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1. Introduction

Potentiometric ion sensors or ion-selective electrodes
(ISEs) are an important subgroup of electrochemical sehisors.
ISEs are characterized by small size, portability, low-energy
consumption, and low cost, which are attractive features
concerning practical applications. ISEs based on polymeric
membranes containing neutral or charged carriers (iono-
phores) are available for the determination of a large number
of inorganic and organic ions, as described in detail, about
a decade ago, in extensive revietvd-lowever, during the
past decade, the chemical sensing abilities of ISEs have been
improved to such an extent that it has resulted in a “new
wave of ion-selective electrode%”.This can be attributed
to several important findings, such as the considerable
improvement in the lower detection limit of ISEs, new
membrane materials, new sensing concepts, and deeper
theoretical understanding and modeling of the potentiometric
response of ISEs. The aim of this review is to highlight some
of these modern topics in the field of potentiometric ion
sensors. This review is focused on recent achievements since
the beginning of this millenium and emphasizes the results
from the last 5 years (2062006). Section 2 gives a critical
overview, placed in a historical perspective, on the theory
of the potentiometric response, including classical equilib-
rium models as well as advanced nonequilibrium models.
Section 3 deals with recent advances in the field of solid-
contact ISEs, emphasizing the application of conducting
polymers as ion-to-electron transducers. Recent developments
in the area of miniaturized ISEs, including aplications in flow
analysis, life science, and biology, are discussed in section
4. Finally, the new wave of ISEs is commented on in section
5. We hope that the issues discussed will illustrate the great
possibilities offered by modern ISEs and encourage further
innovations in the rapidly expanding field of chemical sensors
in the years to come.

2. Theory of Potentiometric Response

The response of potentiometric ion sensors, i.e., ion-
selective electrodes (ISEs) and/or ion-sensitive sensors (ISSs)
(i.e., sensors with solid-state contact made of, e.g., conducting
polymer film), is a complex time-dependent phenomenon
that depends on the electroactive material (membrane/film)
and the bathing solution as well as the membysoiation
interface and their composition, thermodynamic, and kinetic
properties. All these features are the subjects of the theoretical
modeling of the response. Modeling in the ion-sensors area
serves two role&.One classicalrole is in supporting the
practitioner (the user of sensors) with very basic principles
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ADVANCED MODELS
e.g. Nernst-Planck-Poisson (NPP)

LOCAL EQUILIBRIUM MODELS
e.g. Diffusion Layer Model (DLM)

TOTAL EQUILIBRIUM MODELS
e.g. Nikolskii-Eisenman Model(NE)
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Figure 1. Methodology used in models of potentiometric ion-
Sensors response.

theory as the forefront of sensor technology, by helping to
map electric potential and concentration changes in space
and time. Related to these two roles are a few levels of
modeling generality and/or idealization, as schematically
shown in Figure 1.
Classical models are more idealized to (intentionally) avoid
. : : sl , . mathematical, numerical, and computational difficulties
An Ivaska was borm In 1946 in Kuopio, Finland. He recelved Pis M.SC. — stemming from solving nonlinear equations, inherent to
egree In cnemical engineering In an IS .D. In analytcal H H
chgmistry in 1975 at Abg Akadegmi University, Finland. The Ph.D. thytesis advanced models. Classical models are easier to comprehend
“Potentiometric titration of weak acids and their binary mixtures” was and to be presented and are the SUbJeCt_ of many papers.
supervised by Professor Erkki Wanninen. Ari Ivaska did his post doc in However, the use of advanced models is the only way to
1978/79 at Chelsea College, University of London, England, and 1982/ achieve a fundamental understanding (often nonintuitive) of
83 at Northwestern University Evanston, lllinois, U.S.A. He also worked a sensor response. The main reason is that the classical
as UNESCO eXpert at UNICAMP in Brazil, 1980/81. In 1985/86, he worked models disregard migration and’ therefore’ do not provide
at the research centre of Neste Company in Finland and was nominated adequate space and time-dependent characteristics of sensor
to the Chair of Analytical Chemistry at Abo Akademi University in 1987. h the ad d dels d h .
He has been as visiting Professor at University of Washington, Seattle, response, whereas the advanced models do, as shown in
U.S.A., in 1991/92 and 1996/97 and the spring term 2003 at University Figure 2.
of Wollongon, Australia. He is the head of the Process Analytical Group Summarized below are the recent advances in the present
at the Abo Akademi Process Chemistry Centre nominated to the Centre quantitative theory of potentiometric ion sensors in con-
trast to more classical approaches. In all the models con-
sidered here, the potentiometric ion sensor is represented by

of Excellence in research by the Academy of Finland for 2000-2011. Ari
Ivaska is currently the director of the Research Institute of the Abo Akademi

the following scheme: sampglen-sensitive membrane/
film [internal contact (e.g., solution, gel, solid contact).

University Foundation. His fields of interest are electroanalytical chemistry,
In all the models discussed, it is assumed that the

process analytical chemistry, electroactive materials in general, and metal
ions in the paper and pulp chemistry.

of sensor response to help the application and to supportpotentiometric response is modeled under open-circuit condi-
quantitative measurement by simple equations. Anothertions (underthe zero-current condition Furthermore, the
advancedrole is to provide a fundamental understanding of sensor is made of separate, homogeneous, ionically conduct-
the sensor response for those interested in electrochemicaing phases that form well-defined, flat interfaces; the
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A. Congentration profiles glass, and plastic), they also apply to the membranes where
complexation/association processes should be taken into

Total equilibrium models .
account, e.g., the neutral carrier-based membranes.

Solution Membrane Internal
contact

2.1. Total-Equilibrium Models (Classical Models)

In all the classical models, the electric potentigl,) of
an ion sensor is represented by the sum of a boundary
potential Epg) at the samplgon-sensitive membrane (film)
boundary (PB) and by the diffusion potential inside the
membrane or film Ep). The constant added includes the
Solution Membrane Intetrnil potential at the internal interfaces (internal contact).
contac

- Ew = Epg + Ep + constant (1)

Advanced models

-~

(For simplicity in the equations below, it is arbitrarily
[ assumed that Constam O.)

In the classical modeling of the response of ion sensors,
\ Diffusion layer two possibilities are considere@ne recognizes diffusion
Bulk potential, while the other disregards it. These two approaches

are presented below.
B. Electrical Potential Profiles

2.1.1. Phase-Boundary-Potential Approach

Total equilibrium models
Solution Membrane Internal The phase-boundary-potential model is based on two
contact idealizing assumptions:

(1) The phase-boundary potential at the sainpéenbrane
“““““““““ interface (phase boundary) governs the membrane response,
i.e., Em = Epg. Migration effects in the membrane are
ignored, which means that the kinetic parameters of all the
charged species involved, i.e., all ionic mobilities, are equal.
Consequently, the diffusion potential is ignored, which
formally means thaEp = 0, i.e., the electroneutrality in the
Advanced models membrane, except of the boundary, is assunted élec-
troneutrality assumption [On some occasions, the diffusion
potential is assumed to &, = 0 = const the pseudoelec-

Ev= Eppgy + Ep + Epp)

