups and the chiral bases in aqueous
solution.106
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Figure 1.16 Structures of some chiral amines and amino alcohols used to generate
optical activity in PMAS via an acid-base interaction.106

1.5 Potential Applications for Conducting Polymers
1.5.1 Membrane Separations
Studies of polypyrrole in the early 1980’s first showed that the ionic permeability of
conducting polymers could be controlled via redox switching of the polymer.23,24
Further research has led to the development of conducting polymer membranes (both
free-standing and supported) for the transport of ions and molecules.25-28,49,53,166-185
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Wallace et al. have extensively studied the transport of metal ions and small molecules
across polypyrrole and polyaniline membranes.25-28,53,173-176,179,180,182-185

Initial studies by Wallace et al. looked at the transport of K+ ions across stand-alone
membranes composed of polypyrrole doped with p-toluenesulfonate (PTS).25 In the
absence of applied potentials no transport was observed. However, application of a
constant reducing potential resulted in the transport of a small amount of K+ ions. This
transport was not sustainable as the membrane became fully reduced. The application of
a pulsed potential that alternately reduced and oxidised the conducting polymer did,
however, result in enhanced transport of K+ ions. As PTS-doped polypyrrole can act as
a cation exchanger due to the size and immobility of the dopant anion, it was proposed
that during the reduction of the polypyrrole membrane, K+ ions were incorporated into
the polypyrrole to maintain charge neutrality. Upon reoxidation, K+ was expelled from
the membrane into both the feed and permeate solutions. Repeated potential pulses
resulted in increasing amounts of the K+ in the permeate solution.

Further studies investigated the effect that changing conditions, such as potential pulse
parameters, polymer type and dopant anions, had upon the transport of K+ ions. The
transport of other species such as other metal ions such as Li+, Na+, Rb+ and Cs+ , or
small molecules, across membranes was investigated.26,173,176,179 These studies were
limited by the poor mechanical properties of the membranes, necessitating the
development of composite membranes.186 These composite membranes were composed
of non-conductive polyvinylidene fluoride (PVDF) onto which a thin layer of platinum
was sputter-coated. The conducting polymer was then grown electrochemically onto
this platinum surface.
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Wallace et al. later investigated the transport of metal ions across composite membranes
with increasingly exotic dopants, including polyelectrolytes such as polyvinylphosphate,
metal

complexing

agents

such

as

8-hydroxyquinoline-5-sulfonic

acid

or

bathocuproinedisulfonic acid, and even salmon sperm DNA.53,184,185,187 With these
membranes the transportation of metals such as manganese, iron, cobalt, nickel, copper,
zinc, and gold, and the separation of mixtures of metals such as copper and iron was
possible.184,185,187,188

Other interesting transport results have been obtained using different transport systems
and conditions. Stassen et al. have reported the electrochemically controlled transport of
dopamine across a polypyrrole membrane,178 while Wallace et al. reported the transport
and separation of proteins with a PTS-doped polypyrrole membrane.183 The transport of
ions and molecules across conducting polymer membranes is clearly an area with a
large number of potential avenues of investigation.

1.5.2 Chiral Separations
The importance of chirality within chemistry necessitates the ability to separate and
differentiate between racemic mixtures of these compounds. Enantioselective polymer
membranes have been used for this purpose.189 Generally these membranes consist of a
thin layer of chiral polymer coated onto an achiral, non-selective support membrane.
Enantiospecific interactions between chiral compounds and the chiral polymer result in
the preferential diffusion of one hand across the membrane. In this manner racemic
mixtures of amino acids have been successfully separated with an optically active
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poly(amino acid) membrane.190,191 This poly(amino acid) was thought to adopt an
ordered a-helix structure.

Recently, Ogata et al. have reported the use of conducting polymer membranes for the
separation of racemic mixtures of amino acids.192,193 In these studies, polypyrrole doped
with dextran sulfate or poly(L-glutamic acid) was deposited onto platinum-coated
PVDF membranes. L-tryptophan was found to preferentially diffuse across these
membranes. This chiral recognition was believed to arise from the ordered a-helix
structures of the dopant anions. Other chiral conducting polymers may show similar
discrimination properties. The development of helical polymers with chiral recognition
properties, such as poly(triphenylmethyl methacrylate), as chiral stationary phases for
chromatographic

separations

has

been

of

great

interest.

For

example,

poly(triphenylmethyl methacrylate) has successfully been used as a stationary phase for
the separation of racemic esters, amides and alcohols by HPLC.194-196

Kaner et al. have recently reported that optically active polyanilines show selective
interactions with racemic mixtures of amino acids such as phenylalanine.162,197 The
enantiomer that was incorporated into the polyaniline could then be released with an
organic solvent. These properties may be useful in the use of chiral conducting
polymers as chromatographic stationary phases.

1.5.3 Asymmetric Electrosynthesis
The importance of chirality in chemical compounds was discussed above. Clearly, the
production of enantiomerically pure compounds is of great interest. Although
enantiomerically pure compounds are often readily produced via organic chemical
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synthesis,118 asymmetric electrosynthesis would offer a number of advantages. For
example, electrode processes are generally cleaner than corresponding chemical
reactions, with less clean-up required for the product. A requirement for asymmetric
electrosynthesis is a chiral environment in the vicinity of the electron transfer reaction.

Courly et al. first reported the asymmetric electrosynthesis of chiral compounds in
1967.198 Since then, only a few studies have looked further at asymmetric
electrosynthesis.199-209 In these studies three main methods for preparing an asymmetric
reaction environment have been proposed, namely the use of chiral solvents200, chiral
supporting electrolytes200 or electrodes modified with chiral compounds by
adsorption,199,202,203,206 covalent modification,201,204,205 or polymer coating.207-209 By far
the most successful of these methods has been the polymer coating of platinum
electrodes with a combination of covalently attached polypyrrole and poly(L-valine).
Using these electrodes optical yields of up to 93% were obtained.209 Optically active
conducting polymers have also been used recently as electrodes for asymmetric
electrosynthesis.133 Although these latter studies with optically active polypyrroles did
not produce large optical yields, there is clearly a wide scope for further research into
this area with the large number of optically active conducting polymers that have now
been produced.

1.5.4 Electrochemically-controlled Drug and Chemical Reservoirs
The redox switching capabilities of conducting polymers opens up the possibility of
using them as redox-switched “reservoirs” of drugs and chemicals. This possibility has
been investigated in a number of studies.210-213 Reynolds et al. found that the rate of
release of a model drug, adenosine-5′-triphosphate (ATP), from polypyrrole could be
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controlled electrochemically.210,211,213 Huang et al. similarly found that the release of 5fluorouracil from polypyrrole was also able to be controlled electrochemically.212

1.6 Aims of this Project
This thesis explores the development of conducting polymers for potential applications
in separations. It covers two major areas of conducting polymer chemistry. The first
focuses on polypyrrole, in particular the development of polypyrrole membranes for the
separation of metal ions, while the second area explores the development of novel chiral
polyanilines for potential uses in chiral separations.

The specific aims of this project were to:
(a) Electrochemically synthesise and characterise polypyrroles doped with sulfated
cyclodextrins that possess different cavity sizes;
(b) Examine the transport of metal ions across membranes prepared from the above
polypyrroles, and thereby determine the effect of changing the cyclodextrin
dopant on the porosity and selectivity of the membranes to metal ions;
(c) Characterise polypyrrole dispersions formed by electroless polymerisation of
pyrrole in the presence of a sulfonated calixarene;
(d) Prepare and characterise optically active polyanilines doped with adenosine-5’triphosphate and related biological phosphates;
(e) Prepare and characterise optically active polyanilines in which the polymer
chirality has been induced by the covalent attachment of a chiral substituent to
aniline nitrogen centres;
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(f) Investigate chiral induction via the acid-base interaction of sulfonic acid groups
on poly(2-methoxyaniline-5-sulfonic acid) (PMAS) with a range of basic
molecules, including alkaloids, amino acids and adenosine.
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Chapter 2
General Experimental

2.1 Introduction
In this chapter a brief description of the materials used throughout this work will be
provided. Also included are general details of the experimental procedures employed for
the electrochemical and chemical preparation of the polymers described in this thesis, as
well as the spectroscopic, electrochemical and other methods of characterisation used.
Specific details of particular procedures will be outlined in the experimental section of
each individual chapter.

2.2 Materials
2.2.1 Monomer Purification
Pyrrole and aniline were obtained from Merck and the Aldrich Chemical Company,
respectively. Both were distilled and stored in a freezer prior to use.

2.2.2 Reagents
All chemicals and reagents employed, unless otherwise noted, were obtained from the
Aldrich Chemical Company and used as received. Ajax Chemicals supplied all aqueous
acids and aqueous ammonia. Cellulose dialysis tubing with a 12000 Da molecular
weight cut-off was obtained from Sigma Chemicals.
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2.2.3 Solvents
Spectroscopic grade ethanol, methanol and chloroform were purchased from Ajax
Chemicals and used as supplied. Spectroscopic grade 1-methyl-2-pyrrolidinone (NMP)
was obtained from the Aldrich Chemical Company and used as supplied. Deuterated
chloroform (CDCl 3 ) containing 0.05 % v/v TMS was obtained from Cambridge Isotope
Laboratories, Inc. Most water was purified using reverse-osmosis (RO). However, for
all transport and AAS work, MilliQ grade water (18 MΩ resistance) was used.

2.2.4 Electrodes
A variety of electrode materials was used as working electrodes. These included
platinum (Pt) discs (1.5 mm diameter) obtained from Goodfellow Ltd, stainless steel
plates cut from stainless steel supplied by BHP Steel Ltd, and indium-tin-oxide coated
glass (10 Ω resistance) obtained from Delta Technologies Ltd. For growing thick
polypyrrole

membranes,

working

electrodes

prepared

by

sputter-coating

poly(vinylidene fluoride) (PVDF) with platinum were used. Auxiliary electrodes used
included platinum and stainless steel mesh. Ag/AgCl electrodes obtained from
Bioanalytical Systems Ltd were used as reference electrodes, always in conjunction
with a 3 M NaCl salt bridge.

2.3 Synthesis of Polypyrrole
2.3.1 Electrochemical Polymerisation
Potentiostatic, potentiodynamic and galvanostatic synthesis of thin polymer films on Pt
disc and ITO-glass electrodes was carried out using an EG&G Princeton Applied
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Research (PAR) Model 263A potentiostat/galvanostat and a personal computer running
M270 software for data collection. Galvanostatic polymerisation of thicker, polymer
membranes on stainless steel plates or Pt-coated PVDF was performed with an EG&G
PAR 363 potentiostat/galvanostat. Electrochemical polymerisation of polypyrrole was
typically carried out using a three-electrode electrochemical cell such as that shown in
Figure 2.1.

Reference electrode
in
salt bridge
Working electrode

Figure

2.1

Three-electrode

Auxiliary electrode

electrochemical

cell

used

for

electrochemical

polymerisation.

Solutions used for polymerisation typically contained 0.2 M pyrrole and an electrolyte
that provided the dopant. Upon completion of polymerisation, thin polymer films were
washed with RO-purified water before further use. After synthesis, polymer membranes
were washed with RO-purified water and then soaked and stored in a 50 % (v/v)
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ethanol/water solution until required. Potentiodynamic polymerisation of thin films was
carried out by applying a potential sweep between 0.0 V and 1.0 V, typically at 100
mV s-1 total of five positive and five negative sweeps. Potentiostatic polymerisation of
thin films was performed by applying a potential of 0.80 V for a pre-determined period
of time.

Galvanostatic polymerisation of polypyrrole films and membranes was

accomplished by applying a current density of 2 mA cm-2. In some instances, when it
was not necessary to record the potential that developed during synthesis, a twoelectrode cell consisting of working and counter electrodes (shown in Figure 2.2) was
used.

Working electrode

Counter electrode

Figure 2.2 Two-electrode electrochemical cell used for galvanostatic polymerisation.

Galvanostatic deposition of polypyrrole onto platinised-PVDF, to produce thick
membranes to be used in transport experiments was performed using an in-house
designed two-electrode electrochemical cell shown in Figure 2.3.
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Stainless steel mesh
counter electrode

Pt-coated
PVDF membrane
(working electrode)

Pt wire
(working electrode)

Figure 2.3 Two-electrode electrochemical cell used for galvanostatic polymerisation of
Pt-PVDF supported polypyrrole membranes.

Polymerisation was carried out by applying a current density of 2 mA cm-2 to solution
containing 0.2 M pyrrole and the required dopant.

2.3.2 Electroless Polymerisation
It was found that polypyrrole could also be prepared by electroless polymerisation. A
typical electroless polymerisation experiment involved a solution containing 0.2 M
pyrrole and 1.7 mM calix[6]arene-4-sulfonic acid (C6S). After 2 weeks the product was
filtered off and stored for later use. Modifications to this procedure involved the
addition of a stabiliser to the solution. Typically 0.3 % (w/v) poly(vinyl alcohol) (PVA),
poly(styrene-4-sulfonate) (PSS) or poly(vinyl pyrrolidinone) (PVP) was added. When a
stabiliser was used, sample clean-up involved dialysis against water. Electroless
polymerisation was also employed to coat platinum electrodes by placing the electrode
in the polymerisation mixture for a number of days.
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2.4 Synthesis of Polyanilines
2.4.1 Chemical Polymerisation
Synthesis of Emeraldine Salt
The emeraldine salt form of polyaniline was synthesised chemically by oxidative
polymerisation. Aniline (20 mL) was dissolved in 250 mL of aqueous 1.0 M HCl
solution and then cooled to approximately 4ºC in an ice bath. A second solution
containing 45.6 g of ammonium persulfate in 250 mL of aqueous 1.0 M HCl was
prepared. This was then added dropwise to the chilled aniline solution over a period of
60 min with stirring. After the addition of all of the ammonium persulfate solution, the
reaction mixture was stirred for a further 3 hours. The precipitated PAn.HCl was
collected via suction filtration and washed with 1.0 M HCl followed by three 100 mL
aliquots of a 50% (v/v) methanol/water mixture to remove any oligomeric impurities.

Preparation of Emeraldine Base
Emeraldine base powder was prepared by alkaline de-doping of PAn.HCl emeraldine
salt. This was accomplished by stirring the emeraldine salt in a 1.0 M NH 4 OH or 1.0 M
NaOH solution for 8 hours. The blue product was collected via suction filtration and
washed with 1.0 M NH 4 OH or 1.0 M NaOH. The powder was then dried under vacuum
for 24 hours at room temperature and stored in a freezer for later use. Emeraldine base
films were prepared by placing an emeraldine salt film in either 0.1 M NaOH or 1 M
NH 4 OH for between 30 min and 24 hours. The films were then rinsed with water and
allowed to dry before use.
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Preparation of Leucoemeraldine Base
Leucoemeraldine base powder was synthesised by placing 0.5 g of emeraldine base
powder in a glass mortar and adding 2.5 mL of phenylhydrazine, then grinding the
mixture with a glass pestle for 5 min. The slurry was then stirred for 1 hour before
filtering off the leucoemeraldine product, which was washed with ethanol and dried by
suction. Films of leucoemeraldine base were prepared by allowing emeraldine salt films
to stand in aqueous 0.1 M N 2 H 4 for 1 hour. Films were normally used immediately after
removal from the N 2 H 4 solution, as they re-oxidise rapidly in air.

Preparation of Pernigraniline Base
Films of pernigraniline base were prepared by placing emeraldine salt films in an
aqueous solution containing 0.05 M (NH 4 ) 2 S 2 O 8 and 0.1 M NaOH for 1 hour. Films
were normally used immediately after removal from the ammonium persulfate solution.

Preparation of Pernigraniline Salt
Films of pernigraniline salt were prepared by placing emeraldine salt films in a solution
containing 0.05 M (NH 4 ) 2 S 2 O 8 and 0.1 M HCl and leaving them for 1 hour. Films were
normally used immediately after removal from the ammonium persulfate solution.

Synthesis of Poly(2-methoxyaniline-5-sulfonic acid) (PMAS)
PMAS was prepared using a procedure similar to that used for the preparation of the
emeraldine salt form of PAn.1 40.6 g of 2-methoxy-5-sulfonic acid (MAS) was
dissolved in 100 mL of 2.5 M aqueous pyridine. This solution was cooled to
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approximately 4ºC with an ice bath, and a solution containing 45.6 g of ammonium
persulfate in 180 mL of water was added with vigorous stirring over 60 minutes. The
reaction mixture was stirred overnight and the precipitate (PMAS) collected via suction
filtration before being washed with methanol. The product was dried under vacuum for
12 hours at 30ºC. The reduced form of PMAS was prepared by placing PMAS films in
0.1 M aqueous N 2 H 4 for 1 hour, with the resulting film used immediately after removal
from the N 2 H 4 solution, to minimise re-oxidation in air. The oxidised form of PMAS
was prepared by placing PMAS films in 0.1 M aqueous (NH 4 ) 2 S 2 O 8 for 1 hour. Films
prepared by this method were used immediately after removal from the ammonium
persulfate solution.

2.4.2 Electrochemical Polymerisation
Potentiostatic, potentiodynamic and galvanostatic polymer synthesis on a Pt disc or ITO
electrodes was carried out using an EG&G Princeton Applied Research (PAR) Model
263A potentiostat/galvanostat and a personal computer running M270 software. Either a
three-electrode electrochemical cell such as that shown in Figure 2.1, or a two-electrode
electrochemical cell (Figure 2.2) was used. Polymerisation solutions contained 0.2 M
aniline and an acid (HA) of varying concentration. Galvanostatic polymerisation of thin
polyaniline films was accomplished by applying a current density of 2 mA cm-2 to the
working electrode for a pre-determined period of time. Thin films composed of
polyaniline were prepared potentiostatically by applying a potential of 1.0 V to the
working electrode for a set period of time. Potentiodynamic polymerisation of
polyaniline was achieved by applying a potential sweep from -0.20 V to 1.0 V at a
specified scan rate (typically 50 mV s-1) to the working electrode for a total of five
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positive and five negative sweeps. Upon completion of polymerisation, the resulting
films were washed with RO-purified water before further use.

2.4.3 Evaporative Casting of Polyaniline Films
Films of polyaniline and PMAS were prepared by evaporative casting from organic and
aqueous solutions, respectively. The polymer solution was typically filtered through a
0.45 µm filter before being placed onto a glass or ITO-glass slide and either allowed to
dry in air, or dried with gentle heat from a hair dryer. The thickness of the films was
controlled by either changing the concentration of the polymer solution or adjusting the
amount of solution placed on the slide.

2.5 Electrochemical Characterisation Techniques
Cyclic voltammetry (CV) was used as the principle electrochemical characterisation
method for all polymers, and was performed using an EG&G Princeton Applied
Research (PAR) Model 263A potentiostat/galvanostat and a personal computer running
M270 software. Typically, the potential was cycled at 50 mV s-1 or 100 mV s-1. For
polypyrroles, the potential was cycled between -0.90 V and 0.60 V, while for
polyanilines the potential was cycled between -0.20 V and 1.0 V. All potentials, unless
otherwise noted, were measured versus Ag/AgCl.
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2.6 Spectroscopic Characterisation Techniques
2.6.1 Ultraviolet-Visible-Near Infrared Spectroscopy
Routine absorption spectra (300 to 1100 nm) of solutions were measured using a
Shimadzu UV-1601 spectrophotometer and 1 cm pathlength cells made of
polypropylene or quartz. Spectra of thin polymer films supported on glass or ITO-glass
were also measured using this instrument. A Cary 500 Ultraviolet-visible-near infrared
spectrometer was used to record spectra between 300 to 1300 nm for aqueous solutions,
or from 300 to 3000 nm for films.

2.6.2 Fourier-Transform Infrared Spectroscopy
Samples were prepared by grinding 1 to 3 mg of compound mixed with 150 to 250 mg
KBr in a mortar and pestle. The mixtures were then pressed into pellets in a KBr press
by applying 40 kN of force for 5 min. Infrared spectra of pellets were measured using a
Nicolet Avatar 360 FT-IR spectrophotometer. The final spectrum was the average of 32
scans measured at a resolution of 4 cm-1.

2.6.3 Nuclear Magnetic Resonance Spectroscopy
1

H Nuclear magnetic resonance spectra were obtained using a 300 MHz Varian Unity

spectrometer. Samples were prepared as CDCl 3 solutions prior to measurement. All
chemical shifts were measured relative to an internal TMS standard.
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2.6.4 Circular Dichroism Spectroscopy
Circular dichroism (CD) spectroscopy is one of the most powerful techniques for the
measurement of optical activity in chiral molecules. It is particularly powerful for the
analysis of macromolecules such as proteins where, for example, it is useful for
determining the α-helical content.2

Circular dichroism spectroscopy involves measuring the difference in absorption of leftand right-handed circularly polarised light by a chiral molecule, as shown in Equation
2.1.

∆ε = ε L − ε R

Equation 2.1

Generally, the CD spectrum of an optically active compound exhibits CD bands in the
same regions as the absorption bands in its UV-visible spectrum.

Circular dichroism spectra of polymer films on glass or ITO-glass slides were measured
with a Jobin Yvon CD6 circular dichrograph. Solution spectra were recorded using a 0.5
cm pathlength quartz cell. The instrument was periodically calibrated using a 1 gL-1
solution of (+)-10-camphorsulfonic acid. This chiral acid has a positive CD band with a
maximum at 290.5 nm and a negative maximum at 192.5 nm, which permitted twopoint calibration of the instrument.

2.6.5 Mass spectrometry
Negative ion electrospray ionisation (ESI) mass spectra were recorded using a VG
Biotech Quattro mass spectrometer.
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2.7 Microscopic Characterisation Techniques
2.7.1 Atomic Force Microscopy
Atomic force micrographs of polypyrrole samples were obtained using a Digital
Instruments Dimension 3100 Atomic Force Microscope located in the Materials
Engineering Department, University of Wollongong. AFM images and cross-sectional
micrographs were measured using approximately 25 mm2 samples of free-standing
polypyrrole membranes prepared on stainless steel electrodes. The images were
obtained using the contact mode on the solution side of the membrane.

2.7.2 Scanning Electron Microscopy
Scanning electron micrographs were obtained using a Hitachi S-4500 scanning electron
microscope located in the Electron Microscopy Unit, University of New South Wales.
SEM images were obtained using approximately 25 mm2 samples of free-standing
polypyrrole membranes prepared on stainless steel electrodes. The samples were coated
with a thin film of gold before measurement to provide extra conductivity and therefore
better images.

2.7.3 Transmission Electron Microscopy
Transmission electron micrographs were measured on a Hitachi H7000 transmission
electron microscope at 100 keV. Samples were prepared on Formvar-coated Cu grids by
evaporative casting.
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2.8 Other Characterisation Techniques
2.8.1 Particle Sizing
The distribution of particle sizes of colloidal samples was determined using a Malvern
Zetasizer 3000, which operates on the principle of photocorrelation spectroscopy.
Samples for particle size analysis were diluted with RO-purified water. Measurements
were made in a 1 cm polypropylene cell. Five sets of ten measurements were made and
averaged to give the particle size distribution.

2.8.2 Electrical Conductivity Measurements
Electrical conductivity measurements were made either on pressed pellets or on films.
Pressed pellets were prepared by first grinding the polymer into a powder using an agate
mortar and pestle. This powder was placed in a KBr press and 60 kN of force applied
for 5 min. Films were generally used as grown and cut into the required shape (a
rectangle approximately 2 mm by 10 mm). Thicknesses of pellets and films were
measured with a digital micrometer. Currents were applied to pellets and films using an
EG&G Princeton Applied Research Model 363 potentiostat/galvanostat, and the
resulting potentials measured using a Hewlett Packard HP34410A multimeter.

The conductivity of pressed pellets was measured using the Van der Pauw method.3
When using this method for a round disc with symmetrical electrical contacts, the
configuration shown in Figure 2.4 was used.
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3

I applied

E measured
2

4

Figure 2.4 Configuration of electrical contacts used for the measurement of the
conductivity of a round disc using the Van der Pauw method.3

Initially the current was passed between contacts 1 and 2 and the potential measured
between contacts 3 and 4. The measurement was then repeated by passing the same
current between contacts 1 and 3, while the potential was measured between contacts 2
and 4. The volume resistivity was then calculated as
Rv =

π ×d
ln 2

×

(V12 + V13 )
(Ω cm)
2I

Equation 2.2

where I is the constant current passed (mA); V 12 and V 13 are the measured potential
drop (mV) between points 1 and 2 and between 3 and 4, respectively; and d is the
thickness of the polymer disc (in cm). The conductivity is then calculated using
Equation 2.3.

σ=

1
(S cm-1)
Rv

Equation 2.3

The electrical conductivity of films was measured using a four-point probe method. In
this method, the film was laid across four parallel electrodes as shown in Figure 2.5.
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E measured
Electrodes
Polymer

I applied

Figure 2.5 Configuration used for the measurement of electrical conductivity of
conducting polymer films using a four-point probe method.

A constant current was passed between the two outer electrodes while the potential drop
across the inner electrodes was measured. The volume resistivity of the film was then
calculated using Equation 2.4.
Rv =

h× w× E
(Ω cm)
l×I

Equation 2.4

where h is the thickness of the film (cm); w is the width of the film (cm); E is the
measured potential drop (mV); I is the applied current (mA); and l is the distance
between the two central electrodes (cm). From the volume resistivity the conductivity
was calculated using Equation 2.3.

2.8.3 Microanalyses
Microanalyses were performed at the Australian National University. Analysis of
carbon, hydrogen and nitrogen was carried out using a Carlo Erba 1106 automatic
analyser. Chloride was analysed via titration with mercuric nitrate, while sulfur was
analysed with a Dionex Ion Chromatography Analyser. Phosphorus was determined by
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UV spectral analysis of a yellow vanadomolybdophosphate formed after oxidative
digestion of the sample.4

2.9 Transport Experiments
2.9.1 Sputter-coating of PVDF membranes
Sputter-coating of 0.22 µm poly(vinylidene fluoride) (PVDF) was performed using a
Dynavac Model SC100MS Magnetron sputter coater. Circular pieces (5 cm diameter)
were cut from PVDF sheets and placed in the chamber of the sputter coater, with the
side to be coated facing a platinum target. After evacuating the chamber to a final
pressure of 2 x 10-3 mbar of argon, a plasma of platinum ions was generated by applying
a current of 30 mA. Sputter-coating was allowed to proceed for 10 minutes. These
conditions produce a platinum coating approximately 700 Å thick that does not
significantly alter the pore size of the membrane.

2.9.2 Transport of metals across polypyrrole membranes
Transport experiments were performed using an in-house designed membrane transport
cell shown schematically in Figure 2.6.
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reference
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NaCl salt bridges
Platinum mesh
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Polypyrrole-Pt-PVDF
membrane

Permeate solution

Feed solution
Magnetic stirbars

Figure 2.6 Transport cell used in metal ion transport experiments.

The cell consisted of two compartments divided by the membrane to be tested in the
experiment. One compartment was filled with a feed solution consisting of 0.10 M
metal ion in either MilliQ water (for alkali metals and alkaline earths) or 0.05 M HNO 3
(for transition metals). The second compartment contained the permeate solution, which
was either MilliQ water (for alkali metals and alkaline earths) or 0.05 M HNO 3 solution
(for transition metals). The solution in each compartment was stirred with a magnetic
stirbar throughout the experiment.

Experiments were generally conducted for a total of 6 hours. During the first two hours
and last two hours of the experiment no potential was applied to the membrane. During
the middle two hours of the experiment, a potential pulse from -0.80 V to 0.50 V was
applied. Control of potential during transport experiments was achieved using an EG&G
PAR 363 potentiostat/galvanostat and a pulse generator. A pulse width of 50 s was used
for all experiments. 1 mL samples were taken from the permeate solution at 30 min
intervals throughout the experiment and replaced with 1 mL of fresh permeate solution.
Results were adjusted during analysis to allow for the dilution effect this caused.
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For transport experiments involving either Fe3+ or Cu2+, a total experiment time of 24
hours was used, as deposition of these metals in the permeate solution had previously
been reported.5 The first 6 hours of these experiments followed the procedure described
above. However, at the end of 6 hours, the feed solution was removed from the cell
while the permeate solution was left to stand. This was to give any metal that had
deposited on the membrane and/or the auxiliary electrode in the permeate solution time
to dissolve in the acid solution. After 24 hours the permeate solution was again sampled
to obtain the final value for Fe3+ or Cu2+ concentration.

2.9.3 Measurement of metal ion concentrations
Metal concentrations were measured by atomic absorption spectroscopy using a Varian
SpectrAA atomic absorption spectrophotometer. Concentration standards were prepared
using serial dilution from a 1000 ppm standard and were prepared in 0.10 M HNO 3 .
Solutions were typically diluted 1:100 in 0.10 M HNO 3 prior to measurement.
Concentrations were taken as the average of three separate measurements.
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Chapter 3
Metal Ion Transport across Cyclodextrin-Doped Polypyrrole
Membranes

3.1 Introduction
The electroactivity and electrical conductivity of conducting polymers make them of
great interest for a variety of applications. Conducting polymers such as polypyrrole
(PPy) generally are prepared in a conducting, oxidised state with positive charges along
the polymer backbone. During synthesis, anions (A-) are incorporated into the polymer
to maintain overall charge neutrality (see Chapter 1, Equation 1.1). Upon reduction of
the polymer, the polypyrrole backbone loses its positive charge. In order to maintain
charge neutrality, anions (A-) are expelled from the polymer, or cations (M+) are
incorporated from the surrounding solution (see Chapter 1, Equations 1.3 and 1.5).
Subsequent re-oxidation of the polymer reverses these processes and anions are
incorporated from the surrounding solution and/or cations expelled from the polymer
(see Chapter 1, Equations 1.4 and 1.6). In this manner, conducting polymers such as
polypyrrole can act as anion or cation exchangers. The amount of anion or cation
exchange depends upon the size and mobility of the initial dopant anion.1-7

The ability to modify their ionic permeability by redox switching8,9 opens up the
possibility of using conducting polymers to prepare selectively permeable membranes
for cation or anion transport. Previous work has shown that electrochemically controlled
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transport of metal ions and small molecules across polypyrrole membranes can be
achieved.10-18 The flux of alkali metal ions across PPy membranes was found to increase
as the size of the hydrated metal ion decreased.15 This suggests that the size of the pores
present in the polymer have a significant effect upon the rate of metal ion transport.

