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lons are present throughout our environment—from biological systems to agriculture and beyond. Many important
processes and mechanisms are driven by their presence and their relative concentration. In order to study, under-
stand and/or control these, it is important to know what ions are present and in what concentration—highlighting
the importance of ion sensing. Materials that show specific ion interaction with a commensurate change in measura-
ble properties are the key components of ion sensing. One such type are conducting polymers. Conducting polymers
are referred to as ‘active’because they show observable changes in their electrical and optical (and other) properties
in response to changing levels of doping with ions. For example, p-type conducting polymers such as poly(3,4-
ethylenedioxythiophene) and polypyrrole, can transition from semi-conducting to metallic in response to increasing
levels of anions inserted into their structure. Under certain circumstances, conducting polymers also interact with
cations—showing their utility in sensing. Herein, recent advances in conducting polymers will be reviewed in the
context of sensing ions. The main scope of this review is to critically evaluate our current understanding of ion interac-
tions with conducting polymers and explore how these novel materials can contribute to improving our ion-sensing

Introduction

Many processes and mechanisms found in nature rely on
ions. For example, within the body, the relative concen-
tration of particular ions regulate the function of cells.
Similarly, micronutrient ions within soil water may be
available for uptake by plants to facilitate growth. Exam-
ples such as these highlight the desire to determine what
ions are present in a system, and in what concentration.
Ion sensors offer a promising way to continuously moni-
tor these species, typically in aqueous media [1]. For
example, ion sensors are applied in the field of agriculture
for plant growth, healthcare for diagnostics and indus-
trial sectors (e.g. water treatment for potable supply), as
shown in Fig. 1. It is common in such applications for a
range of different ions to be present, both cations and
anions, of varying chemistry and concentrations. This
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adds complexity due to the possible competitive pro-
cesses that inhibit the sensors’ ability to detect the ion of
interest.

Selective interactions between ions and materials are
necessary but insufficient to developing ion-sensing
capabilities. The interaction must also produce quantifi-
able and reversible property changes over a short time
period. If the change in property can be related to the
presence and concentration of an ion of interest, then an
effective ion sensor may be feasible.

One class of materials that show promise in this regard
is conducting polymers. These materials have proper-
ties that depend on the type and number of ions that
reside within (dope) the polymer. The change in doping
level leads to changes in the oxidation level of the poly-
mer—yielding observable (and measurable) changes in
the polymer properties. Conducting polymers possess a
diverse range of properties that make them desirable for
a range of applications beyond just sensing (summarised
in Table 1).
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Fig. 1 Examples of where ions are found in systems that are important for society. lons (cations and anions) are present in aqueous solutions as
potable water, soil water in agriculture, and human sweat (Images supplied by V. Sethumadhavan)

Table 1 Inherent properties and example applications of conducting polymers

An inherent property of conducting polymers with dopants

Applications

Charge

Optical absorption

Reactivity of electron—hole pairs
Conductivity

Structural change and volume
lonic conductivity
Biocompatibility

Equilibrium potential

Diffusion and adsorption

Work function, generation of electron-hole pairs
Electrochemical reaction sites

Batteries or capacitor materials [2]
Electrochromic displays [3]

Organic light emitting diodes (OLED) [4]
Antistatic foils and electronic devices [5]
Actuators [6]

Membranes [7]

Tissue engineering applications [8]
Corrosion protection [9]

Compound release [10]

Components of organic solar cells [11]
Electrocatalysis [12]

Conducting polymers are generally defined by poly-
mer chains that contain an extended conjugated back-
bone (alternating single and double bonded carbon
atoms), with neighbouring chains aligned by m—m stack-
ing. The conjugated backbone defines an extended
ni-bonded structure, along which delocalized charges
that can move. In the context of this review, the charges
in the conjugated backbone are created/stabilized by

insertion of ions near the polymer chain. In most cases,
positive charges (holes) are stabilized in the n-bonded
structure by doping the polymer with anions. This
insertion process is known as doping, with the removal
of anions known as dedoping; where doping accom-
panies the oxidation of the conducting polymer and
dedoping leads to a reduction. It is this change in oxi-
dation level that leads to the polymer properties being
altered, hence providing a means by which to ‘sense’ the
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presence or absence of ions. A dedoped polymer may
be redoped by exposing it to another reservoir of ions.