; Diffusion layer

(S]flﬁgon Membrane Internal troneutrality assumptionand, in this way, is disregarded.]
ul contact . S .
_____ (bulk) (2) Electrochemical equilibrium is assumed at the
~~~~~~~ - samplémembrane interface; difference in chemical potential

for any ion able to transfer the interface is balanced by a
_________________________ difference of the inner electrical potentidts (Ev is called
t T the equilibrium potential). Additionally, it is assumed that
the electric potentials and the concentrations of ions in the
phases in contact are independent of the distance (except of
the phase boundaries) and of time; there are no ion
x concentration drops in the respective phases over distance
Ey(x,0)= JZ’E(x,t)wlx (the total-equilibrium assumption
™ The two assumptions specified above provide grounds for

Figure 2. Schematic presentation of differences between total- . : o :
equilibrium and advanced models: (a) concentration profiles and implementing Guggenheim'’s concept of the electrochemical

(b) electrical potential profiles. potential,fi;,?

X1 Distance (x) X2

interfac_es are unblockgd for iqnic charge-transfer processes i =u +zFp = Mio + RTIn(a) + zFg (2)
(faradaic currents), which applies to both ISEs and ISSs (see
section 3.5); also, the sensor’s phases are characterized b
standard chemical potentials of the components and ionic i . . . .
mobilities invariant in space and time. It is also assumed Standard conditionsy, is the ion valencya is the single
that the only driving forces for ion-fluxes are gradients in [T€€ ion activity,¢ is the electric (inner) potential in the
ion concentrations and in electric potentials (the gradients Phase, an®, T, andF are the universal gas constant, the
perpendicular to the sensor surfaces (1D formulation)) and absolute temperature, and the Faraday constant, respectively.
that the pressure and temperature in the modeled system are Using further idealizing assumptions, namely, that only
constant and solvent flow (osmotic effects) is ignored. an ion ‘i” can transfer through the interfacéné ideal perm-

It should be mentioned that, although the models presentedand ion-selectiity assumptions the ion transfer is fast and
here refer to pure ion-exchanger membranes (solid statereversible the infinite kinetics assumptiginthe phases in

¥vhere/¢i is the chemical potential in the phasave,-0 under
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contact are not only of distinctly different chemical properties
but are immisciblethe ideal immiscibility assumptipnthe
convention for a single ion activity instead of a mean ionic
activity (e.g., by using DebyeHiickel theory and conven-
tion) is adopted and it is assumed that the single ion activity
(&) in each phase is equal to its concentratigh((he ideal
phase assumptignand there is no flux of solvent through
the membrane/filmthe sobent impermeability assumptipn
it is possible to employ Guggenheim’s concept to deEyg
as a function of.

By using eq 2 for each phase, for the condition of
electrochemical equilibrium between the phasgs= /i)
and by recognizing that they are chemically distinctively

different @lo = p?), after separation of electrical and
chemical terms, one immediately arrives at a Nernstian-like
equation for the electrical potential difference at the-ion
sensor interface,

_RT
EPB_ Z|F

Ew

RT, G
nk+ ging 3)

G

wherec; denotes the concentration of an ian the solutions

(in mol/dn?®) and the barred symbol denotes the membrane/
film phase, and; is an ion-partition constant defined &s

exp{(u) — m)/RT}, where u and il are standard
chemical potentials of ionin the respective phases.

Bobacka et al.

He considered different membrane types, i.e., solid-state,
glass, and membranes containing ion-exchangers and neutral
ligands. He considered cases with and without association
between ions in the membrane. Eisenman’s modeling made
under classical assumptions of a total equilibrium yielded,
for most cases considered, the equations in the form first
obtained by Nikolskii. For instance, the equation for the fully
dissociated ion-exchanger case was derived in the form

Ev=EpstEp=
C

S R,
¢ zF

4

Ink +§—FT|n[( :

RT RT j
Z—Flnk1+;—FIn .+ G

“o
F=j =l
O

RT

zF G

const + RT

whereT; and G; are the ion mobilities foi* andj™ ions,
respectively. Ifty = U;, then eq 7 is identical to eq 4.

As is shown above, both the Nikolskii and the Eisenman
models provided strict analytical derivations of equations,
possible for equal charges of the main and interfering ions
(e.g., 1:1, 2:2). These models were later applied on many
occasions to describe the response all kinds of ion sensors

The theoretical models of the ion-sensor responses exploit-(for review, see refs 4 and 5).

ing Guggenheim’s PB concept started with the paper by
Nikolskii.1® The author considered the contact of a pH-
sensitive glass membrane with the bathing solution contain-
ing the main ionsi(= H*) and the monovalent interfering
ions { = Na') and obtained the equation for ion-sensor
response in the form

__ _RT RT, G _RT
EM—EPB—ZiFInIngZiFInCi—ZiFInkiJr
6+
RT(9GF8) _RT)\ (RTI- G)_
zF Ci(CiJer) zF zF "\ Gt
RT RT, [G T Kig| RT
2F In ki +zi_F In( e = const+ 2F In(c; + K;c)

4)

whereK;; used in the derivation above is the equilibrium
constant

_k_¢g
Kij = kot (5)
for the ion-exchange reaction,
=i T (6)

andT + T = const (the bar means the ions are in the
membrane phase). Nikolskii was aware that including
potentials arising from the different mobilities of ions in the

membrane is a complex mathematical task, which was
completed three decades later by Eisenftan.

2.1.2. Total-Membrane-Potential Approach

Eisenman abrogated the idealizing assumption Eaat
0 and extended Nikolskii's eq 4 fé@p = 0 in the membrane.

Analytical derivation of the above equations for unequal
charges 4 = z) in the frame of the total-equilibrium
approach is impossibfé:*® To cover such cases, a case-
by-case approach for each nonequal charges is used and
relatively complex formalisms with implicit methods of
equation solving are employed. They are based on additional
ad hoc assumptions, such as ignoring the changes in
concentration of the main ion in the membrane. Some ad
hoc formal stratagems are employed as well, e.g., using the
same mathematical equation to bind two independent vari-
ables depicting the primary ion, one representing the primary
ion activity in the sample without interference from the other
sample ions and the other representing the primary ion
activity in the mixed sampl&518in this situation, to cover
the cases of unequal charges while keeping the total-
equilibrium assumption valid, the semiempirical equations,
in a similar form to egs 4 and 7, were postulated, as shown
below.

2.1.3. Semiempirical Equations

The semiempirical equations reflect the emphasis on the
practical applications of ion-selective membrane electrodes.
As a result of the arbitral decision of IUPAC, it was
postulated to merge and extend the previously mentioned
egs 4 or 7 in the form of a general equation for all ion-
selective electrodes and ion sensors, covering all charges of
ions. This equation is known today as the Nikolskii
Eisenman (NE) equation (for simplicity given below for one
interfering ion)*’

pot.. /2

_ RT
Ey = const + 2F log(c; + K,

) (8)

This equation can be further extended to include the low
detection limit {) of the ion sensot®
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ignored and the assumption that (i) the electroneutrality
condition is valid even in the proximity of the phase
boundary, (ii) the concentrations of primary and interfering
(and their complexes) as well as oppositely charged sites in
the layers adjacent to the membrane/film surface are equal
to those in the respective bulks, and (iii) the ion-transfer rates
are infinite (see Figure 2).

Primarily, assuming that the systems modeled are at total
equilibrium leaves us with the sensor response interpretation
that the electric potential, sensitivity, and, in particular,
selectivity coefficients and detection limit are time-indepen-
dent. The consideration in the total-equilibrium models that

The predominant way of modeling under total-equilibrium  the sensor response is time-independent contradicts numerous
PB models is to ignore the diffusion potential without any time-dependent empirical reports in the field of potentio-
formal (mathematical) justification, despite the reports on metric sensors, especially those delivered by the nonequi-
its significance even under total equilibriut*°A typical librium potentiometry, such as the lowering of the detection

way of ignoringEp in the PB models is formulated verbally,  |imit by using transmembrane fluxes, which are time-
not mathematically, e.g., by saying that “by the end of the dependent.

1980s, it started to become clear that subtle effects of ionic

mobilities in ISE membranes may be typically ignored 22, |ocal-Equilibrium Models (Diffusion-Layer

without a significant loss in accuracy* What is overlooked  Model

. AR 1OSS T 15 OVETIOOKE odels)

in the argument just cited is the fact that ignoring diffusion o

potential means arbitrarily placing and affixing the membrane _ In these models, called the diffusion-layer models (DLMs),

potential at the phase boundary only arad the same time the local equilibrium at the sensor interfaces is assurtied (

justifying an uncritical use of the boundary-potential concept. /0cal équilibrium assumptign (It means that eqs 3 and 7 as
Interestingly, this practice remains in contrast with well- Well as eqs 8 and 9 apply by substitution of the bulk

balanced criticism of the phase-boundary approach by theconcentration (_)f ions by respective surface cqncentr_atlons.)

inventors of this concept. Namely, according to Guggenheim Additionally, it is assumed that the concentration of ions in

“the conception of splitting the electrochemical poteniial ~ theé membrane phase and contacting phases are dependent

of an ioni into the sum of a chemical termand an electrical ~ ON the distance but are independent of time, i.e., the sensor

term zF¢ has no physical significance; for one can assign SyStem is at steady state, or are dependent on time by

an arbitrary value tg for some point in each medium and  diffusion of ions to/from membransolution interface(s)

this will for the ions of each typé determineu;, so as to  controlling the equilibration rate. .

give fi;, the value which determines all the physical processes 1he need to extend the time-independent thermodynamic

involving ions of typei”.? Nikolskii added to Guggenheim modeling as described above was already noticed some

by saying that his model “involves some difficulties, for in deécades ago, owing to the observations of variable and time-

this case one deals with thermodynamically undefined dependent selectivity in the case of ion sensors with solid-

variables, interface potential differences, diffusion potentials, State and plastic membrar#sz® The problem of selectivity
and the activities of single iong2. changes with time is still an issue of significant interest in

The advantage of the total-equilibrium PB models lies in the area of bio-ion-sensitive membranes/fifhSokalski et

their simplicity. Characteristic of the phase-boundary model- @l-'S recent discovery of lowering the detection limit due to
ing is that it considers ion complexion/association equilibria transmembrane fluxes gave an impetus to the consideration
in a membrane in a similar way to solution chemistry and of ion f_ques?’O ano! resulfung concentration gradients in the
to coupling the membrane chemistry with that of the bathing theoretical modeling using the DLM frame.
solution via a pivotal phase boundary, eq 3. This methodol-  The d|ffusl|on-layer model (DLM) was first mtroduceg by
ogy provides similar flexibility, as known from the complex ~Lewenstant!and was continued in a number of papéfs;
formation theory, in considering many ion-equilibria and to model changes pf selectl\{lty coefficients with concentra-
complex formation constants, the mass conservation, and thdions and time. This model is based on the assumption of
charge balance (electroneutrality) equations. local equilibrium at t_he sol'uthmembrane interface, anq
Therefore, the methodology used in the total-equilibrium consequently, a starting point in DLM are egs 3 and 4 with
modeling has value: delivering the basic theoretical support surface (local) concentrations mstef_:ld of bulk concentrations.
and formal instrumentation needed for the practical applica- 1he model assumes steady-state ion fluxes given by linear
tions of sensors, while offering an intuitive but essential concentration gradients between the interface(s) and respec-
understanding of the principles underlying sensor response fivé bulks, and it assumes constant and time-independent
For these reasons, this modeling has been used extensivel§iffusion layers in the “local” areas. ,
to provide a simple semiquantitative description of mostion- N DLM, the time-dependent response (for ions of equal
selective electrode related experiments and has assisted ever§1arges and an ignored detection limit) is obtained by using
period of development in the ion-sensor technology. The & pivotal parameter(t)” called the surface coverage or site
modeling was, and still is, applied in ion-selective elec- filling factor, characterizing the distance of the system under

trodedS and conducting polymer ion sensors, including the local equilibrium from total equilibrium over time)( which

E,, = const + Z|R—'-:r|og(ci +KPPCH L) (9)

Both parameter$<ip’-Ot andL are constitutive for analytical
practice and theoretical modeling. Theoretical modeling
attempts to help predict their values, and, if it occurs, to show
the evolution of the response for different concentrations of
main vs interfering ions, over a period of time.

2.1.4. Comments on Model Benefits and Drawbacks of