Cyclodextrins were first reported in the late nineteenth and early twentieth centuries.19
They are cyclic oligosaccharides, usually with six (a-cyclodextrin), seven (βcyclodextrin), or eight (γ-cyclodextrin) D-glucopyranose units linked by 1,4-glycosidic
bonds (Figure 3.1).20 The cyclic structures have hydrophobic cavities in their centres,
which confer on cyclodextrins the ability to complex other molecules. In some instances
a significant degree of discrimination between potential guest molecules is displayed by
cyclodextrins. This may arise as a result of variations in the ability of the cyclodextrin to
accommodate different sized guest molecules (Table 3.1), or as a result of differences in
chiral interactions.19 Cyclodextrins are also known to act as second-sphere ligands for
transition metal complexes.21

Figure 3.1 Structures of a-cyclodextrin (n=1), β-cyclodextrin (n=2) and γ-cyclodextrin
(n=3).19
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Table 3.1 Properties of a-cyclodextrin and β-cyclodextrin.19
Property

a-cyclodextrin

β-cyclodextrin

Number of glucopyranose units

6

7

Annular diameter measured from the C(3)

5.2 Å

6.4 Å

4.7 Å

6.0 Å

7.9 – 8.0 Å

7.9 – 8.0 Å

hydrogens
Annular diameter measured from the C(5)
hydrogens
Annular depth from the primary to the
secondary hydroxy groups

Substituted cyclodextrins have also been prepared.19 For example, the hydroxyl groups
may be substituted with sulfate groups, greatly improving aqueous solubility especially
for β-cyclodextrin. These sulfate groups also open up the possibility of using
cyclodextrins as dopants for conducting polymers.

In this chapter, the synthesis and characterisation of polypyrrole doped with either
sulfated a-cyclodextrin (a-CDS) or sulfated β-cyclodextrin (β-CDS) are reported. The
application of membranes composed of these cyclodextrin-doped polypyrroles as
selectively permeable barriers to metal ions is also examined. It was expected that the
different sized cavities of the dopants present in these polymers would provide
membranes that displayed significantly different metal ion permeabilities. It was also
anticipated that the ability of the cyclodextrins to act as second-sphere ligands for
transition metal complexes may increase metal ion fluxes across these membranes
compared to membranes composed of polypyrrole doped with simple anions. Previous
studies with polypyrroles have shown that enhancing the metal complexing ability of
the dopant anion results in improved metal ion flux and selectivity compared with
simple dopants.17
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3.2 Experimental
3.2.1 Polymer Growth
The growth of sulfated cyclodextrin-doped polypyrroles under different conditions was
studied using solutions containing 0.20 M pyrrole and 0.20 % w/v sulfated cyclodextrin
(a- or β-CDS). Thin films of polypyrrole were deposited onto Pt electrodes from these
solutions using potentiodynamic, potentiostatic and galvanostatic techniques and a
three-electrode electrochemical cell (Chapter 2, Figure 2.1). Films were prepared under
potentiodynamic conditions by cycling the potential between 0.0 V and +0.90 V (vs
Ag/AgCl) for 5 scans at scan rates of 25, 50, 100 and 250 mV s-1. Potentiostatic growth
was achieved by applying a potential of +0.60, +0.70 or +0.80 V for 30 seconds.
Current densities of 0.5, 1 and 2 mA cm-2 were applied for 30 seconds in order to
prepare thick polymer films under galvanostatic conditions.

3.2.2 Polymer Characterisation
3.2.2.1 Electrochemistry
PPy.a-CDS and PPy.β-CDS films were prepared on the end of Pt electrodes using the
galvanostatic technique (current density 2 mA cm-2 for 30 seconds) described above.
Cyclic voltammograms of these films in various 0.10 M electrolyte solutions were
obtained by sweeping the potential between −0.90 V and +0.60 V (vs Ag/AgCl) at 50
mV s-1 for a total of 5 scans. The electrolytes investigated were NaNO3, Mg(NO3)2,
KNO3, Ca(NO3)2, Mn(NO3)2, Co(NO3)2, Ni(NO3)2 and Zn(NO3)2.
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3.2.2.2 Ultraviolet-Visible Spectroscopy
Thin films of PPy.a-CDS and PPy.β-CDS were grown galvanostatically (current
density 2 mA cm-2 for 1 min) on ITO-coated glass from solutions containing 0.20 M
pyrrole and 0.20 % w/v CDS. UV-vis spectra of these films were obtained between 300
and 1100 nm using a Shimadzu UV-1601 spectrophotometer.

3.2.2.3 Microanalyses
PPy.a-CDS and PPy.β-CDS films were grown galvanostatically (current density 2 mA
cm-2 for 2 hours) on stainless steel electrodes from solutions containing 0.20 M pyrrole
and 0.20 % w/v CDS. These films were peeled off the electrode, washed with water and
dried before being sent to the Australian National University for C, H, N and S
microanalyses.

3.2.2.4 Electrical Conductivity
PPy.a-CDS and PPy.β-CDS films were grown galvanostatically (current density 2 mA
cm-2 for 2 hours) on stainless steel electrodes from solutions containing 0.20 M pyrrole
and 0.20 % w/v CDS. The films were peeled from the electrode and cut into small
sections. The four-point probe method was then used to measure the electrical
conductivity of these small sections, with the final value being the average of six
separate measurements.
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3.2.2.5 Scanning Electron Microscopy
PPy.a-CDS and PPy.β-CDS films were grown galvanostatically (current density 2 mA
cm-2 for 2 hours) on stainless steel electrodes from solutions containing 0.20 M pyrrole
and 0.20 % w/v CDS. Films were peeled from the electrode, washed with water and
dried before being cut into small pieces measuring approximately 25 mm2 in size. SEM
images of the solution side of these small pieces were obtained.

3.2.2.6 Atomic Force Microscopy
PPy.a-CDS and PPy.β-CDS films were grown galvanostatically (current density 2 mA
cm-2 for 3.75 min) on Pt-coated PVDF membranes from solutions containing 0.20 M
pyrrole and 0.20 % w/v CDS. The resulting composite PPy.CDS/Pt-PVDF membranes
were cut into small pieces measuring approximately 25 mm2 in size. AFM images were
obtained using the contact mode on these small pieces.

3.2.2.7 Water Flux Measurements
PPy.a-CDS and PPy.β-CDS films were grown galvanostatically (current density 2 mA
cm-2) on Pt-coated PVDF membranes from solutions containing 0.20 M pyrrole and
0.20 % w/v CDS for different periods of time. These composite PPy.CDS/Pt-PVDF
membranes were soaked in 50 % v/v ethanol before being placed in a microfiltration
cell. A pressure of 140 kPa was applied and the time taken for 20 mL of water to pass
through the composite membrane was measured and used to determine the water flux. If
no water had passed through the membrane after 10 minutes, the water flux was taken
as 0 mL min-1.

73

Chapter 3

3.2.3 Metal Ion Transport across PPy Membranes
Most metal ion transport experiments were conducted as outlined in Chapter 2.
However, transport experiments for Fe and Cu were repeated with a different pulse
potential waveform. In the repeat experiments, the potential was pulsed between +0.75
V and -0.40 V with a 50 s pulse width.

3.3 Results and Discussion
3.3.1 Polymer Growth
3.3.1.1 Potentiodynamic Growth
Polypyrrole doped with sulfated cyclodextrins were grown under potentiodynamic
conditions on Pt disc electrodes. For both PPy.a-CDS and PPy.β-CDS, the current
increased with the number of cycles, indicating that deposition of conducting
polypyrrole on the Pt electrode occurred. Little difference in the final current was
observed between the two different polymers (Figure 3.2), indicating that each polymer
grew at a similar rate. Varying the scan rate used to grow the polymer was also
observed to have only a small effect on the observed current.
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Figure 3.2 Cyclic voltammograms recorded during the growth of PPy doped with
sulfated cyclodextrins under potentiodynamic conditions on a Pt disc electrode (0.20 M
pyrrole; 0.20 % w/v CDS; Potential cycled between 0 and +900 mV; Scan rate 50
mV s−1; Last of 5 scans shown).

3.3.1.2 Potentiostatic Growth
Potentiostatic methods were also used to grow polypyrroles doped with sulfated
cyclodextrins. When a constant potential of +0.70 V was applied to a solution
containing pyrrole and CDS, an initial charging current spike was observed, after which
the current steadily increased (Figure 3.3). This is consistent with sustained deposition
of conducting polymer on the electrode surface. There was little difference in the
currents observed when an applied potential of +0.70 V was used to grow polypyrrole
doped with the different cyclodextrins. However, when the potential used was 0.60 V,
PPy.β-CDS grew at a substantially quicker rate than PPy.a-CDS. This was reflected in
differences between the chronoamperograms recorded during the two polymerisations.
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In the case of PPy.β-CDS the current observed after 30 seconds polymerisation was ca.
26 µA, while for PPy.a-CDS the current only reached 10 µA after this period of time.
When a potential of 0.80 V was used to grow the two polymers, very little difference
was again observed in the resulting chronoamperograms. However, the currents
observed were higher than those seen when lower applied potentials were used to
prepare the polymer, indicating a faster polymer growth rate.
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Figure 3.3 Chronoamperograms recorded during the growth of PPy doped with sulfated
cyclodextrins under potentiostatic (+0.60 V) conditions on a Pt disc electrode (0.20 M
pyrrole; 0.20 % w/v CDS).

3.3.1.3 Galvanostatic Growth
Chronopotentiograms recorded during galvanostatic growth of the PPy.a-CDS and
PPy.β-CDS films showed an initial potential spike, after which the observed potential
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decreased slightly and reached a constant value after ca. 30 seconds. This was expected
as pyrrole oxidises more readily on the deposited polypyrrole than on the bare platinum
electrode present at the start of the experiment.22,23 When a current density of 0.5 mA
cm-2 was used to grow the polymers, a final constant potential of ca. 600 mV was
observed for both PPy.a-CDS and PPy.β-CDS. Increasing the current density to 1 mA
cm-2 resulted in an increase in the final observed potentials for both materials to ca. 650
mV. Further increasing the current density to 2 mA cm-2 again resulted in higher
potentials being observed (Figure 3.4). However, in this case a significant difference in
the final observed potentials was seen for the two polymerisation reactions, with PPy.aCDS reaching a constant potential of ca. 700 mV, while for PPy.β-CDS this value was
ca. 800 mV.
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Figure 3.4 Chronopotentiograms recorded during the growth of PPy doped with
sulfated cyclodextrins under galvanostatic (2 mA cm-2) conditions on a Pt disc electrode
(0.20 M pyrrole; 0.20 % w/v CDS).
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Polypyrroles grown under galvanostatic conditions have been shown to have superior
mechanical and electrochemical properties when compared with polypyrroles grown
either potentiostatically or potentiodynamically.24 For this reason, all further
experiments were conducted on galvanostatically prepared polypyrroles. A current
density of 2 mA cm-2 was chosen as it allowed more rapid growth of the polypyrrole.

3.3.2 Polymer Characterisation
3.3.2.1 Electrochemistry
Cyclic voltammetry was performed on PPy.a-CDS and PPy.β-CDS coated Pt electrodes
in a range of metal nitrate solutions. These studies were undertaken to observe how the
electroactivity of the polymers changed in response to different metal ions, and how the
electrochemistry varied between the two polymers. Cyclic voltammograms obtained
using PPy.a-CDS and PPy.β-CDS coated platinum electrodes immersed in 0.10 M
NaNO3 are shown in Figure 3.5. There is little difference between the cyclic
voltammograms, with both being typical of polypyrrole. A single set of redox peaks was
observed in each case with an oxidation peak at ca. −270 mV and a corresponding
reduction peak at ca. -500 mV (Table 3.2). As the cyclodextrins are relatively large and
hence immobile dopants, the redox chemistry of the polymer is believed to be
associated with incorporation of cations during reduction and subsequent expulsion of
these cations during oxidation.
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Figure 3.5 Cyclic voltammogram of PPy films doped with sulfated cyclodextrins (A –
PPy.a-CDS; B – PPy.β-CDS) in 0.10 M NaNO3 (Potential cycled between -900 and
+600 mV; Scan rate 50 mV s-1; Last of 5 scans shown). Films grown galvanostatically
at 2 mA cm-2 for 30 s using solutions containing 0.20 M pyrrole and 0.20 % w/v CDS.

Table 3.2 summarises the results of all cyclic voltammetry experiments performed using
different electrolytes. Each cyclic voltammogram was typical of electroactive
polypyrrole. For most electrolytes there was very little difference in the cyclic
voltammograms obtained using the two different polymers. However, there were small
but significant differences in peak anodic and cathodic potentials observed in cyclic
voltammograms obtained using the same polymer but different electrolytes. For
example, when a PPy.a-CDS coated platinum electrode was used to obtain a cyclic
voltammogram in 0.10 M Mg(NO3)2, the peak anodic and cathodic potentials were
observed at -200 mV and -290 mV, respectively. These values are very different from
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those obtained using the same polymer and 0.1 M NaNO3 (-270 and -500 mV), and
indicate that the polymer is responsive to variations in the surrounding medium.

Table 3.2 Oxidation and reduction peaks observed in cyclic voltammograms obtained
using PPy.a-CDS and PPy.β-CDS coated platinum electrodes (potential cycled between
-900 and +600 mV; scan rate 50 mV s-1). Films grown galvanostatically at 2 mA cm-2
for 30 s (0.20 M pyrrole; 0.20 % w/v CDS).
Electrolyte

Oxidation Peak

Reduction Peak

(mV)

(mV)

PPy.a-CDS

PPy.β -CDS

PPy.a-CDS

PPy.β -CDS

0.10 M NaNO3

-270

-270

-500

-500

0.10 M Mg(NO3)2

-220

-220

-290

-320

0.10 M KNO3

-280

-280

-510

-510

0.10 M Ca(NO3)2

-300

-300

-480

-480

0.10 M Mn(NO3)2

-140/430

-290

-290

-480

0.10 M Co(NO3)2

-

-280

-

-

0.10 M Ni(NO3)2

-

-

-150

-

0.10 M Zn(NO3)2

-250/90

-250/120

-490/-150

-510/-130

When Mn(NO3)2 was used as the supporting electrolyte, significant differences were
observed between the cyclic voltammograms obtained using the two different polymers.
For PPy.a-CDS coated platinum electrodes, two oxidation peaks were observed at -140
mV (corresponding to cation expulsion, presumably Mn2+) and +430 mV
(corresponding to anion incorporation, presumably NO3-). A single reduction peak was
seen at -290 mV and presumably corresponds to both the expulsion of anions (NO3-)
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and incorporation of cations (Mn2+). When a PPy.β-CDS coated platinum electrode was
used, a single set of redox peaks was observed at -290 mV (oxidation) and -480 mV
(reduction), corresponding to the incorporation and expulsion of cations, respectively.
The reason for this variation, and for the fact that two oxidation and reduction peaks
were also seen when zinc nitrate was used as the electrolyte with either polymer, is not
clear. One possible explanation centres on differences in the size of the dopants, with
the smaller a-CDS being more mobile and hence more readily able to undergo anion
exchange with NO3- compared with the larger β-CDS.

Very small currents were observed in the cyclic voltammograms obtained using either
polymer and Co(NO3)2 or Ni(NO3)2 as the supporting electrolyte. This made
determination of their peak anodic and cathodic potentials impossible in some instances,
and may reflect a low degree of mobility of these cations into and out of both polymers.
Cyclic voltammograms obtained using 0.10 M Cu(NO3)2 or 0.10 M Fe(NO3)3 showed
large peaks attributable to redox processes involving the free metal ions, which
swamped the electrochemical responses of polypyrrole.

3.3.2.2 Ultraviolet-visible Spectroscopy
Figure 3.6 shows the UV-vis spectra of grey-black PPy.a-CDS and PPy.β-CDS films
grown on ITO-coated glass. Both polymers exhibited a strong free-carrier tail,
indicating the adoption of an “extended coil” conformation by the polymer chains.
PPy.a-CDS showed the typical polypyrrole polaron band at 475 nm, while in PPy.βCDS this band was shifted to higher wavelengths and occurred at ca. 500 nm. Both
spectra are indicative of conducting polypyrrole.7
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Figure 3.6 Ultraviolet-visible spectra of PPy films doped with sulfated cyclodextrins.
Films were grown on ITO-coated glass from solutions containing 0.20 M pyrrole and
0.20 % w/v CDS by applying a constant current density of 2 mA cm-2 for 1 min.

3.3.2.3 Microanalysis
Microanalytical data for both PPy.a-CDS and PPy.β-CDS are shown in Table 3.3.
PPy.a-CDS was found to have a N:S ratio of 4.5:1. This indicates that the PPy was fully
doped by a-CDS, as typically N:dopant ratios between 3:1 and 4:1 are seen for fully
doped polypyrroles.7 PPy.β-CDS had a N:S ratio of 4.4:1 indicating that there is very
little difference in the doping ratio between the two polymers. It was not possible to
determine the number of dopant molecules incorporated into the polymer as the degree
of sulfation for each of the commercial cyclodextrin molecules was variable.
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Table 3.3 Microanalyses of PPy doped with sulfated cyclodextrins. Films were grown
by applying a constant current density of 2 mA cm-2 for 2 hours to a piece of stainless
steel immersed in a solution containing 0.20 M pyrrole and 0.20 % w/v CDS.
Element PPy.a-CDS PPy.β-CDS
(%)

(%)

C

45.40

45.08

H

3.47

3.61

N

10.66

11.05

S

5.40

5.81

3.3.2.4 Electrical Conductivity
The electrical conductivity of PPy.a-CDS was found to be 0.7 S cm-1, while PPy.β-CDS
was found to have a conductivity of 0.4 S cm-1. These conductivities are up to two
orders of magnitude smaller than those typically observed for polypyrroles.7,13,24 This
low conductivity may be explained by the doping of the polymer. Although there are
enough sulfate groups on the cyclodextrins to fully dope the polymer, these sulfate
groups will not be evenly spaced along the polymer chains, but concentrated where the
cyclodextrin molecules are located. This may affect charge mobility because of
localisation of radical cations on the polypyrrole in areas near the cyclodextrin
molecules. This localisation of positive charges has previously been suggested to have a
detrimental effect upon the conductivity of conducting polymers.7
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3.3.2.5 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was used to investigate the surface morphology of
polypyrrole films. The images obtained using this technique for PPy.a-CDS and PPy.βCDS films are shown in Figures 3.7 and 3.8, respectively. These images show the
polymer films to have non-uniform surfaces with ‘cauliflower’ morphologies typical of
polypyrroles.10,13,14,25-27 However, although they show this morphology, it should be
noted that they do not appear anywhere near as rough as some previously reported
polypyrroles.25 This may be due to the nature of the dopant, with previous reports
indicating that polypyrroles containing smaller dopants such as para-toluenesulfonate
(PTS), benzenesulfonate or nitrate have more uniform crystalline structures and
relatively smoother surfaces.28,29 Larger polyelectrolyte dopants such as poly(vinyl
phosphate), heparin or dextran, however, result in films with microporous, dendritic and
rough surface morphologies.25,28 The sulfated cyclodextrin dopants fall between the
above two types of dopants as they are relatively small compared to molecules such as
poly(vinyl phosphate), but significantly larger than anions such as PTS. This may
explain why the morphology of the PPy.CDS films appears to have a flattened
‘cauliflower’ morphology.
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Figure 3.7 Scanning electron micrograph of PPy.a-CDS film at 5000 x magnification.
Film grown galvanostatically on stainless steel (current density of 2 mA cm-2 applied
for 2 hours) from a solution containing 0.20 M pyrrole and 0.20 % w/v a-CDS.

Figure 3.8 Scanning electron micrograph of PPy.β-CDS film at 5000 x magnification.
Film grown galvanostatically on stainless steel (current density of 2 mA cm-2 applied
for 2 hours) from a solution containing 0.20 M pyrrole and 0.20 % w/v β-CDS.
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3.3.2.6 Atomic Force Microscopy
Atomic force microscopy (AFM) was used to characterise the surface of PPy.a-CDS
and PPy.β-CDS films grown on platinum coated PVDF. Figures 3.9 and 3.10 show
three-dimensional images of sections (50 µm x 50 µm) of PPy.a-CDS and PPy.β-CDS,
respectively. These images provide a clearer indication of the surface morphology of the
polypyrrole films than those provided by SEM. Close examination of Figure 3.9
revealed the surface of PPy.a-CDS to have numerous spike shaped structures. These
were also evident in the AFM image of PPy.β-CDS shown in Figure 3.10. However, the
latter film appeared to have a smaller number of what were in general, larger spiked
shape structures, than the PPy.a-CDS film.

Figure 3.9 Atomic force micrograph of a PPy.a-CDS film grown galvanostatically on
Pt-coated PVDF (current density of 2 mA cm-2 applied for 3.75 min) from a solution
containing 0.20 M pyrrole and 0.20 % w/v a-CDS.
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Figure 3.10 Atomic force micrograph of a PPy.β-CDS film grown galvanostatically on
Pt-coated PVDF (current density of 2 mA cm-2 applied for 3.75 min) from a solution
containing 0.20 M pyrrole and 0.20 % w/v β-CDS.

Detailed surface analysis of square sections of PPy.a-CDS and PPy.β-CDS films with
dimensions of 50 µm was also performed. The surface area of a perfectly flat sample
with these dimensions would be 2500 µm2. However, since the polymer samples are not
perfectly flat, their surface areas differ from that expected by an amount that provides a
measurement of the surface roughness of the sample. Using this method PPy.a-CDS
showed a true surface area of 3012 µm2, which is equivalent to a difference (surface
roughness) of 20.5 %. PPy.β-CDS had a true surface area of 3127 µm2, corresponding
to a surface roughness of 25.1 %. This indicates that PPy.a-CDS has a slightly smoother
surface morphology than PPy.β-CDS. As mentioned above, smaller dopants are known
to give conducting polymers with a smoother surface.28,29 The roughness values for
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PPy.a-CDS and PPy.β-CDS are comparable to that of 20.5 %, which was obtained for
PPy films doped with 2,9-dimethyl-4,7-diphenyl-1,10-phenanthrolinedisulfonic acid
(bathocuproinedisulfonic acid, BCS).17 However, they are significantly larger than
values found for PPy doped with 8-hydroxyquinoline-5-sulfonic acid (HQS) (10.5 %)17
or para-toluenesulfonate (9.5 %),30 whilst being significantly smaller than the value
found for PPy doped with poly(vinyl phosphate) (48.5 %).25

3.3.2.7 Water Flux Testing
Water flux across composite PPy.CDS/Pt-PVDF membranes (referred to hereafter as
PPy.a-CDS or PPy.β-CDS) was measured as a function of the length of time the
conducting polymer was grown. The results of these experiments are shown in Figure
3.11. For bare Pt-PVDF membranes a water flux of 150 mL min-1 was measured when
the pressure was 140 kPa. Under the same conditions, the flux of water across PPy.aCDS and PPy.β-CDS membranes that had been grown for 1 min was 15 mL min−1 and
23 mL min-1, respectively. Growing the membranes for longer periods of time resulted
in further decreases in water flux. A polymerisation time of 3.5 min was found to
produce PPy.a-CDS and PPy.β-CDS membranes that passed no water at 140 kPa
pressure. Since it is essential that membranes to be used for transport experiments do
not allow any water or ions to pass across in the absence of electrochemical stimuli, a
growth time of 3.75 min was chosen for membranes to be used for transport
experiments. This is slightly smaller, though not significantly so, than the growth time
of 4.5 min previously reported for PPy.HQS and PPy.BCS membranes used for metal
ion transport experiments.17
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Figure 3.11 Effect of polymerisation time on the flux of water across composite PPy.aCDS/Pt-PVDF

and
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membranes.
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prepared

galvanostatically by applying a constant current density of 2 mA cm-2 to solutions
containing 0.20 M pyrrole and 0.20 % w/v CDS.

3.3.3 Alkali Metal Ion Transport
Electrochemically controlled transport of the alkali metal ions Na+ and K+ across PPy
membranes was achieved using the transport cell shown schematically in Figure 2.6.
Figure 3.12 illustrates the transport profiles observed for Na+ across PPy.a-CDS and
PPy.β-CDS membranes. In the absence of an applied potential, no transport of Na+ was
observed with either PPy.a-CDS or PPy.β-CDS membranes. Application of a pulsed
potential (-0.80 V to +0.50 V, 50 s pulse width) to the membranes cycled the
polypyrrole between its reduced and oxidised redox states. Figure 3.13 shows the
variation in the currents observed during this phase of the transport experiment as the
potential of the PPy.a-CDS membrane was pulsed. The reduction of polypyrrole upon
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application of the negative potential resulted in the incorporation of Na+ from the feed
solution to maintain overall charge neutrality (Chapter 1, Equation 1.5). Reoxidation of
polypyrrole by application of the positive potential resulted in the expulsion of Na+
from the polymer into both the feed and permeate solution (Chapter 1, Equation 1.6).
Repeated pulses resulted in the concentration of Na+ in the permeate solution steadily
increasing during the two hours that the pulsed potential was applied (Figure 3.12,
region B). Transport ceased when the pulsed potential was removed, and the
concentration of Na+ in the permeate solution reached constant values (Figure 3.12,
region C).
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Figure 3.12 Electrochemically controlled transport of Na+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M NaNO3; Permeate solution
MilliQ water; Region A: no applied potential; Region B: potential pulsed between +0.50
V and –0.80V with a 50 s pulse width; Region C: no applied potential.
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Figure 3.13 Current profile observed during the first 10 min of Na+ transport across a
PPy.a-CDS membrane (Potential pulsed between +0.50 V and -0.80 V; 50 s pulse
width).

Transport profiles for K+ ions across PPy.a-CDS and PPy.β-CDS membranes are
illustrated in Figure 3.14, and show that transport of potassium occurred in a similar
manner to that seen with sodium. No transport was observed in the absence of an
applied potential, however, once application of a pulsed potential was commenced a
steady increase in potassium ion concentration in the permeate solution was observed.
Transport stopped and the concentration of K+ reached constant values when the pulsed
potential was stopped.
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Figure 3.14 Electrochemically controlled transport of K+ across PPy membranes doped
with sulfated cyclodextrins: Feed solution 0.10 M KNO3; Permeate solution MilliQ
water; Region A: no applied potential; Region B: potential pulsed between +0.50 V and
–0.80V with a 50 s pulse width; Region C: no applied potential.

The rate of metal ion transport across a conducting polymer membrane (metal ion flux)
is dependent on a number of factors. These include the thickness of the membrane,
concentration of metal ion in the source solution, nature of the electrochemical potential
used, and intrinsic permeability of the membrane. The flux of Na+ and K+ across both
PPy.a-CDS and PPy.β-CDS membranes is given in Table 3.4 along with the ionic
radius of the metal ions and the flux across a PPy.BCS membrane that has previously
been examined.17 Overall the fluxes for both Na+ and K+ across PPy.a-CDS were
similar to values previously reported for other polypyrrole membranes.11,14,17,31
However, the fluxes obtained using PPy.β-CDS membranes were higher than those
previously reported.11,14,17,31 For example, the flux of Na+ across PPy.β-CDS (170 x
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10−10 mol s-1 cm-2) is nearly double the highest flux previously reported for PPy.BCS
(93 x 10-10 mol s-1 cm-2).17 Surprisingly, the flux of Na+ across both membranes was
greater than that for K+. This contrasts with what has previously been seen for other
membranes, which were more porous to the smaller hydrated potassium ion.26

Table 3.4 Hydrated metal ion radii and metal ion fluxes obtained from electrochemical
transport experiments involving PPy.a-CDS, PPy.β-CDS and PPy.BCS membranes.
Metal

Effective

Metal Ion Flux

Metal Ion Flux

Metal Ion Flux

Ion

Hydrated

across

across

across

Ion Radius

PPy.a-CDS

PPy.β -CDS

PPy.BCS

(Å)32

10
-1
-2 17
(1010 mol s-1 cm-2) (1010 mol s-1 cm-2) (10 mol s cm )

Na+

4

71a

170a

93b

Mg2+

8

6.0a

45a

4.8b

K+

3

48a

110a

71b

Ca2+

6

5.7a

28a

6.8b

Mn2+

6

9.1a

110a

8.1b

Fe3+

9

1.4a,c, 15b,c

1.6a,c, 52b,c

34b,c

Co2+

6

9.3a

85a

7.2b

Ni2+

6

13a

140a

6.6b

Cu2+

6

65a,c, 140b,c

15a,c, 15b,c

46b,c

Zn2+

6

4.8a

130a

13b

a

Potential pulsed between +0.50 V and -0.80 V (50 s pulse width).

b

Potential pulsed between +0.75 V and -0.40 V (50 s pulse width).

c

Values obtained after measuring the concentration of metal ion in the permeate solution after 24 hours.

The selectivity of a membrane towards two different metal ions can be expressed as
selectivity factors, σX:Z, which are defined as shown in Equation 3.1.
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σ X :Z =

Flux of Metal Ion X
Flux of Metal Ion Z

Equation 3.1

The selectivity factors, σNa:K, for both polypyrrole membranes are given in Table 3.5,
together with selectivity factors for other pairs of metal ions. The similarity between
σNa:K for both membranes indicates that there was little difference in the selectivity
between them. Both σNa:K selectivity factors are comparable to values previously
reported such as that for PPy.PVPh (1.0) and PPy.BCS (1.3).11,14,17

Table 3.5 Selectivity factors (σX:Z) for PPy membranes doped with sulfated
cyclodextrins.
Selectivity Factor PPy.a-CDS PPy.β-CDS
σNa:K

1.5a

1.6a

σK:Ca

8.4a

3.9a

σCu:Fe

45a, 9.0b

9.5a, 0.30b

a

Potential pulsed between +0.50 V and -0.80 V (50 s pulse width).

b

Potential pulsed between +0.75 V and -0.40 V (50 s pulse width).