The properties of conducting polymers are dependent
on the number of charge carriers within. These charge
carriers depend on the number of ions doping the poly-
mer. The influence of doping on the resultant proper-
ties is typically explained using the electronic bandgap
model. In the fully reduced state, the conducting polymer
will act as an insulator. Upon low levels of doping degen-
erate states are created within the energy gap, leading to
a decrease in the bandgap and semiconducting behav-
iour being observed [13]. Some conducting polymers
can display (semi-)metallic behaviour as the doping level
increases towards the fully oxidized polymer and the
bandgap disappears [14].

In parallel with the change in electronic properties,
is the modification of the conducting polymers’ optical
properties [15—-19]. While not the focus of this review,
the changing optical absorption of conducting polymers
with doping/dedoping, is exploited in electrochromic
devices [20-25]. To connect these properties, it is often
best to define the charged states within the polymer as
neutral, polarons and bipolarons. The neutral segments
of the conjugated backbone have, as the name suggests,
no net charge. In the reduced form of the polymer these
are the only species present. Zozoulenko et al. indicate
that according to the convention in organic chemistry,
polarons and bipolarons are usually referred to as radi-
cal cations and dications, respectively [26]. Therefore,
the polarons are represented by a segment of the con-
jugated backbone containing a single positive charge—
bipolarons having two charges. Each of these charged
states has a characteristic optical absorption. Given the
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relative amounts of each within the conducting polymer,
which results from the level of doping, the overall optical
absorption will be defined. The prototypical conducting
polymer poly(3,4-ethylenedioxythiophene) is presented
here as an example to link the electronic and optical
properties (with suitability for sensing applications [27]).
Traditionally it has been accepted that neutral, polaron
and bipolaron segments in this conducting polymer
have absorption peaks centred at approximately 600, 900
and >1200 nm (Fig. 2a). While this approach has been
widely used to describe the general behavior of the poly-
mer, the recent work by Zozoulenko et al. has shed new
light on this [26] (Fig. 2b). This recent research suggests
that the optical properties, and the change with doping
level, is far more complex than previously thought.

Both the electrical and optical change in conducting
polymers can be used as transduction methods in sens-
ing ions. This does not preclude other properties of the
conducting polymer being monitored/measured, how-
ever few studies look at other properties of conducting
polymers. One property that is studied (though not in the
context of sensing) as a function of doping is the thermo-
electric property [29-32].

The thermoelectric properties of a material relate to
its ability to sustain/maintain an electrical potential that
arises due to differences in temperature. It is this elec-
trical potential that allows for current to flow to power
an external electrical circuit. The parameter of interest
here is the Seebeck coefficient (measured in V/K) [33].
Useful thermoelectric materials are those that have a
high electrical conductivity and Seebeck coefficient,
with a low thermal conductivity. Conducting polymers,
such as poly(3,4-ethylenedioxythiophene), have been
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Fig. 2 Optical absorption spectra of the conducting polymer poly(3,4-ethylenedioxythiophene). Representative absorption spectrum of PEDOT
((Reproduced with permission from Ref. [28]. Copyright 2014 Royal Society of Chemistry), and its interpretation based on a the traditional pre-DFT
picture and b our DFT calculations (Adapted with permission from reference from [26]. Copyright 2019 American Chemical Society))
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explored for such applications [34]. In the context of this
review, the Seebeck coefficient changes as a function
of the doping level within the polymer (see « in Fig. 3).
In the work of Bubnova et al. it has been demonstrated
that for poly(3,4-ethylenedioxythiophene) doped with
the tosylate anion the Seebeck coefficient changes over
1 order of magnitude [30]. Such a large change in this
property as the doping level changes indicates the poten-
tial for its use in ion sensing.

Conducting polymers come in a range of different
chemistries (see Table 2), beyond the aforementioned
poly(3,4-ethylenedioxythiophene). Typically, all of these
are polymerized from their starting monomer via an oxi-
dative mechanism. Such a mechanism can be delivered
through a range of techniques, from chemical to elec-
trochemical to vapour processes. This review will not go
into the details of each of these techniques (greater detail
can be found in previous articles and reviews [35-40]).
We would however like to emphasize that each of the dif-
ferent synthesis techniques lends themselves to the use
of preferred doping anions during synthesis, as well as
resulting in different structure/morphology. This will in
turn impact on how the final doped conducting polymer
behaves and performs in its interaction with ions (ulti-
mately for sensing).

The conducting polymers are a subset of the broader
class of conjugated polymers. It is worth mentioning that
a range of conjugated polymers are also being researched
for ion-sensing [41]. For example, Xu et al. have utilised
electropolymerised conjugated polymers from aromatic
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molecules for sensing of different metals in the environ-
ment [42—-45].

