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1 Summary

In conventional liquid-contact ion-selective electrodes (LC ISEs), the internal
reference electrode is separated from the sensing membrane by an internal
solution. Although these sensors are widely used in clinical analysis, their fields
of application would certainly increase if the sensor size could be drastically
reduced. To accomplish this, there must be no internal solution and the
membrane must be placed directly on the internal electrode. To construct these
so-called solid-contact ion-selective electrodes (SC ISEs) so that they show
stable and reproducible responses, a SC layer must be placed between
membrane and internal metal electrode having two properties of crucial
importance: redox activity in order to transduce the ionic response of the
membrane into an electronic signal, and high surface lipophilicity to avoid the
formation of a water layer between membrane and internal electrode. In this
thesis, several lipophilic, redox-active materials (polysiloxanes and conducting
polymers (CPs)) are investigated in view of their application in miniaturized SC
ISEs.

Various approaches for preparing redox-active, lipophilic polysiloxane
(poly(methylhydrosiloxane) (PMHS) and poly(dimethylsiloxane) (PDMS))
layers on gold substrates were investigated. Ca**-SC ISEs based on these layers
were characterized by potentiometric measurements. Although the SC materials
tested were highly lipophilic, the formation of an inner water layer was observed
for the PMHS-based SC ISEs. The water layer impaired the stability of the
response as well as the lower detection limit of these sensors. Its presence was
explained by the hydrolysis of Si—H groups of PMHS during the conditioning of
the ISEs, which resulted in a decrease in the lipophilicity of the solid contact. It
was also shown that the polysiloxane layers contain pinholes, which cause the

ISEs to be sensitive to oxygen. Overall, it was found that PMHS and PDMS
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Chapter 1

layers are not adequate for preparing SC ISEs with stable and reproducible
electrode potentials.

Very good results were achieved by using CPs (mainly poly(3-octylthiophene)
(POT) and polypyrrole (PPy)) as SC material for Ca**- and Pb**-ISEs. For many
of these SC ISEs, compared to the corresponding ISEs without CP layer, the
sensitivity to oxygen was reduced or even completely eliminated and the
reproducibility of the day-to-day response was improved considerably. By using
POT, also the formation of an inner water layer was suppressed with all the
membranes examined. The selectivities of CP-based sensors were generally
similar to those of optimized LC ISEs, and with optimized SC ISEs, detection
limits in the nanomolar range could be achieved. However, the experiments
clearly showed that the conducting polymer and membrane matrix must be

chosen carefully to obtain reproducible and stable ISE responses.

The last part of this thesis presents a new theory describing the electrochemical
behavior of conventional ISEs and related systems, such as ITIES (interface
between two immiscible electrolyte solutions). The former are based on highly
viscous polymeric membranes, whereas the latter consist of two immiscible
electrolyte solutions of similar viscosity with the organic phase containing an
ionophore. The apparently contradictory amperometric and voltammetric
response of PVC-based ISE membranes (logarithmic vs. the ion activity or
concentration) compared with that of ITIES (linear vs. the ion concentration)
was shown to originate from different kinetic limitations in the two systems.

The amperometric response of plasticized PVC membranes and membranes
without PVC but based on inert microporous matrices were investigated and
compared with the theory. With the PVC membranes, the expected logarithmic
dependency from the sample activity was obtained, whereas the behavior of the
PVC-free membranes was intermediate between that of PVC membranes and
ITIES systems. The measured responses were in good agreement with the

theoretical model.
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2 Zusammenfassung

Konventionelle ionenselektive Fliissigkontaktelektroden enthalten eine
Innenlésung, die die innere Referenzelektrode von der Sensormembran trennt.
Diese Sensoren werden bis jetzt vor allem in der klinischen Chemie eingesetzt,
eine wesentliche Verkleinerung ihrer Dimension wiirde sie jedoch sicherlich
einem breiteren Anwendungsfeld zuginglich machen. Dafiir miisste auf die
Innenlésung verzichtet werden, und die Membran miisste sich direkt auf der
Innenelektrode befinden. Um so genannte ionenselektive Festkontaktelektroden
zu bauen, die ein stabiles und reproduzierbares Elektrodenpotential ergeben,
muss zwischen innerer Metallelektrode und Membran ein Festkontakt existieren,
der iiber die folgenden Eigenschaften verfligt: Er muss redoxaktiv sein, um als
Kopplungsstelle zwischen der ionischen Leitung der Membran und der
elektrischen Leitung der Metallelektrode zu dienen, und er muss sehr lipophil
sein, um die Ausbildung einer Wasserschicht zwischen Innenelektrode und
Membran zu verhindern. In der vorliegenden Arbeit wurden verschiedene
redoxaktive, lipophile Materialien (Polysiloxane und leitende Polymere) auf ihre
Eignung zum Einsatz in miniaturisierten Festkontaktelektroden gepriift.