A second type of selectivity factor (σM), defined as shown in Equation 3.2, can be
calculated to compare the permeability of both membranes towards the same metal ion.

sM =

Flux of M m + across PPy.β - CDS
Flux of M m + across PPy.α - CDS

Equation 3.2

94

Chapter 3
For sodium and potassium the selectivity factors, σNa and σK, were 2.4 and 2.2,
respectively. This indicates that the amount of both metal ions transported across a
PPy.β-CDS membrane was more than twice the amount transported across a PPy.aCDS membrane. One possible explanation for this is that the larger β-CDS dopant
(Table 3.1) results in a more porous membrane, as a result of the polypyrrole chains
being spaced further apart to fit around the larger dopant. The results of AFM analysis
support this explanation, since this technique showed that PPy.β-CDS appears to have a
more open structure than PPy.a-CDS (see Figures 3.9 and 3.10). A second possible
explanation for the greater flux of both metals across PPy.β-CDS is that the larger
dopant is less mobile. This has previously been suggested to enhance the cation
exchange properties of a conducting polymer membrane, and hence result in higher
metal ion flux.26 Another factor that must be considered is variations in metal ion
complexation equilibria involving the dopants. It is possible that the greater metal ion
flux observed for both Na+ and K+ across PPy.β-CDS membranes is because these metal
ions more rapidly and extensively undergo complex formation reactions with the larger
cyclodextrin dopant. Such factors were believed to make an important contribution to
the permeability of PPy.BCS membranes towards transition metal ions.17

3.3.4 Alkaline Earth Metal Ion Transport
Experiments investigating the transport of individual alkaline earth metal ions were also
undertaken. Transport profiles for the transport of Mg2+ across PPy.a-CDS and PPy.βCDS membranes are illustrated in Figure 3.15. No transport was observed in the
absence of an applied potential, but when a pulsed potential was applied to the
membranes the concentration of Mg2+ in the permeate solution steadily increased.
Transport profiles for Ca2+ were similar in appearance (Figure 3.16).
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Figure 3.15 Electrochemically controlled transport of Mg2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Mg(NO3)2; Permeate solution
MilliQ water; Region A: no applied potential; Region B: potential pulsed between +0.50
V and -0.80V with a 50 s pulse width; Region C: no applied potential.
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Figure 3.16 Electrochemically controlled transport of Ca2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Ca(NO3)2; Permeate solution
MilliQ water; Region A: no applied potential; Region B: potential pulsed between +0.50
V and -0.80V with a 50 s pulse width; Region C: no applied potential.
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The flux of Mg2+ and Ca2+ across both membranes is given in Table 3.4. In all cases
except for transport of Ca2+ across PPy.a-CDS, the fluxes for these metal ions were
much higher than previously reported. Typically, both Mg2+ and Ca2+ are transported to
a much lower extent than Na+ or K+ across PPy membranes. For example, Davey et al.
found that the fluxes of Mg2+ and Ca2+ across poly(vinyl phosphate) (PVPh) doped PPy
membranes were 0.10 x 10-10 mol s-1 cm-2 and 4.4 x 10-10 mol s-1 cm-2, respectively.14 In
comparison the fluxes of Na+ and K+ across PPy.PVPh membranes were 56 x 10-10 mol
s-1 cm-2 and 57.4 x 10-10 mol s-1 cm-2, respectively. These results also illustrate another
commonly observed trend, namely that the flux of Mg2+ is typically less than that of
Ca2+. It has been suggested that this is due to the larger hydrated magnesium ion (Table
3.4), making this metal ion less able to squeeze through pores in the membrane, thus
slowing transport.14 In the present study, the fluxes of Mg2+ and Ca2+ across PPy.aCDS membranes were virtually identical, while across PPy.β-CDS membranes the flux
of Mg2+ was greater than that of Ca2+. This suggests that the size of the hydrated metal
ion is not the dominant factor in determining metal ion permeability of polypyrrole
membranes doped with sulfated cyclodextrins. Other factors, presumably including
differences in interactions between the metal ions and the dopants within the
membranes, also make important contributions to metal ion flux.

The K+:Ca2+ selectivity factors (σK:Ca) for PPy.a-CDS and PPy.β-CDS membranes were
8.4 and 3.9, respectively (Table 3.5). Previously it has been shown that this selectivity
factor decreases as the size of the dopant in the conducting polymer is increased.13 This
was also found to be the case in the present study, where polypyrrole doped with the
smaller a-CDS showed a selectivity factor that was more than double that seen for
polypyrrole doped with the larger β-CDS. Furthermore, σK:Ca for PPy.a-CDS was more
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than ten times smaller than that observed for polypyrrole membranes doped with the
much smaller para-toulenesulfonate (σK:Ca = 94).13 The presence of larger dopant ions
in conducting polymers clearly results in less discrimination between two metal ions.

The membrane selectivity factors, σMg and σCa, were calculated to be 7.5 and 4.9,
respectively, again showing that significantly greater metal ion fluxes were obtained
across PPy.β-CDS membranes. As discussed above, it seems likely that this is due to
either an increase in cation exchanging ability of the membrane, or more favourable
metal ion-dopant complexation equilibria.

3.3.5 Transition Metal Ion Transport
Electrochemically controlled transport of the transition metals ions Mn2+, Co2+, Ni2+ and
Zn2+ occurred in a similar manner to that described above for alkali metal and alkaline
earth ions. Transport profiles for each of these metal ions are shown in Figures 3.17 to
3.20. In each case no metal ion transport was observed in the absence of an applied
potential. However, application of a pulsed potential resulted in the concentration of
metal ion in the permeate solution steadily increasing.
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Figure 3.17 Electrochemically controlled transport of Mn2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Mn(NO3)2; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.50 V and -0.80V with a 50 s pulse width; Region C: no applied potential.
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Figure 3.18 Electrochemically controlled transport of Co2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Co(NO3)2; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.50 V and -0.80V with a 50 s pulse width; Region C: no applied potential.
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Figure 3.19 Electrochemically controlled transport of Ni2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Ni(NO3)2; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.50 V and -0.80V with a 50 s pulse width; Region C: no applied potential.
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Figure 3.20 Electrochemically controlled transport of Zn2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Zn(NO3)2; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.50 V and -0.80V with a 50 s pulse width; Region C: no applied potential.
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The flux of metal ion across the membrane during the applied potential phase of each
transport experiment was calculated and is reported in Table 3.4. For the transition
metal ions in particular, there was no relationship between metal ion flux and the size of
the hydrated metal ions. This again suggests that differences in pore size between the
two membranes does not have a dominant effect on metal ion flux for either PPy.a-CDS
or PPy.β-CDS. The fluxes of Mn2+, Co2+, Ni2+ and Zn2+ across PPy.a-CDS membranes
were comparable to those previously reported for PPy.BCS membranes (Table 3.4).17 In
addition, the flux of Co2+ across PPy.a-CDS was also similar to that seen previously
with PPy.HQS membranes (3.9 x 10-10 mol s-1 cm-2), although the latter were
impermeable to Mn2+, Ni2+ and Zn2+.17 PPy.β-CDS on the other hand proved to be
significantly more permeable towards most of the transition metal ions than any
membranes previously examined. This is illustrated by the fact that the calculated fluxes
for Mn2+, Co2+, Ni2+ and Zn2+ were at least ten times greater than those previously
observed with PPy.BCS or PPy.HQS (Table 3.4).17

Membrane selectivity factors for the transport of Mn2+, Co2+, Ni2+ and Zn2+ are given in
Table 3.6. These show that the flux of transition metal ions across PPy.β-CDS
membranes was between nine and twenty-seven times larger than observed with PPy.aCDS membranes for each metal. This reinforces the view that the membrane containing
the β-CDS dopant has superior cation exchanging characteristics because of its lower
mobility and/or more favourable metal complexation equilibria. The fact that the
membrane selectivity factors vary by a factor of three suggests that the latter factor is
important, since the former would be expected to affect each metal ion equally.
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Table 3.6 PPy.β-CDS:PPy.a-CDS selectivity factors (σM) for different metal ions.
Metal Ion

Selectivity Factor, σM
(PPy.β-CDS Flux:PPy.a-CDS Flux)

Na+

2.4a

Mg2+

7.5a

K+

2.2a

Ca2+

4.9a

Mn2+

12a

Fe3+

1.1a, 3.4b

Co2+

9.1a

Ni2+

11a

Cu2+

0.23a, 0.11b

Zn2+

27a

a

Potential pulsed between +0.50 V and -0.80 V (50 s pulse width).

b

Potential pulsed between +0.75 V and -0.40 V (50 s pulse width).

Figures 3.21 and 3.22 show the transport profiles obtained during transport experiments
involving Fe3+ and Cu2+. In common with previous experiments, prior to the application
of a potential no transport was observed. However, when a pulsed potential was applied
to the membrane the concentration of metal ion in the permeate solution increased.
When the pulsed potential was subsequently stopped the metal ion concentration
continued to increase, unlike what was seen with any of the other metal ions examined.
This behaviour was particularly evident in the case of copper, and has previously been
reported as occurring due to the dissolution of Fe and Cu metal that had been
electrochemically reduced and deposited on the membrane and auxiliary electrode in the
permeate solution.17 Consistent with this was the appearance of a metallic deposit on the
auxiliary electrode and/or membrane at the end of the applied potential phase of the
experiment. Since metal which deposited on the auxiliary electrode in the permeate
solution had been transported across the membrane it needed to be included in the
calculation of metal ion flux. In order to do this, upon completion of the six hour
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experiment the permeate solution was changed and left to stand for 24 hours before the
concentration of Fe3+ and Cu2+ were measured again. Using this value and the
concentration of metal ion in the permeate solution after a pulsed potential had been
applied for 2 hours, it was then possible to calculate the true flux of these metal ions.
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Figure 3.21 Electrochemically controlled transport of Fe3+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Fe(NO3)3; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.50 V and -0.80V with a 50 s pulse width; Region C: no applied potential.
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Figure 3.22 Electrochemically controlled transport of Cu2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Cu(NO3)2; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.50 V and – 0.80V with a 50 s pulse width; Region C: no applied potential.

The fluxes of Fe3+ and Cu2+ across PPy.a-CDS and PPy.β-CDS membranes are shown
in Table 3.4. Little difference was observed in the flux of Fe3+ across the two different
membranes, which was unusual as all other metal ions were transported to a greater
extent across PPy.β-CDS membranes. The flux of Fe3+ observed with both PPy.a-CDS
and PPy.β-CDS membranes was also much smaller than for any other metal ion
examined. This is in keeping with previous transport studies which showed that Fe3+
was not transported at all across PPy.HQS membranes, and to only a small extent across
PPy.DNA membranes.17,18 However, lack of permeability towards Fe3+ is not a feature
common to all polypyrroles, as a flux of 34 x 10-10 mol s-1 cm-2 was reported for this
metal ion across PPy.BCS membranes.17 One factor that may explain the low
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permeability of Fe3+ across certain membranes is its charge. Iron is the only trivalent
metal ion for which transport experiments were conducted. Less trivalent iron would be
needed to maintain overall charge neutrality during the reductive phase of the pulsed
potential. This would in turn lead to less iron being expelled during the oxidative phase
of the pulsed potential. In the absence of other favourable factors (e.g. complexation by
BCS ligand17) this would result in a lower flux.

The flux observed during Cu2+ transport experiments was similar to that seen in
previous studies with PPy.BCS, PPy.HQS and PPy.DNA membranes.17,18 However,
unlike all other metal ions examined in the present study, the flux of Cu2+ was greater
across PPy.a-CDS membranes than across PPy.β-CDS membranes. Copper was noted
to undergo a significantly greater amount of deposition on the auxiliary electrode in the
feed solution and on the membrane during transport experiments with PPy.β-CDS. In
fact, this membrane appeared to be completely coated with copper metal on completion
of the pulsed potential phase of the experiment. However, this did not occur with
PPy.a-CDS membranes. It is possible that additional metal being deposited on the
PPy.β-CDS membrane resulted in a significantly lower flux of Cu2+ than what was
expected. These results highlight the fact that transport of electroactive metal ions
across conducting polymer membranes can be significantly affected by their intrinsic
redox chemistry.

Copper:iron selectivity factors (σCu:Fe) were calculated for both PPy.a-CDS and PPy.βCDS membranes and are given in Table 3.5. These clearly show that for PPy.a-CDS
there is a very large selectivity in favour of transport of Cu2+ over Fe3+. The Cu:Fe
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selectivity factor of 45 is slightly larger than that observed for PPy.DNA membranes
(σCu:Fe = 33),18 and nine times larger than that observed with PPy.PTS membranes
(σCu:Fe = 5).16 This suggests that PPy.a-CDS membranes may be useful for separation
of mixtures of Cu2+ and Fe3+.

Membrane selectivity factors were also calculated for the transport of Cu2+ and Fe3+
across PPy.a-CDS and PPy.β-CDS membranes (Table 3.6). There was little difference
in iron permeability between the two membranes, while for Cu2+ a selectivity factor less
than one indicated that PPy.a-CDS was more permeable to Cu2+ than Fe3+.

3.3.6 Transport of Copper and Iron using a Different Potential Pulse Routine
Owing to the significant amount of metal deposition that occurred in transport
experiments involving Fe3+ and Cu2+, it was decided to repeat these studies using a
different pulsed potential. A pulsed potential of -0.40 V to +0.75 V with a 50 s pulse
width was chosen as this had been used in previous studies,17 and it was less likely to
result in reduction of the metal ions. When the experiments were repeated using this
pulsed potential and solutions containing Fe3+ or Cu2+, the transport profiles shown in
Figures 3.23 and 3.24, respectively, were obtained. The flux of metal ions across the
membranes were calculated and are reported in Table 3.4, together with the values
obtained using the initial set of experimental conditions.
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Figure 3.23 Electrochemically controlled transport of Fe3+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Fe(NO3)3; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.75 V and -0.40V with a 50 s pulse width; Region C: no applied potential.
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Figure 3.24 Electrochemically controlled transport of Cu2+ across PPy membranes
doped with sulfated cyclodextrins: Feed solution 0.10 M Cu(NO3)2; Permeate solution
0.05 M HNO3; Region A: no applied potential; Region B: potential pulsed between
+0.75 V and -0.40V with a 50 s pulse width; Region C: no applied potential.
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Table 3.4 shows that the change in pulsed potential had a dramatic effect, particularly
on iron transport. The flux of this metal ion across a PPy.a-CDS membrane increased
by a factor of 10, while the amount of Cu2+ transported across the same type of
membrane doubled. The most dramatic improvement was seen in the amount of Fe3+
transported across a PPy.β-CDS membrane, where the flux increased by a factor of 30.
However, the amount of Cu2+ transported across a PPy.β-CDS membrane was not
significantly affected by the change in pulsed potential. Significant amounts of copper
metal still deposited on the membrane surface, which again necessitated waiting for an
extended period of time on completion of the experiment in order to get a true final
metal concentration. However, the overall effects of raising the lower potential in the
potential pulse from -0.80 V to -0.40 V, and raising the upper potential from +0.50 V to
+0.75 V, was generally larger fluxes. This was most likely due to the less negative
reduction potential used, which would have caused less reduction of Fe3+ or Cu2+ to bare
metal. It may also be due to the higher oxidation potential forcing more metal ions out
of the membrane and into the permeate solution.

The copper:iron selectivity factors σCu:Fe under the altered pulsed potential conditions
are given in Table 3.5. These selectivity factors are significantly less than those
observed under the original pulsed potential. The selectivity of PPy.a-CDS towards
Cu2+ over Fe3+ decreased by a factor of 5, while the selectivity factor for PPy.β-CDS
decreased by a factor of 30. In fact PPy.β-CDS showed reversed selectivity, with the
flux of Fe3+ greater than that of Cu2+. These results indicate that changing the pulsed
potential conditions used can have a tremendous influence on the permeability of
conducting polymer membranes to some metal ions.
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Membrane selectivity factors were also calculated and are reported in Table 3.6. Unlike
those obtained with the original pulsed potential conditions where no difference was
observed, Fe3+ was transported to a significantly greater extent than Cu2+ across a
PPy.β-CDS membrane under the altered pulsed potential conditions. The new
conditions also resulted in an enhancement in the flux of Cu2+ across PPy.β-CDS
membranes compared to PPy.a-CDS membranes.

3.4 Conclusions
Polypyrrole doped with sulfated cyclodextrins can be prepared using potentiostatic,
potentiodynamic and galvanostatic methods. Polymers prepared under galvanostatic
conditions exhibit UV-vis spectra typical of conducting polypyrrole. Microanalytical
data indicate that both polymers are fully doped by the sulfate groups on the
cyclodextrins, although they exhibit relatively low electrical conductivities of 0.7
(PPy.a-CDS) and 0.4 S cm-1 (PPy.β-CDS). SEM and AFM imaging indicate that both
materials have a rough surface morphology, although PPy.β-CDS has a more open
structure than PPy.a-CDS. Electrochemical characterisation of PPy.a-CDS and PPy.βCDS indicates that the polymers respond differently to different metal ions. This is
reflected in the different fluxes observed in transport experiments involving a range of
metal ions and Pt-coated PVDF PPy.a-CDS and PPy.β-CDS membranes.

The flux of alkali and alkaline earth metal ions across supported PPy.a-CDS
membranes follow the sequence Na+ > K+ > Mg2+ ~ Ca2+. PPy.β-CDS membranes show
virtually the same sequence of fluxes, except the flux of Mg2+ is significantly greater
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than Ca2+. This is different from previous studies where the following sequence was
observed: K+ > Na+ > Ca2+ > Mg2+. For both membranes the flux of Na+ is nearly twice
that of K+. The current results suggest that complexation equilibria between the
cyclodextrins and metal ions play an important role in determining the flux of metal
ions across polypyrrole membranes doped with the cyclodextrins. Unfortunately, kinetic
and thermodynamic data has not been reported for complexes involving alkali or
alkaline earth metal ions and sulfated cyclodextrins. Without this data, it is impossible
to determine the exact contribution of metal ion/cyclodextrin complexation equilibria to
the variations in the observed metal fluxes.

With transition metal ions, the flux of metal ions across PPy.a-CDS membranes follow
the sequence Cu2+ > Ni2+ > Co2+ ~ Mn2+ > Zn2+ > Fe3+. PPy.β-CDS membranes,
however, show a significantly different sequence of Ni2+ > Zn2+ > Mn2+ > Co2+ > Cu2+ >
Fe3+. These results again indicate that metal ion/sulfated cyclodextrin complexation
equilibria are important in determining the flux across the membranes.

Ionic selectivity factors for the following pairs of metal ions: Na:K, K:Ca and Cu:Fe are
comparable to those previously reported.13,14,17,18,25 For K:Ca the larger dopant β-CDS
resulted in a smaller selectivity factor than for a-CDS, in accordance with the
conclusions of previous studies which showed that larger dopants result in smaller
selectivity factors.13 Membrane selectivity factors also show that the fluxes of all metal
ions across PPy.β-CDS membranes are greater than across PPy.a-CDS membranes,
with the exception of Cu2+. Calculation of the amount of Cu2+ transported is
complicated by the electroactivity of the metal, which results in deposition of Cu metal
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on the PPy.β-CDS membrane in particular, and as a consequence significantly less
metal ion transport.

Transport of Fe3+ and Cu2+ performed with a different pulsed potential of -0.40 V to
+0.75 V, results in significant increases in the flux of both metal ions across both
membranes. However, this is at the expense of Cu:Fe selectivity, which decreases
significantly for both membranes.
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Chapter 4
Electroless Polymerisation of Pyrrole in the Presence of a
Sulfonated Calixarene

4.1 Introduction
There has been much interest in incorporating selective molecular recognition groups
into conducting polymers to produce supramolecular systems with potential applications
in areas such as sensors or controlled release agents.1-5 Further interest in such systems
stems from research that showed that host-guest chemistry can facilitate processing of
conducting polymers.6-11 In this regard, molecules such as cyclodextrins or calixarenes
that can encapsulate monomers used in conducting polymer synthesis are of particular
interest. Sulfonated calixarenes, such as calix[6]arene-4-sulfonic acid (C6S, Figure 4.1),
have been used as dopants for polypyrrole, providing materials that retained the
molecular recognition properties of the calixarenes as shown by their ability to
encapsulate ferrocene derivatives or uranyl ions within their central cavity.1,2
Hydroxypropyl-β-cyclodextrin has been used to facilitate the synthesis of conducting
polymers in solvents that the monomer is not normally soluble in. For example,
bithiophene is insoluble in water, but forms water soluble inclusion complexes with
cyclodextrins enabling polymerisation in aqueous solutions.9
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Figure 4.1 Structure of calix[6]arene-4-sulfonic acid.

Polypyrrole is traditionally prepared by either chemical or electrochemical
polymerisation of pyrrole monomer.12 In chemical polymerisation, a chemical oxidant
such as ferric chloride is added to aqueous solutions containing pyrrole, resulting in
black precipitates of polypyrrole. Electrochemical polymerisation involves the
application of an oxidising potential or current, and results in the formation of
polypyrrole films on an electrode surface. More recently, the acid-catalysed
polymerisation of pyrrole has been described.13,14 In these latter studies pyrrole was
polymerised in aqueous solutions containing strong acids, in the absence of either a
chemical oxidant or electrochemical stimulus. For example, solutions of pyrrole and 6
M hydrochloric acid were found to give polydisperse, spherical particles of polypyrrole
which were non-conducting.14 The addition of poly(vinyl alcohol) (PVA) to the
polymerisation solution resulted in smaller, monodisperse particles. Based on
spectroscopic data, these polypyrroles were concluded to be non-conductive, owing to
the presence of pyrrolidine rings and products of ring-opening reactions within the
polypyrrole chains.

Calixarenes are versatile complexing agents that can act as hosts for cations, anions or
neutral molecules.15 Their cation binding ability makes anionic calixarenes attractive
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candidates as dopants for incorporation into conducting polymers to produce novel
metal separation systems. During initial studies into polypyrroles doped with sulfonated
calixarenes, it was noted that solutions containing pyrrole and calix[6]arene-4-sulfonic
acid (C6S) formed black precipitates upon standing for extended periods of time. As
there was no chemical oxidant in the solution, and an electrical potential was not
applied, this suggested that electroless polymerisation reactions were occurring. This
chapter describes the characterisation of these materials, and the results of investigations
into the conditions required for electroless polymerisation to occur.

4.2 Experimental
4.2.1 Electroless Polymerisation forming PPy.C6S Suspensions and Powders
Aqueous solutions containing 0.20 M pyrrole and 1.7 mM C6S were prepared and left
to stand, resulting in a black precipitate of PPy.C6S beginning to form after a day. After
2 weeks the suspensions were purified by dialysis against MilliQ grade water. When
PPy.C6S powder was required for further analysis, the black precipitate was collected
by vacuum filtration.

Effect of Temperature
The effect of temperature on the electroless formation of PPy.C6S was studied
spectroscopically. Aqueous solutions containing 0.20 M pyrrole and 1.7 mM C6S were
placed in the thermostated cell block of a Cary 500 UV-vis-NIR spectrophotometer. The
cell block was maintained at a range of temperatures (± 0.1 ºC) and the UV-vis
spectrum of the reaction mixture measured after 4 hours of reaction (before any product
precipitated).
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4.2.2 Preparation of PPy.C6S Colloids by Electroless Polymerisation
PPy.C6S colloids were prepared in the same manner as the PPy.C6S powder samples
above, with the exception that 0.3 % w/v of the steric stabilisers poly(vinyl alcohol)
(PVA), poly(vinyl pyrrolidinone) (PVP), or the ionic stabiliser poly(styrene sulfonate)
(PSS) was added to the polymerisation mixture. The resultant colloidal dispersions were
purified by dialysis against MilliQ grade water.

4.2.3 Preparation of PPy.C6S Films by Electrochemical Oxidation
For comparison, thick films of PPy.C6S were grown onto stainless steel using
galvanostatic polymerisation. A current density of 2 mA cm-2 was applied for 1 hour to
a stainless steel electrode placed in an aqueous solution containing 0.20 M pyrrole and
1.7 mM C6S. The resulting PPy.C6S films were peeled from the electrode, washed with
water and dried in air before being used for conductivity measurements, FTIR and
microanalysis. Thin films of PPy.C6S were grown on ITO-coated glass by applying a
current density of 2 mA cm-2 for 180 s to solutions with the same composition as above.
The resulting films were washed with water and dried in air before their UV-Vis spectra
were measured.

4.2.4 Preparation of Polypyrrole by Acid-Catalysed Polymerisation
25 mL of an aqueous solution containing 0.75 M pyrrole was added rapidly with stirring
to 100 mL of aqueous 7.5 M HCl.13 After stirring for 24 hours, the UV-vis spectrum of
the resulting polymer was recorded.
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4.2.5 Characterisation of Polypyrrole Polymers
4.2.5.1 Determination of Yield
After polymerisation and subsequent purification by dialysis, known volumes (10 mL)
of solutions containing the product were evaporated to dryness in a 50 ºC oven. The
mass of the residue left behind was measured to determine the yield of PPy.C6S. In the
case of the PPy.C6S colloids, the mass of stabiliser in the original reaction solution was
subtracted from the measured yield to determine the true yield of PPy.C6S. Three
measurements were averaged to give a final value.

4.2.5.2 Fourier Transform Infrared Spectroscopy
Samples of PPy.C6S for infrared analysis were dried under vacuum at 50 ºC before
being pressed into pellets with KBr (see Chapter 2 for details).

4.3 Results and Discussion
4.3.1 Preparation and Characterisation of PPy.C6S
4.3.1.1 Electroless Formation of PPy.C6S
Aqueous solutions containing pyrrole and C6S were noted to slowly darken over a
period of days and eventually form black precipitates. Examination of the UV-vis
spectra of these solutions over the course of two weeks showed a number of interesting
features (Figures 4.2 and 4.3). With time a peak between 400 and 500 nm and a freecarrier tail at wavelengths greater 800 nm developed and increased in intensity. These
features are consistent with the formation of polypyrrole, and may be assigned as
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bipolaron charge transfer bands. Apparently, the solutions containing 0.20 M pyrrole
and 1.7 mM C6S had undergone polymerisation over a period of days in the complete
absence of any added chemical oxidant or an oxidative applied potential. It should be
noted that an increase in the background absorption of the solutions occurred (Figure
4.2 and 4.3), presumably due to light scattering by the polypyrrole particles.

0.35

0.3
Increasing
time

0.25

Absorbance

24 hr
0.2

0.15

0.1

0.05

0
300

2 hr

400

500

600

700
800
Wavelength (nm)

900

1000

1100

Figure 4.2 UV-vis absorption spectra of an aqueous solution containing 0.20 M pyrrole
and 1.7 mM C6S recorded every 2 hours for 24 hours.
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Figure 4.3 UV-vis absorption spectra of an aqueous suspension containing 0.20 M
pyrrole and 1.7 mM C6S obtained at different reaction times: A – 1 day; B – 2 days; C –
3 days; D – 4 days; E – 5 days; F – 6 days; G – 8 days; H – 10 days; I – 12 days; J – 14
days.

4.3.1.2 Electrochemically Produced PPy.C6S Films
Figure 4.4 shows the UV-Vis spectrum of a thin film of electrochemically polymerised
PPy.C6S deposited on ITO-coated glass via the galvanostatic electropolymerisation of
an aqueous solution containing 0.20 M pyrrole and 1.7 mM C6S. The peak observed at
ca. 350 nm can be assigned to π-π* transitions in the polypyrrole backbone, while the
band at ca. 470 nm and the large free-carrier tail at wavelengths greater than 700 nm can
be assigned as bipolaron charge transfer bands. These features are indicative of
conducting polypyrrole and are similar to those observed in the spectrum of the black
product prepared by electroless polymerisation described in Section 4.3.1.1 above. This
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provides further evidence of the formation of PPy.C6S by electroless polymerisation of
pyrrole in the presence of C6S.
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Figure 4.4 UV-vis spectrum of PPy.C6S grown galvanostatically at 2 mA cm-2 for 180
s on ITO-coated glass from an aqueous solution containing 0.20 M pyrrole and 1.7 mM
C6S.

4.3.1.3 Acid-Catalysed Polymerisation of Pyrrole
The polymerisation of pyrrole in strongly acidic solutions not containing a chemical
oxidant or subjected to electrochemical oxidation has previously been reported.13,14
These studies indicated that upon addition of pyrrole to a 6 M HCl solution, a red-brown
polymeric product was formed. This red-brown product would appear to be different to
the black product formed in solutions containing pyrrole and C6S described here. To
provide further evidence of this, a sample of PPy prepared using the previously
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reported13,14 acid conditions was prepared and its UV-Vis spectrum recorded. This
absorption spectrum (Figure 4.5) differed significantly from that found above for
PPy.C6S prepared by electroless polymerisation. The most marked difference was the
absence of the free-carrier tail in the near-infrared, indicating that a non-conductive
form of PPy was formed by the action of HCl on the pyrrole monomer. This was
previously confirmed by electrical conductivity measurements which showed the
product to be an insulator.13,14 The differences between the spectra shown in Figures 4.3
and 4.5 strongly suggest that electroless polymerisation of pyrrole in the presence of
C6S resulted in a product that differed significantly from that produced by acidcatalysed polymerisation of pyrrole.
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Figure 4.5 UV-vis spectrum of polypyrrole formed by acid-catalysed polymerisation of
0.15 M pyrrole in 6 M HCl for 24 hours.
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4.3.1.4 Further Characterisation of PPy.C6S
Although the UV-vis spectra in Figures 4.2 and 4.3 of PPy.C6S prepared by electroless
polymerisation suggested that this material was conductive, electrical conductivity
measurements on a pressed pellet prepared from this material showed it to be an
insulator. In contrast, the electrical conductivity of a sample of PPy.C6S prepared by
electrochemical polymerisation was 1.3 S cm-1. A possible explanation for the lack of
conductivity displayed by the PPy.C6S sample prepared by electroless polymerisation is
that the polymer has conjugated, conducting regions, which give rise to the features
observed in the UV-Vis spectrum, linked by non-conductive regions.

Microanalytical data for PPy.C6S formed by electroless polymerisation and
electrochemical polymerisation are shown in Table 4.1, and provide evidence that both
materials consist of polypyrrole doped with C6S. In both materials the ratio of N:S is
very similar. For electrochemically polymerised PPy.C6S this ratio was 5.2:1, while for
PPy.C6S prepared by electroless polymerisation it was 5.3:1. Both values are slightly
higher than pyrrole:dopant ratios of 3:1 to 4:1 typically observed for conducting
polypyrroles.12,16,17 A molar ratio of ca. 1 calixarene for every 30 pyrroles is suggested
for both polypyrroles. The ratio of carbon to nitrogen was found to be 5.9:1 and 6.6:1
for electrochemically polymerised PPy.C6S and electroless polymerised PPy.C6S,
respectively. The higher value found for the latter polymer may be a consequence of
ring-opening reactions having taken place, resulting in the loss of nitrogen atoms and
formation of carbonyl groups.