This review will focus on aspects of conducting poly-
mers that define their use in ion sensing, with particular
emphasis on literature from the past decade. Reviews
covering details of the earlier work are contained in [46—
49]. Deliberately, the discussion will avoid gas sensing, as
many gases are not charged (see other reviews [50-52]).
To achieve a conducting polymer material that responds
to ions, its physical and/or chemical structure needs to be
modified, or controlled. The following section will gener-
ally discuss research into (physical and/or chemical) the
structuring of conducting polymers.

Structuring of conducting polymers

Conducting polymers offer several possibilities for the
development of ion sensors, however, they have some
inherent limitations regarding solubility, long term sta-
bility and conductivity. To overcome these, conducting
polymers have been modified, or hybridized with other
heterogenous material components, which has led to
materials with much improved properties and a range of
new applications. When these modifications are success-
ful, they lead to conducting polymers with high flexibili-
ties, conductivities and mechanical stabilities, making
these a key component in several applications, including
sensors [53]. Various approaches have been taken in the
synthesis of such hybrid materials and of particular sig-
nificance is the template used in the synthesis reaction,
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Fig. 3 Thermoelectric properties of poly(3,4-ethylenedioxythiophene) with oxidation level. The change in Seebeck coefficient a (filled triangles),
electrical conductivity o (open triangles) and corresponding power factor oa’ (red squares) of the conducting polymer poly(3,4-ethylenedioxy
thiophene) as a function of its oxidation (doping) level (Reproduced with permission from [30]. Copyright 2011 Springer Nature)
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Table 2 Structures and names of several commonly
studied and readily available conducting polymers

Molecular structure Name of the conducting polymer

Poly(3,4-ethylenedioxy thiophene)
g o) (PEDOT)

/

Polypyrrole (PPy)

—~
—
ZT

Poly(3,4-propylenedioxy thiophene)
(PProDoT)

Polythiophene (PTh)

S n
Polyacetylene (PA)
M
n
C.H Poly(3-hexyl thiophene) (P3HT)

Poly(p-phenylene) (PPP)

Poly(p-phenylene vinylene) (PPV)

Polyaniline (PANI)

All the polymers contain a conjugated backbone of alternating single and
double bonded carbon and/or heteroatoms
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the oxidizing agent, and the order of addition of each
component.

Looking specifically at conducting polymer applica-
tions in chemical and biochemical sensors, there have
been a variety of approaches to their modifications dat-
ing back to the mid-1980s. One of the more useful
approaches to improve the selectivity of resulting chemi-
cal sensors, is via the functionalization of the conducting
polymers. Polymerization of dibenzo-crown ethers with
cation-complexing properties opened a new way for the
construction of ion-complexing conducting polymers
[54]. By using functional dopants, such as tetrasulfonated
dibenzo-18-crown-6 [55], or by covalent binding of ion
recognition sites as side-groups to the conducting poly-
mer backbone [56, 57], ion-selectivity was introduced
into conducting polymers. Other types of chemical sen-
sors have been possible by using other functional groups
attached to conducting polymers.

Since oxidized conductive polymers have a polycationic
backbone, they can therefore serve as anion exchangers,
which results in an anionic potential response. We know
that various small anions can contribute to the measured
potential (such as chloride, bromide, nitrate, perchlorate
and thiocyanate), which implies that the anionic response
of conductive polymers is non-selective [58, 59]. How-
ever, some conducting polymers may possess selectivity
for specific ions, such as a proton (H") and perchlorate
[60, 61].

Immobilization of doping anions to obtain an excess
negative charge gives a conducting polymer with cation-
exchange behaviour, which results in a cationic poten-
tiometric response [62]. The potentiometric response
originates partly from the chemical structure of the con-
ducting polymer backbone and partly from the inserted
doping ions. In order to enhance the selectivity to the
target analyte, it is possible to modify the chemical struc-
ture of the conducting polymer by covalent bonding of
suitable receptors, or by the immobilization of functional
dopants that are selective to the target analyte.

Dopant ions are generally introduced into the poly-
mer system during chemical or electrochemical polym-
erization. They play an important role in balancing the
charge distribution within the polymer, and doped poly-
mers show increased electrical conductance. The result-
ant morphology of the material is reflected in the type
of dopant ion used. An example showing the difference
in surface morphology between polypyrrole films doped
with tetrafluoroborate with those doped with tosylate are
shown in Fig. 4 [63].