Es wurden verschiedene Wege zur Herstellung von redoxaktiven, lipophilen
Polysiloxanschichten (Poly(methylhydrosiloxan) (PMHS) und
Poly(dimethylsiloxan) (PDMS)) auf Gold untersucht. Mittels potentiometrischen
Messungen charakterisierte man auf solchen Schichten basierende Ca**-
selektive Elektroden. Obwohl diese PMHS-Festkontakte sehr lipophil waren,
konnte die Ausbildung einer inneren Wasserschicht in den entsprechenden
Elektroden nicht verhindert werden. Die Wasserschicht beeintriachtigte sowohl
die Potentialstabilitédt als auch die untere Nachweisgrenze dieser Elektroden.
Thre Ausbildung erklirte man mit der Hydrolyse von Si—H-Gruppen wihrend
der Konditionierung des Sensors, wodurch die Lipophilie der Festkontaktschicht

abnahm. Es wurde auch gezeigt, dass PMHS- und PDMS-Schichten Loécher
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enthalten, die zu einer Sauerstoffempfindlichkeit der Sensoren fiihren.
Insgesamt stellte man fest, dass diese Polysiloxane fiir die Verwendung in
ionenselektiven Festkontaktelektroden ungeeignet sind.

Sehr gute Resultate wurden jedoch mit leitenden Polymeren (v.a. Poly(3-
octylthiophen) (POT) und Polypyrrol (PPy)) als Festkontakt fiir Ca>*- und Pb*'-
Sensoren erzielt. Verglichen mit analogen Elektroden ohne Polymerschicht
konnte fiir diese Festkontaktelektroden die Sauerstoffempfindlichkeit reduziert
oder ganz eliminiert und die Reproduzierbarkeit der Elektrodenfunktion
wesentlich verbessert werden. Bei Elektroden mit POT bildete sich zudem bei
keiner der untersuchten Membrantypen eine innere Wasserschicht. Das
Selektivititsverhalten der Festkontaktelektroden mit leitenden Polymeren war
generell vergleichbar mit dem optimierter Fliissigkontaktelektroden. Auch
konnte mit optimierten Festkontaktelekroden Nachweisgrenzen im nanomolaren
Bereich erreicht werden. Die Experimente zeigten jedoch klar, dass die Wahl
des leitenden Polymers und der Membranmatrix massgebend sind, um stabile
und reproduzierbare Elektrodenfunktionen zu erhalten.

Der letzte Teil dieser Arbeit zeigt ein neues theoretisches Modell, das das
elektrochemische Verhalten von konventionellen ionenselektiven Elektroden
(ISE) und verwandten Systemen, wie z.B. ITIES (d.h. von Grenzflichen
zwischen zwei nicht mischbaren Elektrolytlosungen), beschreibt. Erstere
basieren auf hochviskosen Polymermembranen, Letztere auf zwei nicht
mischbaren Elektrolytlésungen gleicher Viskositét, wobei die organische Phase
einen lonophor enthdlt. Es konnte gezeigt werden, dass die offensichtlich
gegensitzlichen amperometrischen und voltammetrischen Antwortfunktionen
von ISE mit PVC-Membranen (logarithmisch bzgl. der lonenaktivitéit oder
-konzentration) und ITIES-Systemen (linear bzgl. der Ionenkonzentration) von

verschiedenen kinetischen Limitierungen in den zwei Systemen herriihren.

Die amperometrischen Antwortfunktionen von weichgemachten PVC-

Membranen und solchen ohne PVC, die auf inerten, mikroporésen Matrizen
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basieren, wurden untersucht und mit der Theorie verglichen. Fiir die PVC-
Membranen fand man dabei die erwartete logarithmische Abhédngigkeit ihrer
Elektrodenfunktion von der Probenaktivitit, die PVC-freien Membranen zeigten
jedoch ein intermedidres Verhalten zwischen jenem von PVC-Membranen und
ITIES-Systemen. Die gemessenen Antwortfunktionen stimmten gut mit dem

theoretischen Modell {iberein.
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3 Basic principles of ion-selective electrodes

3.1 Introduction

Chemical sensors are small analytical devices that transform chemical properties
of the examined sample (liquid or gas) into an electrical or optical signal [1,2].
Ideally, sensors do not require any sample preparation, they consume no analyte
during the measurement, and they work reversibly. They are typically used in
clinical and environmental analyses and for process control in industry and
biotechnology.