124

Chapter 4
Table 4.1 Microanalyses of PPy.C6S samples grown by electrochemical and electroless
polymerisation.
Element

PPy.C6S prepared

PPy.C6S prepared

by electrochemical

by electroless

polymerisation

polymerisation

(%)

(%)

C

52.1

37.5

H

3.6

3.7

N

10.4

6.6

S

4.6

2.9

Infrared spectra of free C6S and of both electropolymerised and electroless polymerised
PPy.C6S are shown in Figure 4.6. These spectra provide further evidence for the
incorporation of C6S into both polypyrroles. For free C6S (Figure 4.6A) infrared bands
associated with the sulfonic acid groups were observed at 1160 and 1040 cm-1 and
assigned to asymmetric and symmetric ν SO3 , respectively.18 These bands were observed
at similar frequencies in the spectra of PPy.C6S prepared by both methods (Figures
4.6B and 4.6C). Other bands at ca. 3400, 1475 – 1480, 1275 – 1280, 1115 – 1120, 895 –
900, 625 – 630 and 565 – 570 cm-1 were common to all three spectra, indicating the
presence of C6S within both polypyrroles. The only significant difference observed
between the two polypyrroles was the stronger absorption in the region between 1525
and 1775 cm-1 in the PPy.C6S prepared by electroless polymerisation. This may be due
to the formation of pyrrolidine rings and other products containing carbonyl groups by
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ring-opening reactions. Very little change in infrared frequencies was observed for the
C6S after incorporation into the polypyrroles, indicating only weak interaction between
the calixarene dopant and the polypyrrole chain in both cases. This may indicate that the
calixarene is not threaded onto the polypyrrole chains in a manner similar to that
suggested with some polyanilines and cyclodextrins.19
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Figure 4.6 Infrared spectrum of: A – Free C6S; B – PPy.C6S grown by
electropolymerisation; C – PPy.C6S grown by electroless polymerisation.

A cyclic voltammogram of a suspension of PPy.C6S dispersed in 0.10 M NaNO 3
(Figure 4.7) revealed an oxidation peak at ca. -0.3 V in the anodic sweep and a
corresponding reduction peak at ca. -0.55 V in the reverse cathodic sweep. This
indicates that the material is electroactive. This electroactivity provides evidence for
regions of conducting polypyrrole within the overall polymer. Detailed investigations of
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the electroactivity of PPy.C6S were not possible owing to the polymer rapidly
precipitating from the suspension.
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Figure 4.7 Cyclic voltammogram of a PPy.C6S suspension prepared by electroless
polymerisation of 0.20 M pyrrole in the presence of 1.7 mM C6S over two weeks. A
platinum working electrode, Ag/AgCl reference electrode, platinum mesh auxiliary
electrode and scan rate of 100 mV s-1 were used.

Attempts to perform particle size analysis on PPy.C6S suspensions prepared by
electroless polymerisation proved to be unsuccessful. It is believed that this was due to
the particles being too large for the technique employed, which is generally only useful
for particles less than 1 µm in diameter. A TEM image of a PPy.C6S suspension (Figure
4.8) supports the idea that the particles are too large for particle size measurements, with
individual particles greater than 500 nm in size being observed as well as even larger
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aggregates. The TEM image also shows that the particles are spherical in nature and
polydisperse. Previous studies showed that polypyrrole produced by polymerisation of
pyrrole in the presence of strong mineral acids also consisted of polydisperse, spherical
particles.13

Figure 4.8 Transmission electron micrograph of PPy.C6S particles prepared by
allowing a solution containing 0.20 M pyrrole and 1.7 mM C6S to undergo electroless
polymerisation for 2 weeks (20000x magnification).
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4.3.1.5 Factors Influencing Polymerisation
The polymerisation of pyrrole has previously been shown to be influenced by many
different factors such as solvent, acidity, polymerisation temperature, polymerisation
method and choice of dopant.12 Therefore it was decided to investigate the effect of
some of these parameters on the electroless polymerisation of pyrrole.

Identity of the acid
When aqueous solutions containing 0.20 M pyrrole and 0.01 M para-toluenesulfonic
acid (PTSA) were allowed to stand for 2 weeks, the resulting UV-Vis spectrum
provided no evidence for the formation of polypyrrole. Since this concentration of
PTSA provides the same effective concentration of sulfonic acid groups as a solution
containing 1.7 mM C6S, this result strongly suggests that the acid has another role to
play in the reaction mechanism in addition to acting as a source of protons. Further
evidence in support of this was provided by a study in which a solution containing 0.20
M pyrrole and 1.7 mM calix[4]arene-4-sulfonic acid (C4S) was allow to stand for 2
weeks. After this period of time a blue-grey solution was obtained, the UV-vis spectrum
of which suggested that polypyrrole had not been formed.

Identity of the monomer
From these results, it may be concluded that the mechanism of the electroless
polymerisation process studied here involves specific host-guest interactions between
the calixarene and pyrrole. Only in the case of C6S do these interactions lead to the
formation of a conducting form of polypyrrole. Host-guest interactions have previously
been invoked to explain the why hydrophobic monomers such as bithiophene can be
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polymerised in aqueous solutions containing hydroxypropyl-β-cyclodextrin.9 Further
information on the importance of specific host-guest interactions in the electroless
polymerisation of pyrrole was obtained by repeating the synthesis but with 3methylpyrrole-4-carboxylic acid or aniline as the monomer instead of pyrrole. Neither
of these alternative monomers underwent electroless polymerisation in the presence of
C6S. It has been shown that host-guest interactions between calixarenes and
trimethyl(ferrocenylmethyl)ammonium result in a large cathodic shift in the oxidation
potential of the ferrocene.20 For example, a cathodic shift of 120 mV was observed in
the presence of C6S. Therefore the formation of a host-guest complex between pyrrole
and C6S may result in a similar cathodic shift in the oxidation potential of the pyrrole
monomer, facilitating polymerisation. An experiment to test this hypothesis failed due
to the deposition of polypyrrole on the Pt electrode surface, even at very low (5 mM)
concentrations of pyrrole.

Concentration of calixarene
The effect of calixarene concentration on the yield of polypyrrole obtained by
electroless polymerisation is shown in Table 4.2. Increasing the concentration of C6S,
resulted in an increase in the amount of polymerisation and hence an increase in the
yield of PPy.C6S obtained.
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Table 4.2 Effect of C6S concentration on yield of PPy.C6S obtained by the electroless
polymerisation of pyrrole in the presence of C6S after 2 weeks.
Concentration of C6S Yield of PPy.C6S
(mM)

(%)

0.9

9

1.7

16

3.4

25

Temperature
Figure 4.9 shows the UV-vis spectra obtained after 4 hours for solutions containing 0.20
M pyrrole and 1.7 mM C6S held at various temperatures. As expected, the rate of
polymerisation increased with increasing temperature, resulting in higher concentrations
of polypyrrole and hence higher absorbances. After 4 hours at 20 ºC, the UV-vis
spectrum showed no distinct features, indicating that polymerisation had not occurred to
a great extent. After the same reaction period at 40 ºC, however, a weak peak had
appeared between 400 and 500 nm as well as a free-carrier tail at wavelengths greater
than 800 nm. These features can be assigned to bipolaron charge transitions and indicate
that some polypyrrole had formed. The spectrum obtained after polymerisation had been
performed at 50 ºC also showed these features to an increased degree, as well as a broad,
weak peak between 600 and 700 nm. This latter peak is due to the presence of overoxidised polypyrrole in the sample,21 and increased in intensity when polymerisation
was carried out at 80 ºC.
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Figure 4.9 UV-vis absorption spectra of aqueous solutions containing 0.20 M pyrrole
and 1.7 mM C6S obtained after being held at various temperatures for 4 hours: A – 20
ºC; B – 40 ºC; C – 50 ºC; D – 80 ºC.

4.3.1.6 Mechanism for Electroless Polymerisation
As mentioned above, the polymerisation of pyrrole in strongly acidic solutions in the
absence of a chemical oxidant or electrochemical oxidation has been reported
previously.13,14 These polymers were found to be non-conductive, which was attributed
to the polymer containing conjugated, conductive regions linked by non-conductive
regions containing pyrrolidine rings and ring-opened products. Hawkins and Ratcliffe
proposed a mechanism for acid-catalysed polymerisation,14 the first step of which is
protonation of pyrrole at the beta carbon position. The protonated pyrrole monomer then
reacts with an unprotonated pyrrole monomer forming a dimer, which can then be
protonated and react with unprotonated pyrrole monomers resulting in chain
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propagation. This results in a polymer with alternating pyrrole and pyrrolidine units.
Evidence to support the mechanism was provided by spectral and microanalytical data
and the isolation of significant quantities of a trimer, consisting of two pyrrole
molecules bound to a pyrrolidine, soon after the addition of pyrrole to 6 M HCl. Ringopened units were also found within the polymer chains, leading to the loss of pyrrole
nitrogen atoms and the formation of carbonyl groups.

The mechanism of electroless polymerisation of pyrrole in the presence of C6S is likely
to start in a similar fashion, with protonation of the beta carbon of pyrrole by the
sulfonic acid groups of C6S. Evidence showing the importance of acid in the
mechanism was provided by the observation that addition of aqueous ammonia to
solutions containing pyrrole and C6S resulted in complete inhibition of polymerisation.
It is likely that the mechanism of electroless polymerisation of pyrrole in the presence of
C6S differs from that involving strong mineral acids after this initial step. However, it is
highly probable that pyrrolidine and ring-opened products are also formed during the
polymerisation, resulting in the polymer being non-conductive. Evidence in support of
these pyrrolidine and ring-opened products is provided above.

4.3.2 Preparation and Characterisation of PPy.C6S Colloids
4.3.2.1 Effect of Stabiliser
Solutions containing pyrrole and C6S polymerised over a period of days, and resulted in
the formation of black precipitates of polypyrrole. The addition of a stabiliser (PVA,
PVP or PSS) to these solutions resulted in black dispersions which were stable over a
period of months. Changing the stabiliser used had no significant effect on the yield
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obtained after 2 weeks, even when the stabiliser was changed from a steric stabiliser to
an ionic stabiliser (Table 4.3).

Table 4.3 Effect of stabiliser on yields after 2 weeks of PPy.C6S obtained by electroless
polymerisation of pyrrole in the presence of C6S and stabilisers.
Stabiliser

Molecular Weight Yield of PPy.C6S
of Stabiliser

(%)

(Da)
No stabiliser

-

16

PVA

70,000

13

PVP

630,000

11

PSS

70,000

16

4.3.2.2 Characterisation of PPy.C6S Colloids
Figure 4.10 shows the UV-vis spectra of PPy.C6S colloids prepared in the presence of
each of the stabilisers, 1 week after polymerisation was commenced. All three spectra
are qualitatively very similar in appearance to each other, and to the UV-Vis spectrum
of a suspension of PPy.C6S prepared by electroless polymerisation (Figure 4.3), and of
a thin PPy.C6S film grown by electrochemical oxidation (Figure 4.4). A peak is present
between 400 and 500 nm in each of the three spectra shown in Figure 4.10, along with a
peak at wavelengths greater than 800 nm. These bands are assigned as bipolaron charge
transfer bands and indicate that the polypyrrole present is in its doped form.12 The
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expected π-π* transition, which is typically found at ca. 350 nm in polypyrrole is not
clearly resolved in these spectra.12 Figure 4.10 also shows that the intensity of the
absorption bands in the spectrum of PPy.C6S.PSS is much greater than that of the
analogous bands in the spectra of the other two colloids. This suggests that the amount
of PPy.C6S formed in the presence of PSS was greater than when the other stabilisers
were used, and hence also the rate of polymerisation is greater in the presence of PSS.
This conclusion is not consistent with the yields presented in Table 4.3, however, where
no significant effect was observed. This discrepancy presumably arises from the fact
that data presented in Table 4.3 was obtained from polymerisation reactions which took
place over 2 weeks, while in the spectra Figure 4.10 polymerisation were obtained after
only 1 week.
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Figure 4.10 UV-vis absorption spectra of PPy.C6S colloids prepared by allowing
aqueous solutions containing 0.20 M pyrrole, 1.7 mM C6S, and 0.3% w/v PVA, 0.3%
PVP or 0.3% PSS, to undergo electroless polymerisation for 1 week.
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The results of particle size measurements performed on PPy.C6S colloids are shown in
Table 4.4. All three stabilisers resulted in polydisperse samples with a mono-modal
particle size distribution. The stabiliser used had a dramatic effect on the size of the
particles obtained, with PPy.C6S.PVA showing much smaller particles than those
observed with PPy.C6S.PVP or PPy.C6S.PSS. These results are consistent with
previous studies that showed that the particle size of polypyrrole colloids is highly
dependent on the reaction conditions, including the molecular weight and nature of the
stabiliser.22,23 In the current study, PVP was the largest stabiliser used, having a
molecular weight of 630000 Da, and it gave rise to the largest particles. Although the
PVA and PSS both had molecular weights of 70000 Da, there was a significant
difference in the particle size found in PPy.C6S.PVA and PPy.C6S.PSS colloids. This
may be related to the fact that PVA is a non-ionic, steric stabiliser while PSS is an ionic
stabiliser.

Table 4.4 Particle size analysis of PPy.C6S colloids.
Colloid

Mean Particle Size Particle Size Range
(nm)

(nm)

PPy.C6S.PVA

50

0 – 110

PPy.C6S.PVP

270

150 – 390

PPy.C6S.PSS

120

0 - 370

TEM images of the different colloids are shown in Figures 4.11 to 4.13. These images
reveal the particles to be roughly spherical in shape. However, the size of the particles
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does not correspond directly to those found by particle size measurements. This may be
because TEM images were obtained on non-representative samples, or because the
results of the particle size measurements were influenced by both aggregation of
particles as well as discrete particles.

Figure 4.11 Transmission electron micrograph of PPy.C6S.PVA particles prepared by
allowing an aqueous solution containing 0.20 M pyrrole, 1.7 mM C6S and 0.3 % w/v
PVA to undergo electroless polymerisation for 2 weeks (100000x magnification).
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Figure 4.12 Transmission electron micrograph of PPy.C6S.PVP particles prepared by
allowing an aqueous solution containing 0.20 M pyrrole, 1.7 mM C6S and 0.3 % w/v
PVP to undergo electroless polymerisation for 2 weeks (17000x magnification).

Figure 4.13 Transmission electron micrograph of an individual PPy.C6S.PSS particle
present in a sample of colloid prepared by allowing an aqueous solution containing 0.20
M pyrrole, 1.7 mM C6S and 0.3 % w/v PSS to undergo electroless polymerisation for 2
weeks (20000x magnification).
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Cyclic voltammetry showed all three colloids to be electroactive. Figure 4.14 shows the
effect of variations in the scan rate on the cyclic voltammogram of a sample of
PPy.C6S.PVA dispersed in 0.10 M NaNO 3 . A single set of redox peaks typical of
polypyrrole was observed at each scan rate, and increasing the scan rate resulted in
significant increases in the measured current. Plots of peak anodic and cathodic currents
against the square root of the scan rate were linear, with correlation coefficients greater
than 0.97 and 0.96, respectively (Figure 4.15). The separation between the peak anodic
and cathodic potentials decreased from 0.27 V when scanning at 250 mV s−1, to 0.21 V
using a scan rate of 50 mV s-1. However, further reducing the scan rate to 10 mV s-1
caused an increase in peak separation to 0.23 V. At the same time, there was a continual
decrease in the ratio of peak anodic current to peak cathodic current from 1.02 to 0.59
when the scan rate was reduced from 250 mV s-1 to 10 mV s-1. One possible explanation
for these observations is that in its reduced state the polymer colloid undergoes
chemical reactions resulting in an electro-inactive species, or alternatively it may form
aggregates that are more difficult to re-oxidise. Both processes would be more
important at slower scan rates. Overall these results indicate that electron transfer was
quasi-reversible.
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Figure 4.14 Effect of varying scan rate on the cyclic voltammogram of PPy.C6S.PVA
dispersed in 0.10 M NaNO 3 , obtained using a Pt working electrode, Ag/AgCl reference
electrode and Pt mesh auxiliary electrode (Last of 5 scans shown at each scan rate).
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Figure 4.15 Plot of peak current versus the square root of scan rate for cyclic
voltammograms of PPy.C6S.PVA dispersed in 0.10 M NaNO 3 . Cyclic voltammograms
were obtained using a Pt working electrode, Ag/AgCl reference electrode and Pt mesh
auxiliary electrode (Last of 5 scans shown at each scan rate).
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Cyclic voltammetry studies on PPy.C6S.PVP (Figure 4.16) and PPy.C6S.PVA (Figure
4.17) showed that both displayed similar quasi-reversible electron transfer chemistry to
PPy.C6S.PVA. In both cases a single set of redox peaks was observed, and plots of peak
current versus the square root of scan rate were linear, with correlation coefficients
generally greater than 0.98. The separation between peak anodic and peak cathodic
potentials initially decreased on decreasing the scan rate for both colloids. However, at
very low scan rates the reverse trend was observed, suggesting that the reduced form of
these colloids also undergo aggregation and/or chemical reactions.
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Figure 4.16 Effect of variations in scan rate on the cyclic voltammogram of
PPy.C6S.PVP dispersed in 0.10 M NaNO 3 . Cyclic voltammograms were obtained using
a Pt working electrode, Ag/AgCl reference electrode and Pt mesh auxiliary electrode
(Last of 5 scans shown at each scan rate).
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Figure 4.17 Effect of variations in scan rate on the cyclic voltammogram of
PPy.C6S.PSS dispersed in 0.10 M NaNO 3 . Cyclic voltammograms were obtained using
a Pt working electrode, Ag/AgCl reference electrode and Pt mesh auxiliary electrode
(Last of 5 scans shown at each scan rate).

The nature of the electrolyte had a significant effect on the electrochemical behaviour of
PPy.C6S.PVA colloids. Figure 4.18 shows cyclic voltammograms of PPy.C6S.PVA
obtained in 0.10 M solutions of NaNO 3 , KNO 3 and Zn(NO 3 ) 2 . Cathodic peaks
corresponding to polypyrrole reduction were observed not only in these three electrolyte
solutions, but also in Ca(NO 3 ) 2, Mg(NO 3 ) 2

and Ni(NO 3 ) 2 . Unlike cyclic

voltammograms obtained in other electrolytes, those recorded in Zn(NO 3 ) 2 displayed
two reduction peaks. This suggests that both cation and anion exchange reactions
occurred during redox cycling of the polymer in Zn(NO 3 ) 2 .
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An aqueous solution containing 0.10 M NaNO 3 was the only electrolyte in which
colloidal PPy.C6S.PVA showed a distinct oxidation process (Figure 4.18). In contrast,
cyclic voltammograms of PPy.C6S.PVA obtained in 0.10 M Ca(NO 3 ) 2 , Mg(NO 3 ) 2 or
Ni(NO 3 ) 2 showed no features attributable to oxidation processes. These results suggest
that in most of the electrolyte solutions used the reduced polypyrrole particles undergo
significant aggregation, as this process would be affected by the nature of the electrolyte.
Another possible explanation for the absence of features in cyclic voltammograms
attributable to oxidation processes, involves the reduced form of the polymer
undergoing chemical reactions to form electro-inactive species. However, this
explanation seems less likely as changing the electrolyte would not be expected to have
a large effect on these reactions.

2

A

2

1

1

0

Current (μA)

Current (μA)

3

0
-1

-1
-2

-2

-3

-3

-4

-4
-800

-600

-400

-200

200

0

400

600

B

-5
-800

800

-600

-400

2

-200

0

200

400

600

800

Potential (mV)

Potential (mV)

C

1

Current (μA)

0
-1
-2
-3
-4
-5
-6
-800

-600

-400

-200

0

200

400

600

800

Potential (mV)

Figure 4.18 Effect of varying the supporting electrolyte on the cyclic voltammogram of
PPy.C6S.PVA, obtained using a Pt working electrode, Ag/AgCl reference electrode, Pt
mesh auxiliary electrode and a scan rate of 50 mV s-1 (Last of 5 scans shown for each
electrolyte). A – 0.10 M NaNO 3 ; B – 0.10 M KNO 3 ; C – 0.10 M Zn(NO 3 ) 2 .
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4.4 Conclusions
Aqueous solutions containing pyrrole and calix[6]arene-4-sulfonic acid (C6S) undergo
slow electroless polymerisation processes in the absence of any chemical oxidant or
electrochemical oxidation. The products from these electroless polymerisations exhibit
UV-Vis spectral properties characteristic of a polypyrrole species. However, although
cyclic voltammetry shows the product to be electroactive, it is non-conductive.
Microanalytical data confirm the incorporation of the C6S into the polymer. Overall
these studies indicate that the most likely structure for PPy.C6S prepared by this
electroless polymerisation procedure is a material composed of conducting regions of
polypyrrole separated by insulating pyrrolidine units and ring-opened products.

This unusual electroless polymerisation reaction is specific to pyrrole and C6S, since
the reaction does not occur with other combinations of acids, calixarenes and monomers.
This suggests that specific host-guest interactions between the pyrrole monomer and
C6S are an essential part of the reaction mechanism. It is likely that this host-guest
inclusion complex results in a lowering of the pyrrole oxidation potential, leading to an
increase in polymerisation rate. The polymerisation rate is increased by raising the
temperature, however, at temperatures greater than 40 ºC a product with a UV-vis
spectrum indicative of over-oxidised polypyrrole is obtained.

The addition of polymers such as PVA, PVP or PSS as stabilisers to polymerisation
mixtures leads to the formation of stable colloidal dispersions. These dispersions
contain particles up to 10 times smaller than those present in suspensions of PPy.C6S.
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Cyclic voltammetric studies show that all colloidal dispersions were electroactive and
responsive to changes in the surrounding electrolyte.

Electroless polymerisation of pyrrole in the presence of C6S thus provides a novel
method of forming polypyrrole. Although the product is non-conductive, its
electroactivity and ability to respond to changes in its environment may be useful in
areas such as metal separation or sensing.
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Chapter 5
Optically Active Polyaniline Doped With Biological
Phosphates

5.1 Introduction
In recent years, the marriage of biologically active molecules with inherently
conducting polymers has been of considerable interest.1-27 This interest is in large part
due to the many potential applications for these composites, including their use as
highly selective biosensors1-3 or as systems for the controlled release and incorporation
of chemicals and drugs via redox switching of the conducting polymer backbone.4-8 The
majority of studies to date have focused on polypyrrole or polythiophene polymer
substrates, with very few studies on the direct incorporation of biologically active
dopants into polyanilines. This is perhaps due to the constraints introduced by the acidic
pH conditions required for the preparation of conducting emeraldine salt.

Adenosine-5′-triphosphate (Figure 5.1) is one of the most important biological
molecules in plant and animal metabolism. It is a nucleotide made up of a ribose sugar,
a purine base (adenine) and a triphosphate unit. The role of ATP in plant and animal
metabolism is to act as a free-energy carrier with the hydrolysis of the triphosphate
group, forming either adenosine-5′-diphosphate (ADP) and orthophosphate or
adenosine-5′-monophosphate (AMP) and pyrophosphate, releasing a large amount of
energy that can be used in metabolic processes.28 The ionic phosphate groups of these
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nucleotides, (AMP, ADP and ATP) opens up the possibility of using them as anionic
dopants at cationic sites on a conducting polymer chain. Other biological molecules
such as β-D-glucose-6-phosphate and cyclic adenosine-5′-monophosphate (cAMP) are
also of interest as potential dopants due to their ionic phosphate groups.
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Figure 5.1 Structure of adenosine-5′-triphosphate (disodium salt).

The use of nucleotides as dopants for conducting polymers is not a new concept, with
many studies looking at the doping of ICPs with either DNA or segments of DNA.9-13
However, the use of mononucleotides and in particular ATP as dopants has not been
widely studied, and ATP has only been used as a dopant for polypyrrole to date.4-6 This
ATP-doped polypyrrole was of interest since the release of ATP could be
electrochemically stimulated.4-6 In this chapter, the possibility of using biological
phosphates, and in particular ATP, as dopants for polyaniline will be examined. The use
of polyaniline opens up the possibility of pH-stimulated release of the ATP dopant as
well as the electrochemically stimulated release seen with polypyrrole.

The fact that biological phosphates such as mononucleotides are chiral molecules also
makes them of great interest as potential dopants for polyaniline. For mononucleotides,
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this chirality arises from the chiral carbon atoms within the ribose group. Polyaniline is
readily prepared in an optically active form through the incorporation of an optically
active dopant and there has been substantial interest in this property of polyaniline over
recent years.29-38 Chiral polyaniline is of great interest as it has potential applications in
areas such as chiral separations or as a chiral electrode material for enantioselective
electrosynthesis.

In this chapter the possibility of combining biological phosphates (Figure 5.2) such as
mononucleotides, and in particular ATP, with polyaniline is explored. The possibility of
inducing chirality into the polyaniline chains through the incorporation of these dopants
and the factors influencing optical activity are also studied. Furthermore, the release of
ATP from polyaniline and the oxidation and reduction of ATP-doped polyaniline is
examined.
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Figure 5.2 Structures of some of the biological phosphates used in this chapter.
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5.2 Experimental
5.2.1 Preparation of Polyaniline Films
5.2.1.1 Potentiodynamic Polymerisation
Potentiodynamic polymerisation was used to grow PAn.HCl films on a 1.5 mm
diameter platinum electrode. The 1.5 mm diameter platinum electrode was placed in an
aqueous solution containing 0.2 M aniline and a range of HCl concentrations ([HCl] =
0.001, 0.01, 0.1, 0.2, 0.5 and 1.0 M) and the potential cycled between -0.2 V and +1.0 V
at a rate of 50 mV s-1.

PAn.ATP.HCl

films

were

electrochemically

deposited

via

potentiodynamic

polymerisation onto ITO-coated glass electrodes. Solutions containing 0.2 M aniline,
0.5 M HCl and either 0.01 M or 0.04 M Na 2 ATP were prepared. Polymerisation was
achieved by cycling the potential between – 0.2 V and +1.0 V. The influence of scan
rate on the nature of the PAn.ATP.HCl films was investigated in solutions containing
0.04 M Na 2 ATP by using the following scan rates: 10, 25, 50, 100 and 250 mV s-1.
Films containing other biological dopants (AMP, cAMP, glucose-6-phosphate and DNA)
were prepared in a similar manner but at dopant concentrations of 0.01 M or in the case
of DNA 0.5% (w/v).

5.2.1.2 Potentiostatic Polymerisation
Initially, the potentiostatic polymerisation of PAn.ATP.HCl films was investigated
using solutions containing 0.2 M aniline, 0.5 M HCl and 0.04 M Na 2 ATP. A constant
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potential of 0.80 V was applied to an ITO-glass coated electrode for 2 min. This
produced films with a thickness suitable for UV-Vis-NIR and CD spectral studies.

Further studies looked at using higher polymerisation potentials of +0.90 V and +1.0 V.
At these potentials, films were grown for 60 and 30 s, respectively, to produce films of
suitable thickness for spectral studies. Limited studies at an applied potential of +0.80 V
were also performed with lower concentrations of Na 2 ATP.

PAn.ATP.HCl was also prepared as a bulk powder by the potentiostatic polymerisation
of solutions containing 0.2 M aniline, 0.5 M HCl and 0.04 M Na 2 ATP. A constant
potential of +1.0 V was applied for 90 min to a Pt plate with an area of 2.5 cm2. At the
completion of polymerisation, the polymer formed was washed with water, scraped
from the Pt plate and allowed to dry in air.

5.2.1.3 Galvanostatic Polymerisation
Galvanostatic growth of PAn.ATP.HCl films was performed from a solution containing
0.20 M aniline, 0.5 M HCl and 0.04 M Na 2 ATP. A constant current density of 2 mA
cm-2 was used for a deposition time of 120 s to produce films of a thickness suitable for
spectral studies.

5.2.1.4 Chemical Doping of Emeraldine Base Films
Emeraldine base (EB) films were prepared by dissolving 28 mg of EB powder
(synthesised as described in Chapter 2) in 3 mL of N-methyl-2-pyrrolidinone (NMP).
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The solution was stirred until the EB had fully dissolved and was then cast onto glass
microscope slides that had been cut to the required size. Films were then dried in an
oven overnight at 60 ˚C.

Upon cooling, these EB films were placed in aqueous solutions containing 0.10 M HCl
and left until they changed from the blue colour typical of EB to the green colour typical
of emeraldine salt (ES). Attempts to include biological phosphates through this
chemical doping method were made by placing EB films in solutions containing 0.10 M
HCl and 0.01 M AMP, cAMP, ATP, or glucose-6-phosphate or 0.5% (w/v) DNA and
allowing them to stand until the film changed from blue to green (typically 15 to 30
min).

5.2.2 Characterisation of Films
5.2.2.1 Cyclic Voltammetry
Cyclic voltammetry studies were performed on PAn.ATP.HCl films grown on a 1.5 mm
diameter platinum electrode or a 1 cm2 ITO-glass electrode. Cyclic voltammograms
were obtained between -0.20 V and +1.0 V at a scan rate of 50 mV s-1. A total of 10
scans were performed.

5.2.2.2 Ultraviolet-visible-Near Infrared Spectroscopy
UV-Vis-NIR spectra of films on ITO-coated glass were measured on a Cary 500 UVVis-NIR spectrometer between 300 nm and 3000 nm, using ITO-coated glass as the
reference.
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5.2.2.3 Circular Dichroism Spectroscopy
CD spectra of films on ITO-coated glass were measured on a Jobin Yvon CD6 Circular
Dichrograph between 300 or 330 nm (the actual limit depending on the batch of ITOcoated glass used) and 800 nm, using ITO-coated glass as the reference.

5.2.3 Doping/De-doping and Oxidation/Reduction of Films
5.2.3.1 De-doping and Re-doping of Films
Emeraldine salt films of PAn.ATP.HCl were converted to the emeraldine base form by
placing them in 1.0 M NH 4 OH for 15 min. These emeraldine base films could be
converted back into the emeraldine salt form by treatment with aqueous HCl. Negative
ion electrospray mass spectra were obtained on the aqueous NH 4 OH solution used to
de-dope the PAn.ATP.HCl films.

PAn.ATP.HCl powder was de-doped by stirring the powder in 1.0 M NaOH for 3 hours.
The powder was filtered off under suction on a glass frit, washed with water and
methanol and allowed to dry in air.

5.2.3.2 Oxidation and Reduction of Films
Emeraldine salt films of PAn.ATP.HCl were converted to the pernigraniline base form
by placing them in 0.05 M (NH 4 ) 2 S 2 O 8 or 0.05 M (NH 4 ) 2 S 2 O 8 /0.10 M NaOH and
leaving them to stand for 1 hour. The pernigraniline base films prepared in the 0.05 M
(NH 4 ) 2 S 2 O 8 /0.10 M NaOH solution could be converted into pernigraniline salt by
leaving them in 0.50 M HCl for 1 hour. Leucoemeraldine base films were prepared from
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emeraldine salt PAn.ATP.HCl films by placing them in 0.10 M N 2 H 4 and allowing
them to stand for 1 hour.