Data from the literature confirms a change of dopant
within the conducting polymer has a large effect on the
sensor sensitivity by changing a physical transduction
property. Conversely the different dopant ion does not
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Fig. 4 Changing polymer morphology with different doping ions.
Comparison of atomic force microscopy (AFM) images of the surface
morphology of polypyrrole doped with different ions: a polypyrrole
tetrafluoroborate; and b polypyrrole p-toluenesulfonate (Reproduced

with permission from [63]. CC BY-NC-ND 3.0)

markedly affect the ion selectivity of the polymer. In
order to achieve new selectivity by changing the dopant
ion, some researchers have explored functionalised
dopants (see within this review for examples [47]). These
dopants then directly interact with the ion of interest,
while the properties of the conducting polymer are still
used to quantify the ion concentration.

Another method of polymer modification is via post-
polymerization functionalization. Today, the most
widely used tool for post polymerization functionaliza-
tion is ‘click’ chemistry. Wei et al. [64] have carried out
post polymerization functionalization using thiolene
click chemistry, on poly(3,4-propylenedioxythiophene)
(PProDOT). Modification of P(ProDOT-diene) with
polyethylene oxide thiol (0-(2-mercaptoethyl)-o’-methyl-
hexa(ethylene glycol)) showed (via cyclic voltammetry)
that both the redox peak and oxidation onset potentials
in the modified polymer film had shifted to a more posi-
tive potential. The ion transport enabled by the extra
chain length of thiol, also leads to a much larger charge
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Fig.5 Modlﬁed chemical structure leading to physical changes
upon ion insertion. Schematic of polymer backbone conformational
changes induced by metal ion complexation (Reproduced with
permission from [67]. Copyright 1993 American Chemical Society)

n

storage capacity of the polymer film. Overall this method
facilitates fine-tuning of the surface chemistry of these
films, leading to improved charge transfer and wettabil-
ity, as well as enhanced ion selectivity.

The term charge transfer refers to a succession of inter-
actions between two molecules, ranging from a very
weak donor—acceptor dipolar interactions to interactions
that result in the formation of an ion pair, depending on
the extent of electron delocalization. Charge transfer
complexes are formed between electron-rich donor mol-
ecules and electron deficient acceptors. Typically, donor
molecules are electron rich heterocycles [65] (e.g., furan,
pyrrole, thiophene), aromatics with electron-donating
substituents, or compounds with free, nonbonding pairs
of electrons. Acceptor molecules are electron deficient
systems such as purines and pyrimidines or aromatics
with electron-withdrawing substituents.

Conducting polymers can be functionalized with
crown ethers for the selectivity of cations using an elec-
trochemical technique. In 1989, Roncali and co-workers
synthesized poly[3-(3,6-dioxyheptyl) thiophene and
evaluated the electrochemical properties in the pres-
ence of tetra-n-butylammonium and lithium electrolytes
[66]. The author suggested that the conformal changes
occurred in the polymer backbone due to the exchange
of electrolytes and the effect of solvent, which influences
the ion selectivity during the process. Swager et al. devel-
oped a conducting polymer with a crown ether receptor
covalently attached to the thiophene complex, as shown
in Fig. 5, for the sensing of metal cations (lithium, potas-
sium, sodium) with respect to ion size [67]. The diameter
of the crown ether cavity relates to the ionic size of the
metal cation and the oxygen atom retards in electrostatic
interaction with the metal cation, due to its electronega-
tivity and lone pair electrons. The same research group
also functionalized a crown ether with a bithiophene
complex for the selectivity of lithium ions and found it to
result in conformal changes and lower conductivity [68].
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Incorporation of pyridyl based ligands in conduct-
ing polymers showed better functionality for the devel-
opment of sensors [69-71]. These ligands are placed in
direct-m communication with the backbone tethered by
alkyl chains [72]. Coordination of metal ions may lead
to an alteration in the conformal change and it affects
the electrical, optical, and electrochemical properties of
conducting polymers. In this project, functional com-
plexes were incorporated in the conducting polymers and
were used to define the optical properties and structural
morphology of conducting polymers with respect to ion
uptake.

Such approaches to manipulate the polymer’s structure
can be exploited to improve the material’s function for a
particular application and characterized to improve our
understanding of the material’s properties. The follow-
ing section will explore ion interactions with conducting
polymers in more detail.

lon interactions with conducting polymers

The mechanism and behaviour of the oxidation and
reduction in conducting polymers, has an influence on
the polymer’s utility in sensing. To this end, research into
the doping process is of interest that accompanies the
oxidation or reduction of the polymer. This section will
discuss this research, though not necessarily restricting it
to systems that result in sensing.