The chemical sensors with the longest history are ion-selective electrodes (ISEs)
[3]. They allow the potentiometric determination of a selected analyte ion in
aqueous solution in the presence of other ionic species [4]. The most important
part of an ISE is the ion-selective membrane, which provides the required
selectivity. Different materials such as glass, polymers, and various crystalline
materials are used for membrane preparation. The most versatile ISEs are based
on plasticized polymeric membranes containing ion-selective components. They
have been described for a large number of inorganic and organic analytes [5].
Their main applications are clinical routine and pH analyses. Owing to recent
progresses concerning a deeper understanding of the response mechanisms and
the improvement of their lower detection limits, they have become of interest in
other fields of application as, e.g., environmental trace analysis [6,7]. Future
work in the field of ISEs will focus on the development of robust ion-selective
sensors with optimized lower detection limits. This will include the design and
synthesis of highly selective ionophores as well as new polymeric membrane

materials.
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3.2 Components of liquid polymeric membranes

Polymeric membranes used for ion-selective electrodes are highly viscose,

water-immiscible liquids consisting of the following components [3]:

Matrix
The matrix provides mechanical stability to the ISE membrane. Ideally, it is
inert and does not interact with the sensed ions. Commonly, poly(vinyl chloride)

(PVC) is used as a matrix for liquid ISE membranes.

Plasticizer or membrane solvent

The plasticizer acts as a solvent for the membrane components. In addition, it
reduces the electrical resistance of the membrane and guarantees its flexibility.
To a minor extent, it may also influence its selectivity behavior. The most
commonly used plasticizers are bis(2-ethylhexyl) sebacate (DOS) and 2-
nitrophenyl octyl ether (o-NPOE).

Lipophilic ion-exchangers or ionic sites

Ion-exchangers for ISE membranes consist of a lipophilic ion that does not
partition into the aqueous phase, and a water-soluble inorganic counter ion.
They are added to guarantee the permselectivity of the membrane, i.e. the
coextraction of the analyte (primary) ion together with a counterion is kept
negligibly small as compared with the total amount of analyte ion in the
membrane. As a consequence, the total concentration of analyte ion in the
membrane is sample-independent over the whole measuring range and
determined only by the amount of added ion-exchanger. A constant total amount
of primary ion in the membrane is the principal requirement for a Nernstian

response of ISEs (compare Equations 3.6 and 3.7). Membranes that do not
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Basic principles of ion-selective electrodes

contain non-partitioning ionic sites exhibit no response to changes in the analyte

ion activity of the sample [4,8]:

lonophore or carrier

Ionophores are lipophilic complexing agents that provide selectivity to the
membrane by binding the primary ion stronger than all other ions (interfering,
secondary, or discriminated ions) in the sample. The selectivity pattern of
membranes containing only an ion-exchanger but no ionophore is determined by
the partitioning properties of the sample ions in the membrane plasticizer. After
adding an ionophore, the selectivity of the membrane depends on the value of
the complex formation constant between the different ions and the ionophore.
For optimal working conditions, membranes based on electrically neutral
carriers require the addition of a lipophilic ion whose charge sign is opposite to
that of the measuring ion. Membranes without a lipophilic ion-exchanger show a
potentiometric response only if the polymer matrix or the plasticizer contains

ionic impurities [3].

Lipophilic salts

To increase the conductivity of an ion-selective membrane, a lipophilic salt
without ion-exchanger properties can be added [9]. Its addition also increases
the ionic strength of the membrane and makes it more selective for divalent over

monovalent ions [10].

3.3 Response mechanism of ion-selective electrodes

Figure 3.1 shows the schematic setup of a potentiometric measuring cell. It

consists of two galvanic half-cells [4], i.e., an ISE and a reference electrode.
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Ion-selective Reference
electrode (ISE) electrode

Internal reference
half-cell
(Ag/AgCl)

Internal reference

half-cell
(Ag/AgClh)

Reference electrolyte
solution

Internal filling Diaphragm

solution Bridge electrolyte
solution

Ion-selective

membrane Diaphragm

Ag/AgCI[KCI (3 M)|bridge electrolyte[sample|membranelinternal filling solution| Ag/AgCl

Figure 3.1. Schematic representation of a potentiometric measuring cell

(vertical lines represent phase boundaries).