5.2.4 Release of ATP from PAn.ATP.HCl
The release of ATP from PAn.ATP.HCl via pH and redox switching of the polyaniline
was examined. The pH-controlled release of ATP was studied by placing PAn.ATP.HCl
films (grown potentiostatically for 60 s at 0.90 V from a solution containing 0.20 M
aniline, 0.50 M HCl and 0.04 M Na 2 ATP) in 1.0 M HCl, 1.0 M NH 4 OH, 1 M NaCl or
H 2 O. These films were left in the solution for 24 hours before being removed. The
electrochemically stimulated release of ATP was examined on films grown in the same
manner as those for the pH-control experiments. Films were either placed in 0.10 M
HCl and left alone or placed in 0.10 M HCl and a potential of -0.20 V, +0.45 V or +1.0
V applied for 5, 15 or 60 min. All solutions were then filtered through a 0.20 µm filter
and their UV-Vis spectra measured between 200 and 300 nm. ATP was identified in
these solutions via its absorption peak at 260 nm.

5.2.5 Chiral discrimination studies with PAn.ATP.HCl
Chiral discrimination studies were performed on emeraldine base powder prepared from
PAn.ATP.HCl as outlined above. 71 mg of this EB powder was added with stirring to a
solution containing 0.181 g of racemic 10-camphorsulfonic acid (HCSA). This was
equivalent to twice the molar amount of the acid required to fully dope the EB, with the
hope that only one hand of the HCSA would dope the polymer thereby leaving an
enantiomeric excess of the other hand that could be measured by circular dichroism
spectrometry. Half of the solution was removed after 20 min and filtered through a 0.20
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mm filter and its CD spectrum measured between 230 and 330 nm. The other half of the
solution was stirred for 24 hours before being measured in the same manner.

5.3 Results and Discussion
5.3.1 Optically Active Polyanilines doped with ATP
5.3.1.1 Preliminary Potentiodynamic Polymerisation Studies of PAn.HCl
Generally, acidic conditions are essential for the synthesis of polyaniline.39,40 Therefore,
when examining the electropolymerisation of aniline in the presence of ATP, dilute HCl
was added to the reaction medium. Obviously, this introduces another negative ion (Cl-)
which can act as a dopant for the polymer. In order to reduce the competition between
ATP and Cl- it was necessary to determine the minimum amount of HCl necessary for
polymer growth. This was established by growing PAn.HCl films onto Pt electrodes
from solutions containing 0.20 M aniline and HCl at varying concentrations. The
potential was swept between -0.20 V and +1.0 V at a rate of 50 mV s-1. Visual
confirmation of the growth of a green polyaniline film on the electrode was used to
determine the minimum acid concentration required for polymer growth. The results
obtained are summarised in Table 5.1. At [HCl] ≥ 0.50 M there was a rapid deposition
of green emeraldine salt films on the Pt working electrode. The conductive nature of
these films was confirmed by a large increase in observed current for successive
potential cycles. Although films grew from solutions with [HCl] ≤ 0.30 M, the films
were pale brown in colour and were non-conductive, with the observed current
decreasing to near zero with successive potential sweeps.
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Table 5.1 Effect of hydrochloric acid concentration on the potentiodynamic synthesis
(cycled between -0.20 V and +1.0 V at 50 mV s-1) of PAn.HCl films from solutions
containing 0.20 M aniline.
Acid Concentration (M) Colour of Polyaniline Film
0.001

Brown

0.01

Brown

0.1

Brown

0.2

Brown

0.3

Brown

0.5

Green

1.0

Green

Based on these results, all subsequent electrochemical approaches to the preparation of
PAn.ATP.HCl were carried out in 0.50 M HCl. Preliminary experiments showed that
PAn.ATP.HCl films could be grown on both Pt and ITO-glass electrodes
potentiodynamically, by sweeping the potential from -0.20 V to +1.0 V at a scan rate of
50 mV s-1. Aqueous solutions used contained 0.20 M aniline, 0.50 M HCl and 0.04 M
Na 2 ATP. The cyclic voltammogram recorded during the growth of PAn.ATP.HCl on a
Pt electrode is shown in Figure 5.3. The current increased with successive sweeps
indicating the deposition of a conductive polymeric film.
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Figure 5.3 Cyclic voltammogram obtained during the potentiodynamic growth of
PAn.ATP.HCl on a Pt electrode. (10 cycles at 50 mV s-1; [Aniline] = 0.20 M; [Na 2 ATP]
= 0.04 M; [HCl] = 0.50 M HCl).

On the first scan an anodic wave was observed at approximately +0.9 V, corresponding
to the oxidation of the aniline monomer to a radical cation. Current and voltage profiles
observed for subsequent scans can be attributed to the deposition of a conductive film
and are typical of those previously reported for polyaniline emeraldine salts.40 They
show an oxidation peak at ca. +0.2 V corresponding to the oxidation of the polymer
from leucoemeraldine to emeraldine salt and a second oxidation peak at ca. +0.7 V
associated with the oxidation of emeraldine to pernigraniline. Also observed were a
reduction peak at ca. +0.65 V corresponding to the reduction of pernigraniline to
emeraldine salt and a second reduction peak at ca. 0 V corresponding to the reduction of
emeraldine salt to leucoemeraldine.
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The cyclic voltammogram obtained during the growth of PAn.ATP.HCl on ITO-glass is
shown in Figure 5.4. Once again, the current increased with successive sweeps
indicating the formation of a conductive film on the electrode surface.
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Figure 5.4 Cyclic voltammogram obtained during the potentiodynamic growth of
PAn.ATP.HCl on an ITO-glass electrode. (10 cycles at 50 mV s-1; [Aniline] = 0.20 M;
[Na 2 ATP] = 0.04 M; [HCl] = 0.50 M HCl).

The current/potential profile for polymerisation on ITO-glass is quite different to that
observed for growth on a Pt electrode. This can be explained by the fact that the ITOglass has a more resistive electrode surface than Pt, so higher potentials are necessary
for redox processes to happen. The initial oxidation of aniline occurred at approximately
+0.95 V, about 50 mV higher than when Pt was used as the electrode. With subsequent
scans, the oxidation peaks shifted to higher potentials with each successive scan. This
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can be explained by the fact that with each successive scan there will be a thicker layer
of leucoemeraldine on the electrode resulting in an increased resistivity which must be
overcome by a higher oxidation potential. Reduction peaks shifted to lower potentials
with successive scans as the film became progressively harder to reduce with increasing
thickness. Eventually, the peaks associated with the oxidation of emeraldine salt to
pernigraniline and the reduction of emeraldine salt to leucoemeraldine shifted outside
the scanned potential range.

It should be noted that the electroactivity of Na 2 ATP itself was tested in 0.50 M HCl
over the potential range employed above, and it was found to be electrochemically inert
within this range.

5.3.1.2 Detailed Study of Potentiodynamic Polymerisation of PAn.ATP.HCl
A detailed study was then undertaken of the potentiodynamic synthesis of
PAn.ATP.HCl films on ITO-glass working electrodes and their characterisation. The
transparency of ITO-glass made it a logical choice as an electrode material, even though
Pt proved to be a superior electrode material for polymer growth. Initial studies
employed aqueous solutions containing 0.20 M aniline, 0.50 M HCl and 0.04 M
Na 2 ATP. As indicated above, cyclic voltammograms obtained by sweeping the
potential between -0.20 V and +1.0 V indicated the deposition of a conductive polymer
film. Formation of this conductive polymer layer was confirmed visually; the film
underwent typical colour changes of green to yellow, yellow to green, green to
blue/violet and blue/violet to green indicating reduction of emeraldine salt to
leucoemeraldine, re-oxidation to emeraldine salt, oxidation to pernigraniline and
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reduction back to emeraldine salt, respectively.41 Further confirmation of the formation
of an emeraldine salt film on the ITO-glass was gained through measurement of the

Absorbance (a. u.)

UV-vis-NIR spectrum of the deposited polymer (Figure 5.5a).
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Figure 5.5 UV-vis-NIR spectra of PAn.ATP.HCl films deposited on ITO-glass
electrode. ([Aniline] = 0.20 M; [Na 2 ATP] = 0.04 M; [HCl] = 0.50 M). (A)
Potentiodynamically grown (-0.20 V to +1.0 V at 50 mV s-1 for 10 scans); (B)
Potentiostatically grown (0.80 V for 120 s); (C) Galvanostatically grown (2 mA cm-2 for
120 s).

The UV-vis-NIR spectrum of the deposited PAn.ATP.HCl (Figure 5.5a) is consistent
with the expected emeraldine salt.42 Based on previous studies by MacDiarmid et al,43,44
the presence of a shoulder at approximately 800 nm and a strong broad near-infrared
absorption centred at approximately 1250 nm suggests that the polyaniline chains have
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adopted a mixture of “compact coil” and “extended coil” conformations. These features
can be attributed to a transition from the π band to the polaron band. The other features
observed in this UV-vis-NIR spectrum, namely a peak at 350 nm and a shoulder at
approximately 425 nm, can be assigned to a π-π* transition and a polaron to π*
transition, respectively.43

Evidence for the incorporation of ATP into the emeraldine salt was gained from the
corresponding CD spectrum (Figure 5.6). This spectrum exhibited a pair of bisignate
CD bands at approximately 390 and 470 nm associated with the absorption band at 425
nm. A strong ellipticity above 600 nm was associated with the film’s high-wavelength
polaron absorption band at > 800 nm.
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Figure 5.6 CD spectrum of a PAn.ATP.HCl film grown potentiodynamically ([Aniline]
= 0.20 M; [Na 2 ATP] = 0.04 M; [HCl] = 0.50 M). Potentiodynamically grown (-0.20 V
to +1.0 V at 50 mV s-1 for 10 scans).
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The presence of the ATP dopant ions is believed to induce a one-handed helical screw
on the polyaniline chains, giving rise to the optical activity observed in Figure 5.6. This
visible region optical activity is not due to the ATP itself, since this molecule only
shows CD bands in the UV region. The CD spectrum obtained in Figure 5.6 is similar to
those previously reported for optically active polyaniline emeraldine salts deposited by
electropolymerising aniline in the presence of (+)-HCSA.29,30

The intensity of the observed CD bands for potentiodynamically deposited
PAn.ATP.HCl films was found to be markedly dependent upon the concentration of
ATP used in the polymerisation solution. Upon decreasing the concentration of Na 2 ATP
to 0.01 M, a film grown under identical conditions to those in Figures 5.5a and 5.6 had
the intensity of its negative CD band at 475 nm decrease from – 45 mdeg (Figure 5.6) to
-5 mdeg. This observation is consistent with competition between the chiral ATP and
non-chiral chloride ions to act as dopants, with higher ATP concentrations leading to a
greater incorporation of ATP into the polymer.

The scan rate used for the potentiodynamic polymerisation of PAn.ATP.HCl films onto
ITO-glass was found to have only a small influence on the CD spectrum of the
electrodeposited emeraldine salt film. Figure 5.7 shows CD spectra obtained for films
grown potentiodynamically at different scan rates from aqueous solutions containing
0.20 M aniline, 0.50 M HCl and 0.04 M Na 2 ATP. Potentials were swept between -0.20
V and +1.0 V at scan rates between 10 and 250 mV s-1, while the total scan time was
kept constant at 480 s.
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Figure 5.7 CD spectra of PAn.ATP.HCl films grown potentiodynamically (-0.20 V to
+1.0 V) onto ITO-glass electrodes from an aqueous solution containing 0.20 M aniline,
0.50 M HCl and 0.04 M Na 2 ATP. (A) 10 mV s-1; (B) 25 mV s-1; (C) 50 mV s-1; (D) 100
mV s-1; (E) 250 mV s-1.

A gradual decrease in the optical activity of the emeraldine salt films was observed with
increasing scan rate. This is quantified in Table 5.2 in terms of chiral anisotropy factors
(g = ∆ε/ε) which were calculated for each film near 480 nm. The chiral anisotropy
factors decreased from 0.17 % to approximately 0.10 % as the scan rate was increased
from 10 to 250 mV s-1. Presumably slower scan rates allow the polymer more time to
adopt an optically active conformation.

164

Chapter 5
Table 5.2 Influence of scan rate during electropolymerisation on the optical activity of
PAn.ATP.HCl films grown potentiodynamically (-0.20 V to +1.0 V; [Aniline] = 0.20 M;
[HCl] = 0.50 M; [Na 2 ATP] = 0.04 M).
Scan Rate

Δε/ε

(mV s-1)

(%)

10

0.17

25

0.13

50

0.12

100

0.09

250

0.11

5.3.1.3 Potentiostatic Polymerisation
The use of potentiostatic polymerisation was found to be the most effective method of
preparing highly optically active PAn.ATP.HCl films. A PAn.ATP.HCl film
electrodeposited onto an ITO-glass electrode from a solution containing 0.20 M aniline,
0.50 M HCl and 0.04 M Na 2 ATP at an applied potential of 0.80 V was again found to
exhibit a UV-vis-NIR spectrum typical of polyaniline emeraldine salt (Figure 5.5b). The
UV-vis-NIR spectrum of this film did, however, differ from that obtained for the related
potentiodynamically grown film (Figure 5.5a), particularly in the region above 800 nm
where there was considerably less near-infrared absorption and a more defined peak
around 800 nm. This suggests that the polymer has adopted a more ‘compact coil’
conformation.43,44
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This difference in conformation resulted in differences in the associated CD spectra.
The PAn.ATP.HCl prepared potentiostatically at 0.80 V had a negative CD band at
approximately 450 nm whereas for the related potentiodynamically grown film this
band was near 475 nm (Figure 5.8). Further differences are seen at higher wavelengths
where, unlike the potentiodynamically grown film, the potentiostatically grown film
showed a distinct positive CD band at 740 nm associated with the UV-Vis-NIR
absorption band at ca. 800 nm. This CD band is assignable as the low wavelength
component of the expected bisignate CD band.
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Figure 5.8 CD spectra of PAn.ATP.HCl films grown on ITO-glass electrodes using
different growth methods: (A) Potentiodynamically (cycled between -0.20 V and +1.0 V
at 50 mV s-1 for 10 scans); (B) Potentiostatically (0.80 V for 120 s); (C)
Galvanostatically (2 mA cm-2 current density for 120 s).
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PAn.ATP.HCl films grown potentiostatically also showed significantly higher optical
activity than films grown potentiodynamically. This is clearly seen in Figure 5.8 where
the CD band at 450 nm of the potentiostatically grown film has an ellipticity of -330
mdeg compared to -45 mdeg for the analogous CD band for the potentiodynamically
grown film. This higher optically activity is quantified in Table 5.3, where it can be seen
that the PAn.ATP.HCl film prepared at 0.80 V has a chiral anisotropy factor, g, of
1.09% which is much higher than those observed for potentiodynamically grown films.
Presumably, this enhanced optical activity is associated with the differences noticed in
the polymer chain conformations.

Table 5.3 Influence of applied potential, Na 2 ATP concentration and growth time on the
optical activity of PAn.ATP.HCl films. ([Aniline] = 0.20 M; [HCl] = 0.50 M).
Potential

[Na 2 ATP]

Growth Time

Δε/ε

(V)

(M)

(s)

(%)

0.80

0.01

120

0.64

0.80

0.04

120

1.09

0.90

0.04

60

1.42

1.0

0.04

20

1.94

Even higher optical activity was achieved for PAn.ATP.HCl films by increasing the
potential applied during polymerisation. Table 5.3 illustrates that increasing the
potential from +0.80 V to +1.0 V resulted in chiral anisotropy factors, g, as high as
1.94%. This is very high and suggests that PAn.ATP.HCl films grown potentiostatically
possess high optical purity arising from chiral induction by the ATP dopant. It is
noteworthy that this optical activity is considerably higher than that of previously
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reported PAn.(+)-HCSA films (g = 0.75%).29,30 The high chiral induction by ATP
presumably arises from strong diastereoselectivity in the interaction of its numerous
hydrogen-bonding and ionic-bonding sites with the amine (NH) and radical cation
(NH+•) centres on the polyaniline chains. It should be noted that once again, lower ATP
concentrations resulted in less optically active polyaniline (Table 5.3).

5.3.1.4 Galvanostatic Polymerisation
Galvanostatic polymerisation of aniline in the presence of HCl and ATP was briefly
studied. Polymerisation was achieved by applying a current density of 2 mA cm-2 for
120 s to an ITO-glass electrode in an aqueous solution containing 0.20 M aniline, 0.50
M HCl and 0.04 M Na 2 ATP. Green emeraldine salt films of PAn.ATP.HCl were once
again formed, as confirmed by their UV-Vis-NIR spectra (e.g. Figure 5.5c). At lower
wavelengths (< 500 nm) Figure 5.5c shows features in common with films prepared
potentiostatically and potentiodynamically. However, at higher wavelengths the
absorption band above 800 nm is now centred at approximately 1000 nm. Again, this
probably indicates a mixture of “compact coil” and “extended coil” conformations.

The corresponding circular dichroism spectrum was also measured and is shown in
Figure 5.8c. This shows a negative CD band at 450 nm typical of optically active
polyaniline.29,30 This CD band is in a similar location to one observed in
potentiostatically prepared PAn.ATP.HCl. A chiral anisotropy, g, factor of 0.50% was
calculated for the galvanostatically prepared PAn.ATP.HCl film. This is much larger
than that for a related potentiodynamically grown film but lower than that calculated for
a corresponding film deposited potentiostatically (Table 5.4).
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Table 5.4 Influence of different growth methods on the optical activity of
PAn.ATP.HCl films. ([Aniline] = 0.20 M; [Na 2 ATP] = 0.04 M; [HCl] = 0.50 M).
Growth Method

Conditions

Δε/ε
(%)

Potentiostatic

0.80 V for 120 s

1.09

Galvanostatic

2 mA cm-2 for 120 s

0.50

Potentiodynamic

-0.20 V to +1.0 V at 50 mV s-1 for 10 scans

0.12

5.3.1.5 De-doping and Re-doping of Films
The emeraldine salt PAn.HA form of polyaniline is generally readily converted to
emeraldine base via alkaline de-doping.42 PAn.ATP.HCl films were similarly converted
from their emeraldine salt form to the corresponding emeraldine base form via treatment
with aqueous 1.0 M NH 4 OH. Within seconds the films changed from green to a blue
colour indicative of emeraldine base.41 UV-vis spectra recorded after 15 min of alkaline
treatment (Figure 5.9) confirmed the conversion to emeraldine base with characteristic
absorption bands at approximately 350 nm (π-π*) and 650 nm (exciton band).42
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Figure 5.9 UV-vis spectra of a PAn.ATP.HCl film grown potentiostatically at +0.80 V
for 120 s onto an ITO-glass electrode ([Aniline] = 0.20 M; [HCl] = 0.50 M HCl;
[Na 2 ATP] = 0.04 M). (ES) Film as grown; (EB) Film de-doped in 1.0 M NH 4 OH for 15
min.

A CD spectrum obtained for the emeraldine base film (Figure 5.10) generated by
alkaline de-doping of PAn.ATP.HCl was very similar to, although more intense than,
that previously reported for emeraldine base prepared via the alkaline de-doping of a
PAn.(+)-HCSA film.33 Emeraldine base films prepared from PAn.ATP.HCl could
readily be converted back to optically active emeraldine salt via treatment with aqueous
HCl.
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Figure 5.10 CD spectra of a PAn.ATP.HCl film grown potentiostatically at +0.80 V for
120 s onto an ITO-glass electrode ([Aniline] = 0.20 M; [HCl] = 0.50 M HCl; [Na 2 ATP]
= 0.04 M). (ES) Film as grown; (EB) Film de-doped in 1.0 M NH 4 OH for 15 min.

A negative ion electrospray mass spectrum of the aqueous NH 4 OH solution used for
alkaline de-doping of the PAn.ATP.HCl films showed the presence of both Cl- (m/z 37,
35) and [ATP-H]- (m/z 506 ions). This confirmed at least partial release of these ions
from the polyaniline matrix upon treatment with the alkaline solution. An ion peak was
also observed at m/z 426, attributable to the ion [ADP-H]- (ADP = adenosine-5′diphosphate) arising from fragmentation of the ATP in the mass spectrometer.

5.3.1.6 Microanalyses
Microanalytical data for both the emeraldine salt powder of PAn.ATP.HCl and the
dedoped form of this polymer are shown in Tables 5.5 and 5.6, respectively.
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The analytical data in Table 5.5 for PAn.ATP.HCl gave an N:P ratio of 19:4. This
corresponds to approximately one ATP molecule for every nine aniline repeat units. The
Cl:N ratio is 2:5 which is equivalent to three Cl- ions for every five aniline repeat units,
while the Cl:P ratio of 2:1 indicated six Cl- ions for every one ATP molecule. It would
appear that there is more chloride in the polymer than would typically be required for
complete doping of the polymer, especially when the presence of ATP as a possible
anionic dopant is considered. This may be explained by some of the chloride ions
associating with the ATP molecules and not with the polymer. Under the conditions
used for polymer synthesis it is highly likely that at least some of the ATP nitrogens
would carry a positive charge. If this were the case, chloride ions would be needed to
maintain overall charge neutrality.

Table 5.5 Microanalysis results for emeraldine salt form of PAn.ATP.HCl (Polymer
grown potentiostatically at +0.80 V for 2 hours on a Pt plate electrode).
Element Percentage Composition
C

46.2

H

4.4

N

11.4

P

11.7

Cl

5.4

The data in Table 5.6 for the de-doped polymer reveal a N:P ratio of 20:1, which
corresponds to approximately one ATP molecule for every fifty-five aniline repeat units.
The Cl:N ratio was 1:98, which is equivalent to one Cl- ion for every ninety aniline
repeat units; while the Cl:P ratio of 1:5 indicates three Cl- ions for every five ATP
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molecules. After comparing the two sets of results, it was clear that dedoping the
polymer resulted in the bulk of the ATP and Cl- ions being expelled. The expulsion of
these ions was also indicated in the mass spectral results described above.

Table 5.6 Microanalysis results for dedoped PAn.ATP.HCl (Polymer grown
potentiostatically at +0.80 V for 2 hours on a Pt plate electrode and de-doped by stirring
for 3 hours in 1.0 M NaOH).
Element Percentage Composition
C

70.4

H

5.1

N

13.7

P

1.4

Cl

0.5

5.3.1.7 Oxidation and Reduction of Polymer Films
Polyaniline is one of the most interesting conducting polymers partly because it can be
switched between three different oxidation states, as opposed to two for most other
conducting polymers. Changes in oxidation state have a dramatic effect on the colour of
the polymer. The fully reduced form of polyaniline, leucoemeraldine, is a pale yellow
colour; the conducting state, emeraldine salt, is green; while the fully oxidised form,
pernigraniline, is violet. These changes in colour are reflected in changes in the UV-vis
absorption spectra40,41,45,46 and in the corresponding CD spectra of chiral polyanilines.47
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Reduction of films of PAn.ATP.HCl by placing them in aqueous 0.10 M N 2 H 4 solution
for 1 hour resulted in the green emeraldine salt film changing to a pale yellow colour as
anticipated.41 The formation of leucoemeraldine was confirmed by the UV-vis spectrum
of the film after reduction (Figure 5.11). Leucoemeraldine typically exhibits a single
absorption band at approximately 330 nm arising from a π-π* transition.46,47 Figure 5.11
shows part of the expected peak around 330 nm, although λ max was not measurable due
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Figure 5.11 UV-vis and CD spectra for a PAn.ATP.HCl film (grown potentiostatically
at +0.80 V for 120 s) after treatment with aqueous 0.10 M N 2 H 4 for 60 minutes.

It has previously been reported that chiral leucoemeraldine exhibits bisignate CD bands
at approximately 310 and 360 nm associated with the absorption band at 330 nm.47 The
reduced form of PAn.ATP.HCl exhibited a band at approximately 380 nm (Figure 5.11)
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which is assigned as the high wavelength component of the bisignate band previously
reported. The low wavelength component of this bisignate pair of CD bands appears at
≤ 330 nm. The shoulder apparent at 430 nm is believed to arise from a small amount of
the emeraldine oxidation state as leucoemeraldine base is known to be readily reoxidised in air to the emeraldine salt. It should be noted that the magnitude of the CD
signal seen in these leucoemeraldine films is significantly smaller than observed for
emeraldine salt PAn.ATP.HCl films. Recent work has shown that the presence of water
within the films can result in significantly smaller CD signals.48 This may be related to
previously reported solvatochromism effects in polyaniline.49-51 It is believed that this is
the case here, where CD spectra were measured immediately after removing the films
from aqueous solutions.

The oxidation of PAn.ATP.HCl can lead to either pernigraniline base or pernigraniline
salt. Pernigraniline base was initially formed by oxidising emeraldine salt films in 0.10
M (NH 4 ) 2 S 2 O 8 . This caused the film to change rapidly from a green colour to a
blue/violet colour, as expected.41 The UV-vis spectrum of a film treated in this manner
is shown in Figure 5.12. This shows the characteristic features of pernigraniline base
with a peak at approximately 550 nm. The CD spectrum of this film is also similar to
that previously reported for chiral pernigraniline base.47
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Figure 5.12 UV-vis and CD spectra for a PAn.ATP.HCl film (grown potentiostatically
at +0.80 V for 120 s) after treatment with aqueous 0.10 M (NH 4 ) 2 S 2 O 8 for 60 minutes.

Pernigraniline base was also formed via the oxidation of a PAn.ATP.HCl film in
aqueous 0.10 M (NH 4 ) 2 S 2 O 8 /0.10 M NaOH. This oxidation was carried out in basic
solution to establish whether the pernigraniline produced would be in the base form.
Figure 5.13 shows that the product formed was in fact pernigraniline base with a UV-vis
absorption band at approximately 550 nm. The CD spectrum also indicated that
pernigraniline base was formed and was similar to that reported previously for optically
active pernigraniline base.47 Once again, the magnitude of the CD signals was greatly
reduced due to the wetness of the films.
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Figure 5.13 UV-vis and CD spectra for a PAn.ATP.HCl film after treatment with
aqueous 0.10 M (NH 4 ) 2 S 2 O 8 /0.10 M NaOH.

Pernigraniline salt was also formed from PAn.ATP.HCl in a two-step process. Initially,
pernigraniline base was produced by oxidising the film in aqueous 0.10 M
(NH 4 ) 2 S 2 O 8 /0.10 M NaOH. This was then converted to pernigraniline salt by placing
the pernigraniline base film in aqueous 0.50 M HCl. The UV-vis and CD spectra
measured for this latter film are shown in Figure 5.14. These spectra are again similar to
those previously reported for optically active pernigraniline salt.47 The magnitude of the
CD spectra for pernigraniline salt was even weaker than that for the pernigraniline base.
This is believed to be a result of the known instability of pernigraniline salt in air.42
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Figure 5.14 UV-vis and CD spectra for a PAn.ATP.HCl film after treatment with
aqueous 0.10 M (NH 4 ) 2 S 2 O 8 /0.10 M NaOH followed by 0.50 M HCl.

These chiroptical studies therefore show that PAn.ATP.HCl is readily convertible
between its different oxidation states and that the chirality of the polyaniline chains is
maintained throughout these transformations.

5.3.2 Release of ATP from PAn.ATP.HCl
5.3.2.1 Electrochemically Stimulated Release of ATP
Previous studies with PPy.ATP found that the release of ATP from the polymer could
be stimulated by reducing the PPy film.4-6 In the present study, the possibility that ATP
could also be released from PAn.ATP.HCl by electrochemical stimulation was
investigated by subjecting PAn.ATP.HCl films to different electrochemical potentials
(no potential, -0.20 V, 0.45 V or 1.0 V) in aqueous 0.10 M HCl for varying periods of
178

Chapter 5
time (5, 15 or 60 minutes). To determine if ATP was released, the 0.10 M HCl solution
was then filtered through a 0.20 µm filter and the UV spectrum of the solution measured.
In all experiments, this revealed an absorption peak at 258 nm (Figure 5.15),
characteristic of ATP, confirming the release of ATP from the PAn.ATP.HCl film in
aqueous 0.10 M HCl.

0.3

0.25

Absorbance

0.2

0.15

0.1

0.05

0
200

210

220

230

240

250

260

270

280

290

300

Wavelength (nm)

Figure 5.15 UV spectrum of a 0.10 M HCl solution after it was used for the reduction
of a PAn.ATP.HCl film (–0.20 V for 5 mins).

After the above acid treatments, all solutions, even those for which no potential was
applied, were found to have ATP in them. The concentration, as indicated by UV-Vis,
of ATP in the solutions did not differ significantly. This would appear to indicate that
ATP release is a spontaneous process and that oxidation or reduction of the polyaniline
did not make any difference to the release of ATP. This differs from the results obtained
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in the previous study with PPy.ATP, where it was found that reducing polypyrrole
resulted in significantly more ATP being released from the polymer.4-6 A possible
explanation for this may be the fact that in the present polyaniline film the ATP is acting
as a co-dopant with chloride ions and in fact, as the microanalytical data showed, the
polymer had more than enough chloride present for complete doping. This may mean
that the ATP is not as tightly bound to the polyaniline as it is to polypyrrole and thus
may undergo a more facile exchange process when left to stand in the 0.10 M HCl
solution.

5.3.2.2 pH Controlled Release of ATP
Polyaniline is potentially a more interesting polymer than polypyrrole for controlled
release experiments because it is pH sensitive. This opens up the possibility of
controlling the release of molecules from the polymer via simple pH switching as well
as electrochemical switching. With this in mind, the release of ATP from PAn.ATP.HCl
under different pH conditions was examined. Films were placed in either water or
aqueous solutions containing 1.0 M HCl, 1.0 M NH 4 OH or 1 M NaCl.

After 24 hours all of the solutions showed the presence of ATP, indicating once again
that spontaneous release of ATP was occurring. Clearly it is not possible to use pH to
control the release of ATP from this polymer, as ATP was released under a wide range
of pH conditions. Furthermore there was little difference observed in the amount of
ATP released from films soaked in 1.0 M HCl, 1.0 M NH 4 OH or 1.0 M NaCl. However,
it is interesting to note that the films soaked in the above solutions released more than
double the amount of ATP compared to a film simply soaked in water. This would
180

Chapter 5
support the idea that there is an exchange reaction occurring between ATP and the ions
in solution, both in the electrochemical release and pH release experiments.

5.3.3 Chiral Discrimination Studies
It was hoped that these highly optically active PAn.ATP.HCl polymers would be useful
for chiral discrimination. With this in mind racemic 10-camphorsulfonic acid {(±)HCSA} was mixed in a 2:1 ratio * with optically active emeraldine base (formed by dedoping PAn.ATP.HCl) to determine whether one hand of the HCSA would be
preferentially taken up as the dopant, leaving the other hand in solution (which would
give rise to a distinctive CD spectrum).

Interestingly, in an initial control experiment, the CD spectrum of a 1.81 % (w/v)
aqueous solution of racemic HCSA showed a small CD peak at 290.5 nm (characteristic
of (-)-HCSA) with an ellipticity of -30 mdeg, i.e. the commericially available (±)-HCSA
was not truly racemic. This signal was therefore taken into account when measuring CD
spectra after treatment of the optically active EB with (±)-HCSA.