Polymer properties defined by doping ions

As indicated in the Introduction, the properties of a
conducting polymer depend on the doping level of ions
within. The type of ion used to dope the conducting poly-
mer has been reported to impact on the resultant proper-
ties as well.

In the late 1980’, Warren et al. [73] electropolymer-
ized polypyrrole (and poly-3-methylthiophene) from an
extensive range of electrolyte solutions. By changing the
electrolyte in which the conducting polymers were syn-
thesized, a significant difference in electrical conductiv-
ity was observed (3 orders of magnitude for polypyrrole).
By creating free-standing thin films for X-ray diffraction
and transmission electron microscopy (TEM) analysis,
the resultant change in structure and morphology was
rationalised as the reason for the property change. In
this case, it was concluded that the dopant anions define
different structures within the conducting polymer, and
thus result in different electrical properties.

To highlight the complexity of structure—property rela-
tionships in doped conducting polymers, slightly con-
trary conclusions were drawn by Hao et al. for doped
polyaniline [74]. Herein a range of anions (camphorsul-
phonate, tosylate, chloride, perchlorate, sulphate and
phosphate) were exchanged within the polymer thin film
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using electrochemical cycling. While the exchange was
observed via the changes in the electrochemical and opti-
cal properties of the polymer, morphology studies indi-
cated that the property changes were independent of any
changes in structure. This may originate from differences
in the inherent polymer behavior owing to the different
chemistry between polyaniline and polypyrrole.

Further to this discussion, Rudd et al. used a vapor
polymerization process to fabricate and study poly(3,4-
ethylenedioxythiophene) [75]. They showed, both theo-
retically and experimentally, the influence of different
dopants on the properties of poly(3,4-ethylenedioxy-
thiophene). By using an electrochemical redox process,
they removed tosylate ions used during polymerization
and exchanged them with other anions of interest. When
tosylate (redoping), perchlorate and nitrate are employed,
they achieve the same doping level yet differing electrical
and optical properties. Similarly, despite a lower doping
level, chloride and phenylphosphate also resulted in dif-
fering properties. Density functional theory calculations
indicated that the electron density along the polymer
chain is similar for each inserted anion. X-ray diffracto-
grams suggested that the anions impart subtly different
chain stacking/packing, that in turn define different con-
ducting polymer properties (supporting the statements
of Warren et al. for polypyrrole).

Given the apparent link between the polymer structure
and the resultant properties, Rolland et al. [76] undertook
a theoretical study to link the morphology and charge
carrier mobility for poly(3,4-ethylenedioxythiophene)
doped with tosylate. Central to this study was determin-
ing whether crystallinity was a sufficient enough criterion
for good charge transport within the conducting poly-
mer. The study concluded that n—m stacking of the poly-
mer chains was the most important factor in defining the
charge transport properties, rather than a highly crys-
talline structure. In fact, high levels of m—m connections
between chains that lead to a percolated network facili-
tated high charge carrier mobility (hence high electrical
conductivity). It could be inferred that those doping ions
that enhance the - interactions between neighbouring
polymer chains, will be most successful at enhancing the
electrical conductivity (or similar properties).

It is possible to exchange the doping ions within the
conducting polymer through chemical treatment, rather
than electrochemically. Inganas et al. [77], showed the
(reversible) ion exchange mechanism in polypyrrole, by
treating it with an alkaline solution. They showed that
the alkaline treatment decreases the electrical conductiv-
ity and changes the optical properties. It is rationalized
that deprotonation/protonation of the nitrogen in the
pyrrole unit, defines whether a single electron remains
on the conjugated backbone (allowing for recombination
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with holes). Crispin et al. [78] undertook a similar study
using vapor deposited poly(3,4-ethylenedioxythiophene)
doped with tosylate. Ion exchange was achieved by expo-
sure to hydrochloric acid or sodium hydroxide solutions.
The chloride or hydroxide ions imparted changes in the
packing structure of the conducting polymer. However,
this alone could not explain the changes in the polymers’
thermoelectric properties. Beyond the changes in struc-
ture, the oxidation level of the polymer also changed. This
highlights that the anions themselves play a critical role
in defining the conducting polymer properties, through
modification of the oxidation level and the structure/
morphology. More specifically the conducting polymers
have a primary redox state that relates to electron trans-
fer and many secondary states or transitions that relate to
other changes in molecular structure. In a similar man-
ner, de Geyer and co-workers utilised sulfuric acid treat-
ment to dramatically enhance the electrical conductivity
of poly(3,4-ethylenedioxythiophene) doped with triflate
anions [79]. The hydrogen sulfate ions have less steric
hinderance than triflate, increasing the oxidation level
and the structural order.