Total-Equilibrium Models

sensors with a solid conta.2> is defined a& 333537
The major drawbacks of the total-equilibrium models relate _
directly to the idealizations used; i.e., to the counterfactual Cio(t) KijCot)
assumption that all individual mobilities in the membrane t) = = : (10)

are equal. This allows the migration effecE (= 0) to be Cio(t) + (1) Cio(t) + Ki jCio(t)
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Here, the barred concentrations refer to ion concentrationsof the selectivity coeff|C|eanp°t can vary between two

in the membrane or film surface at timheand the sunt(t) limiting values—one for a short response time dictated by

+ Cpo(t) is equal toc, wherec;, is the concentration of the  the jon-transport properties in solution,

main ion in the bulk of the membrane. The concentrations

without barscig(t) andcie(t) are the solution ion concentra- ot D,

tions on the membrane surface at tite KPP(t—0)= D1 (15)
Assuming a constant diffusion-layer thickness with linear i

ggg?g;gha)“?or; gzsnr%es;olgs??in?leffuasgzjn bl;’;lyceorjpgitgg mgrir;sr: and the other at steady state and/or total equilibrium, where

. . ot
fluxes @,J;) from/to the interface by virtue of mass conser- Kij is characterized exclusively by the membrane-related

vation, one obtains parameters and expressions known from total-equilibrium
models, egs 4 and 7. In the DLM, eqs 4 and 7 are limiting
Niot ds(t G, — Cplt Golt) — ¢ cases fot — oo
=0 © 03,0(>:Di .o(ég -3 @
10°0 10 KPPt — 00) = K;, (for Ep = 0)

whereA is the electrode surface areajim is the number
of active exchangeable sites occupied by ittend | ions
(mol) on the membrane surface, ahis the diffusion-layer
thickness (m).

By combining eqs 5, 7, and 10 rewritten in local
concentrations and eq 11, one further obtains

or KPP{(t — ) = —K;; (for E = 0) (16)

The above prediction given by eq 15 is of great practical
importance in applications of ion sensors because it predicts
that the sensor response for short readout times is character-
ized not by the equilibrium selectivity as given by eq 16 but
by ion transport and the selectivity given by eq 15. In
) consequence, if it occurs, the electrode senses “equally” the

Ey(t) = const+

U
[1 — sIK;; + sSO=K,; (c- + b; c main and interfering ions. This prediction resulted in
RT Ui ' P important practical benefits that are also of interest today. It
?In D. - (12) was, for instance, used to kinetically discriminate strong
Ki;[1 — s(t)] + 5’ s(t) Cio interferences by short readout times— 0)*83°or, alterna-
i tively, to benefit from the measurements of strong interfer-
ents, such as heparin on chloride ISE. The latter is realized

by taking advantage €2/ e.in™ 1 and using the response
to the mterferlng (heparin) translated “1:1” into the signal
of the main (chloride) ion$>4* DLM was also used to
interpret nonmonotonic transients in ion-sensor respdnse
and for interpretation of long-term drifts in sensors in which
a thin agueous layer is formed between the membrane and
the substrate electrodé.

DLM was used successfully to demonstrate that the poor

apparent selectivities and detection limits have a common

where the const is the term including contributions indepen-
dent of the concentration of the ionsindj; D; andD; are
the diffusion coefficients of the primary ion and interfering
ion in the aqueous diffusion layer &s™), respectively; and
U, and U, represent the ionic mobilities of ions in the
membrane phase fs V1),

After separation of the variablet) andt and integrating
within time limits, t to t =+c0, and corresponding limits,
S(t) and s, it is possible to obtain a function bindirsft)

andt, origin in the increased (vs bulk) surface concentrations of
D. the main ior3-4¢ In consequence, it was shown for the first
c + —Lc time that, using the ion sensors in the regime of nonequi-
| s(t) D; inl1 - st} _ _ librium response, induced as a result of the ion-complexation
K, G+ K Seq processes, both true (ur_lblased) selt_actlwty coefficiétftand
(c + Ki; J)Ct (13) much lower detection limits for solid-state membranes can

be achieved®

In 1999, Sokalski et d used the DLM frame to interpret
the effect of lowering of the detection limit for plastic
membranes by analyzing transmembrane ion fluxes in a

with C = DjA/ngd x 1073 and wherd is a time (s), 10%is
a unit conversion factor (dfrto m®), andsq is given by

T ot — o) K. G symmetric solution/membrane/(internal) solution system. In
Seq™ = 10 - b (14) this formulation of DLM, the diffusion potential is ignored,
Co(t— ) + Tt~ ) ¢ +K; G the fluxes of ions are treated under steady state, and the

concentrations of all species are assumed to change linearly
whereTo(t — ) andGo(t — ) represent the ion concentra-  within the diffusion layers, i.e., in the adjacent solution layer
tion in the membrane phase at the interface at steady stateand over the membrane. lon-exchange as well as co-
and/or at total equilibrium (for both cases(@/dt = 0). In extraction processes are considered to analyze the low
this way, in the DLM, potential is connected to time. detection limits. The model in this form provides a possibility

The DLM, in contrast to total-equilibrium models, contains  to analytically find an equation for the detection lirif) (vs

time as a model parameter. The time is introduced ad hoc todifferent model parameters, especially the concentrations of
describe attaining of total equilibrium (i.e., equilibration) via jons in the internal solution and membrane, but not vs time.
diffusion-controlled ion transport. The DLM predicts that = An important outcome of this interpretation is reflected in
the selectivity coefficieniKﬁft changes during the equili- the equation that allows the calculation of the steady-state
bration process (i.e., in the measurement) as a function ofsurface concentration of the main ion, which dictates the low
s(t) and, thus, with timet}.>3-3” According to DLM, the value  detection limit for (plastic) membranes:
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D,
CiO(t — 00) = + ﬁ [(_:iO(t — oo) — Cid(t — oo)] (17) Solution Membrane (d) Internal
i

contact

The above equation indicates that adjusting the composition
of the internal solution (i.e., by keeping low free main ion
concentration due to ion complexation and optimizing vs the
membrane selectivity, the interfering ion concentration in

the internal solution or the solid-contact film), the membrane \
thickness @), the diffusion coefficient of in the membrane Diffusion layer (5)
(D), the thickness of the diffusion layer in the sampd, ( Bulk

and the diffusion coefficient in the sampl®;){ plays an Figure 3. Schematic presentation of the concentration profile of
essential role in forming an 1SS response in the concentrationthe main ion influencing the lower detection limit.
range close to the low detection limit, as shown schematically
in Figure 3. 200+
Predictions from this version of DLM are better visualized |
by the graphical representations of the ISS responses instea
of using rather complicated algebraic equations (see Figure
4). In fact, the application of a simple commercial equation
solver (e.g., Mathcad) and its graphical tools proved to be z ;.
quite feasible!’ ~
The observation of Sokalski et al. on the lowering of the 3
ISS detection limi€® and its mathematical modeling by  -oor
DLM, heralded a new chapter in exploring the power of
potentiometric sensors under local equilibrium, as proved
by a number of papers (for recent review, see ref 48).

oF

600

2.2.1. Comments on Model Benefits and Drawbacks of D — = n ~ . ;
DLM Models Iog a(bulk)

The DLM allows the sensor response to be theoretically Figure 4. Calculated EMF functions for a series of ISEs having
modeled in a way that was not possible for total-equilibrium the same membrane but different primary ion concentratigis,
models: it allows modeling of the variation in the selectivity € intermal solution, from 1 to 16°M in the inner solution. Curves

- . . L are labeled with the corresponding negative logarithm.
vs time and the effect of lowering the detection limit under
steady state to be interpreted. PP

From the theoretical point of view, the advantages of 2.3. Advanced Nonequilibrium Models
DLM-type modeling do not compensate for the drawbacks A fundamental difference between the advanced nonequi-
already known in the total-equilibrium models, as explained librium models and the (total or local) equilibrium models
above. However, by extending the power of the total- is in abandoning of two constitutive conditions, the electro-
equilibrium concepts, DLM, in a relatively simple way, can neutrality and (total or local) equilibrium condition. It is
truly support practical advances in nonequilibrium potenti- possible to do so, owing to the admission of charge separation
ometry, since it exploits close-to-the membrane and trans-from the Poisson equation and the finite ion-transfer rates
membrane fluxes for comprehensive analytical benefits. Onedescribed by the appropriate heterogeneous ion-transfer rate
possible application of DLM is by assuming the invalidity constants.

of steady state for concentratiordc(x,t)/ot = 0) and Modeling of the nonequilibrium potentiometric response
employment of the second Fick’s law for ions treated as of the ion-sensitive sensors requires employment of explicit
neutral species, as shown very receftly. space and time domains, which provide the platform for a

The main problem of the nonequilibrium potentiometry set of relevant thermodynamic, extrathermodynamic, and
is in finding a “niche of stability” for the reproducible kinetic data. This platform may be constructed by use of
analytical readouts in a variety of matrixes and in time. The the Nernst-Planck and Poisson equation system (NP&)
models presented so far are overidealized and not able toby a similar system that is an appropriate and rich enough
answer the basic questions, especially important in the caseool to encompass the ion-sensor response. The first imple-
of lowering the detection limit: what is the role of the mentation of the NPP to model nonequilibrium (non-steady-
membrane, its thickness and dielectric constant, in state) response of ion sensors was recently reported by
shaping the sensor response? Similarly, how are otherSokalski and Lewenstathand in the contributions that
important questions to be answered, such as the following: followed 52-54
How do the different diffusibilities of ions and ion-exchange ~ The NPP equation system allows calculations of the
rates influence the signal? When can the subtle effects ofelectric potential difference and concentration profiles as a
ionic mobilities in ISE membranes be ignored without a function of space and time for the conventional sensors with
significant loss in accuracy? What are the bulk-to-bulk internal solution or for the sensors with solid internal
concentration and potential changes over time? Finally, how contacts. In contrast to the total-equilibrium and diffusion-
can the signal be stabilized if the sensor works in a layer models, the NPP model does not require any arbitral
nonequilibrium regime in different matrixes? All these splits of the membrane potential into phase boundaries and
questions call for a new “upper floor” approach in theoretical diffusion-potential terms (compare Figure 2). Additionally,
modeling, namely, for the advanced nonequilibrium models, it does not use idealizing assumptions of the total and/or
which are described below. local equilibrium and the electroneutrality conditions. The
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NPP model applies for different membrane and film-based Sample Membrane ! Internal solution
ISSs and for ions of every charge, without the need for a 4.0x10°] L or film
case-by-case approach as known from the previous models, 1
described earliet!3

In the NPP model, multilayers and adjacent (diffusion) 1.1x10°1
layers are admitted. The membrane and the bathing solution- € bec d e
(s), or films in contact, may have a thickness and dielectric = 1.0x10° a :
permittivity of choice. The membrane may contain unequally 3

mobile and/or immobile charged and uncharged sites/ligands. 9.0x10%1
lons of any charge can be considered in the charge-transfer _
and transport processes. Different degrees of association 8.0x10° . . . .
between extracted ions and sites and ligands in the membrane ' X, 0.5, X
are permissible. Furthermore, the gradient of the chemical distance
potential of the solvent across the membrane and convective,:igulre 5. Time-dependent concentration profiles for site @]
flows are allowed. In the present formulations of the NPP ="10-4 [+] = 103 D/D; = 0.5,K;; = 0.1, andRrora. = 1079).
model, all activity coefficients in the membrane are assumed Curves a-g show profiles after the following: (a) 4 1074, (b)
to be one, ion extraction is described by the first-order rate 1.64, (c) 13.1, (d) 26.2, (e) 104.8, (f) 420, and (g) 13 440 s (steady
constants, and the 1D geometry is used. state)

The core of the NPP model is that ion fluxes in spage (
and time f) are described by the NerrgPlanck equation,

fi(X!t) = _Dilw B ZiCi(X’t)(%-)E(X!t)

d

mentation and access are simple when using appropriate
commercial platforms.

2.3.1. Comments on the Benefits and Drawbacks of the
(18) Advanced Model

The total-equilibrium and diffusion-layer models are
where fi(x,f) is the flux of theith ion, ci(x,t) is the merely special cases (concretizations) of the NPP model. In
concentration of théh ion in space poirnt and timet, E(x,1) a strict formal (mathematical) sense, all that is predicted by
is the electric fieldD; is the diffusion coefficient of théh the PBMs and DLMs can be obtained from the NPP model
ion, andz is the charge of théth ion, as in the models  py deduction (as shown in Figure 11 and discussed below).
discussed above. Of course, in simple, theoretical cases and routine laboratory