After stirring the EB and (±)-HCSA mixture for 20 min, the EB had changed from blue
to green in colour, indicating that acid doping had occurred and a PAn.HCSA
emeraldine salt formed. The CD spectrum of a filtered aliquot of the solution showed
that it had not changed from that of the original racemic (±)-HCSA solution. After 24
hours, the CD spectrum of the remainder of the reaction mixture again showed no

*

Ratio based on an aniline dimer repeat unit
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change from the original racemic solution. These results indicate that chiral
discrimination between the optically active EB and (±)-HCSA was not occurring.

5.3.4 Polyanilines Doped with Other Biological Phosphates
5.3.2.1 Polyaniline Films Prepared Electrochemically
After successfully preparing optically active polyaniline through the incorporation of
ATP as a dopant, other biological phosphates made logical targets for examination. The
biological phosphates AMP, cAMP, β-D-glucose-6-phosphate and DNA were therefore
studied in experiments mirroring those used to prepare PAn.ATP.HCl films.

Films were deposited from aqueous solutions containing 0.20 M aniline, 0.50 M HCl
and 0.01 M of the biological phosphate {or 0.5% (w/v) in the case of DNA}. Green
films typical of emeraldine salt were successfully prepared from all solutions with the
exception of DNA, which was not soluble in the acidic solution. Evidence that the films
were the emeraldine salt form of polyaniline was obtained by measuring their UV-VisNIR spectra. Polyaniline films doped with AMP, cyclic AMP or β-D-glucose-6phosphate exhibited similar spectra (Figures 5.16 to 5.18).
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Figure 5.16 UV-vis-NIR spectrum of a polyaniline film grown potentiodynamically
(-0.2 V to +1.0 V at 100 mV s-1 for 10 cycles) from aqueous 0.2 M aniline/0.50 M
HCl/0.01 M AMP.
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Figure 5.17 UV-vis-NIR spectrum of a polyaniline film grown potentiodynamically
(-0.2 V to +1.0 V at 100 mV s-1 for 10 cycles) from aqueous 0.2 M aniline/0.50 M
HCl/0.01 M cAMP.
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Figure 5.18 UV-vis-NIR spectrum of a polyaniline film grown potentiodynamically
(-0.2 V to +1.0 V at 100 mV s-1 for 10 cycles) from aqueous 0.2 M aniline/0.50 M
HCl/0.01 M β-D-glucose-6-phosphate.

These spectra clearly show that the polyaniline backbone is in the “extended coil”
conformation. Characteristic peaks at approximately 375 nm (polaron band) and 1100
nm (polaron band) are clearly seen. The π-π* transition was not observed in any of
these spectra, presumably as it occurs at a wavelength lower than 330 nm, where the
ITO-glass substrate interfered with measurements.

In contrast to the previous PAn.ATP.HCl films, the circular dichroism spectra for each
of the polyaniline films containing the biological phosphates proved to be optically
inactive. Presumably, this is due to the lower number of hydrogen-bonding and ionic-
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bonding sites on these dopants compared to ATP. These bonds have previously been
reported as being necessary for chiral induction.30

5.3.2.2 Polyaniline Films Prepared by Chemical Doping of Pre-formed Emeraldine
Base
The possibility of doping polyaniline with biological phosphates was also investigated
via the chemical doping of pre-formed emeraldine base (EB) films. This was done by
placing the EB films into aqueous solutions containing of 0.10 M HCl with or without a
biological phosphate, with doping occurring according to Equation 5.1.
-

-

H
N

H
N

protonation
HA (pH < 4)
N

N
n

A

A
H
N

H
N

H
N

H
N
n

Equation 5.1

It was hoped that the biological phosphates would be able to compete with chloride ions
and be preferentially incorporated into the polyaniline. In addition the chiral nature of
the biological phosphate dopant was expected to cause rearrangement of the polyaniline
chains so that they preferentially adopted a one-handed helical screw.

The EB films treated in this manner turned from the blue emeraldine base colour to a
green colour indicative of emeraldine salt within 15 min. Confirmation of the formation
of emeraldine salt was provided by measurement of the UV-vis-NIR spectra of the films.
For example, Figure 5.19 shows the spectrum of an emeraldine base film doped using
0.10 M HCl. The spectrum exhibits a peak at ca. 335 nm attributable to a π-π*
electronic transition, a polaron band at ca. 400 nm and a higher wavelength polaron
band around 1350 nm. These features are characteristic of an emeraldine salt in the
“extended coil” conformation.
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Figure 5.19 UV-Vis-NIR spectra of an EB film chemically doped using aqueous 0.10
M HCl.

Films treated with an aqueous solution containing 0.10 M HCl and 0.01 M biological
phosphate showed similar UV-Vis-NIR spectra to that shown in Figure 5.19. The
spectra obtained are shown in Figures 5.20 to 5.23. Acid doping once again occurred
within 15 min in all instances.
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Figure 5.20 UV-Vis-NIR spectrum of an EB film chemically doped in an aqueous
solution containing 0.10 M HCl and 0.01 M ATP.
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Figure 5.21 UV-Vis-NIR spectrum of an EB film chemically doped in an aqueous
solution containing 0.10 M HCl and 0.01 M AMP.
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Figure 5.22 UV-Vis-NIR spectrum of an EB film chemically doped in an aqueous
solution containing 0.10 M HCl and 0.01 M cAMP.
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Figure 5.23 UV-Vis-NIR spectrum of an EB film chemically doped in an aqueous
solution containing 0.10 M HCl and 0.01 M β-D-glucose-6-phosphate.
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Circular dichroism spectra were also obtained on the emeraldine salt films prepared by
chemically doping EB using aqueous solutions containing 0.10 M HCl and 0.01 M
biological phosphate, in order to determine if incorporation of the biological dopant
induced chirality into the PAn chains. However, no visible region circular dichroism
bands were observed after doping with any of the biological phosphates investigated.
This result is consistent with previous studies where EB films were treated with (+)-10camphorsulfonic acid, where it was also found that chirality was not induced within the
films.52 A possible reason for this is the fact that the polymer is in the solid state, which
would make it difficult for the polymer chains to be mobile enough for a rearrangement
of their configuration to occur.

5.4 Conclusions
The electrosynthesis of polyaniline doped with hydrochloric acid (PAn.HCl) requires
acid concentrations of at least 0.50 M and hence requires relatively low pH conditions
(pH < 1). Therefore, in order to grow polyaniline films doped with a non-acidic dopant
such as Na 2 ATP, an acid must be added to the polymerisation mixture. Electroactive
and highly optically active PAn.ATP.HCl emeraldine salt films incorporating
adenosine-5′-triphosphate (ATP) and chloride as dopant anions can be readily prepared
via the electropolymerisation of aniline in the presence of Na 2 ATP and HCl. The optical
activity of these films is attributable to chiral induction in the polyaniline chains by the
ATP dopant. The ATP dopant is believed to cause the polyaniline chains to
preferentially adopt a one-handed helical structure, presumably due to the interaction of
the many hydrogen-bonding and ionic-bonding sites on ATP with the amine (NH) and
radical cation (NH+•) sites along the polyaniline chain.
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Potentiodynamic, potentiostatic or galvanostatic electrochemical growth methods were
all used to prepare optically active PAn.ATP.HCl films. These films exhibit a mixture
of “compact coil” and “extended coil” conformations for their polyaniline chains, as
shown by their UV-Vis-NIR spectra. The optical activity of the PAn.ATP.HCl films
was greatest when higher concentrations of Na 2 ATP were used in the polymerisation
mixture. Under potentiodynamic growth conditions, slower scan rates led to a moderate
increase in the optical activity of the polymer films. Galvanostatic growth generally
gave films with somewhat higher optical activity. Potentiostatic polymerisation resulted
in the highest optical activity of all the PAn.ATP.HCl films prepared, particularly when
high oxidation potentials were used. The highest optical activity found for
PAn.ATP.HCl was for a film deposited at an applied potential of +1.0 V. This film
displayed a chiral anisotropy factor (g = ∆ε/ε) of 1.9%.

The optically active PAn.ATP.HCl emeraldine salt films were rapidly de-doped in
aqueous 1.0 M NH 4 OH to give optically active emeraldine base films. Both ATP and
Cl- dopants were released during this de-doping process. Treatment with aqueous HCl
rapidly converted optically active emeraldine base films back into optically active
emeraldine salt films. The PAn.ATP.HCl films could also be readily converted into
optically active forms of leucoemeraldine base, pernigraniline base or pernigraniline salt
via treatment with a reductant or oxidant.

The ATP dopant diffused out of the polymer under all conditions examined. Optically
active emeraldine base prepared from PAn.ATP.HCl showed no chiral discrimination
between (+)- and (-)-HCSA when reacted with racemic (±)-HCSA, presumably because
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the polyaniline chains cannot rearrange in the solid state to single handed enantiomeric
forms.

Incorporation of other biological phosphates such as AMP, cAMP and β-D-glucose-6phosphate as dopants during the electrochemical preparation of polyaniline films did not
lead to optically active materials. This may be because these molecules have fewer
hydrogen-bonding and ionic-bonding sites compared to ATP. Similarly, the emeraldine
salts formed via chemical doping of EB with biological phosphates were optically
inactive.
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Chapter 6
Chiral Induction in Polyaniline Through a Covalently
Attached Substituent

6.1 Introduction
Optically active polypyrroles and polythiophenes have been prepared from appropriate
monomers bearing covalently attached chiral substituents.1-21 The induction of optical
activity in the polymers is believed to arise from either (i) the chiral substituent causing
the polymer chains to adopt a one-handed helical arrangement, or (ii) the formation of
supramolecular chiral aggregates.3-7 In contrast, optically active polyaniline (PAn) has
traditionally been prepared as emeraldine salts via the incorporation of optically active
dopant anions at radical cation (+·NH) sites along the polymer chains. Initial studies
into the preparation of chiral polyanilines employed (1S)-(+)-10-camphorsulfonate
(CSA-) anion as the dopant.22,23 This resulted in the formation of the optically active
emeraldine salt, PAn.(+)-HCSA. Since these initial studies, many other studies of chiral
PAn have been undertaken and a range of chiral dopants have been used to generate
optically activity within PAn chains, including D-(+)-tartaric acid and (R)-(-)-1,1′binapthyl-2,2′-diylhydrogenphosphate.24-42

Various methods for chiral dopant anion incorporation have been investigated,
including the doping with a chiral acid (HA) of pre-formed emeraldine base (EB),22,24-27
chemical polymerisation of aniline monomer in the presence of a chiral dopant acid,31 or
related electrochemical polymerisation.23,28 The observed visible region optical activity
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in the PAn.HA products is believed to arise via the induction of a one-handed helix
within the polyaniline chains due to H-bonding and electrostatic interactions.26-28
However, it should be noted that alkaline de-doping of solutions of optically active
PAn.(+)-HCSA salts in organic solvents results in racemisation of the emeraldine base
(EB) product.43 This may limit potential applications of such optically active
polyanilines. The racemisation may be rationalised in terms of facile inversion of the
helicity of the PAn chains in solution in the absence of the chiral dopant.23,28

In order to overcome this limitation for chiral polyanilines, this chapter explores for the
first time the possibility of preparing optically active polyaniline where the induction of
optical activity arises from a covalently attached chiral substituent. In solution,
polyanilines with chiral substituents may retain their optical activity, since the chiral
inducing agent will still be present within the polymer. Three approaches are explored
to prepare chiral polyaniline bearing a chiral 10-camphorsulfonyl group covalently
attached to aniline nitrogen centres:
(i)

reaction of aniline monomer with (1S)-(+)-10-camphorsulfonyl chloride and
oxidation of the resultant substituted monomer (Equation 6.1);

(ii)

similar reaction of (1S)-(+)-10-camphorsulfonyl chloride (and its enantiomer)
with preformed emeraldine base (Equation 6.2) and;

(iii)

similar reaction of (1S)-(+)-10-camphorsulfonyl chloride with preformed
leucoemeraldine base (Equation 6.3).
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6.2 Experimental
6.2.1 Synthesis of Chiral Aniline Monomer 1
1 mL of aniline was added with stirring to 10 mL of chloroform. Anhydrous pyridine
(1.4 mL) was added, followed by 3 g of (1S)-(+)-10-camphorsulfonyl chloride and the
resulting mixture stirred. After 24 hours, the solution was mixed with 20 mL of aqueous
0.05 M HCl and shaken. The chloroform layer was then separated using a separating
funnel, leaving unreacted aniline (as its HCl salt) in the aqueous fraction. A further 20
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mL of chloroform was added to the chloroform extract and the solution dried over
anhydrous MgSO 4 . The mixture was then filtered under gravity to remove the MgSO 4
and evaporated to dryness to give an orange solid. Recrystallisation from CHCl 3 in the
presence of activated charcoal gave a tan-white solid 1.

6.2.2 Attempted Oxidative Polymerisation of Chiral Monomer 1
20 mL of a solution containing 0.10 M of monomer 1 and 1 M HCl in CH 3 CN was
prepared. 10 mL of a 0.20 M solution of (NH 4 ) 2 S 2 O 8 in aqueous 1 M HCl was added
dropwise with stirring over 30 min. The resulting solution was stirred for 48 hours.

6.2.3 Synthesis of Chiral Substituted Polyaniline 2 from Emeraldine Base
1 g of emeraldine base was dissolved in 200 mL of anhydrous N-methylpyrrolidinone
(NMP). 28 mL of pyridine was added with stirring, followed by 10 g of (1S)-(+)-10camphorsulfonyl chloride. The resulting mixture was stirred for 24 hours before 400 mL
of methanol was added to precipitate the polymer product 2a. The product was filtered
off under suction and washed with 40 mL of methanol before being dried in air (yield
0.85 g).

This synthesis was repeated with (1R)-(-)-10-camphorsulfonyl chloride using quantities
one-tenth of those given above to give the opposite hand of the polymer product 2b
(yield 80 mg).
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6.2.4 Synthesis of Chiral Substituted Polyaniline 3 from Leucoemeraldine Base
Leucoemeraldine base powder was prepared according to the procedure given in
Chapter 2. 0.5 g of the leucoemeraldine base was dissolved in 100 mL of anhydrous
NMP and 14 mL of pyridine added with stirring, followed by 5 g of (1S)-(+)-10camphorsulfonyl chloride. The resulting mixture was stirred for 24 hours before 200 mL
of methanol was added to precipitate the polymer product 3. The product was filtered
off under suction and washed with 40 mL of methanol before being dried in air.

6.2.5 Characterisation of Products
The UV-Vis, IR and CD spectroscopic characterisations of the novel monomer and
chiral polyanilines prepared in this chapter were carried out as outlined in Chapter 2.
The electrical conductivities of the substituted polyanilines were measured using the
four point probe technique for a pressed pellet, as also described in Chapter 2.

6.2.6 Oxidation and Reduction of Chiral Substituted Polyanilines
Polyanilines prepared in this chapter were oxidised and reduced with (NH 4 ) 2 S 2 O 8 or
hydrazine hydrate, respectively. For oxidation, a 40 µL aliquot of 1 M (NH 4 ) 2 S 2 O 8 was
added to an NMP solution of polymer 2a or 3 (or the corresponding emeraldine bases)
and shaken. This process was repeated until oxidation was observed, as indicated by a
colour change in the solution. Reduction was achieved in a similar manner, except neat
hydrazine hydrate was substituted for the 1 M (NH 4 ) 2 S 2 O 8 .
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6.3 Results and Discussion
6.3.1 Preparation and Characterisation of Chiral Aniline Monomer
6.3.1.1 Synthesis of Chiral Monomer 1
The substituted aniline monomer 1 was readily prepared as a tan-white solid via the
reaction of aniline with (1S)-(+)-10-camphorsulfonyl chloride in CHCl 3 as shown in
Equation 6.1. After drying, 1.2 g of the product was obtained, corresponding to a yield
of 36 %.

6.3.1.2 Characterisation of Chiral Monomer 1
The UV-Vis spectrum of a 1 mM solution of monomer 1 (Figure 6.1) in CHCl 3 showed
a strong peak in the UV region at 245 nm along with shoulders at ca. 270 nm and ca.
295 nm (Figure 6.2). This spectrum is consistent with the structure proposed for
monomer 1, which would be expected to exhibit absorbance bands due to the arene ring
as well as the camphor moiety.
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Figure 6.1 Proposed structure for monomer 1.
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Figure 6.2 UV absorption spectrum of a 1 mM solution of monomer 1 in CHCl 3 .

The corresponding CD spectrum of the 1 mM solution of 1 in CHCl 3 (Figure 6.3)
showed the compound to be optically active, with a CD band at ca. 290 nm associated
with the shoulder observed in the absorption spectrum at ca. 270 nm. This CD spectrum
is very similar to that of (1S)-(+)-10-camphorsulfonic acid (HCSA), and is consistent
with the presence of the (1S)-(+)-10-camphorsulfonyl substituent in monomer 1.
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Figure 6.3 CD spectrum of a 1 mM solution of monomer 1 in CHCl 3 .

Microanalytical data (Table 6.1) for the tan-white product of reaction (6.1) were also
consistent with its formulation as the substituted monomer 1.

Table 6.1 Microanalysis data for monomer 1.
Element Percentage Found Percentage Calculated
(%)

for C 16 H 21 O 3 NS
(%)

C

62.5

62.5

H

6.6

6.9

N

4.4

4.6

S

10.0

10.4
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Infrared spectroscopy provided further evidence for the formation of 1 (Figure 6.4). A
peak observed at 1600 cm-1 (aromatic C=C ring stretch) was consistent with the
presence of the aniline ring, while a peak at 1730 cm-1 can be assigned to the C=O
stretch of the carbonyl group in the camphor moiety. Peaks at 3265 cm-1 (N-H stretch)
and 1150 cm-1 (S=O symmetric stretch) were also consistent with the presence of the
secondary sulfonamide in monomer 1.

70

60

Transmission (%)

50

40

30

20

10

0
4000

3500

3000

2500

2000

1500

1000

500

Wavenumber (cm-1)

Figure 6.4 IR spectrum of 1 prepared as a nujol mull.

The 1H NMR spectrum of 1 in CDCl 3 (Table 6.2) was fully consistent with the
proposed structure (Figure 6.1). Aryl proton signals were observed at 7.15 – 7.4 ppm,
as expected for the presence of the aniline moiety. The remaining resonances were
similar to those observed for the related (+)-HCSA, except for a downfield shift of the
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H10 protons (near the sulfonyl group) and an upfield shift for one of the two geminal
methyl groups.
Table 6.2 1H NMR data for monomer 1 in CDCl 3 .
Chemical Shift δ

Peak

(ppm)

Multiplicity

Aryl

7.4 – 7.15

-

5H

-

H10

3.11

dd

2H

15

H3

ca. 2.3

dd

2H

16

H5 and H6

2.24 – 1.97

overlapping m

4H

-

H4

1.48

m

1H

-

Geminal CH 3

0.96 and 0.86

s

1H

-

Hydrogen

Integration

Coupling Constant J
(Hz)

s = singlet, dd = doublet of doublets, m = multiplet

6.3.1.3 Polymerisation of Chiral Monomer 1
Treatment of a 0.20 M solution of 1 in CH 3 CN containing 1 M HCl with equimolar
(NH 4 ) 2 S 2 O 8 in aqueous 1 M HCl did not result in any polymerisation after 48 hours. It
is believed that this failure to oxidatively polymerise 1 is due to the steric bulk and/or
the electron withdrawing effect of the camphorsulfonyl group present on the monomer.

6.3.2 Preparation and Characterisation of Substituted Polyaniline from
Emeraldine Base
Due to the above inability to polymerise monomer 1, a different approach towards
preparing the desired chiral polyaniline was therefore explored, involving reaction of
205

Chapter 6
optically active 10-camphorsulfonyl chloride with pre-formed emeraldine base
(Equation 6.2).
6.3.2.1 Synthesis of Chiral Substituted Polyaniline 2
The reaction of emeraldine base with (1S)-(+)-10-camphorsulfonyl chloride (Equation
6.2) in NMP solution in the presence of pyridine at room temperature for 24 hours
resulted in the formation of a deep green solution. Addition of methanol precipitated the
green solid product (2a). A similar product (2b) was isolated from an analogous
reaction with (1R)-(-)-10-camphorsulfonyl chloride.

The UV-Vis spectrum of the green product 2a is shown in Figure 6.5. This spectrum is
consistent with its formulation as a polyaniline emeraldine salt of the type PAn.HA.44
An intense peak at ca. 315 nm can be assigned as a π-π* transition, while the shoulder
at ca. 430 nm is typical of the polaron to π* transition generally observed for emeraldine
salts.45 The broad absorption band at ca. 900 nm, attributable to a π to polaron transition,
is indicative of a polyaniline emeraldine salt adopting a mixture of “compact coil” and
“extended coil” conformations.45,46 The production of the emeraldine salt 2a from
reaction (6.2) may be rationalised in terms of the initial formation of an emeraldine base
product, followed by acid doped with HCl that is generated as a by-product during the
sulfonylation reaction. The analogous polymer 2b formed by the reaction of emeraldine
base with (1R)-(-)-10-camphorsulfonyl chloride had a UV-Vis spectrum identical to that
shown in Figure 6.5.
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Figure 6.5 UV-Vis spectrum of an NMP solution of polymer 2a.

6.3.2.2 Further Characterisation of Polymer 2
The CD spectra of NMP solutions of polymers 2a and 2b, formed by the reaction of
emeraldine base with either (1S)-(+)- or (1R)-(-)-10-camphorsulfonyl chloride,
respectively, are shown in Figure 6.6. These spectra confirm the formation of optically
active emeraldine salts. For example, polymer 2a showed an expected23,28 bisignate CD
band centred at 430 nm (with a negative peak at 405 nm and a positive peak at 460 nm)
associated with the shoulder observed at 430 nm in the corresponding UV-Vis spectrum.
These visible region CD bands are not associated with the chiral

(1S)-(+)-10-

camphorsulfonyl substituent, as this only exhibits CD signals in the UV region. An
NMP solution of polymer 2b, in which a (1R)-(-)-10-camphorsulfonyl group is attached
to aniline nitrogen centres, showed the inverse of this CD spectrum, as expected.
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Figure 6.6 CD spectra of NMP solutions of polymers 2a and 2b. A – polymer 2a; B –
polymer 2b.

The emeraldine salt PAn.HA form of polyaniline is generally readily converted to
emeraldine base via alkaline de-doping.44 Addition of NaOH to a solution of polymer 2a
in NMP resulted in the green solution changing to a blue colour, as expected for
formation of the corresponding substituted emeraldine base.47 The UV-Vis spectrum of
this substituted emeraldine base formed by alkaline de-doping of polymer 2a is shown
in Figure 6.7. Clearly observed in this spectrum are a peak at 335 nm (π-π* band) and a
peak at 640 nm (an exciton band) indicative of an emeraldine base.44 An NMP solution
of polymer 2b treated with solid NaOH showed an identical UV-Vis spectrum.
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Figure 6.7 UV-Vis spectrum of an NMP solution of the de-doped emeraldine base form
of polymer 2a.

The CD spectra of NMP solutions of de-doped polymers 2a and 2b are shown in Figure
6.8. Significantly, these spectra indicate that the emeraldine base forms of polymer 2
remain optically active in solution. This contrasts with previous studies where initially
optically active emeraldine base (EB) films generated by de-doping PAn.(+)-HCSA salt
films, racemised when dissolved in organic solvents. This was believed to arise from
facile inversion of the helical sense of the polyaniline chains in the absence of the chiral
(+)-CSA- dopant.23,28 The maintenance of visible region optical activity in de-doped
polymers 2a and 2b provides strong evidence that the camphorsulfonyl group is
covalently attached to the polymers. The covalently attached chiral group is still able to
induce optical activity in the polyaniline chains even when the polymers are in their dedoped form.
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Figure 6.8 CD spectra of NMP solutions of the emeraldine base forms of polymers 2a
and 2b. A – polymer 2a; B –polymer 2b.

Further evidence for the covalent attachment of the camphorsulfonyl group in polymer
2a and its de-doped form comes from microanalytical data (Table 6.3). For the
emeraldine salt form of polymer 2a, the microanalyses indicate that there is
approximately one camphorsulfonyl group attached to every third nitrogen on the
polymer chain. Also, there is approximately one chloride ion for every two nitrogens,
consistent with the polymer being fully doped with chloride ions. Upon alkaline dedoping, the amount of chloride within the polymer decreased dramatically as expected
(Table 6.3). However, the amount of sulfur increases a little, consistent with the
retention of the covalently attached camphorsulfonyl group on the polymer chains after
de-doping.
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Table 6.3 Microanalytical data for polymer 2a and its de-doped EB form.
Element

Percentage Found

Percentage Found

Emeraldine Salt Form Emeraldine Base Form
(%)

(%)

C

59

65

H

5.8

6.1

N

7.4

7.1

S

5.4

6.4

Cl

9.2

0.41

A pressed pellet of polymer 2a exhibited an electrical conductivity of 0.2 S cm-1. This is
not markedly lower than parent PAn.HA emeraldine salts, despite the presence of a
camphorsulfonyl group on every third nitrogen centre along the polyaniline chain. This
indicates that the polymer chains have not been twisted markedly out of planarity by the
presence of this chiral substituent.

6.3.2.3 Redox Reactions of Polymer 2
As mentioned previously, polyaniline is one of the most interesting conducting
polymers partly because it can be readily switched between three different oxidation
states. Cycling polyaniline between the different redox states results in marked changes
in the colour, UV-vis absorption spectra and corresponding CD spectra of chiral
polyanilines.30,47-50
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Treatment of an NMP solution of polymer 2a with hydrazine hydrate (see Experimental)
resulted in a rapid change in the colour of the solution from green to pale yellow, as
anticipated for reduction to leucoemeraldine.47 The formation of leucoemeraldine was
confirmed by the presence of a single peak in the UV-Vis spectrum at ca. 335 nm
(Figure 6.9), corresponding to a π-π* transition.30,50
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Figure 6.9 UV-Vis spectrum of an NMP solution of the leucoemeraldine base form of
polymer 2a.

Oxidation of an NMP solution of the emeraldine base or salt forms of polymer 2a with
(NH 4 ) 2 S 2 O 8 resulted in the formation of the fully oxidised pernigraniline base or
pernigraniline salt, respectively. As expected, the UV-Vis spectrum of the
pernigraniline base product (Figure 6.10) showed a characteristic peak at ca. 550 nm
and was a blue/violet colour,30,47 while the UV-Vis spectrum of the pernigraniline salt
product (Figure 6.11) showed a characteristic peak at ca. 650 nm.30
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Figure 6.10 UV-Vis spectrum of an NMP solution of the pernigraniline base form of
polymer 2a.
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Figure 6.11 UV-Vis spectrum of an NMP solution of the pernigraniline salt form of
polymer 2a.
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6.3.3 Preparation and Characterisation of Chiral Substituted Polyaniline 3
from Leucoemeraldine Base
6.3.3.1 Synthesis of Chiral Substituted Polyaniline 3
In the above reaction of emeraldine base with (1S)-(+)-10-camphorsulfonyl chloride
(Equation 6.2) the resultant substituted polymer 2a possessed only one (1S)-(+)-10camphorsulfonyl group for every third nitrogen centre. This may arise because the
substitution reaction is limited to amine nitrogens, which make up only half of the
nitrogen sites within emeraldine base (the other half being imine nitrogens). An
analogous sulfonylation reaction was therefore carried out using leucoemeraldine base
as the substrate, since in this polyaniline form all of the nitrogen centres are amine
nitrogens. It was hoped that this reaction of leucoemeraldine base with (1S)-(+)-10camphorsulfonyl chloride (Equation 6.3) would result in a polymer with more
camphorsulfonyl substituents on nitrogen centres, and therefore a more strongly
optically active polymer.

The leucoemeraldine base in NMP changed from yellow-brown to deep green after
stirring for 24 hours in the presence of (1S)-(+)-10-camphorsulfonyl chloride, and a
green product 3 was isolated after precipitation via the addition of excess methanol. The
UV-Vis spectrum of an NMP solution of product 3 (Figure 6.12) was consistent with a
polyaniline in the emeraldine salt form and similar to that observed above for polymer
2a.44 It showed absorption bands at ca. 335 nm (π-π* transition) and ca. 440 nm
(polaron to π* transition), as well as a broad absorption band (π to polaron transition) at
≥ 800 nm. This latter band is indicative of polyaniline emeraldine salts adopting a
mixture of “compact coil” and “extended coil” conformations.45,46 The formation of
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emeraldine salt from the leucoemeraldine base starting material is not unexpected, as a
substituted leucoemeraldine product would be anticipated to re-oxidise in air. Once
again, the formation of HCl as a by-product of the sulfonylation reaction (Equation 6.3)
is believed to result in acid doping to give the observed emeraldine salt product.
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Figure 6.12 UV-Vis spectrum of an NMP solution of the emeraldine salt form of
polymer 3.

6.3.3.2 Further Characterisation of Chiral Substituted Polymer 3
The CD spectrum of an NMP solution of polymer 3 (Figure 6.13) confirmed the
formation of a weakly optically active emeraldine salt. It showed an expected23,28
bisignate CD band centred at 425 nm (with a negative peak at 400 nm and a positive
peak at 455 nm) associated with the absorption band observed at 440 nm. However, the
strength of the observed optical activity was similar to that observed for polymer 2a.
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This indicates one of two possibilities: either polymer 3 does not have the expected
higher degree of nitrogen-substitution, or the expected higher degree of substitution
does not lead to greater optical activity.
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Figure 6.13 CD spectrum of an NMP solution of the emeraldine salt form of polymer 3.

Microanalytical data confirmed the covalent attachment of camphorsulfonyl groups to
the polyaniline chain in polymer 3 (Table 6.4). Significantly, polymer 3 showed a
similar N:S ratio to polymer 2a, indicating that again there was approximately one
camphorsulfonyl group attached to every third nitrogen on the polymer chain. That is,
the substituted polyaniline products from the sulfonylation reactions 6.2 and 6.3 of
emeraldine base and leucoemeraldine base give essentially the same product. This may
arise from the fact that the aerial oxidation of the leucoemeraldine starting material was
faster than the relatively slow (24 hour) sufonylation of the amine groups.
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Table 6.4 Microanalytical data for polymer 3.
Element

Percentage Found

Percentage Found

Emeraldine Salt Form Emeraldine Base Form
(%)

(%)

C

59

69

H

6.4

5.1

N

11

12

S

7.7

8.3

Cl

9.9

1.1

Addition of solid NaOH to a solution of polymer 3 in NMP resulted in a colour change
from green to blue. This indicated that alkaline de-doping of the emeraldine salt had
occurred, forming the corresponding substituted emeraldine base.47 This was confirmed
by the UV-Vis spectrum (Figure 6.14), which was similar to that observed for alkaline
de-doped polymer 2a.
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Figure 6.14 UV-Vis spectrum of an NMP solution of the emeraldine base form of
polymer 3.