The EMF (electromotive force) of the potentiometric cell is the sum of all
potential differences arising at each phase boundary under zero-current
conditions. It is measured as the potential difference between the two electrodes.
For a given electrode assembly and fixed temperature, only two contributions to
the EMF are sample-dependent: the liquid-junction potential (Ep.s) of the
reference electrode and the membrane potential (Ey) of the ISE. All other
contributions are sample-independent and are combined in Eqypg. Thus, the EMF

can be expressed as follows [3,4]:

EMF=E_, +Ep,; +E, 3.1)

const
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Basic principles of ion-selective electrodes

The internal half-cell of the reference electrode (usually Ag/AgCl or Hg/Hg,Cl,
in a highly concentrated aqueous solution of a chloride salt) is often separated
from the sample solution by an additional bridge electrolyte solution. The
liquid-junction potential Ep ¢ originates from the different ion mobilities at the
phase boundary between sample solution and bridge electrolyte. It can be kept
small by using a highly concentrated, equitransferent bridge electrolyte, e.g., 1
M NH4NO;, KCl, or LiOAc. If the exact composition of the sample solution is

known, Ep ¢ can be estimated by the Henderson formalism [11]:

2
ZZJuJ(aJ,S_aJ,ref) ZZJ Ujsdy rof
RT 4 J

In
2 2
F ZZJ Up(ays—ay, ) ZZJ U a;
J ]

(3.2)

ED,ref ==

where

R universal gas constant (8.314 J X! mol™)

T absolute temperature [K]

F Faraday constant (96 485 C mol™)

z;  charge number of ion J

u;  absolute mobility of ion J [em® mol s™ J]

aj  activity of ion J in the sample solution (s) and in the bridge electrolyte

solution of the reference electrode (ref) [mol L]

Ion activities can be calculated from ion concentrations by the Debye-Hiickel
method [12].

The membrane potential (Ey) is the sum of three potential contributions, namely
the phase boundary potential at the sample/membrane interface, the phase

boundary potential at the internal filling solution/membrane interface, and the
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diffusion potential inside the ion-selective membrane. The phase boundary
potential between the internal filling solution and the membrane is considered as
sample-independent and, as a consequence, to be constant. The diffusion
potential in the membrane, in most practical cases, it is negligibly small [13-15].

With these assumptions, Ey can be expressed as follows [3]:

EM w_rEM,const +E, (33)

where

E’ phase boundary potential at the sample solution/membrane
interface

EM,const sum of the phase boundary potential at the internal filling solution/

membrane interface and of the diffusion potential in the membrane

The value of E’ can be calculated on the basis of thermodynamic considerations.
If chemical and electrical potential contributions are taken into account, the
electrochemical potential (i) of the aqueous (aq) and the organic (org, i.e.,

membrane) phase can be formulated as:

f(aq) =W(aq) + z;Fd(aq) =p°(aq) + RTIna, (aq) + z,Fd(aq) (3.4)
[L(org) =p(org) + z; Fd(org) =n°(org) + RTIna, (org) + z, Fd(org) (3.5)
where

7 chemical potential (u° under standard conditions) [J mol™]

d electric potential [V]

a activity of the uncomplexed ion I [mol L]
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Basic principles of ion-selective electrodes

If equilibrium conditions at the phase boundary between aj(aq) and aj(org) are
given, the electrochemical potential is equal for both phases. Therefore, the

phase boundary potential can be expressed as:

E/:AcI)I:_”’ (Org)_u (aq) + RT In ap (aq) (36)
z,F z,F a;(org)

If aforg) is sample-independent and constant, Equations 3.3 and 3.6 can be
reduced to the well-known Nernstian equation, where E° includes all constant

terms of the membrane potential:

Eu =E°+Elna1(aq) (3.7)
z;F

For the ISE measuring cell (see Figure 3.1) the Nernstian equation can be

converted into the following expression:

E=EMK-E . =E] +s, loga, (aq) (3.8)
where

S =z—£1n10 (3.9
and

E; standard potential of the ISE measuring cell (corresponds to the intercept

of the linear electrode response function for ion I)
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S| slope of the linear electrode response function for ion I (at 25°C,

5= 59.16 mV/zI)