In order to solve eq 18, two additional equations are used practice, the full use of NPP is not necessary. (While
to relatefi(x,1), c(x,t), andE(x,t). The first choice is the law  admitting this, it should be emphasized that the argument

of mass conservation: repeatedly given by some authors in favor of phase-boundary
models (PBMs}! namely, that, in the NPP, the knowledge
ac (x,t) afi(x,t) of individual mobilities of relevant ions and their transfer

% o (19) rates at the phase boundary is required, is not in contrast to

the phase-boundary models. Actually, in the PB models, as
was shown above, even stronger assumptions are used, i.e.,
that the rate constants are infinite and all individual mobilities
are equal.) However, for modeling of time-dependent
processes, in cases of suspected nonlinearities, and for
IE(X,t) someone working with sensors under nonequilibrium, as
(20) happens in the case of fast readout times or in lowering the
detection limit, the NPP approach or a similar theoretical
: . . I tool is a must The reason is simple: as the model from the
wheree is the dielectric permittivity. - “upper floor”, the NPP model provides hard numerical facts
In the calculations, the Changaffe boundary conditions  jnstead of verbal declarations and unproven intuitions, so

The second is the Poisson equation, rewritten for the total
current densityl( as

I(t) = F-z z-f(xt) + e

are used, often made by advocates of simple modeling.
- - The NPP approach has already provided novel insights
fio() = Ki*CipL — Ki*Cio(t) and numerical answers to problems in ISE practice that have
= -~ been intriguing for decades and which the DLM and PB
fia(® = = ki*Cpr + Ki*Ca(D) (21) models were unable to describe: the concentration and

potential profiles over equilibration time and even under

wherefi, fig, Cio, andciy are the fluxes and concentrations at steady state (or equilibrium) revealed striking nonlinearities
x = 0 and x = d (where d is membrane thickness), (see Figure 5), shown for R which in the PB and DLM
respectively;ki andk; are the forward and backward rate models is assumed to be not dependent on distafan(l
constants, respectively, and their ratio is a partition coef- time (). It was presented that the contribution of the so-
ficient; andci,. andcipr are the concentrations in the bathing called diffusion potential prior to equilibrium is significant
solutions on the left (L) and right side (R) of the membrane, and varies with time (Figure 6), and in consequence,
respectively. prediction of NPP and PB models for the same conditions

The system of nonlinear partial differential equations 18, can be strikingly different (Figure 7): In fact, the overall
19, and 20 is solved to obtain the resolution in space andlinearity of the calibration curves depends on the distance
time by the finite-differenc® -5 or finite-element methoef. from the steady state or equilibrium in the sensor system,
Some authors stress the complexity of these procedtires. and even under steady state may be significantly influenced
We do not share this opinion; to the contrary, the imple- by migrational effects (Figure 8). (For simplicity, these
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Figure 6. Time-dependent and distance-dependent potential pro-
files, calculated ag(x,t) = f E(xt) dx. Total membrane potential
is Em(x,t) = fﬁ‘;f E(xt) dx, wherex,, andx, g are the points in the
bulk of bathing sample solution (on the left, L) and internal solution/
film (on the right, R). Curves -ag show profiles after the
following: (a) 4 x 1074, (b) 1.64, (c) 13.1, (d) 26.2, (e) 104.8, (f)
420, and (g) 13 440 s (steady stdite).
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Figure 7. Comparison of the (a) steady-state NPP potential profile
from Figure 6 with that presumed by (b) the phase-boundary
model5?

effects are shown here schematically; for numerical detalils,
see refs 52 and 53.)
Furthermore, the NPP model shows unequivocally that the
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Figure 8. Calibration curves in the presence of primary|[=
(1071%to 101 M)) and interfering ({*] = 1072 M) ions calculated
according to the NPP model (other data as in Figure 5). Pie charts
express contributions of phase-boundary poteral)((white) and
inner membrane (diffusion) potentidty) (black) for the outermost
calibration curvesi/D; = 0.1 or 10) at {f] = 10* and |*] =
1079 M, Kj; = 0.1 The curves correspond to the following diffu-
sion coefficient rationski/D;): (a) 0.1, (b) 0.5, (c) 1, (d) 2, and

(e) 10%2

to find the parameters important for its evolution and
stabilization over a period of time. The NPP model allows
numerical analysis of the important role of transmembrane
ion fluxes—as well as the appearance of the electric potential
drops at one interface (samfpfeembrane) or at two interfaces
(samplémembrane and membradimiernal contact interfaces)

in shaping the effect of the lowering of the detection lithf
Consequently, for the first time, the significant influence of
ion transport (diffusion), distribution and rate parameters,
ion charges, dielectric constant, and thickness of the mem-
brane are predicted. The NPP approach provides realistic
concentration profiles as a function of time, which previously
could only be addressed by the DLM, assuming linear
concentration drops (compare Figure 3 and Figure 10a). In
addition, the NPP model provides the profile of the electric

concentration profile of the species confined in the membrane potential in space and time (Figure 10b), which, according
phase (the oppositely charged sites) can dramatically changg the DLM (being a steady-state model), cannot be modeled.

over the membrane distance along with highly nonlinear (and
thus “nonintuitive”) profiles. For this reason, a strict elec-

There is no doubt that enhanced sensitivity of measurements
under nonequilibrium may be paid for by a decreased

troneutrality condition, represented by the distance-indepen-gjiapility of the results.

dent charge-balance equation, used in PB métiglss
expedient to allow binding of opposite charges in the
membrane boundary but is clearly inadeqafe.

Recent results from use of the NPP model allowed the
analysis of concentration profiles with time for membranes
bathed by strongly interfering ions (a chloride-sensitive
membrane bathed with perchlorat&ss illustrated in Figure

Thus, an important and so far untouched question concern-
ing the influence of the diffusion potential and its variation
from sample-to-sample and over readout time, which may
unfavorably and in an uncontrolled manner influence the
precision of measurements with ISSs, can now be considered.
Demonstrably stable and reproducible measurements have
not yet been convincingly achieved. However, via the

9, where the theoretical prediction and experimental results nonequilibrium model (NPP), a comprehensive analysis of

are compared.
In the same work, selectivity changes as a function of time

were examined, which had been inaccessible for the total-

equilibrium model (PB model) and only partially accessible
to the diffusion-layer model (DLM). Moreover, the access
to spatial distributions of ions and the electric potential vs
distance during equilibration time allows inspection of the
underlying reasons for selectivity coefficient changes and
their magnitude&35

A similar methodology was used in the numerical analysis
of the detection limit due to the transmembrane ion fluxes,

this problem will soon be present&d.The inevitable
conclusion is that the NPP offers a novel tool for solving a
number of, up until now, inaccessible problems in nonequi-
librium potentiometry.

The NPP is, by far, more general than the DLM and PB
models, with the latter being special cases of the NPP, as
shown in Figure 11. The relationship between these poten-
tiometric models is characteristic of empirical sciences, for
instance, relativistic mechanics and its special case, classical
mechanics (even if we have ample confirmation from
everyday routines in contrast with relativistic theory). For
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fluxes through nanotubes and biological channels is still
under development. Assumptions such as those listed above,
i.e., equating activities and concentrations, uncoupled fluxes,
complex-forming processes in the membrane, higher-order
rate equations, influence of the electric field on ion-transfer
rates, e.g., by extending the Chantaffe boundary condi-
tions in a form of Butler-Volmer conditions, must all be
considered. (The latter condition admits the influence of the
electric field on rate constants; although this is formally and
programwise a simple extension as will be shown shéttly,
the problem of the ion-transfer mechanisms is still contro-
versial and opef’ %% Furthermore, the variability of the
dielectric constant along the membrane distance and at the
interfaces needs to be considered, and finally, increasing the
library of transport parameters in the membranes and films
relevant to sensor technology needs to be recogiZEuese
are just some examples of the interesting problems requiring
further theoretical work on the assumed “level” of ap-
proximation and experimental verificatiGh>®

Present applications of ion sensors in the nonequilibrium
regime, and the need for proper theoretical support, show
that understanding of the response mechanism of potentio-
metric sensors is a new and open challenge. Without ignoring
4 3 2 1 the achievements and power of the earlier classical or

log a diffusion-layer models, a call for advanced modeling is
nonetheless unquestionable.

a)

EMF / mV

b) 300
240+
180
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EMF / mV
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Figure 9. Theoretical and experimental calibration curves for ion-

exchanger electrode chloride 18a) Calibration curves calculated .

for membrane conditioned iir andj~ for solutions of (1)j~ (5 3. Solid-Contact ISEs

min), (2)i~ (5 min), (3 i~ (15 min), (49 i~ (30 min), and (5)~ o ) . .

(60 min), and (6) calibration curve obtained with a membrane  Elimination of the internal filling solution from conven-
conditioned ini~ for a solution ofi~ (60 min).i is the preferred tional ISEs results in solid-contact ISEs (ISSs), which are
ion, andj is the discriminated ion. The inset shows the EMF time mgre durable and easier to miniaturize than their conventional
dependence for an ISE conditioned in discriminated ion fort10 cqynterparts. However, in order to obtain solid-contact ISEs

1073,1072 and 101 M, in order from top to bottom. (b) Calibration . : P
curves obtained with a membrane conditioned in fof solutions with stable electrode potential, it is necessary to have

of (0) CI- (5 min/conc.), 0) CIO,~ (5 min/conc.), f) ClO,~ (15 sufficiently fast and reversible ion-to-electron transduction
min/conc.), ¢) ClO,~ (30 min/conc.). Calibration curve obtained N the solid state without any contribution from parasitic side
with a membrane conditioned in C}Ofor a solution of ) CIO4~ reactions! Research and development of solid-contact ISEs

(60 min/conc). CIQ™ is the preferred ion, and Clis the had already started in the beginning of the 1970s with the

discriminated ion. The inset shows the EMF time dependence for inyention of the coated-wire electrode (CWE), which indeed
g:‘ dg'ﬁ;&”{j}'g‘;ge&g‘og for 107, 1075, 10°% and 10% M in represents a simple and robust desijfihe main drawback

' of the CWE is obviously the poor potential stability resulting

. . . . from the blocked interface that forms between the purely
gglsereason, the theoretical value of the NPP is unquest'on'electronic conductor (metal) and the purely ionic conductor
' . . . (ion-selective membrane). Solid-contact ISEs with improved

To summarize, there is currently no doubt that, according ptenial stability have, therefore, been produced by utilizing
to a hierarchy of the generality of the models discussed, thegjectroactive materials showing mixed electronic and ionic

NPP approach provides clear added value, with regard t0¢qnq,ciivity that serve as ion-to-electron transducers between
both nonequilibrium response and characteristics of the e gjectronic conductor and the ion-selective membfane.
steady state of potentiometric ion sensors. The NPP alsopmong the electroactive materials available today, electro-

allows assessment of the migrational effects, fin'ite kinetics, 5ctive conjugated polymers (conducting polymers) have
and permittivity of the membrane, none of which can be gmerged as one of the most promising ion-to-electron
accessed via more idealized models because of their limited.o <4 cers for solid-contact ISESS6

dictionaries and formalisms, as shown in Table 1. A .
o ' . Other approaches to solid-contact ISEs involve the use of
Additionally, Table 1 shows that, although the NPP itself Ag/AGCI 67pAp\g/AgC|/hydrogeI68 redox-active self-assembled
has its own intrinsic idealizations and limitations and shares monolay’er§9v7° Prussian Bfuél carbon-based compos-
common idealizing assumptions and parameters with thejiog727359-hased compositééand Ag/AgCliporous carbon
DLM and NE, itis simply more powerful. This again reflects |5 4eq with ionophore and plasticizer that resulted in a solid-

the process of the cumulation of knowledge, which is well- o045t Ppf-|SE with an impressive lower limit of detection
known for empirical sciencés. below 10 pM7>

A new chapter in modeling on the level of the generality
dictated by the NPP has now been breached, and question i
insurmountable for the simpler DLM and PB models can 3.1 Conducting Polymers
now be answered. There is a list of problems concerning The discovery and development of conjugated polymers
ISE/ISSs to be addressed, as well as many technicalthat can be made electronically conducting by partial