The corresponding CD spectrum (Figure 6.15) of an solution of de-doped polymer 3
indicated that the emeraldine base form of polymer 3 was weakly optically active in
solution. Once again, the strength of this optical activity did not differ markedly from
that of polymer 2a.
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Figure 6.15 CD spectrum of an NMP solution of the emeraldine base form of polymer 3.

Electrical conductivity measurements of polymer 3 were also very similar to those
measured for polymer 2a, with a conductivity of 0.1 S cm-1 being detemined for
polymer 3 compared to 0.2 S cm-1 for polymer 2a.

6.3.3.3 Redox Reactions of Polymer 3
The redox chemistry of polymer 3 was very similar to that of polymer 2a. Reduction
again resulted in a UV-Vis spectrum (Figure 6.16) characteristic of leucoemeraldine,
with a peak at ca. 340 nm. Oxidation of the emeraldine base or salt forms of polymer 3
with aqueous (NH 4 ) 2 S 2 O 8 resulted in the formation of pernigraniline base or
pernigraniline salt, respectively. The UV-Vis spectrum of pernigraniline base (Figure
6.17) showed a characteristic peak at ca. 550 nm,30,47 while the pernigraniline salt
exhibited a characteristic peak at ca. 650 nm (Figure 6.18).30
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Figure 6.16 UV-Vis spectrum of an NMP solution of the leucoemeraldine base form of
polymer 3.
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Figure 6.17 UV-Vis spectrum of an NMP solution of the pernigraniline base form of
polymer 3.
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Figure 6.18 UV-Vis spectrum of an NMP solution of the pernigraniline salt form of
polymer 3.

6.4 Conclusions
The reaction of (1S)-(+)-10-camphorsulfonyl chloride with aniline results in the
formation of an optically active aniline monomer 1 whose structure is confirmed by
microanalysis and NMR spectroscopy. However, this substituted monomer is not
polymerised when mixed with the chemical oxidant (NH 4 ) 2 S 2 O 8 , presumably due to
the steric bulk and/or electron withdrawing effect of the camphorsulfonyl group
attached to the nitrogen of the aniline molecule.

Emeraldine base reacts with both (1S)-(+)- and (1R)-(-)-10-camphorsulfonyl chloride to
form conducting emeraldine salts with the camphorsulfonyl groups attached to every
third nitrogen centre. These polymers are weakly optically active in solution and,
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significantly, retain this optical activity even upon alkaline de-doping forming; for the
first time, solutions of optically active emeraldine base .

Leucoemeraldine base also reacts with (1S)-(+)-10-camphorsulfonyl chloride to form a
conducting emeraldine salt with a camphorsulfonyl group attached to every third
nitrogen centre. Although leucoemeraldine base contains more potential amine sites for
substitution, it is believed that competing aerial oxidation of the leucoemeraldine
starting material results in substituted polyanilines virtually indistinguishable from those
prepared by reactions with emeraldine base.
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Chapter 7
Induction of Chirality in Poly(2-methoxyaniline-5-sulfonic
acid)

7.1 Introduction
The development of applications for polyaniline has been limited until recently by the
lack of solubility of this polymer in common solvents.1 A very promising means of
overcoming this limitation is through the use of substituted polyanilines which are
soluble in aqueous solution. In particular, the sulfonation of the arene rings in
polyaniline results in polymers which are soluble in water and self-doped.1 Sulfonated
polyanilines (SPAN, Figure 7.1) have traditionally been prepared via the sulfonation of
emeraldine base or leucoemeraldine base with fuming sulfuric acid.2-4 This results in a
conducting emeraldine salt form of polyaniline with between 50 and 75 % of the aniline
rings substituted with sulfonic acid groups. This water soluble SPAN generates green
solutions and has an ultraviolet-visible spectrum resembling that of parent,
unsubstituted emeraldine salts, PAn.HA.3

H
N
R

H
N
R

n

Figure 7.1 Structure of SPAN (where R = H or SO 3 H).
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More recently, poly(2-methoxyaniline-5-sulfonic acid) (PMAS, Figure 7.2) has been
prepared and shown to be soluble in aqueous solution.5-10 This polymer offers an
advantage over SPAN in that it is fully sulfonated. The sulfonate group on every second
ring is involved in self-doping adjacent radical cation (+·NH) centres, while the
alternate SO 3 - groups are available for ionic bonding. As synthesised, and commercially
obtained from Mitsubishi Rayon, PMAS has NH 4 + cations bound to these alternate SO 3 sites. This as-synthesised PMAS will be henceforth referred to as PMAS(NH 4 +) in this
thesis.

Aqueous PMAS(NH 4 +) is typically a brown/yellow colour and the ultraviolet-visible
spectrum differs markedly from that of either parent PAn.HA emeraldine salts or SPAN.
The UV-visible spectra of aqueous solutions of PMAS exhibit overlapping bands
between 320 and 390 nm attributable to π-π* transitions, and a sharp, characteristic
peak at ca. 473 nm. This latter peak is assigned as the low wavelength polaron band,
which is considerably red-shifted from that observed in other emeraldine salts.11,12
PMAS, unlike polyaniline, does not exhibit a localised polaron band in the region
between 700 and 950 nm, but instead shows a broad absorption band in the nearinfrared at wavelengths greater than 1000 nm. This delocalised polaron band is typical
of emeraldine salts in an “extended coil” conformation.13,14

O3S

OCH3

OCH3

H
N

H
N

O3S

n

Figure 7.2 Structure of PMAS in its ionised form.
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PMAS films have recently been prepared in an optically active form.7,8 Strounina et al.
found that electropolymerisation of 2-methoxyaniline-5-sulfonic acid (MAS) monomer
in the presence of (R)-(+)- or (S)-(-)-1-phenylethylamine (PhEA) resulted in the
deposition of optically active PMAS(PhEA) films.7 Further studies found that the
addition of several chiral amines or amino alcohols to pre-formed PMAS(NH 4 +),
followed by evaporative or spin casting, also resulted in optically active PMAS films.8
The observed visible region optical activity was believed to arise from the adoption of a
preferred one-handed helical structure by the PMAS polymer chains, due to acid-base
interactions between the chiral amines and sulfonic acid groups on the polymer. Optical
activity was only present when the polymer was in the solid state, presumably due to
only weak interactions between the polymer sulfonic acid groups and the chiral bases in
aqueous solution.8

In this chapter the use of an acid-base approach for inducing optical activity in PMAS
polymer chains is further explored with a range of other chiral bases. The chiral bases
investigated are shown in Figure 7.3, and include alkaloids (cinchonine, cinchonidine,
quinine and sparteine), a nucleoside (adenosine), and amino acids (histidine, lysine and
arginine). These molecules all possess basic nitrogen centres that may potentially be
protonated by sulfonic acid groups on the PMAS chains, giving rise to specific
interactions. Of particular interest was whether such acid-base interactions might lead to
the induction of a one-handed helical chirality into the PMAS polymer chains.

The chiral alkaloids are of particular interest, since polymer-supported alkaloids have
previously been used in asymmetric chemical synthesis,15-18 while the adsorption of
alkaloids onto electrodes has also been used in asymmetric electrosynthesis.19 The
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amino acids histidine, lysine and arginine each possess a single stereogenic centre at the
α-carbon position (Figure 7.3). They are also usefully available in both enantiomeric
forms. These amino acids are zwitterionic in aqueous solution, and it is the amine
functional groups on their side chains (with pK a ’s from 6 to 12.5) that are expected to
be involved in any acid-base interactions with sulfonic acid groups on the PMAS chains.
In contrast, the naturally occurring alkaloids (+)-cinchonine, (-)-cinchonidine and
(−)−quinine each have four stereogenic carbon centres. The diasteromeric (+)cinchonine and (-)-cinchonidine have the same configurations at the chiral centres C-3
and C-4, but have inverted configurations at C-8 and the chiral carbon bearing the
hydroxy substituent (Figure 7.3). (-)-Quinine differs from (-)-cinchonidine only in the
presence of a methoxy group on the quinoline component. The alkaloid (-)-sparteine
again has four stereogenic carbon centres, but possesses a distinctly different structure
to the other alkaloids. Finally, in adenosine the chirality resides in stereogenic carbon
centres on the ribose sugar moiety.
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Figure 7.3 Structures of chiral bases investigated for inducing chirality in PMAS films.

231

Chapter 7

7.2 Experimental
7.2.1 Preparation of Aqueous Solutions Containing PMAS and a Chiral Base
7.2.1.1 Preparation of Solutions Containing PMAS and Alkaloids
5 mL of an aqueous 6 mM * (0.25 % w/v) PMAS(NH 4 +) solution was mixed with 1 mL
of ethanol containing 0.03 M of the appropriate alkaloid. The molar ratio of alkaloid to
PMAS sulfonic acid groups in this mixture was thus 1:1. The solution was stirred for 2
hours before being diluted 1:20 with water, to give the final concentrations [PMAS] =
[Alkaloid] = 0.25 mM.

7.2.1.2 Preparation of Solutions Containing PMAS and Adenosine or PMAS and Amino
Acids
5 mL of an aqueous 6 mM (0.25 % w/v) PMAS(NH 4 +) solution was mixed with 1 mL
of aqueous solution containing 0.03 M adenosine or amino acid. The molar ratio of
adenosine or amino acid to PMAS sulfonic acid group in this mixture was 1:1. The
solutions were stirred for 2 hours before being diluted 1:20 with water, to give the final
concentrations [PMAS] = [Chiral Base] = 0.25 mM.

7.2.2 Protonation of Aqueous Solutions Containing PMAS and a Chiral Base
80 µL of 10 M HCl was added to 10 mL of each of the above PMAS/Chiral base
solutions to give a solution with a final HCl concentration of 0.08 M. The mixture was
then stirred for 2 hours.

*

NOTE: All calculated molarities for PMAS are based on a dimer repeat unit.
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7.2.3 Preparation of PMAS.Chiral Base Films
7.2.3.1 Preparation of PMAS.Alkaloid Films
5 mL of an aqueous 6 mM (0.25 % w/v) PMAS(NH 4 +) solution was mixed with 1 mL
of ethanol containing 0.03 M of the appropriate alkaloid, to give a solution with the
final concentrations [PMAS] = [Alkaloid] = 5 mM. 80 µL of this solution was spread
onto a 1 cm x 3 cm glass slide and allowed to dry in air.

7.2.3.2 Preparation of PMAS.Adenosine and PMAS.Amino Acid Films
5 mL of an aqueous 6 mM (0.25 % w/v) PMAS solution was mixed with 1 mL of
aqueous solutions containing 0.03 M adenosine or amino acid, to give a solution with
the final concentrations [PMAS] = [Chiral Base] = 5 mM. 80 µL of this solution was
spread onto a 1 cm x 3 cm glass slide and allowed to dry in air.

7.2.4 Ultraviolet-Visible-Near Infrared Spectroscopy
UV-visible-near infrared spectra of the PMAS.Chiral Base films were measured
between 300 and 3000 nm using a Cary 500 UV-vis-NIR spectrophotometer. UVvisible spectra of PMAS/Chiral base solutions/dispersions were measured between 300
and 1100 nm with a Shimadzu UV-1601 spectrophotometer. An upper limit of 1100
rather than 3000 nm was used for solutions due to absorption of light by the water
solvent at the higher wavelengths.
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7.2.5 Circular Dichroism Spectroscopy
Circular dichroism (CD) spectra of aqueous PMAS/Chiral base solutions, as well as
evaporatively cast PMAS.Chiral Base films, were measured using a Jobin Yvon CD6
Dichrograph between 300 and 800 nm. Spectra were averaged over two scans to
increase the signal to noise ratio. CD spectra of aqueous solutions of the free alkaloids,
adenosine and amino acids were also recorded between 250 and 400 nm for reference.

7.3 Results and Discussion
7.3.1 PMAS-Alkaloid Interactions
7.3.1.1 Solutions Containing PMAS and Alkaloids
The UV-Vis spectrum of aqueous PMAS(NH 4 +) shows a characteristic sharp peak at ca.
473 nm which is assigned as the low wavelength polaron transition. This band is
considerably red-shifted from that in the parent polyaniline emeraldine salt, and is also
unusually sharp. A distinct π-π* transition is not observed in the expected region and is
instead replaced by a broad absorption between 300 and 400 nm. The absorption at
wavelengths greater than 1100 nm is the beginning of a broad band which is assigned as
the high wavelength polaron band. Again, this is considerably red-shifted from that
observed in polyaniline and is indicative of a polymer in the “extended coil”
conformation.

In-situ generated, aqueous solutions containing PMAS and alkaloids investigated in this
study contained 0.8 % v/v ethanol. In order to examine the effect that this small amount
of ethanol had on the PMAS(NH 4 +) polymer structure, the UV-vis spectrum of a 0.25
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mM (0.01 % w/v) solution of PMAS in 0.8 % v/v aqueous ethanol was measured
(Figure 7.4). This spectrum did not differ significantly from that of the corresponding
aqueous 0.25 mM (0.01 % w/v) PMAS(NH 4 +) solution, indicating that the small
amount of ethanol had no significant effect on the structure of the polymer.
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Figure 7.4 UV-vis spectrum of a 0.25 mM (0.01 % w/v) PMAS(NH 4 +) solution in
0.8 % v/v aqueous ethanol solution.

The addition of alkaloids to aqueous PMAS(NH 4 +) solutions resulted in significant
changes in the UV-vis spectrum of the polymer. These are illustrated in Figure 7.5. The
spectrum of a solution containing PMAS and quinine (Figure 7.5C) showed marked
variations from the spectrum of the original PMAS(NH 4 +). Although the low
wavelength polaron peak at 473 nm was still present, its intensity was markedly reduced.
The high wavelength polaron band above 1000 nm was also not as intense within the
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measured range. Two distinct bands simultaneously appeared below 450 nm: a band at
ca. 320 nm that may be assigned as a π-π* transition, as well as a peak at ca. 400 nm.
The assignment of this latter peak is uncertain. However, a broad absorption band
between 330 and 400 nm has been previously described for PMAS(NH 4 +) and was
thought to result from the overlap of two π-π* transitions.8 In this previous study the
acid form of PMAS, i.e. PMAS(H+), was found to exhibit a single band at ca. 360 nm,
while partial neutralisation of the PMAS(H+) resulted in partial resolution of peaks at
320 and 390 nm.8 It therefore seems likely that the peaks at ca. 320 and 400 nm in the
spectrum of the PMAS/quinine solution also result from two fully resolved π-π*
transitions. These changes in the UV-vis spectrum of PMAS are believed to arise from
replacement of the NH 4 + counter-ions in the as-synthesised PMAS(NH 4 +) by quinine,
due to acid-base interactions between sulfonic acid groups on the PMAS chains and
basic amine centres on the alkaloid.

The in-situ treatment of PMAS(NH 4 +) with sparteine caused even more dramatic
changes to the UV-vis spectrum (Figure 7.5D). The low wavelength polaron band at ca.
473 nm showed a marked reduction in its intensity. Simultaneously, a strong π-π* band
appeared at ca. 405 nm together with a broad absorption band between 300 and 400 nm.
The high wavelength polaron band in the near-infrared effectively disappeared.
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Figure 7.5 UV-Vis spectra of aqueous mixtures of PMAS(NH 4 +) and alkaloids
([PMAS(NH 4 +)] = [Alkaloid] = 0.25 mM). A – PMAS and cinchonine; B – PMAS and
cinchonidine; C – PMAS and quinine; D – PMAS and sparteine.

In contrast, the UV-vis spectrum of an aqueous solution containing PMAS and
cinchonine (Figure 7.5A) did not differ significantly from that of the original
PMAS(NH 4 +). The main changes were a lowering of the intensity of the two polaron
bands at ca. 473 nm and ≥ 1000 nm, and the appearance of a more distinct shoulder at
ca. 390 nm. This latter peak may be assigned as a partially resolved π-π* transition. The
UV-Vis spectrum of solutions containing PMAS and cinchonidine (Figure 7.5B)
exhibited similar features to the PMAS/cinchonine solutions. A more prominent
shoulder now also appeared at ca. 400 nm that was assigned as a π-π* transition.
Presumably, these changes compared to the original PMAS(NH 4 +) again arise from
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acid-base interactions between sulfonic acid groups on the PMAS chains and basic
amine centres on the cinchonidine.

Circular dichroism (CD) spectral studies showed that each of the above aqueous
PMAS/alkaloid solutions, except the solution containing PMAS and sparteine, was
weakly

optically

active.

For

example,

an

aqueous

solution/dispersion

containing PMAS(NH 4 +) and cinchonine exhibited the CD spectrum shown in Figure
7.6. This revealed bisignate CD band centred near 490 nm associated with the
absorption band at 473 nm, as well as CD bands at lower wavelengths associated with
the π-π* absorption band. The CD spectrum is qualitatively very similar to that
previously reported for the (+)-1-phenylethylammonium salt of PMAS. However, the
intensity is very much weaker, with a chiral anisotropy factor (∆ε/ε) of only 0.01 %
(Table 7.1). It should be noted that the previous chiroptical studies of PMAS with (+)-1phenylethylamine (PhEA) showed that while PMAS.PhEA films (solid state) were
optically active, aqueous solutions of the polymer and (+)-PhEA were optically
inactive.7,8

It has been suggested that for other chiral conducting polymers, such as chiral
polythiophenes, optical activity is only to be expected when the polymers are
aggregated.20-22 In order to test this hypothesis for the above “solution” of PMAS and
cinchonine, it was filtered through a 0.4 µm filter and its CD spectrum remeasured.
Filtration resulted in the loss of all optical activity in the visible region, indicating that it
was the presence of polymeric aggregates before filtration that gave rise to the optical
activity observed in Figure 7.6.
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Figure 7.6 CD spectrum of an aqueous solution/dispersion containing 0.25 mM
PMAS(NH 4 +) and 0.25 mM cinchonine.

Table 7.1 Chiral anisotropy factors (∆ε/ε) for aqueous solutions/dispersions containing
0.25 mM PMAS(NH 4 +) and 0.25 mM alkaloid.
Solution

∆ε/ε
(%)

PMAS and cinchonine

0.01a

PMAS and cinchonidine

0.005a

PMAS and quinine

0.02b

a

Calculated for absorption peak at ca. 473 nm

b

Calculated for absorption peak at ca. 400 nm
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An aqueous solution/dispersion containing PMAS(NH 4 +) and cinchonidine exhibited a
very

similar

CD

spectrum

(Figure

7.7)

to

that

found

above

for

the PMAS(NH 4 +)/cinchonine mixture. For example, bisignate CD bands were again
observed centred around 485 nm (associated with the low wavelength polaron band).
However, the optical activity was somewhat weaker, with a very low chiral anisotropy
factor of only 0.005 % for this particular band (Table 7.1). The optical activity of the
aqueous PMAS/cinchonidine mixture was again shown to be due to aggregation of
polymer chains in the aqueous dispersion, since filtration through a 0.4 mm filter caused
the loss of visible region CD signals.
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Figure 7.7 CD spectrum of an aqueous solution/dispersion containing 0.25 mM
PMAS(NH 4 +) and 0.25 mM cinchonidine.
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An aqueous solution/dispersion containing PMAS(NH 4 +) and quinine was also weakly
optically active, but showed a distinctly different CD spectrum (Figure 7.8). Unlike the
aqueous PMAS(NH 4 +)/cinchonine or PMAS/cinchonidine mixtures, it showed no
obvious CD band around 490 nm, presumably due to the much decreased absorption at
473 nm (see Figure 7.5C). However, it did reveal a weak CD band at ca. 380 nm
associated with the π-π* absorbance band (Note: the CD band at ca. 320 nm is due to
quinine and not to the PMAS(NH 4 +) polymer). A chiral anisotropy factor (∆ε/ε)
calculated for the PMAS band at 380 nm was only 0.02 % (Table 7.1). Filtration of the
solution through a 0.4 µm filter again resulted in the loss of visible region CD signals,
indicating that the optical activity observed in Figure 7.8 was due to aggregated polymer
structures.
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Figure 7.8 CD spectrum of an aqueous solution/dispersion containing 0.25 mM
PMAS(NH 4 +) and 0.25 mM quinine.
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As mentioned above, the low wavelength region of the UV-vis spectrum of
aqueous PMAS(NH 4 +) is known8 to change when the polymer is converted to its acid
PMAS(H+) form or into its partially neutralised form. The effect of added HCl (final
pH~2) on the UV-vis spectra of aqueous solutions/dispersions containing PMAS(NH 4 +)
and alkaloids was therefore examined (Figure 7.9). Major changes occurred in the UVvis spectrum of aqueous PMAS/quinine in the presence of acid (Figure 7.9A). In
particular, the π-π* transition initially observed at ca. 400 nm was markedly blueshifted to ca. 345 nm upon addition of acid. Similar changes were observed in the UVvis spectra of aqueous PMAS/cinchonine, PMAS/cinchonidine and PMAS/sparteine
“solutions” upon addition of HCl. The HCl may protonate amine sites on the alkaloids
as well as sulfonate groups on the PMAS. It is therefore expected that all sulfonate
groups on the PMAS chains are either associated with a protonated alkaloid or are
protonated, resulting in a UV-vis spectrum similar to that previously reported8 for the
acid form of PMAS where all sulfonate groups are protonated.
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Figure 7.9 UV-Vis spectra of aqueous solutions containing 0.25 mM PMAS(NH 4 +),
0.25 mM alkaloid and 0.08 M HCl (final pH ~2): A – PMAS/quinine/HCl; B –
PMAS/cinchonine/HCl; C – PMAS/cinchonidine/HCl; D – PMAS/sparteine/HCl.

Addition

of

HCl

to

aqueous

PMAS/quinine

and

PMAS/cinchonidine

solutions/dispersions resulted in the loss of all visible region optical activity.
Presumably the HCl interferes with the previous acid-base interactions between the
alkaloid molecules and the PMAS chains, preventing the polymer from adopting a
preferred

one-handed

helical

conformation.

On

the

other

hand,

aqueous

PMAS/cinchonine solutions, remained optically active (Figure 7.10). However, the
bisignate CD band associated with the low wavelength polaron absorption band was
blue-shifted by 10 nm to ca. 460 nm. No change in the strength of the optical activity
was seen, with the chiral anisotropy factor remaining around 0.01 % (Table 7.2). Upon
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standing the polymer precipitated from solution (presumably bound to the cinchonine),
indicating that the addition of HCl caused a significant degree of aggregation of
polymeric species.
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Figure 7.10 CD spectrum of an aqueous solution/dispersion containing 0.25 mM
PMAS(NH 4 +), 0.25 mM cinchonine and 0.08 M HCl.

Table 7.2 Optical activity of aqueous solutions/dispersions containing 0.25 mM
PMAS(NH 4 +), 0.25 mM alkaloid and 0.08 M HCl.
Solution

∆ε/ε
(%)

PMAS.Cinchonine

0.01a

PMAS.Sparteine

0.08a
0.07b

a

Calculated for absorption peak at ca. 473 nm

b

Calculated for absorption peak at ca. 350 nm
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As noted above, an aqueous mixture of PMAS(NH 4 +) and sparteine exhibited no
visible region optical activity. Interestingly, in this case the addition of HCl to the
solution resulted in the PMAS polymer becoming optically active (Figure 7.11). A
bisignate CD signal appeared centred around 465 nm (with a positive peak at ca. 450
nm and a negative peak at ca. 485 nm). This bisignate CD band, characteristic of chiral
PMAS, is associated with the low wavelength polaron band observed in the UV-vis
absorption spectrum at 473 nm. A further band also appeared at ca. 385 nm associated
with a π-π* transition. The visible region optical activity of the acidified
PMAS/sparteine solution (dispersion) was also relatively strong, as reflected in the
chiral anisotropy factors of 0.08 and 0.07 % calculated for the two CD bands centred at
473 and 385 nm, respectively (Table 7.2). Once again, significant precipitation was
observed upon standing, consistent with the observed optical activity arising from
aggregation of ordered polymer chains.
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Figure 7.11 CD spectrum of an aqueous solution containing 0.25 mM PMAS(NH 4 +),
0.25 mM sparteine and 0.08 M HCl.
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7.3.1.2 PMAS.Alkaloid Films
Previous studies where PMAS(NH 4 +) was mixed with chiral amines or amino alcohols
found that optical activity was not present in the resulting aqueous solutions, but was
observed in PMAS.(RNH 3 +) films cast from those solutions.7,8 This supported
suggestions that the conducting polymer must be in an aggregated state for optical
activity to be exhibited.20-22

In order to test this latter hypothesis, PMAS.Alkaloid films were prepared via
evaporative casting of aqueous solutions containing PMAS(NH 4 +) and chiral bases
([PMAS]=[chiral base]=5 mM). The UV-vis-NIR spectra of the films showed a number
of interesting features. For example, the spectrum of PMAS.Quinine (Figure 7.12A and
7.13A) exhibited the usual PMAS low wavelength polaron band at 473 nm, albeit
reduced in intensity compared to PMAS(NH 4 +). It also showed a broad absorption band
in the near-infrared λ max ~2300 nm (Figure 7.12A), which may be assigned to a
delocalised high wavelength polaron transition. The delocalised nature of the transition
and the long wavelength of this latter band indicate that the PMAS chains are in an
“extended coil” conformation. A peak at 340 nm and a shoulder at ca. 400 nm were also
observed, associated with π-π* transitions. This spectrum is similar to that previously
reported for PMAS.PhEA films,7,8 although these two spectra differed somewhat in the
relative intensities of the various peaks.
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Figure 7.12 UV-Vis spectra of PMAS.Alkaloid films evaporatively cast from aqueous
solutions containing 5 mM PMAS(NH 4 +) and 5 mM Alkaloid: A – PMAS.Quinine; B –
PMAS.Cinchonine; C – PMAS.Cinchonidine; D – PMAS.Sparteine.

D
C

B
A
300

400

500

600

700

800

900

1000

1100

Wavelength (nm)

Figure 7.13 UV-Vis spectra of PMAS.Alkaloid films evaporatively cast from aqueous
solutions containing 5 mM PMAS(NH 4 +) and 5 mM Alkaloid: A – PMAS.Quinine; B –
PMAS.Cinchonine; C – PMAS.Cinchonidine; D – PMAS.Sparteine.
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Evaporatively cast films of PMAS.Cinchonine and PMAS.Cinchonidine showed similar
UV-Vis-NIR spectra (Figures 7.12B,C and 7.13B,C) to the above PMAS.Quinine film,
although the relative intensities of the peaks differed. This similarity is not unexpected,
since the alkaloids have similar molecular structures involving a quinoline-type moiety
to which is attached the chiral side chain (see Figure 7.3). They would therefore be
expected to affect the polymer structure in similar ways.

The other alkaloid examined, sparteine, has a very different molecular structure (Figure
7.3). This resulted in a strikingly different UV-Vis-NIR spectrum for the related
PMAS.Sparteine film (Figure 7.12D and 7.13D). For PMAS.Sparteine, the shoulder that
was seen in the other three films at 400 nm was replaced by a very sharp, intense peak
at 410 nm. Also, the low wavelength polaron band at 473 nm was more markedly
reduced in intensity. A UV-Vis-NIR spectrum with these characteristics has not been
previously reported for PMAS.

Each of the PMAS.Alkaloid films was found to be optically active. The
PMAS.Cinchonine and PMAS.Cinchonidine films showed qualitatively similar CD
spectra (Figures 7.14 and 7.15). In both cases a characterisation CD signal was observed
at ca. 475 nm, associated with the low wavelength polaron absorption band at 473 nm.
This positive CD signal is the lower wavelength component of a bisignate CD signal
centred at ca. 490 nm, the less intense negative component of which is observed at ca.
500 to 520 nm. This behaviour contrasts with that observed for electrochemically
deposited PMAS.PhEA films (PhEA = (+)-1-phenylethylammonium cation), where a
bisignate CD signal was observed at ca. 490 nm with equally intense positive and
negative components.8 According to exciton coupling theory,23 the unsymmetrical
248

Chapter 7
bisignate CD signals around 490 nm seen for the PMAS.Cinchonine and
PMAS.Cinchonidine films indicate that the polaron chromophores on adjacent PMAS
chains that give rise to these signals are only weakly coupled. This difference compared
to PMAS.PhEA films could arise either from a greater separation of the PMAS chains
due to the larger size of the incorporated alkaloid ammonium salts compared to (PhEA)+,
or to a different orientation of the polymer chains.
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Figure 7.14 CD spectrum of a PMAS.Cinchonine film evaporatively cast from an
aqueous solution containing 5 mM PMAS(NH 4 +) and 5 mM cinchonine.
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Figure 7.15 CD spectrum of a PMAS.Cinchonidine film evaporatively cast from an
aqueous solution containing 5 mM \PMAS(NH 4 +) and 5 mM cinchonidine.

Both the PMAS.Cinchonine and PMAS. Cinchonidine films also showed CD signals at
lower wavelengths (Figures 7.14 and 7.15) associated with π-π* absorption bands
observed in this region. A further interesting feature in both CD spectra was a negative
CD band commencing at ca. 700 nm. This may be assigned as the low wavelength tail
of a CD band associated with the broad near-infrared absorption band observed for both
films (Figures 7.12B and 7.12C) This is the first time that such a near-infrared CD band
has been observed for PMAS.

The observation of CD spectra with the same signs for all bands for both the
PMAS.Cinchonine and PMAS.Cinchonidine films throws light on the nature of the
acid-base interactions responsible for the induction of chirality into the PMAS chains.
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The (+)-cinchonine and (-)-cinchonidine employed are diastereomers, having identical
configurations at the C-3 and C-4 stereogenic centres but inverted configurations at C-8
and the stereogenic carbon bearing the hydroxy substituent (see Figure 7.16). The
observation of qualitatively similar (same sign) CD spectra for the two films indicates
that it is the configuration of the C-3 and C-4 carbon centres that predominantly
determines the induced handedness of the PMAS polymer chains in the
PMAS.Cinchonine and PMAS.Cinchonidine films. This in turn suggests that it is the
nearby N-1 amine centre that is largely involved in the acid-base interactions with the
PMAS sulfonic acid groups that give rise to the chiral induction. This is not surprising,
since the alternate tertiary nitrogen in the quinoline portion of these alkaloids is a much
weaker base (pK a ca. 4.1, compared to ca. 8.5 for N-124).
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Figure 7.16 Structures of (+)-cinchonine and (-)-cinchonidine.