From the perspective of future research, the interplay
between ion properties, doping level, oxidation level, and
structure, will be critical to understanding how doped
conducting polymers behave. From this understanding
should come utility in ion sensing with conducting poly-
mers. Thus far the discussion has focused on the equilib-
rium state of the conducting polymer at the respective
doping level of interest. However, in the context of sens-
ing it is also important to understand the dynamics of the
doping process.

Dynamics of doping/dedoping process

In the process of sensing, the active material will gener-
ally be utilised in some finite volume—be it a thin film,
all the way through to a bulk volume of material. Thus,
the ability for ions to easily and readily diffuse in and out
of the material becomes an important consideration. This
section will discuss recent work exploring the doping/
dedoping process in conducting polymers.

Early work of Kaufman, Kanazawa and Street, pre-
sented a gravimetric electrochemical voltage spec-
troscopy technique to study the process of doping and
dedoping of polypyrrole in a lithium perchlorate electro-
lyte [80]. For this system they show that the mass of the
polymer film increases upon full electrochemical reduc-
tion. The increase in mass leads to the conclusion that
cations (lithium) are taken up by the material, leading
to charge neutralisation of the anions through the crea-
tion of a salt. In the process, prior to full reduction, some
perchlorate liberation is observed, which transitions
into lithium uptake at greater levels of reduction. This
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indicates that only a proportion of the perchlorate ions
are mobile and hence able to diffuse from the polymer
structure. The remaining perchlorate act as sites for the
highly mobile lithium to bind. The reverse is true upon
oxidation, in that lithium is initially expelled prior to the
uptake of perchlorate at higher oxidation levels. When
tosylate is used as the anion (with lithium as the cation)
in the same experiments, there is mass loss at all stages
of the electrochemical reduction process. This indicates
the tosylate is expelled from the polypyrrole at all reduc-
tion levels, and no cation uptake is observed. Pel and
Inganas, in a later study using volume changes observed
via bending of a biopolymer strip, substantiate the mass
transport and insertion of cations during the reduction
process [81]. More recently, Latonen et al. [82] explored
the ion exchange behaviour of polypyrrole doped with
large anions. In this case the anion is immobile within
the conducting polymer matrix—leading to anion-cation
interaction driving the uptake of cations upon electro-
chemical reduction.

In the case of poly(3,4-ethylenedioxythiophene) doped
with polystyrene sulfonate, the polyanion is also relatively
immobile—allowing for ionic mobility of cations within.
Stavrinidou et al. explored the mobility of various cations
within thin films of as-deposited and crosslinked poly-
mers [83]. They show that a variety of cations (protons,
potassium, sodium and choline) have increased mobil-
ity within the conducting polymer matrix compared to
that in bulk water (highlighting electro-osmotic con-
tributions). Also, as the hydration sphere of the cation
increases, its mobility within the conducting polymer
matrix decreases. Adding to this complexity of anion vs.
cation diffusion into or out of the conducting polymer,
evidence also exists that counter flows of solvent are also
present [84]. Hence, the relative diffusion rates of ions
and solvent in and out of the conducting polymer are
important for the doping/dedoping process.

Modarresi et al. have theoretically investigated the
diffusion coefficient and the position of ions within
poly(3,4-ethylenedioxythiophene) doped with tosylate
[85]. Their study reports the diffusion of both cations
(sodium) and anions (chloride) in and around the poly-
mer matrix, based on the overall hydration level of the
system (Fig. 6). This takes into account the complex inter-
action between the conducting polymer and the ions,
as well as the contribution of the solvent. They demon-
strated that high levels of hydration, e.g. 80%, lead to dif-
fusion of ions away from the polymer matrix. However,
a low level of hydration confines the ions in the vicinity
of the polymer matrix and consequently, lowers diffusion
coefficients. It has been hypothesized that the evapora-
tion of water leads to a decrease in the crystallite size,
and simultaneously causes the higher oxidation level.
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Given that many sensing applications will be at high
hydration levels (aqueous systems), the ionic diffusion at
high hydration is of interest. As highlighted in Fig. 6, at
a given hydration level the cations are only slightly more
mobile within the conducting polymer. Similarly, as the
doping level of the polymer increases (shown as increas-
ing C.,), the diffusion coefficient decreases—relatively
greater decreases for chloride compared to sodium.