possibilities to be investigated. In 2D and 3D, modeling of oxidation (p-doping) or reduction (n-doping) has had a great
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Figure 10. Calculated by NPP, the main ion concentration (a) and the electrical potential changes in space ancdtie$0~9, cr
=107 ¢ =107, andcr = 107%; § = Tr = 1072 (mol/dn?); D; = 107° andD; = 1078 andD; = 10~ andD; = 1071° (m?/s); ki, =

ki = 1;k,=10"7andk,; = 1 (m/s), L and R denote the left and right sides of the membrane. Diffusion potential is calculatachat 1
distance from the interfaces in the interior of the membrane.

impact on several fields of science and technology, which electronic and ionic conductivity, which means that they can
naturally goes far beyond the scope of this reviéw? transduce an ionic signal into an electronic one in the solid
However, it should be mentioned here that conducting state. Furthermore, the properties of conducting polymers
polymers have been applied in a large variety of chemical can be tailored via functionalization, e.g., by covalent
sensors and several reviews have been published on thi®onding of side groups to the conjugated polymer backbone
topic83-66:85-114 A few of these reviews focus entirely on and by immobilization of functional doping ions. These are
the application of conducting polymers in potentiometric important features that make conducting polymers suitable
sensor§3-66.9297.119Although conducting polymers have been as solid contacts in combination with conventional ion-
known in the field of potentiometric ion sensors since the selective membranés.
1980s, development is still continuing. In this type of solid-contact ISE, where the conducting
Conducting polymers have some key features that arepolymer is coated with a conventional ion-selective mem-
useful when applied as ion-to-electron transducers in solid- brane, the ion-selectivity is determined mainly by the ion-
contact ISEs. Conducting polymers are electronically con- selective membrane, which allows the utilization of various
ducting materials that can form an ohmic contact to materials ionophore-based polymeric membrane formulations that are
with a high work function, such as carbon, gold, and available*® Recent progress in the area of ISEs such as the
platinum, which ensures a proper electronic (ochmic) contact. lowering of the detection limit toward the picomolar level,
Conducting polymers can be deposited on the electronic enabling potentiometric trace-level analysigives an ad-
conductor by electropolymerization of the monomer or by ditional impetus for the development of solid-contact ISEs
solution-casting of the soluble conducting polymer, which with improved analytical performance. Conducting polymer-
gives some flexibility in the manufacturing process. Con- based solid-contact materials are boosting “the new wave
ducting polymers are electroactive materials with mixed of ion-selective electrodeg”.
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ADVANCED MODELS
here: Nernst-Planck-Poisson (NPP)
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here: Nikolskii-Eisenman (NE)

Figure 11. Interrelation between models in potentiometry. (*) The
condition reads as follows: there is no change in electric field

strength and concentration of ions over time in the system sample/

membrane/internal contact (solution or film). (**) The condition

Bobacka et al.

when the electrode was used in a flow-through €&IlThe
detection limit of Ct-ISEs based on polypyrrole as the solid
contact could be lowered by more than 3 orders of magnitude
when applying an anodic current that compensated the ClI
leakage from the ion-selective membrane (due to self-
discharge of polypyrrole)?® The influence of spontaneous
charge-transfer processes of polypyrrole on the linear
response range and selectivity oPG#SEs using polypyrrole
as a solid contact was studi&d.Galvanostatic polarization
of solid-contact ISEs was found to offer some control of the
ion flux through the electrode and, consequently, could be
used to lower the detection linfit>12Interestingly, K-ISEs
based on methacrylic/acrylic membranes in combination with
polypyrrole as the solid contact resulted in4SEs with
both improved detection limit (below 10M) and excellent
stability 2 These results show that polypyrrole-based solid-
contact ISEs with polymeric ion-selective membranes are
promising also for low-concentration measurements.
Polypyrrole doped with tetraphenylborate was used as a
solid contact in K-ISEs in order to have well-defined ion
transfer between the conducting polymer and the ion-
selective plasticized poly(vinyl chloride) (PVC)-based mem-
brane'?® Polypyrrole doped with different anions was also
employed as a solid contact in pH electrodes based on
polymer membranes containing tertiary amine ionophtites.
The physicochemical properties of polypyrrole can be

reads as follows: there is total equilibrium over distance in the significantly influenced by the doping ion, which offers

system sample/membrane/internal contact (solution) or film, i.e.,

electrochemical potential of each special aloxngs constant;

additionally, electrical potential over distance in each phase, and
in consequent concentrations of each species, are contact exce

the phase boundaries.

3.2. Conducting Polymers as Solid Contact

Y

possibilities of improving, e.g., adhesion of polypyrrole to
the ion-selective membrane. This is well-illustrated by the
\ise of polypyrrole doped with cobalt bis(dicarbollide) ions
as the solid contact in pH-, G, and K'-selective
microelectrode&3®132 Furthermore, a composite of poly-
pyrrole and Nafion was applied as the solid contact in pH
electrodes based on glass membrd@&s*Polypyrrole was

Over the past few years, the analytical performance of ISEsused as an ion-to-electron transducer also in solid-contact

where conducting polymers are used as ion-to-electron ISEs for determination of oxytetracycline hydrochloride and
transducers (solid-contact ISEs) has been dramatically im-methacycline hydrochloride, which are antibiotics belonging
proved. Solid-contact ISEs for determination of both inor- to the tetracycline family>13¢

ganic and organic ions were constructed by using conducting Poly(1-hexyl-3,4-dimethylpyrrole), which is soluble in
polymers as the ion-to-electron transducers. Of particular tetrahydrofuran (THF), was used as a solid contact in
interest is the lowering of the detection limit down to the carbonate-selective ISEs based on a silicone rubber mem-
nanomolar level. The conducting polymer materials were brane!3"13Solution-processable conducting polymers offer
based mainly on electropolymerized or chemically polym- some additional flexibility in the electrode manufacturing

erized derivatives of pyrrole (Figure 12), thiophene (Figure process, when compared to electropolymerization.

13), and aniline (Figure 14).

3.2.1. Polypyrroles

3.2.2. Polythiophenes
Poly(3-octylthiophene) (POT) was the first one of the

Polypyrrole was already used as an ion-to-electron trans- polythiophenes to be used as a solid contact in S8dore

ducer in solid-contact ISEs in the beginning of the 19%0s

recently, solution-cast films of POT on screen-printed gold

and is frequently still used for the same purpose today. substrates and on platinum (silicon-based substrates) were
Recent developments were focused on improving the fab-evaluated as solid contacts in miniature -CSEs140.141
rication techniques and the analytical performance of suchImproved analytical performance was obtained by using an

solid-contact ISEs.

additional adhesive layer (3-aminopropyltriethoxysilane)

Polypyrrole was found to be useful as a solid contact in between the screen-printed gold electrode and the POT film,

planar ISES16117 A critical comparison of conducting
polymer- and hydrogel-based solid contacts in-IKEs

while there was no significant difference between PVC and
polyurethane (PUR, Tecoflex) used as the ion-selective

showed that polypyrrole doped with potassium hexacyano- membrane matriceg%4

ferrate results in solid-contact'ISEs with better long-term
potential stability than those based on the hydrogel coftact.

PI?*-ISEs were constructed by using solution-cast POT
as the solid contact to a Phselective membrane based on

Polypyrrole doped with Tiron was used as a solid contact poly(methylmethacrylate)/poly(decylmethacrylate) (MMA/

in Ca¢*-ISEs!1® 121 Since Tiron complexes G, the detec-
tion limit of such ISEs was found to be as low as10.
Similar detection limits were obtained for a#HSE using

DMA).2PQOT is highly lipophilic, which helped to prevent
the formation of an internal water layer between the solid
contact and the ion-selective membrane. Interestingly, the

polypyrrole doped with hexacyanoferrate as a solid contact solid-contact Ph™-ISE showed a much faster response at low



Potentiometric lon Sensors Chemical Reviews, 2008, Vol. 108, No. 2 341

Table 1. Principles of the Models in Potentiometry

parameters used main benefits of model application
model (model dictionary) main assumptions in potentiometry (current state)
advanced models here, Em(x,t) (1) general assumptions (see p 5); zero-current, time- and space-dependent

Nernst-Planck-Poisson Gi(x.t) no pressure and temperature gradients, no electrode response, selectivity,
(NPP) Tixt) _ solvent flow, no convection and low detection limit, access

ki andk; (2) membrane homogeneous and flat, to membrane physicochemical

(includingK;) ionically conducting properties (e.g., migrational

x (includingo,  (3) one-dimension (1D) effects, permittivity), finite

d) (4) infinite dilution/ideal phase (activities charge-transfer rates

Di, Ui concentrations)

€ (5) sharp border between phases

t (6) permittivity = const over distance in

each phase
(7) no flux coupling
local-equilibrium models here, Em(t — ) (1) asin NPP (+5) electrode response, selectivity,
diffusion-layer model (DLM)  cio, Cio, (2) electroneutrality and low detection limit under
i (3) infinite rate constants steady state

0,d (4) local equilibrium

Di, Ui (5) steady state (limited access to time and

t(?) space domains)

(6) linear concentration changes over distance;
electrical potential changes only at the phase

boundaries
total-equilibrium models here, Ewm (1) as in DLM (1-3) time-independent electrode response,
Nikolskii—Eisenman (NE)  ¢;, T (2) total equilibrium selectivity, and low detection limit;
Kij (3) constant concentrations and electrical potentialsaccess to chemical binding
ui (?) in each phase except of phase boundaries processes in the membrane

a6 and 7 specific for NPP.

H3C CH3 NH, NH, OH
NH,
oo U O oY
" (€)) (&)

CH3
(10)
@ (©)) 3

Figure 12. Pyrrole-based monomer units of polymers applied as COOH

ion-to-electron transducers in solid-state ISEs over the past few
NH,

years: (1) pyrrole, (2)N-methylpyrrole, and (3) 1-hexyl-3,4- NH; NH
dimethylpyrrole. i NH, @ ©/OCH3

(11 12) 13)

Figure 14. Aniline-based monomer units of polymers applied as
ion-to-electron transducers and/or in solid-state ion-selective elec-
trodes over the past few years: (8) aniline, @haphthylamine,
(10) o-aminophenol, (11p-phenylenediamine, (12y-phenylgly-
cine, and (13)-anisidine.

g o d o
/ \g /\ 2/ \g 2/ \g contact material also for G&ISEs utilizing conventional
S S

S S PVC-based ion-selective membranes, showing, in addition,
@ ® © - a low detection limi:*> However, the long-term potential
stability of solid-contact N@ -ISEs based on POT as a solid
Figure 13. Thiophene-based monomer units of polymers applied contact was found to be somewhat inferior to conventional
as ion-to-electron transducers in solid-state ISEs over the past fewNO;~-ISEs with internal filling solutiori46
years: (4) 3-methylthiophene, (5) 3-octylthiophene, (6) 3,4-  The potential stability of solid-contact'KISEs was found
ethylenedioxythiophene, and (7) 3,4-dioctyloxythiophene. to correlate well with the bulk redox capacitance of the
concentrations and even a slightly better detection limit conducting polymer, as shown by using poly(3,4-ethylene-
(10°3M) compared to the corresponding liquid-contact ISE. dioxythiophene) (PEDOT) as a solid-contact matéfiarhis
This has resulted in renewed interest in POT as a solid- can be understood when considering that the transduction
contact material in ISEs. The use of solution-cast films of of an ionic signal into an electronic one via the redox reaction
undoped POT as a solid contact together with plasticizer- of a conducting polymer results in charging/discharging
free acrylate-based ion-selective membranes resulted in adoping/undoping) of the conducting polymer layer. From
number of solid-contact ISEs (AgPl?+, C&", K*, 1) with this point of view, chronopotentiometry was found to be a
detection limits close to the nanomolar (20/) range!43.144 convenient and fast experimental method to evaluate the
Solution-cast POT was found to be a very suitable solid- potential stability of solid-contact ISE$’
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PEDOT is highly electroactive and shows good environ- based on plasticized PVC was studied by usingt¥isible
mental stability in its oxidized (p-doped) form. Consequently, spectroscopy. Partial conversion of PANI from its conducting
PEDOT has been studied rather intensively as a solid-contactemeraldine salt form to its nonconducting emeraldine base
material in recent years. PEDOT doped with poly(styrene form was found to take place during long-term measurements
sulfonate) (PSS), i.e., PEDOT(PSS), was applied as an ion-(1—3 months) but not during short-term measurements (4
to-electron transducer in solid-contact ISEs for various ions, days)!¢
including K*,147.148 Ag+ 149,150 Ngt 151 Cst 151 C&2+ 152 and Different derivatives of polyaniline, including poly{
some aromatic cationsli{methylpyridinium, bupivacain€§31> naphtylamine), polyd-aminophenol), polyg-phenylenedi-