The degree of optical activity for PMAS.Cinchonine and PMAS.Cinchonidine films
was very similar, as indicated by their similar chiral anisotropy factors (∆ε/ε) of 0.06 %
and 0.04 %, respectively (Table 7.3). Although the observed CD signals for the
PMAS.Cinchonine films were considerably more intense than for PMAS.Cinchonidine,
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the former films were much thicker and had a significantly higher absorbance, resulting
in the similar ∆ε/ε values.

Table 7.3 Optical activity of PMAS.Alkaloid films evaporatively cast from aqueous
solutions containing 5 mM PMAS and 5 mM Alkaloid.
Film

∆ε/ε
(%)

PMAS.Cinchonine

0.06a

PMAS.Cinchonidine

0.04a

PMAS.Quinine

0.01a
0.01b

PMAS.Sparteine

0.19a
0.22b

a

Measured for peak at ca. 473 nm

b

Measured for peak at ca. 400 nm

The corresponding PMAS.Quinine film exhibited a considerably weaker CD spectrum
(Figure 7.17) than the films generated with cinchonine and cinchonidine. A CD signal
was again observed at ca. 380 nm, associated with a shoulder seen in the UV-Vis
absorption spectrum. The negative sign of this CD signal suggests that the PMAS
chains in this PMAS.Quinine film have the same handedness as PMAS.Cinchonine and
PMAS.Cinchonidine films. A positive CD signal was also observed at ca. 490 nm, again
consistent with the same handedness for the PMAS films generated with each of these
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three alkaloids. This was expected, since (-)-quinine has the same configuration as
(−)−cinchonidine at each of its stereogenic carbon centres (see Figure 7.1). The only
structural difference between these two latter alkaloids is the presence of a methoxy
substituent on the quinoline portion of (-)-quinine. The presence of this methoxy
substituent may be responsible for the much weaker optical activity observed for the
PMAS.Quinine film (∆ε/ε = 0.01 %, Table 7.3), possibly due to steric factors arising
during incorporation of the alkaloid ammonium salt between PMAS polymer chains.
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Figure 7.17 CD spectrum of a PMAS.Quinine film evaporatively cast from an aqueous
solution containing 5 mM PMAS and 5 mM Quinine.

The highest induced optical activity for the series of PMAS.Alkaloid films was obtained
with (-)-sparteine. The dominant feature of the CD spectrum (Figure 7.18) for the
PMAS.Sparteine film was an intense CD signal at 400 nm, associated with the strong,
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sharp absorption band observed in this position. A CD signal (albeit considerably less
intense) was also observed at ca. 465 nm, associated with the relatively weak polaron
absorption band for the film at 473 nm. This latter CD signal is believed to be the low
wavelength component of a putative bisignate CD band. The failure to observe bisignate
CD signals both for the 380 nm and the 465 nm CD bands indicates that the
chromophores giving rise to these bands are not coupled. This may be due to a distinctly
different

three-dimensional

orientation

for

the

PMAS

polymer

chains

in

PMAS.Sparteine films compared to previously reported PMAS.PhEA films.8 This
different geometry is also reflected in the unique UV-Vis absorption spectrum observed
for the PMAS.Sparteine film (Figures 7.12D and 7.13D).
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Figure 7.18 CD spectrum of a PMAS.Sparteine film evaporatively cast from an
aqueous solution containing 5 mM PMAS(NH 4 +) and 5 mM Sparteine.
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Large chiral anisotropy factors (∆ε/ε) of 0.19 % and 0.22 % were calculated for the
PMAS.Sparteine film at the 473 and 400 nm absorption bands, respectively (Table 7.3).
These values are between three and five times greater than those calculated for the
corresponding films incorporating cinchonine and cinchonidine. The higher chiral
induction observed with sparteine may be due to the fact that it contains two highly
basic amine centres (pK a ’s ca. 8.5), while the other alkaloids have only one such
nitrogen centre. This would provide sparteine with more potential for acid-base
interactions with the PMAS sulfonic acid groups. Nevertheless, the negative CD signals
observed for the PMAS.Sparteine film at 380 nm and 465 nm indicate that the PMAS
chains have again adopted the same helical hand as that present in PMAS.Cinchonine
and PMAS.Cinchonidine films.

7.3.2 PMAS-Adenosine Interactions
7.3.2.1 Solutions Containing PMAS and Adenosine
The induction of chirality in PMAS through interactions with a nucleoside, adenosine,
has also been examined. The UV-vis spectrum of a mixture of PMAS(NH 4 +) (0.25 mM)
and adenosine (0.25 mM) was identical to that of an aqueous solution of PMAS(NH 4 +)
alone. The addition of HCl to the aqueous mixture did not result in any changes in the
UV-vis spectrum. A CD spectrum of the aqueous PMAS(NH 4 +)/adenosine mixture
showed no evidence of visible region optical activity either before or after addition of
HCl. Clearly, the behaviour of solutions containing PMAS(NH 4 +) and adenosine differs
quite markedly from that of the PMAS(NH 4 +)/alkaloid solutions described above. This
difference may be associated with the greater water solubility of adenosine. It is
possible that because the alkaloids are not water soluble, they are more likely to form
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optically active aggregates with PMAS(NH 4 +) in solvents containing greater than 99 %
v/v water. The lack of changes in the UV-vis spectrum and the absence of optical
activity in the PMAS/adenosine mixtures indicate that adenosine does not interact
strongly with the PMAS chains in aqueous solution. Similar absence of strong
interactions in solution was previously reported for mixtures of PMAS(NH 4 +) with
water soluble amines and amino alcohols.7,8

7.3.2.2 PMAS.Adenosine Films
In contrast to the behaviour in aqueous solution, the UV-vis spectrum of an
evaporatively cast PMAS.Adenosine film (Figure 7.19) differed significantly from that
of PMAS(NH 4 +). The low wavelength polaron band was red-shifted slightly to ca. 480
nm and was relatively more intense, while a distinct π-π* transition appeared at ca. 330
nm. The high wavelength polaron band was also red-shifted in the spectrum of the
PMAS.Adenosine film compared to PMAS(NH 4 +), and exhibited a strong near-infrared
band with λ max ~2350 nm (Figure 7.19). Taken together, these differences from
PMAS(NH 4 +) indicate the presence of significant interactions between adenosine and
the PMAS chains in the PMAS.Adenosine film, presumably as a result of replacement
of the original NH 4 + counter-cations by protonated adenosine.
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Figure 7.19 UV-Vis spectrum of a PMAS.Adenosine film evaporatively cast from an
aqueous solution containing 5 mM PMAS(NH 4 +) and 5 mM adenosine.

Unlike the PMAS(NH 4 +)/adenosine aqueous mixture, the PMAS.Adenosine film was
found to be optically active. Its CD spectrum showed a distinctly bisignate CD band
centred at ca. 480 nm (with a positive signal at ca. 470 nm and a negative signal at ca.
495 nm) (Figure 7.20), associated with the 473 nm polaron absorption band. It also
exhibited anticipated CD signals at lower wavelengths associated with π-π* absorption
bands, as well as the beginning of a CD band in the near-infrared region associated with
the NIR absorption band.

A chiral anisotropy factor of 0.15 % was calculated for the 473 nm absorption band. In
the solid state there is therefore clearly a strong interaction between PMAS and
adenosine which induces a rearrangement of the polymer chains so that they
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preferentially adopt a one-handed helical conformation. The source of this chiral
induction is believed to be acid-base interactions between the PMAS sulfonic acid
groups and one or more of the basic N centres on the adenine moiety of adenosine. The
prime target for protonation on the adenine group is presumably the primary amine,
which has a pK a of 9.8, compared to pK a ’s of ≤ 4.1 for the other N
centres.24 Interestingly, the signs of the CD signals for the PMAS.Adenosine film in
Figure 7.20 are the inverse of those seen above for the PMAS.Alkaloid films, indicating
that the PMAS chains have preferentially adopted the opposite helical hand.
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Figure 7.20 CD spectrum of PMAS.Adenosine film evaporatively cast from an aqueous
solution containing 5 mM PMAS(NH 4 +) and 5 mM adenosine.

258

Chapter 7

7.3.3 PMAS-Amino Acid Interactions
7.3.3.1 Solutions Containing PMAS and Amino Acids
To complete this study, chiroptical studies were undertaken of the interaction of
PMAS(NH 4 +) with the amino acids histidine, lysine and arginine, each of which
contains a basic amine group on a side chain (pK a ’s of 6.0, 10.5 and 12.5,
respectively).24

The addition of these amino acids to aqueous PMAS(NH 4 +) gave UV-Vis spectra
(Figure 7.21) that differed significantly from the original PMAS(NH 4 +). For example.
aqueous mixtures of PMAS(NH 4 +) with either L-histidine or L-lysine showed not only a
distinct low wavelength polaron band at 473 nm (Figures 7.21A and 7.21B), but also a
broad absorption between 300 and 400 nm with small shoulders at ca. 325 and ca. 395
nm attributable to π-π* transitions. The beginning of an absorption assigned as a high
wavelength polaron band was also seen at wavelengths greater than 1000 nm. An
aqueous solution of PMAS(NH 4 +) and L-arginine showed a markedly different UV-Vis
spectrum (Figure 7.21C). The low wavelength polaron band at 473 nm was significantly
reduced in intensity. In addition, a very strong peak at ca. 400 nm (and a partially
resolved shoulder at ca. 350 nm) were present and tentatively assigned as π-π*
transitions. This development of a strong band at ca. 400 nm is similar to the behaviour
described above for PMAS.Sparteine films. Also, the high wavelength, NIR polaron
band found in PMAS(NH 4 +) was virtually undetected in the PMAS/arginine solution.
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Figure 7.21 UV-Vis spectra of aqueous solutions containing 0.25 mM PMAS(NH 4 +)
and 0.25 mM amino acid: A – PMAS and L-histidine; B – PMAS and L-lysine; C –
PMAS and L-arginine.

The UV-vis spectra of all the aqueous PMAS(NH 4 +)/amino acids mixtures therefore
indicate significant interactions between the amino acids and the PMAS chains in
solution. Measurement of the CD spectra of the solutions, however, showed them to be
optically inactive in the visible region. This phenomenon was also previously seen in
the case of solutions containing amines or amino alcohols mixed with PMAS,7,8 but
differs from the behaviour observed above with some of the aqueous PMAS/alkaloid
solutions (dispersions). The lack of optical activity reflects weak interactions between
the PMAS sulfonic acid groups and the amino acid amine groups in aqueous solution. It
is possible that because both the amino acids and PMAS are water soluble, their adducts
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remain in solution and do not form aggregate structures, which may be necessary for
optical activity to be observed.20-22

The addition of HCl to the aqueous PMAS(NH 4 +)/amino acid solutions resulted in
marked changes in the UV-vis spectra, as seen by comparing Figures 7.21 and 7.22. The
spectra of all three acidified solutions (Figure 7.22) had changed to that reported for the
acid form of PMAS.8 The CD spectra of these acidified solutions again showed no
visible region optical activity. Presumably, the addition of HCl results in protonation of
the sulfonate groups along the PMAS chains, preventing interactions with the amino
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Figure 7.22 UV-Vis spectra of aqueous solutions containing 0.25 mM PMAS(NH 4 +),
0.25 mM amino acid and 0.08 M HCl. A – PMAS and L-histidine; B – PMAS and Llysine; C – PMAS and L-arginine.
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7.3.3.2 PMAS.Amino Acid Films
Evaporative casting of aqueous solutions containing PMAS(NH 4 +) and L-amino acid
([PMAS]=[amino acid]=5 mM) gave PMAS.L-Amino acid films in each case. Their
UV-vis spectra (Figure 7.23) were similar to those observed for films cast from aqueous
solutions of PMAS(NH 4 +) mixed with other amines such as (+)-PhEA or amino
alcohols.7,8 The spectra of PMAS.L-Histidine (Figures 7.23A and 7.24A) and PMAS.LArginine films (Figures 7.23C and 7.24C) showed relatively weak low wavelength
polaron bands at 473 nm, along with more intense peaks at ca. 330 and 380 nm due to
π-π* transitions. The spectrum of a PMAS.L-Lysine film, however, exhibited a
relatively strong low wavelength polaron band at 473 nm, and a peak at ca. 320 nm
(with a shoulder at ca. 380 nm) due to π-π* transitions (Figures 7.23B and 7.24B). Each
of these films also showed a strong, broad absorption band in the near-infrared,
indicative of an “extended coil” conformation for the PMAS chains. The UV-vis spectra
of related PMAS.D-amino acid films were virtually identical to those of the PMAS.Lamino acid films.
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Figure 7.23 UV-Vis spectra of PMAS.Amino acid films evaporatively cast from
aqueous solutions containing 5 mM PMAS(NH 4 +) and 5 mM amino acid: A – PMAS.LHistidine; B – PMAS.L-Lysine; C – PMAS.L-Arginine.
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Figure 7.24 UV-Vis spectra of PMAS.Amino acid films evaporatively cast from
aqueous solutions containing 5 mM PMAS(NH 4 +) and 5 mM amino acid: A – PMAS.LHistidine; B – PMAS.L-Lysine; C – PMAS.L-Arginine.
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Circular dichroism measurements confirmed that each of the PMAS.Amino acid films
were optically active. The CD spectra of PMAS.L-Histidine and PMAS.D-Histidine are
shown in Figure 7.25, and are mirror images of each other. These spectra are consistent
with the adoption of a preferred one-handed helical conformation in the PMAS chains,
with the two enantiomeric forms of histidine inducing opposite handed helices in the
polymer. The CD spectrum of PMAS.L-Histidine showed a strong, positive CD band at
ca. 400 nm, associated with the UV-Vis absorption band at ca. 380 nm. A bisignate CD
band was also observed, centred around 490 nm, associated with the low wavelength
polaron band at 473 nm.

Both the PMAS.L-Histidine and PMAS.D-Histidine films exhibited relatively high
optical activities, with chiral anisotropy factors of 0.25-0.30 % calculated for the
absorption band at 380 nm, and between 0.09 and 0.15 % for the absorption peak at 473
nm (Table 7.4).
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Figure 7.25 CD spectra of PMAS.Histidine films evaporatively cast from aqueous
solutions containing 5 mM PMAS(NH 4 +) and 5 mM histidine.
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Table 7.4 Optical activity of PMAS.Amino acid films evaporatively cast from aqueous
solutions containing 5 mM PMAS(NH 4 +) and 5 mM amino acid.
Film

∆ε/ε
(%)

PMAS.L-Histidine

0.30a
0.15b

PMAS.D-Histidine

0.25a
0.09b

PMAS.L-Lysine

0.08a
0.13b

PMAS.D-Lysine

0.05a
0.11b

PMAS.L-Arginine

0.16a
0.09b

PMAS.D-Arginine

0.15a
0.09b

a

Calculated for absorption peak at ca. 380 nm

b

Calculated for absorption peak at ca. 473 nm

A PMAS.L-Lysine film similarly showed expected CD bands at 400 nm and ca. 470 nm
(Figure 7.26). However, in contrast to the PMAS.L-Histidine films, the CD band at 470
nm was now much more intense than the 380 nm band. This is consistent with the
relative intensities of the associated absorption bands for these films seen in Figures
7.23 and 7.24, and must reflect differences in the PMAS chain structures for the two
films. Also consistent with such structural differences is the fact that the CD band at 470
nm is not bisignate in the PMAS.L-Lysine case. The degree of optical activity induced
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in the PMAS chains by L-Lysine is also seen, from the ∆ε/ε values in Table 7.4, to be
considerably less than that engendered by L-histidine.
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Figure 7.26 CD spectra of PMAS.Lysine films evaporatively cast from an aqueous
solution containing 5 mM PMAS(NH 4 +) and 5 mM lysine.

As expected, an evaporatively cast PMAS.D-Lysine film exhibited the inverse CD
spectrum to PMAS.L-Lysine (Figure 7.26). Thus, the handedness of the PMAS chains
in PMAS.Amino acid films can be selected by judicious choice of the appropriate
enantiomer of the amino acid in question. However, maintaining a constant
configuration along a series of different amino acids does not necessarily lead to the
same hand of the PMAS polymer in the derived PMAS.Amino acid films. This is clear
from comparison of the CD spectra for the PMAS.L-Histidine and PMAS.L-Lysine
films in Figures 7.25 and 7.26, respectively. These exhibit opposite signs for the major
CD bands, indicating opposite hands for PMAS chains despite both amino acids having
an L-configuration. The preferred helicity induced in PMAS chains is therefore
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dependent not only upon the configuration of the amino acid, but also upon the steric
and/or electronic nature of the side chain present on the amino acid α-carbon. It is not
surprising, for example, that one should see different acid-base and/or other interactions
between the sulfonated PMAS chains and the imidazole side chain of histidine,
compared to between PMAS and the structurally different and more basic (CH 2 ) 4 NH 2
side chain present in lysine.

The importance of the amino side chain is also seen from the CD spectrum observed for
a PMAS.L-Arginine film (Figure 7.27). Although this film again showed expected CD
bands near 375 and 460 nm, their relative intensities differed considerably from those
observed above for the PMAS.L-Histidine and PMAS.L-Lysine films. The chiral
anisotropy factors listed in Table 7.4 also indicate that the PMAS.L-Arginine film was
between PMAS.L-Histidine and PMAS.L-Lysine in the extent of induced chirality.
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Figure 7.27 CD spectra of PMAS.Arginine films evaporatively cast from aqueous
solutions containing 5 mM PMAS(NH 4 +) and 5 mM arginine.
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As expected a PMAS.D-Arginine film exhibited the inverse CD spectrum to PMAS.LArginine (Figure 7.27), indicating the induction of the opposite helical hand in the
PMAS chains.

7.4 Conclusions
The chiroptical studies in this chapter have shown that chirality can be successfully
induced into PMAS chains through acid-base interactions between SO 3 H groups on the
polymer chains and a variety of molecules containing amine functional groups. These
chiral inducers include alkaloids, amino acids and the nucleoside adenosine. However,
only in the case of some alkaloids (quinine, cinchonine and cinchonidine) could optical
activity be generated in aqueous solutions/dispersions. This latter optical activity is
attributed to the formation of aggregated PMAS structures in aqueous solution. In
acidified aqueous solution, only PMAS/Alkaloid mixtures containing cinchonidine and
sparteine result in optically active PMAS. Again, this optical activity is attributed to
ordered polymer aggregates.

Optically active PMAS.Alkaloid films can be readily obtained by the evaporative
casting of aqueous solutions containing equimolar amounts of PMAS(NH 4 +) and the
appropriate alkaloid. PMAS.Sparteine films are significantly more optically active than
the other PMAS.Alkaloid films. The diastereomers cinchonine and cinchonidine result
in films where the PMAS chains adopt the same helical hand (as indicated by their CD
spectra). This indicates that it is the C-3 and C-4 stereogenic centres on these alkaloids
that are largely responsible for chiral induction, with the N-1 centre being the amine
group dominantly involved in acid-base interactions with the PMAS sulfonic acid
groups.
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Optically active PMAS.Adenosine films can be similarly made and display optical
activity

greater

than

that

of

PMAS.Quinine,

PMAS.Cinchonine

and

PMAS.Cinchonidine films. The primary amine on the adenine group of the adenosine is
believed to be the N centre primarily involved in the acid-base interactions with the
PMAS sulfonic acid groups. Chiral induction in this case arises from the stereogenic
carbon centres on the ribose ring of the adenosine molecule.

Evaporative casting of aqueous PMAS(NH 4 +)/Amino acid mixtures similarly provides a
convenient route to optically active PMAS.Amino acid films. PMAS chains adopt
opposite helical hands with the opposite enantiomeric forms of the amino acids. The
optical activity of PMAS.Amino acid films is relatively strong, with PMAS.L-Histidine
films having chiral anisotropy factors (∆ε/ε) approaching those of previously reported
for PMAS.PhEA films.8 Amino acids with the same configuration (e.g. L-Histidine and
L-Lysine) can induce opposite hands of the helix in the polymer in some instances. This
indicates that the nature of the side chains on the α-carbon of the amino acid is also
important in chiral induction within the PMAS chains.

A common feature of all these chiral inducers studied is the presence of one or more
basic nitrogen centres. These are believed to interact via stereospecific acid-base
interactions with sulfonic acid groups on the PMAS chains, leading to the adoption of a
preferred single-handed helical structure.

Future studies will explore the potential use of these novel optically active PMAS
materials in areas such as chiral separations and asymmetric electrosynthesis.
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Conclusions

A range of conducting of novel conducting polymers materials with potential
applications in separations have been produced in this thesis, including both
polypyrroles and polyanilines. The major findings are summarised below.

8.1 Metal-Ion Transport Across Cyclodextrin-Doped Polypyrrole
Membranes
Polypyrroles doped with either α-cyclodextrin or β-cyclodextrin exhibit UV-vis spectra
typical of conducting polypyrrole. Microanalytical data indicate that both polymers are
fully doped by the sulfate groups on the cyclodextrins, although they exhibit relatively
low electrical conductivities of 0.7 (PPy.α-CDS) and 0.4 S cm-1 (PPy.β-CDS). SEM and
AFM imaging indicate that both materials have a rough surface morphology, with
PPy.β-CDS having a more open structure than PPy.α-CDS. Electrochemical
characterisation of PPy.α-CDS and PPy.β-CDS indicates that the polymers are
responsive to different metal ions.

The flux of alkali and alkaline earth metal ions across supported PPy.α-CDS
membranes follow the sequence Na+ > K+ > Mg2+ ~ Ca2+. PPy.β-CDS membranes show
virtually the same sequence of fluxes, except the flux of Mg2+ is significantly greater
than Ca2+. This is different from previous studies where the sequence K+ > Na+ > Ca2+ >
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Mg2+ was found, which corresponded with the size of the hydrated ions. For both new
membranes the flux of Na+ is nearly twice that of K+. Complexation equilibria between
the cyclodextrins and metal ions are presumed to play an important role in determining
the flux of metal ions across polypyrrole membranes doped with the cyclodextrins.

With transition metal ions, the flux of metal ions across PPy.α-CDS membranes follows
the sequence Cu2+ > Ni2+ > Co2+ ~ Mn2+ > Zn2+ > Fe3+. PPy.β-CDS membranes,
however, show a significantly different sequence of Ni2+ > Zn2+ > Mn2+ > Co2+ > Cu2+ >
Fe3+. These results again indicate that metal ion/sulfated cyclodextrin complexation
equilibria are important in determining the flux across the membranes.

Ionic selectivity factors for the following pairs of metals: Na:K, K:Ca and Cu:Fe are
comparable to those previously reported. For K:Ca the larger dopant β-CDS results in a
smaller selectivity factor than for α-CDS, confirming previously reported results where
larger dopants result in smaller selectivity factors. Membrane selectivity factors also
show that the fluxes of all metal ions across PPy.β-CDS membranes are greater than
across PPy.α-CDS membranes, with the exception of Cu2+. Calculation of the amount
of Cu2+ transported is complicated by the electroactivity of the metal, and presumably
deposition of Cu metal on the PPy.β-CDS membrane in particular results in
significantly less metal ion transport. Transport of Fe3+ and Cu2+ performed with a
different pulsed potential of -0.40 V to +0.75 V, results in significant increases in the
flux of both metal ions across both membranes. However, this is at the expense of
Cu:Fe selectivity, which decreases significantly for both membranes.
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8.2 Electroless Polymerisation of Pyrrole in the Presence of a
Sulfonated Calixarene
Aqueous solutions containing pyrrole and calix[6]arene-4-sulfonic acid (C6S) undergo
slow electroless polymerisation processes in the absence of any chemical oxidant or
electrochemical oxidation. The product of this reaction is an insulating black powder.
Despite it being an insulator, the product is electroactive, exhibits spectral features
similar to conducting polypyrroles, and is doped with C6S. On the basis of the obtained
data, a structure consisting of small conducting regions of polypyrrole isolated by
insulating pyrrolidine and ring-opened products is proposed.

This electroless polymerisation reaction is specific to pyrrole and C6S, which suggests
that specific host-guest interactions between the pyrrole monomer and C6S are an
essential part of the reaction mechanism. It is likely that this host-guest inclusion
complex results in a lowering of the pyrrole oxidation potential, leading to an increase
in polymerisation rate.

The addition of polymers such as PVA, PVP or PSS as stabilisers to polymerisation
mixtures leads to the formation of stable colloidal dispersions. These dispersions
contain particles up to 10 times smaller than those present in suspensions of PPy.C6S.
Cyclic voltammetric studies show that all colloidal dispersions are electroactive and
responsive to changes in the surrounding electrolyte.
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8.3 Optically Active Polyaniline Doped With Biological Phosphates
Electroactive and highly optically active PAn.ATP.HCl emeraldine salt films
incorporating adenosine-5′-triphosphate (ATP) and chloride as dopant anions are readily
prepared via the electropolymerisation of aniline in the presence of Na 2 ATP and HCl.
The ATP dopant is believed to cause the polyaniline chains to preferentially adopt a
one-handed helical structure, presumably due to the interaction of the many hydrogenbonding and ionic-bonding sites on ATP with the amine (NH) and radical cation (NH+•)
sites along the polyaniline chain.

The PAn.ATP.HCl films are believed to adopt a mixture of “compact coil” and
“extended coil” conformations for their polyaniline chains, as shown by their UV-VisNIR spectra. Potentiostatic polymerisation results in the highest optical activity for all
the PAn.ATP.HCl films prepared, particularly when high oxidation potentials are used.
The PAn.ATP.HCl films with the highest optical activity (with a chiral anisotropy factor
of 1.9%) result from deposition at an applied potential of +1.0 V.

Optically active PAn.ATP.HCl emeraldine salt films rapidly de-dope in aqueous 1.0 M
NH 4 OH to give optically active emeraldine base films. Both ATP and Cl- dopants are
released during this de-doping process. Treatment with aqueous HCl rapidly converts
optically active emeraldine base films back into optically active emeraldine salts.
PAn.ATP.HCl films are also readily converted into optically active forms of
leucoemeraldine base, pernigraniline base (or pernigraniline salt) via treatment with a
reductant or oxidant, respectively.
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The release of ATP from PAn.ATP.HCl films could not be induced by electrochemical
switching or pH switching. Also, optically active emeraldine base films prepared from
PAn.ATP.HCl show no chiral discrimination between enantiomers (+)- and (-)-HCSA
when reacted with racemic (±)-HCSA, presumably because the polyaniline chains
cannot rearrange in the solid state to single handed enantiomeric forms.

Incorporation of other biological phosphates such as AMP, cAMP and β-D-glucose-6phosphate as dopants during the electrochemical preparation of polyaniline films does
not lead to optically active materials. This may be because these molecules have fewer
hydrogen-bonding and ionic-bonding sites compared to ATP.

8.4 Chiral Induction in Polyaniline Chains Via a Covalently Attached
Substituent
Emeraldine base and leucoemeraldine base have been shown to react with optically
active 10-camphorsulfonyl chloride and 10-camphorsulfonyl chloride to form
conducting emeraldine salt, with a camphorsulfonyl group attached to every third
nitrogen centre. These polymers are weakly optically active in solution and significantly,
retain this optical activity even upon alkaline de-doping, forming (for the first time)
solutions of optically active emeraldine base. Although leucoemeraldine base contains
more potential sites for substitution (amine centres), it is believed that rapid, competing
re-oxidation of the leucoemeraldine substrates results in substituted polyanilines
virtually indistinguishable from those prepared by the reaction with emeraldine base.
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The reaction of (1S)-(+)-10-camphorsulfonyl chloride with aniline monomer results in
the formation of an optically active N-substituted aniline whose structure is confirmed
by microanalysis and NMR. However, this monomer does not undergo polymerisation
when treated with the chemical oxidant (NH 4 ) 2 S 2 O 8 , presumably due to the steric bulk
and/or electron withdrawing effect of the camphorsulfonyl group attached to the
nitrogen of the aniline molecule.

8.5 Induction of Chirality in Poly(2-methoxyaniline-5-sulfonic acid)
(PMAS)
It has been shown that chirality can be induced into PMAS chains with a wide range of
molecules containing one or more basic nitrogen centres. Optically active PMAS films
of the general type PMAS(BaseH+), where the Base is an alkaloid, amino acid or
adenosine, are readily obtained by the evaporative casting of aqueous solutions
containing equimolar amounts of PMAS(NH 4 +) and the appropriate chiral base. The
chiral bases are believed to interact with the PMAS chains via stereospecific acid-base
interactions between the amine centres and sulfonic acid groups along the PMAS chain,
resulting in the adoption of a preferred single-handed helical structure by the polymer
chains.

The chiral centres that are responsible for inducing optically activity into the PMAS
chains can be deduced. For example, the diastereomers cinchonine and cinchonidine
result in films where the PMAS chains adopt the same helical hand. This indicates that
it is the C-3 and C-4 stereogenic centres on these alkaloids that are largely responsible
for chiral induction, with the N-1 centre being the amine group dominantly involved in
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acid-base interactions with the PMAS sulfonic acid groups. The primary amine on the
adenine group of the adenosine is believed to be the N centre primarily involved in the
acid-base interactions with the PMAS sulfonic acid groups. Chiral induction in this case
arises from the stereogenic carbon centres on the ribose ring of the adenosine molecule.
PMAS chains adopt opposite helical hands when the opposite enantiomeric forms of the
amino acids are used as chiral inducers. Amino acids with the same configuration can
induce opposite hands of the PMAS helix in some instances (e.g. using L-Histidine and
L-Lysine). This indicates that the nature of the side chains on the α-carbon of the amino
acid is also important in chiral induction with the PMAS chains.

Optical activity can also be induced into PMAS chains in solution when the polymer is
mixed with the alkaloids quinine, cinchonine or cinchonidine. This optical activity is
believed to be due to the formation of optically active aggregated PMAS structures. In
acidified solutions, only PMAS mixed with cinchonidine or sparteine results in optically
active PMAS, again attributed to ordered polymer aggregates.

8.6 Future Work
Future studies into metal ion transport across polypyrrole membranes doped with
sulfated cyclodextrins could examine the effect of further increasing the size of
cyclodextrin, in order to more fully elucidate the trend of metal ion flux with increasing
dopant size. Also, a larger range of metal ions could be examined. Another potentially
useful avenue of investigation would be to investigate the binding constants of the
sulfated cyclodextrins with the metal ions examined, to determine the effect that
complexation has upon metal ion fluxes.
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The electroless of polymerisation of pyrrole in the presence of calix[6]arene-4-sulfonic
acid results in a polypyrrole doped with C6S. C6S has interesting metal binding
properties. Therefore, a study of the interactions of metal ions with electroless
polymerised polypyrrole may be warranted.

The novel chiral polyanilines and PMAS prepared in this thesis have potential
applications in a number of interesting areas. For example, further work will examine
the use of these materials in chiral separations or as chiral electrodes for use in
asymmetric electrosynthesis.
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