This observation is predicted from analysis of the
modified Nernst-Planck equation [86]. In the case of
the diffusion-migration model for coupled transport
(both electronic and ionic charge carriers), the enhance-
ment of inter-site hopping (of electronic charge carriers)
increases as the mobility of counter ions decreases. As
the doping level increases then migration (ion diffusion)
diminishes. With a better understanding of how ions can
interact with conducting polymers and the techniques by
which to control their structure, it is possible to use these
to sense and differentiate between ions.

lon sensing in conducting polymers

Ion sensors perform three functions; (i) analyte (molec-
ular) recognition [87], (ii) transduction and (iii) signal-
ling. These functions are performed in parallel, where the
analyte recognition induces a measurable change in the

properties of materials (transduction) that can be quan-
tified using some form of (opto-) electronic signalling
system.

Molecular recognition: Analyte interacts with the
receptor material and shows affinity for the selective ana-
lyte under chemical reaction. A recognition element (R)
can be designed, in which an analyte (A) and a receptor
interacts and gives the product of analyte-receptor inter-
action (P) under chemical equilibrium [87],

A (Sample) + R (Recognition element) = P (Interaction)

Transduction: Involves the transfer of chemical infor-
mation to measurable electrical (change in electrical
signal), optical (change in colour) or thermal (change
in heat) signals, which in turn define the quantity of
absorbed specific analyte [88].

Signalling: Involves the signal processing analysis of
transduction information to digital/analog (e.g. capaci-
tance/resistance) output.

A common ion sensing approach is use of ion selec-
tive electrodes (ISE). Typically, ISEs are membrane elec-
trodes that produce an electrical potential by converting
the activity of ions dissolved in a solution. The change in
potential can be measured with the help of an electrical
circuit (such as a voltmeter, or potentiostat) and reflects
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the change in selective ion concentration [89]. In 1906,
Cremer discovered the first ISE by using a glass electrode
to measure the pH of an aqueous solution [90].

Ion selective materials form the central component in
ISEs, which in turn are central to the overall functional-
ity of the ion sensors themselves. A common class of ion
selective materials are known as ionophores. Despite
there being many known ionophores showing specific
anion interactions [91-99], there are some limitations to
their use in practical devices. These limitations are listed
below [100];

+ lon selective materials can be fouled by chemical or
biological species and other organic solutes.

+ Interference by other ions.

«+ Electrodes may be fragile and have limited shelf life.

In an attempt to overcome these limitations, conduct-
ing polymers can be used as the ion selective material and
also as a transducer, because they are environmentally
stable and electrically conductive. Conducting polymers
show strong promise to replace metal-based materials
that can be easily corroded by the surrounding environ-
ment. Much work is still required however to assess the
issues of interference and fouling. Furthermore, it may
be beneficial to combine the ionophores into or onto the
conducting polymers to realise efficiency and/or stability
gains in the overall device.

Bobacka et al. have extensively studied ion sensing
and conducting polymers. For example, they describe
the selectivity of silver ions with poly-3-octyl thiophene
[101]. While the observation that immobile and lipophilic
anions within the conducting polymer matrix showing
sub-Nernstian responses to silver is logical, the potentio-
metric response of undoped polymer to silver is less so.
This implies an inherent property of the conducting poly-
mer to directly interact with the cation, as opposed to the
electrostatic anion-cation interaction being the primary
mechanism. In this case, silver is known to interact with
sulphur (heteroatom in the thiophene) and carbon—car-
bon double bonds (n-bonded structure of the polymer).
Exploiting this type of interaction between cations and
conducting polymers, they employed poly(3,4-ethylen-
edioxythiophene) as an ion-to-electron transducer in a
calcium-selective electrode [102]. In relation to the ani-
ons, they very recently showed that polypyrrole mem-
branes (doped with tosylate, camphorsulphonate, or
hexafluorophosphate) could not only be used to control
anion transport, but to separate monovalent from diva-
lent anions [103]. As a practical example, toxic hydrogen
arsenate could be separated from nitrate and chloride
using electrochemical switching. Studies such as this
give insight into a range of yet unexplored behaviours,
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mechanisms and applications for conducting polymers
interacting with ions.