The potential of solid-contact KISEs based on PEDOT as amine), and polyy-phenylglycine), were used as solid con-
a solid contact was found to be less sensitive iaad CQ tacts in plasticized PVC membrane-based ISEs for determi-
(pH) compared to those based on polypyrdlé* A small- nation of various organic compounds of pharmaceutical
volume radial flow cell for solid-contact ISEs using PEDOT- importance, including dimedré#’ chlordiazepoxidé®® pro-
(PSS) as a solid contact was also descritfedhe solid pranolol%® papavering/® amiodaroné/* and dopaminé??
contacts were prepared by electropolymerization of the 3,4- The potential stability of some of the solid-contact ISEs was
ethylenedioxythiophene monomer and by solution casting evaluated by current reversal chronopotentiom&y/1172
of the commercially available aqueous dispersion of PEDOT- a method used earlier for'KISEs based on PEDOT as the
(PSS) (Baytron P). Solution-cast films of PEDOT(PSS) solid contact4”

(Baytron P) were applied as the solid contact also to screen-

printed gold substrate4® The water-solubility of the solu- 3.3, Conducting Polymers Dissolved in the

tion-cast PEDOT(PSS) film was decreased by ionic cross- |on-Selective Membrane

linking with multicharged cations (Mg, Ca&", F&*3*, or ) . .
Ru(NHs)s2+3+) before application of the plasticized PVC- ~Solid-contact ISEs, where the conducting polymer is
based K-selective membran® Recently, PEDOT was dissolved in the ion-selective membrane, were initially called

applied as the solid contact in newly designed microcavity- Single-piece electrodés: Since the conducting polymer is
based solid-contact ion-selective microelectrodés. dissolved in the ion-selective membrane, it can influence the

electivity of the electrode.

Solid-contact Li-ISEs based on plasticized PVC contain-
ing 1% (w/w) PANI protonated (doped) with bis(2-ethyl-
the solid contact, causing an influx of &uions at the ion- hexyl) phosphoric acid were studiét. The solid-contact

selective membrane/solution interfaé&The detection limit L1 -ISES showed the same dynamic response range as the
and stability of PB*-ISEs using PEDOT(PSS) as a solid conventional ISE _W|th |_nternal splutlon. However, the
contact was found to be influenced by the presence of Presence of PANLin the ion-selective membrane increased
interfering ions in the conducting polymer layé&? Further- the H" interference, due to the_ pH sensitivity Of. PA.Nf'
more, by using soluble poly(3,4-dioctyloxythiophene) (PDOT), PANI protonated (doped) with phosphorlc acid dihexa-
which is more lipophilic than PEDOT, it was possible to decyl ester was used both as an ion-to-electron transducer

show the importance of the ion content of PDOT when used &1d as a pH-sensitive component in plasticized PVC-based
as a solid-contact lay@f? membrane$’> Membranes containing 50% (w/w) PANI and

All-plastic disposable G4-ISEs and K-ISEs were pre- 50% plasticized PVC showed the best pH sensitivity among

pared via solution-casting of PEDOT/PSS (Baytron P) and [N0se studied. In:cerestmgly, tfhe_le.meraldmlt_eselﬂlcle_raldw.\e
plasticized PVC-based membranes on plastic substf&tes. base transition of PANI was fac itated by lipophilic cations
Here, the PEDOT/PSS worked both as the ion-to-electron and hindered by lipophilic anions added to the membrane.

transducer and as the electronic contact. The same approach'owe\.’er' the analytical performance of these pH electrodes
was used also for Gi-ISEs where the leakage of primary was slightly inferior to that of electrochemically synthesized

175
ions from the membrane was eliminated as indicated by aPAS'\HI'.d tate ISEs for determinati i lkvib
super-Nernstian response foractivities below 104 M. 162 olid-state 1SS for determination ot linéar alkylbenze-

: . nesulfonates were constructed by using plasticized PVC
Poly(3-methylthiophene) (PMT) doped with BFand - ;
modif?/e(d with }I;DTAEJ as a)cg)mple)xingpagent was used as membranes containing 5% .(w/w) electrochemically synthe-
the solid contact in C4-ISEs for low-level concentration sized polypyrrole doped with dodecylbenzenesulfoAgte.

' Here, polypyrrole worked both as an ion-to-electron trans-
3 +_ _ ’
measurements” The Cé ISEs showesd a super-Nernstian ducer and as an anion-exchanger for alkylbenzenesulfonate
response for Cd activities below 10° M, indicating an

: L . , anions.

influx of Ca2" ions to the ion-selective membrane as a result Solid-state K-ISEs were prepared by using plasticized
of complexation of C&# with EDTA present in the solid o,/ b e DZ(E ; y | 9 pl AN
contacties membranes containing 2% (w/w) polypyrrole, ,

or poly(o-anisidine) that were doped (protonated) with
3.2.3. Polyanilines diesters of sulfosuccinic acid? The membranes were
solution-cast on planar silver electrodes. The resulting solid-
Solution-cast polyaniline (PANI) was used as a solid contact K-ISEs showed comparable selectivity with the
contact in miniature CHSEs!#! The analytical performance  corresponding hydrogel-contact KSEs. However, the pres-
of these solid-contact ClISEs was found to be similar to  ence of the conducting polymer, especially polypyrrole, in
those based on POT as a solid contétt. the ion-selective membrane improved the reproducibility and
Electrosynthesized PANI was applied as a solid contact repeatability of the response. The signal stability of this type
in ISEs based on plasticized PVC-based ion-selective of solid-contact K-ISE containing 2% (w/w) polypyrrole
membranes. Good overall analytical performance was ob-doped with di(2-ethylhexyl)sulfosuccinate was improved
tained for such solid-contact ISEs selective to'§f-and when the membrane was cast on a gold substrate instead of
TI3*.165 The stability of the PANI solid contact in KISEs silver}”® which can be related to the higher work function

PEDOT doped with hexacyanoferrate was used as the solid®
contact in Cé"-ISEs!8 The improvement in the detection
limit was attributed to spontaneous accumulation of'Gn
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of gold compared to silver. The presence of polypyrrole in polypyrrole doped with dodecylsulfate (Dpwas used for
the membrane did not influence the ion-selectivity in this the development of a tubular solid-state ISE for determination

case. of DS in a flow-injection analysis systefi®
) . A correlation between the spontaneous charging/discharg-
3.4. Conducting Polymers as Sensing Membranes ing processes and the potentiometric detection limit of

- — : - -._.._conducting polymers, such as polypyrole, pblytethylpyr-
Solid-state ion-selective electrodes based on immobiliza role), and PEDOT, was fourid? Furthermore, the poten-

tion of ion-recognition sites in the conducting polymer . : o :
; ometric detection limit for electrosynthesized PEDOT(PSS)
membrane represent a research area of great potential. Ovet(':lould be lowered to 16107 M by polarization with a

the past few years, the main focus has been on Conductlngsmall cathodic current that prevented cation leakage from

polymers that contain ion-recognition sites in the form of the polymer film into the solution. However, similar to most

immobilized doping iond? Covalent binding of ion-recogni- . : ' .
tion sites to corl?dugcting polymers was aI?eady sugge%ted ir]nonfuncno_na.\hzed conducting polymers, PEDOT itself showed
low selectivity!9?

the 198087° Covalent binding of ion-recognition sites to the )
conducting polymer backbone allows integration of the ion-  Solid-state Ag-ISEs based on polypyrrole and PEDOT
recognition sites and the ion-to-electron transducer evendoped WItthSngljonated calixarenes (and resorcarenes) were
within the same (macro)molecule, which may be of great de\ieloped. *?*The response mechanism was studied for
importance for the construction of durable micro- and A9 'L)SSES based on PEDOT doped with hexabromocarbo-
nanosized ion sensors in the future. However, the synthesis/@ne:> Pretreatment of these electrodes by cyclic voltam-

of such functionalized monomers and their polymerization Metry in KNG; solution was found to improve the potenti-
is relatively demanding. ometric response to Agl® Electrochemically mediated

A solid-state ZA™-ISE based on electrochemically syn- dopir]g/templating by repeated oxidation/reductipn in AgNO
thesized polypyrrole doped with tetraphenylborate was solution was employed to enhance the p_otentlometrlt Ag
developed?®The selectivity coefficients (lodkzn;) de- response of polypyrrole that was synthesized by electropo-
termined by the fixed interference method were as follows: lymerization of pyrrole in the presence of Eriochrome Biue
j = Cat (=2.7), Mg+ (—2.1), PB* (—1.6), N?* (—0.6) Black B1°¢ Even undoped poly(3-octylthiophene) (POT) was
and Cé+ (—0:6)i128v18° - o o found to give a selective potentiometric response td,Ag

Solid-state ISEs for different cations @aMg?*, Cl2* indicating that Ag interacts with the polythiophene back-

_ 97
and Zrt*) based on electrochemically synthesized polypyr- bone (sulfur atpmszz electro_n_s)l.
role doped with metal-complexing ligands were further ~ Electrochemically overoxidized polypyrrole (OPPy) gave
developed®1182|n addition to metal-complexing groups, the @ Potentiometric response to alkali and alkaline earth metal

ligands contain sulfonate groups that compensate for theCations, albeit with low selectivit}2® Overoxidation was
positive charge of the oxidized (p-doped) polypyrrole suggested to result in oxygen-containing groups acting as

backbone. The effects of chemical (soaking) and electro- ‘hard” Lewis bases that form complexes with hard cations,
chemical (oxidation/reduction) conditioning on the poten- While the redox interference was simultaneously decreased

tiometric sensitivity and selectivity of polypyrrole doped with  Pecause of the lower electronic conductivity of overoxidized

metal-complexing ligands were studied in det&l:®2 polypyrrole:<® S _
Polypyrrole doped with adenosine triphosphate (ATP) was  Novel electropolymerized films based on some function-
found to give a near-Nernstian response t'Gad Mg+, alized polyanilines, polypyrrole,s and amino heterocyclic

and the response was not influenced by’ It was compounds were studied as solid-state ISEs for determination

suggested that the polypyrrole doped with ATP can be usedOf anions, such as amino acids and ascorbic #€ish fact,
as artificial membranes in order to model ATP-mediated Oxidized (p-doped) conducting polymers are inherently
processes of real biological membra#8s:urthermore, there ~ Suitable for anion sensors because of the polycationic
was a correlation between the film topography and the backboné®® A very simple procedure for manufacturing of
potentiometric response of PEDOT doped with ATP, which @ solid-state N@-ISE by electrosynthesis of polypyrrole
was sensitive to Ga and Md?+.18¢ Smoother films generally ~ doped with NQ~ on a pencil lead was describ&j.
showed a more stable and faster potentiometric response thaimilarly, PEDOT doped with Cl© worked very well as
the rougher one¥* Polypyrrole and PEDOT doped with ClO,4~ sensors ywth similar selectivity as commercial GlO
heparin were also found to give a near-Nernstian responsel SEs?°* Following the same approach, polypyrrole doped
to C&* and M@", and the response was not influenced by with valproate was found to give a well-functioning valproate
Na* or K*.185 The response remained unchanged even after S€NSor%
1 year of soaking, indicating the high stability of this type ~ Solid-state Ci-ISEs based on chemically synthesized
of electrode!®® undoped POT containing trihexadecylmethylammonium chlo-
A solid-state pH electrode were developed by using ride (THMACI) ions were studieé’® In contrast to tridode-
electrochemically synthesized polypyrrole doped with cobalt cylmethylammonium, the more lipophilic trihexadecyl-
bis(dicarbollide):2® The electrode showed a quasi-Nernstian methylammonium cation required the addition of a plasticizer
response €50 mV/pH unit) and a linear range from pH 3  (2-nitrophenyloctyl ethep-NPOE) to the POT film in order
to 12. Electrodeposited polymers based on various monomerg0 give a functioning CI-ISE with the following composi-
containing amino groups (1,3-diaminopropane, diethylen- tion: 35% (w/w) POT, 23% (w/w) THMACI, and 42%
etriamine, pyrrolep-phenylenediamine, and aniline) were (W/w) o-NPOE?%3
studied as pH sensors, showing a linear response in the range Solid-state C#-ISEs were developed by using electrosyn-
from pH 2 to 118" Polypyrrole-based pH sensors were thesized undoped polycarbazole and polyindole as sensing
miniaturized!®® Electrochemically synthesized PPy doped membraned?*However, these electrodes showed a severely
with bicarbonate was applied as a pH electrode in a super-Nernstian response to?Cuwat concentrations higher
Severinghaus Csensoit?® Electrochemically synthesized than 10* M.
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A solid-state pH nanoelectrode was constructed by elec- Additionally, the electrode resistand®)( including all time-
trodeposition of PANI onto an ion-beam conically etched independent resistances of the electrode, will give a constant
carbon fiber with a tip diameter of ca. 16600 nm?°® The potential shift:
pH electrode gave a slope of ca60 mV/pH unit in the ]
linear pH range of 2.812.5. The selectivity coefficients (log AER=IR (24)

Ky;) were around-12 with respect to K, Na*, Ca*, and

Li*, which is comparable to conventional glass pH elec- Equations 23 and 24 represent the simplest possible case that
trodes. A solid-state pH microelectrode based on PANI neglects diffusion/migration processes in the ion-selective
electrodeposited on a microband electrode was used for inmembrane and the ion-to-electron transducer. However, this
situ pH measurement of the self-oscillating Cuflldctate ~ simple RC model was verified experimentally and is used
systeneo mainly to conceptualize the ion-to-electron transduction

The pH sensitivity of PANI and its derivatives was found Process in ISE§!"212 _ _
to depend on the substituent and the doping anion incorpo- [N practical potentiometric measurements, the currgnt (
rated in PANI during electropolymerizatidf2°¢The best ~ ©Of the high-impedance voltmeter is small enough so that
pH response was obtained for PANI doped with chloride, (AEc/At) and AEgr can be neglected. In contrast, currents
while N-substituted PANI showed no pH sensitivity, because induced by electrical noise may be significant enough to
the N-substituent hindered the emeraldine salneraldine influence the potential. Furthermore, miniaturization of
base transitioR7.208 electrodes tends to decreaSeand increasd, resulting in

A solid-state ISE for determination of dodecylsulfate lower potential stability. This is valid for conventional ISEs

(DS") was prepared by using electrochemically synthesized With internal filling solution as well as for solid-contact ISEs.
PANI doped with DS. The DS-ISE showed a Nernstian | he same reasoning is also true for ion-selective electrodes

response to DSin the linear range from 10 to 1055 M. with a completely blocked interface (coated-wire electrodes)
The electrode showed relatively high selectivity toD@ith ~ Where the redox capacitance is replaced by a double-layer
the strongest interference being observed from dodecylben-capacitance. Consisely, the potential stability of coated-wire
zenesulfonate (DB (log Kps pes~ —2.2)2%° Alternatively, electrodes should improve by increasing the contact area

when PANI was electrosynthesized in the presence of DBS Petween the ion-selective membrane and the electronic
as the doping anion, the electrode became selective to DBS contact, because of the increase in the double-layer capaci-

(e.g., logKpss ps~ —2.2) with a Nernstian response to DBS ~ tance. _
in the linear range from 103 to 10724210 The conjugated polymers so far used as ion-to-electron

g transducers can be divided into two main groups of materials
based on their redox capacitance, which is related to the
oxidation level (degree of p-doping) of the conjugated
polymers. POT represents a conjugated polymer with a
relatively high oxidation potential, and therefore, it has a
very low degree of p-doping under ambient conditions. This
means that POT has a low electronic conductivity and a low
redox capacitance under ambient conditions. On the contrary,
PPy, PEDOT, and PANI represent conjugated polymers that
are relatively stable in their highly oxidized (p-doped) state,
showing high electronic conductivity and high redox capaci-
tance. On the basis of the magnitude of the redox capacitance,
%rzng(?ungm)%ntl:?rgge;ge lon-to-Electron highly p-doped conducting polymers, such as PPy, PI_EDOT,
and PANI, should, therefore, be more suitable as ion-to-
Not only solid-state ISEs/ISSs but also conventional ISEs electron transducers compared to POT. However, this is not
with internal filling solution (and reference electrodes as well) the complete account, partly because there may be electro-
are asymmetric systems, because ions do not enter electronichemical side reactions taking place in parallel with the main
equipment used to measure the potential. At some point, thergon-to-electron transduction process. Such parallel reactions
is a transduction of the ionic signal into an electronic signal may be due to the presence of, e.g, 00, and HO that
via a reversible redox reaction. In the case of a conventionalcan reach the solid contact, even if it is coated with a
Ag/AgCl electrode in contact with chloride ions, the revers- polymeric ion-selective membrane. Side reactions due to
ible redox reaction involves the Ag/Agredox couple, as redox couples in the solution are, of course, more likely to
follows: play a role when conducting polymers are dissolved in the
ion-selective membrane and especially when conducting
- — polymers are used as sensing membranes.

Ag+Cl AgCl+e (22) Electrochemical side reactions that change the redox state
of the conducting polymer will not only influence the
electrode potential but also cause a flux of ions into or out
of the conducting polymer, which may, for example, influ-
ence the detection limit of the ISE. This is likely to happen
in the case of highly p-doped conducting polymers that are
electroactive in a broad potential range. PEDOT is known
to be less sensitive to GGand pH compared to PPy and
AE ] PANI. However, similar to other highly p-doped conducting

c_ 1 (23) polymers, PEDOT is also sensitive to redox interference,

At C which results in long-term potential drift. Regardless, the

The potentiometric response of PANI toward aniline base
on the formation of charge-transfer complexes between
aniline (donor) and the oxidized form of PANI (acceptor)
was explained theoreticalf}! The theory could also explain
the potentiometric response of other similar sensor materials
to aromatic amines, pyrrole, and phendfs.

A novel approach for the potentiometric detection of
saccharides using poly(aniline boronic acid) was presétted.
The detection was based oKjxchanges of the poly(aniline
boronic acid) resulting from boronic actdliol complexation.

The ion-to-electron transduction is completely analogous for
other electroactive materials, such as conducting poly##iébs.
Since the electrode contains a finite amount of redox-active
material, the electrode has a finite redox capacita@}é4

For a given constant curreni),(there will be a change in
the electrode potentiaEj with time (t):
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higher the redox capacitance, the smaller is the potentialion-selective membrane and the electronically conducting
change for a given current and ion flux, i.e., for a given rate carbon material should result in a large double-layer capaci-
of an electrochemical side reaction or a given applied currenttance that would stabilize the potential. Further characteriza-
that compensates for such a side reaction (chronopotenti-tion of this type of solid-contact ISE by, e.g., electrochemical
ometry). Simply expressed, this means that a high capaci-impedance spectroscopy may provide important fundamental
tance stabilizes the potential of the solid contact itself but information concerning the ion-to-electron transduction
does not eliminate the ion flux associated with side reactions. process of solid-contact ISEs.

The above discussion suggests that a high capacitance is only Consequently, which material is the best ion-to-electron
a partial solution to the stability problem. It would be of transducer? The above discussion indicates that the choice
utmost importance to have a conducting polymer (or any of conducting polymer or any other material used as an ion-
other electroactive solid material) with a high redox capaci- to-electron transducer must be done on a case-to-case basis.
tance (in a narrow potential range) that would not participate Requirements, such as analytical performance, mechanical
in any side reactions at all. durability, lifetime, fabrication methods, and cost of the ion
However, even in the absence of electrochemical side sensor, have to be considered. Finding a solid material that
reactions, there may be ion-exchange processes betweefulfills all possible requirements of a good ion-to-electron
counterions of a highly p-doped conducting polymer and ions transducer for all possible applications is really a great
in the ion-selective membrane (in the case of solid-contact challenge.
ISESs) or solution (in the case where the conducting polymer
is used as a sensing membrane). Such ion-exchange processes \iniaturized ISEs
depend on the selectivity of the ion-selective membrane and
the solid-contact materials. Even salt formation at the 4 1, Conventional Microelectrodes
interface between the conducting polymer and the ion-
selective membrane is possible, depending on the solubilitity lon-selective microelectrodes are used in many different
of the ions present in the two phases. The presence of wateapplications from life sciences to environmental control.
at the interface leads to an unwanted situation resemblingThere are several reviews, books, and sections of books
the conventional liquid-contact ISE where the conducting dedicated to this topic, e.g., by Pun@sAmmann?'® and
polymer plays the role of an internal reference electrode in Takahashi et &’
contact with a very small volume of internal filling solution, Microelectrodes based on the concept of micropipets have
the ion composition of which can easily change with time. already been used for a longer time, especially in life-science
As mentioned previously, POT has a low redox capaci- applications!® Two different pipet electrodes, one as the
tance and a low electronic (and ionic) conductivity. This indicator electrode and the second as the reference electrode,
means that the potential of POT is more sensitive to currenthave been used, as well as the construction of a double-
flow than PPy, PEDOT, and PANI. However, because of barreled micropipet electrode. The pipets have to be silanized
its low conductivity, POT is less electroactive and may not before applying the ion-selective cocktail into the pipet. An
participate in side reactions to the same extent as the highlyimproved method for this procedure was described re-
p-doped conducting polymers. Additionally, POT has a low cently?® There is also a patent for the apparatus and method
content of ions and is relatively lipophilic, which prevents to selectively induce hydrophobicity in a single barrel of a
the accumulation of water and salt inside the solid contact. multibarreled ion-selective microelectrotfé.
In the case of solid-contact ISEs, the compatibility between  Scanning electrochemical microscopy (SECM) is a tech-
the material used as a solid contact and the plasticizer (andnique where ion-selective microelectrodes have found wide
polymer) used in the ion-selective membrane is a key issueareas of application and where the advantages are the
that has not been studied thus far. Furthermore, leakage ofmicrometer dimensions, selectivity, and low detection Iffit.
plasticizer, ionophore, and additives to the solution may pH probes based on an antimony microdisk elect®de
become a serious problem in the case of miniaturized ISEsa H"-sensitive liquid membrane have been used in pH-
based on plasticized polymer membranes. microscopy where pH profiles have been measured in
It is interesting to note that low detection limits for several corrosion studi€d3??* or in measuring biological activi-
ions were achieved by using POT as a solid contact togetherties??>??*The technique has also been applied to study many
with plasticizer-free acryl-based ion-selective membranes. other kinds of surfaces and proces¥€$?°A novel type of
This indicates that POT may be a good alternative as a solid-solid-contact ammonium-selective microelectrode was re-
contact material, despite its low redox capacitance, if the cently constructed for SECM measuremefitsDouble-
main target is to reach a low detection limit. In contrast, barreled chloride-selective microelectrode were used to map
POT is expected to be more sensitive to external electrical in situ CI~ ion distribution in localized corrosion syster#s.
noise compared with the highly doped conducting polymers.  There are also microelectrodes for some “not-so-common”
The above discussion focused on ion-to-electron transduc-ions. A new Schiff's base was synthesized and tested as the
ers based on conducting polymers, because these material9nophore for yttrium ions in an ion-selective microelec-
have been extensively studied for many years and they appeatrode?31 That sensor was tested in complexometric titration
to be very promising. Conducting polymers make it possible and direct determination of yttrium in dissolved yttritim
to fabricate, e.g., all-plastic ISE&and pH nanoelectrodé% aluminum alloy samples.
However, recent results indicate that excellent potential Environmental measurement of ionic species with ion-
stability (potential drift ca. 11.7\V/h) can be achieved by  selective microelectrodes is also an interesting application
using three-dimensionally ordered macroporous carbon asarea. Several ions have been measured in pore water
the solid contact!* Despite the relatively complicated sampleg3?and a phosphate-selective microelectrode based
manufacturing procedure, this latter approach is indeed veryon cobalt as the sensing material was used in studying a
promising. In this case, the large contact area between thebiological phosphorus removal process.
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By selecting an optimum composition for the inner make them suitable for measurements in physiological
reference solution, the detection limit of a calcium micropipet samples and in flow analysis.
electrode could be lowereéd The calibration curve was A novel method to make miniaturized solid-contact ion-
found to be linear down to 16 M of Ca?*. selective electrodes has been presetteétihe gold wire in
lon-selective microelectrodes were recently used in de- a glass capillary was etched to form a microcavity in the
termination of extremely low levels of calcium, lead, and electrode body. The gold disk electrode was then coated by

silver ions, 10° M in the presence of 10 or 10°% M electropolymerization with the conducting polymer poly(3,4-
sodium iong?*® It was possible to detect 300 attomol of those ethylenedioxythiophene) (PEDOT) doped with poly(4-sty-
ions at a constant ionic background. renesulfonate) (PSS). Potassium- and calcium-selective
microelectrodes were then made by filling the cavity with
4.2. Solid-Contact Microelectrodes the corresponding ion-selective membrane. These micro-

. . : electrodes were found to have similar potentiometric char-
During the past decade, microsensors have gained 8, cteristics as conventional electrodes

widespread and increasing interest both by scientists, engi- . . . .