Bomar et al. developed a nitrate selective electrode by
using electropolymerized N-methyl pyrrole in a support-
ing electrolyte of potassium nitrate [104]. The reported
advantage of using N-methyl pyrrole, over pyrrole alone,
is that the attached methyl group should hinder protona-
tion of the nitrogen atom in acidic media. Choosing elec-
tropolymerization to prepare the conducting polymer
resulted in a high degree of branching and cross linking
that lead to mechanical stability under electrochemi-
cal cycling. The authors refer to this as an ion-imprinted
polymer which yields a superior ISE over more tradi-
tional nitrate selective variants. Hyodo et al. investigated
the same N-methyl pyrrole for sulphate ion sensing
[105]. Unfortunately, over-oxidation of the polymer was
observed, with the formation of carbonyl groups together
with associated structural change. This highlights that
tailoring of the conducting polymer, doping anion, and
resultant structure, are all key to specific ion sensing.

With respect to nitrate sensing, Rudd et al. [106] fab-
ricated poly(3,4-ethylenedioxythiophene) doped with
tosylate using a vapor deposition process, which was
found to selectively uptake nitrate ions in the aqueous
environment. The novelty of the work prescribed that,
when these films start in the electrochemically reduced
state, nitrate ions are selectively uptaken in the poly-
mer matrix without any electrical methods to oxidise
the poly(3,4-ethylenedioxythiophene). It also showed
an in situ monitoring mechanism for real time sensing
applications. An experimental analysis of anion concen-
tration from a water sample taken from agricultural land
is shown in Fig. 7. The results from an X-ray photoelec-
tron spectroscopy (XPS) analysis, demonstrated that only
nitrate was present (no other analytes).

Upon further analysis, it was found that the concentra-
tion of nitrate increases with the increase in conductiv-
ity of reduced poly(3,4-ethylenedioxythiophene), and
was later confirmed using ion chromatography. From
the analysis, the authors hypothesized that m—m interac-
tion occurs between the anions and the aromatic ring of
poly(3,4-ethylenedioxythiophene) and deals with supra-
molecular chemistry.

In more recent studies Rudd et al. reported the struc-
ture—property-performance of vapor phase polymerized
poly(3,4-ethylenedioxythiophene) for sensing nitrate ions
[107]. In order to understand this mechanism, poly(3,4-
ethylenedioxythiophene) samples were prepared by
changing several aspects of the oxidant solution (concen-
tration of oxidant, solvent used, and additives employed).
They hypothesized that the change in the polymeriza-
tion kinetics leads to a change in the morphology, struc-
ture and electrical conductivity. Among the electrical
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properties of vapor phase polymerized poly(3,4-ethylene-
dioxythiophene), the structure and morphology may also
play a role in the selectivity for nitrate. Further analysis
with X-ray diffraction indicated that an increase in the
ordering of poly(3,4-ethylenedioxythiophene) is propor-
tional to the doping level of anions.

Hence, the structure—property relationships of other
conducting polymers need to be investigated for further
development of conducting polymer based ion sensors.

Conclusion

Conducting polymers are interesting materials with
properties that depend on their doping level and struc-
ture. Doping being the insertion of ions into the polymer
structure, which in turn affects the oxidation level of the
conducting polymer. Because the conducting polymer
properties change as a function of their oxidation, they
show promise for ion sensing.

Researchers have shown that a general set of rules for
how conducting polymers and ions interact is difficult
to define. That is, several factors influence the interac-
tion. These range from the chemistry of the conducting
polymer to the method of fabrication. The choice of the
counterion used during fabrication is just as critical as
the specific ion that is chosen to be sensed.

The interaction itself is also not easily defined, as
large anions within the conducting polymer matrix
are relatively immobile, and hence lead to the material
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interacting with cations within the neighboring solution.
Conversely, smaller anions spontaneously exchange with
the electrolyte inferring anion sensing with the conduct-
ing polymer. In parallel with ion movement in and out of
the polymer, there is also evidence to suggest solvent flux
also.

When the functionality and nature of the anion or con-
ducting polymer are modified to include other interac-
tion mechanisms (beyond Coulombic attraction), then
further sensing opportunities arise. These include m-ion
interactions between the ion of interest and the conju-
gated backbone of the conducting polymer.

As the fundamental understanding of these materials is
expanded, along with the resultant properties, which can
be modified and measured (optical, electrical, optoelec-
tronic, electrochemical, thermoelectric, etc.), the ways in
which ion sensing can be achieved with conducting poly-
mers will also suitably expand.

Abbreviations

AFM: atomic force microscopy; ISE: ion selective electrode; P(ProDOT):
poly(3,4-propylenedioxythiophene); TEM: transmission electron microscopy;
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