P 9 y 9 Solid-contact microelectrodes are suitable for use in harsh

neers, and people working with practical applications of these nd remote environments. An exotic example of h an
sensors. The collaboration between scientists and microtech?Md €MOte environments. An exotic éxample of such a
application is the use of a microelectrode array for measure-

nology engineers has been fruitful, leading to different . X ; ;

manufacturing procedures for making both thin- and thick- Ment of ion concentrations in the Martian S8iA prototype

film microelectrodes. New technologies enabling mass Miniature array of polymer-membrane and solid-state ion-

production of miniaturized ion-selective electrodes were selective electrodes was developed to perform in situ analysis
of soil samples for a number of ions. The array consisted of

reviewed?® The discussion concerned mainly applications 27 mi lecirodes for nine i Each electrod L th
in biology and medicine, but procedures to make thin- and repﬁ‘égggﬁfc rodes for nin€ ions. £ach electrode was in three

thick-film microelectrodes were also review&d. e .

Most of the currently used microelectrodes are manufac- _ SCréen-printing technology has also been used in con-
tured on solid substrates. Gold, silver, platinum, and different Structing miniaturized solid-contact electrodes for chloride
kinds of carbon materials are used. A recent review on 'ons. Either carbon or S|!ver was used as the screen-printed
advanced chemical microsensors deals with the design andUPstrate. The conducting polymers polypyrrole or poly-
performance of miniaturized chemical sensors based on si@niline with an adhesive admixture of 3-aminopropyltri-
transducers: ion-selective field effect transistors and solid- ethoxysilane was placed on the substrate. The ion-selective
state electrode.Si nitride substrate with a polymeric solid FYC membrane containing the ion-exchanger for chloride
contact was used in a miniaturized sodium-selective elec- (Methyl-trin-tetradecylammonium chloride) was then placed
trode?¥’ Silicon substrate was also used in constructing a °n the conducting polymer film. This construction showed

pH-sensitive microelectrode where the sensitivity is due to (N same performance and stability as the conventional
ion-selective PVC membrane on top of polypyrrole layer €lectrodes with inner reference electrode and solufibtfs

doped with cobalt bis(dicarbollidéJ Pulsed-laser deposition ~ The potential stability of microfabricated potassium ion-
is also a practical method for making solid-state micro-ion- Selective electrodes with two types of solid contact was
selective electrodes. €d selective microelectrode was Studied and compared? Hydrogel and polypyrrole doped
constructed by pulsed laser deposition (PLD) technique andWith potassium hexacyanoferrate(ll)/(lll) were used as the
using CdSAgIAsS; as the sensitive materia® solid contact between the PVC-based potassium-selective
Screen-printing technology is a useful and practical way membrane and the screen-prlnted S|Iver. or platinum sub-
to produce solid-contact electrodes. A procedure to make Strates. The electrodes were incorporated into a flow-through
an array of all-solid-state potassium selective electrodes onCell where the measurements were conducted. The elec-
screen-printed gold substrates has been desciibsdreen- ~ trodes with the polypyrrole solid contact showed much
printing technology was also used to produce thick-film Ag higher potential stability than the electrodes with hydrogel
sulfide electrode®® The performance of these strip sensors contact:*®
was comparable to those of conventional electrodes. Another A microfabricated ion-selective microelectrode-array plat-
way to make silver- and sulfide-selective electrodes is to etchform has been constructed and characterf2é##® The
the end of a silver wire to a sharp tip and then to insulate platform contained 24 micropipets individually filled with a
the wire except for the very end that then functions as the C&" selective membrane and was developed for in vitro
sensing part of the prol3&! Even an all-solid-state poten- intracellular measurements. Different chalcogenide glass-
tiometric sensor for ascorbic acid was constructed based onsensitive materials have also been used to make an array of
this screen-printing technolody. Laser-ablation, screen- miniaturized ion-selective electrod&8lt was demonstrated
printing, and molecular-imprinting techniques were used in in that work that the sensor array allows the problem of an
making nanoliter-volume vials with carbon and Ag/AgCl ring  insufficient selectivity of single sensors to be overcome. A
electrodes embedded in the sidewatfsPolypyrrole was microsensor array of miniaturized solid-state ion-selective
electropolymerized on the carbon rings with nitrate as the electrodes to analyze sweat samples for sodium, potassium,
doping ion, and the vials were used in determination of nitrate and chloride was developed for point-of-care diagnosis of
in nanoliter samples. On the basis of earlier reports on anion-cystic fibrosis?*°
selectivity of polypyrrole, it is somewhat suprising how Miniaturized, planar ion-selective electrodes fabricated by
selective are the nitrate sensors that the authors have beethick-film technology were recently reviewéet. Different
able to produce by using nonfunctionalized polypyrrole. The manufacturing procedures were discussed and screen printing
main advantage of that system lies in the small sample size.was found to be a suitable technique because of its simplicity,
Screen-printing technique is also used in making planar-form low cost, high reproducibility, and efficiency in large-scale
solid electrolyte modified Ag/AgCl reference electrod&s production. Thick-film technology was also demonstrated to
Construction and design of this type of reference electrodesbe a proper method to produce ionophore-based ion-selective
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electrodes on inexpensive substrates. The analytical parammicroelectrod&€%® and ammonium transport across the plant
eters of these electrodes were comparable with those ofcell membrane was measured with an ammonium-selective
conventional electrodes. Miniaturized Ag, Ag/AgCl, or microelectrodess®
iridium oxide solid-state potentiometric sensors were used lonized magnesium has been measured with an ion-
to measure the capacitance and the response time of theselective microelectrode in physiological solutigffs?®¢and
electrodes by an electrochemical time-of-flight methgd>3 the release of ionized Ca from bones has been measured by
a Ca-selective microelectrod®.
4.3. Microelectrodes in Flow Analysis lon-selective microelectrodes were also used in studying
. ) ) . ion fluxes across cardiac membrane patcigBotassium,
Solid-contact ion-selective microelectrodes have many calcium, sodium, and proton fluxes were measured, and the
advantages when used in flow channels. They are robust anchuthors were, additionally, able to quantify those fluxes.
rather easy to fabricate and install. A miniaturized ion-  The effect of interfering ions in using ion-selective
selective C&" electrode was developed for fluidic micro-  mjcroelectrodes in biological applications has been dis-
systems>* Cu was deposited on a silicon wafer and then cyssed’! The kinetics of ion fluxes in some plant leaf and
converted to CuS by hydrogen sulfide. The electrode oot tissues was determined by using ion-selective micro-
performed well in the system. The authors found differences glectrodeg72273as was ion fluxes in bacteri& Fluxes of
in the adhesion of the CuS layer for Si, $j@nd SiN4. An H* and C&" ions during the growth of a single-celled fungus
all-solid-state potassium microelectrode for flow analysis was were also studied by ion-selective microelectroiéSali-
developed for measurements in flowing solutighas well cylate selective microelectrodes were even constructed for
as a nitrate sensor for determination of nitrates in waste- biological applications to measure fluxes of salicylate iHhs.
WaterS, fertilizers, and pharmaceutica|s by the ﬂOW'injeCtion |0n_se|ective e|ectr0des are used in many biosensors to
analySiS teChniqU@.SA small-volume flow cell was devel- detect, e.g., ammonia or'Heleased in the enzymatic reac-
oped by incorporating all-solid-state electrod®Ca" and  tions involved in the detection procedure. lon-selective

pH measurements were carried out in the Lab-on-Valve mjcroelectrodes are needed for miniaturization of such
instrument by using all-solid-state microelectroé@d.ow- biosensora?’

temperature cofired ceramic technology was used to construct gome of the main problems in using ion-selective micro-

continuous-flow analytical microsysteflSAmmonium-and  glectrodes are the slow response time and the susceptibility
nitrate-selective microelectrodes were incorporated in thatto nojse because of the high electrical resistance of the

microfluidic sysytem, allowing a complete on-chip integra- convential micropipet electrodes (see section 3.5). These
tion for potentiometric detection. A microfluidic device was  problems are especially crucial in biological in vivo mea-

developed for measurement of pH as well as of'Gand ~ gurements but can partially be overcome by using a
K+ concentrations with |n'Channe|'|nC0rp0rated all-solid-state concentric inner m|crop|pé’f8 Response times in the order

ion-selective electrodés! Construction of different planar  of a few ms were obtained for pH and Talectrodes used
solid-state ion-selective microelectrodes as well as referencep extracellular measurements.
electrodes for flow analysis was recently discussed in an

i 117
overview: 5. New Wave
4.4. Life Science and Biology Applications During the past decade, the developments in the field of

) ) . ~ potentiometric ion sensors (ISEs) have been exceptionally
The use of microelectrodes to investigate transportation fruitful. The discovery of the low detection limit in 1997

of inorganic ions in plants has been reviev#dThe con-  represents a major breakthrough in the field of ISBduch
struction of multibarreled ion-selective microelectrodes for research has been devoted to the design and optimization of
measurements in biological tissues was also revieirdtl. liquid-contact ISEs to measure low ion concentra-

was also demonstrated how cell volume, membrane potential tions 234235279285 The “new wave” of ISEs has unquestion-
and intracellular ion concentrations can simultaneously be aply arrived®” The question is: where will it lead us in the
determined by using potentiometric measurement with multi- fytyre?
barreled ion-selective electrodes. A special StUdy on the cell Solid-contact ISEs for trace-level ana|y5is have a|ready
volume regulation mechanism of nerve cells by using multi- been demonstrated by several grotfpg®123125.142144,163
barreled ion-selective microelectrodes was ntddBifferent When such powerful ion sensors are combined with solid-
requirements for the charge-exchange processes between gate reference electrod®d286-292 mass-producible miniatur-
dielectric layer and the ions in the sample in ion-selective jzed ion-sensor systems with unforeseen analytical capabili-
biosensors made on silicon were discussed in anotherties are within reach. Deep theoretical understanding based
study?®! It was found that standard dielectric materials norm- gn advanced modeling of the potentiometric response will
ally employed in microelectronics technology can be used definitely boost this development.
in making ion-sensitive field-effect transistors and ion-selec-  parallel developments of plasticizer-free membrafed
tive microelectrodes for biosensing applications. Use of ion- covalently bound ionophor@83:296.298:302.36509 anq charged
selective microelectrodes and fluorescent dyes in measuresijte$4 will enhance the durability of ion sensors. Other
ment of intracellular pH has been compared and disci®3ed. ajternative membrane materials and construction principles
lon-selective microelectrodes were used in plant physiol- add new tools for the future as well. Here, we would like to
ogy in studying the Ni", H", and NQ~ fluxes around the =~ mention anion-sensitive epoxy resitt§3*membranes pre-
roots of plant®®and their concentration profiles in nitrifying  pared by the setgel method'? polymer-supported liquid-
biofilms 24 By using these electrodes, the authors were able crystal membrane®? polymer membranes located inside an
to determine the source of nitrogen for a particular plant. electrochemically inert porous matd¥, monolithic capillary-
The mechanism of pH homeostasis in Listeria monocytogensbased membrané¥} and fluorous membranes with excep-
subjected to, e.g., acid stress was studied by using a pHtionally low polarity3®
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There are several other interesting developments that maypreparation of this text. M.Sc. Krzysztof Szyszkiewicz, M.Sc.
have an impact on the future developments of ISEs. The so-Peter Lingenfelter, Prof. Robert Filipek, and Prof. Marek
called sandwich membrane method, which was actually intro- Danielewski are acknowledged for their interest and invalu-
duced already in 1979, is a useful tool for studying complex- able support. The financial support (AL) by the Polish
ation in real membrané&®3"Polycation-sensitive electrodes Committee for Scientific Research (KBN) project 3TO9A 175
can be used to detect even polycationic dendrirfiéidighly 27 is acknowledged. This work is part of the activities at
lipophilic closododecacarborane anions showing very weak the Abo Akademi Process Chemistry Centre within the
ion-pair formation are promising alternatives to the com- Finnish Centre of Excellence Programme (2000-2011) by
monly used tetraphenylborate derivatives as anionic additivesthe Academy of Finland.
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