3.4 Selectivity

An important criterion for judging the performance of an ISE is its selectivity.
Under ideal conditions, without interferences from interfering ions, the response
of an ISE depends only on the primary ion activity in the sample and is
described by the Nernstian equation (3.8). In practice, an ISE works ideally only
in a limited concentration range. Outside this range, the measured potential is
influenced by other contributions caused by the presence of interfering ions. The

potentiometric selectivity coefﬁcient,K}’j‘, allows to predict at which

concentration of the primary ion the interference occurs.
The difference between the standard potentials, E7 and E7, of the separately
measured electrode functions for the primary ion (I) and an interfering ion (J) is

directly related to the potentiometric selectivity coefficient, which is defined as

follows;

log KPS _Ei-Er (3.10)

51

According to this equation, it is possible to calculate unbiased selectivity
coefficients only if the standard potentials have been determined with an ISE
exhibiting a Nernstian response to the primary and the interfering ions [16,17].
Usually, an ISE membrane gives a Nernstian response for highly discriminated

interfering ions only if calibration curves are recorded before contact with
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primary ions. Several other methods have been proposed to determine
selectivities but many of them suffer from biases [18].

The response of an ion-selective membrane in a sample that simultaneously
contains primary and interfering ions of the same charge, is exactly described by
the semi-empiric Nicolskii-Eisenman formalism. In this equation, the activity
term of the Nernstian equation (3.8) is replaced by the sum of activities

weighted according to the selectivity of the corresponding ions:

E:E?+Eln(a1+2Kf3taJZ‘/Z’) (3.11)
z;F Il

where
a activity of the primary ion in the sample solution [mol L]

ay  activity of interfering ions in the sample solution [mol L]

The nonlinear range of the electrode function obtained for samples containing
ions of different charges is not correctly described by the Nicolskii-Eisenman
equation. An exact description of the potentiometric response in a solution of

any number of monovalent and divalent ions is given by the following equation
[19]:

. RT 1w, .
E:El_'——ﬁ'—l EZK%),;(I) Iam)+

J(1)

)
1 1/z 2/2
pot I pot 1
EZKI,J(I) gy | T ZKI,J(Z) aj(2) (3.12)
J(1) J(2)
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where J(1) and J(2) indicate monovalent and divalent primary ion or interfering

ion, respectively (K} =1).

3.5 Detection limits

At high and low primary ion activities the electrode function deviates from the
Nemnstian behavior and becomes flat. According to IUPAC, the corresponding
upper and lower detection limits are defined by the cross-section of the two

extrapolated linear segments of the calibration curve (see Figure 3.2) [20].
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Figure 3.2. Definition of the upper and the lower detection limits according to

TUPAC [20].
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A few years ago, another definition of the lower detection limit has been
proposed for ISEs showing super-Nernstian response [21]. This new formalism
sets the detection limit at the primary ion activity where the electrode potential
deviates by (RT/z/F) In 2 from the linear Nernstian response. For ISEs behaving
in a Nernstian way, the two descriptions are almost identical.

If the concentration of the measuring ion in the membrane depends on the
sample composition, the ISE function deviates from the Nernstian behavior. At
the upper detection limit, the coextraction of primary ions together with
counterions causes an increase in the concentration of primary ions inside the
ISE membrane. This process is also known as loss of membrane permselectivity
or Donnan failure. It usually occurs in samples with high concentrations of
primary ions or containing very lipophilic counterions [22,23].

Two different processes can influence the lower detection limit. In the absence
of ion fluxes from the membrane into the sample, the lower detection limit is
only determined by interferences from other ions present in the sample solution.
This so called “static” lower detection limit can be calculated according to
Equation 3.13 if the selectivity coefficients for the ISE membrane and the

concentration of the interfering ions in the sample solution are known:

a;(DL)=K}ja,*'® (3.13)

In practice, the lower detection limit predicted by Equation 3.13 is reached only
if it is above ca. 10°-107 M. Otherwise, it is biased by primary ions leaching
from the membrane into the aqueous diffusion layer (Nerstian diffusion layer,
see paragraph 3.6).

Various treatments of the lower detection limit induced by ion fluxes are

described in the literature [21,24-26].

27



Chapter 3

3.6 Zerro-current ion fluxes

Traditionally, the internal filling solution of ISEs used to contain a highly
concentrated chloride salt of the primary ion, typically in the range of 10?10
M. The lower detection limits of this kind of ISEs were usually in the

micromolar range and the reported selectivities were relatively poor (K{§ =

10°-10"*) [6]. In contrast, with optical sensors based on the same ionophores
and membrane material as the ISEs, it was possible to achieve detection limits in
the picomolar range [27]. Only when the primary ion in the sample solution was
buffered by chelating agents or insoluble salts, did the selectivities of ISEs
apparently improve [28,29]. These discrepancies can be understood by
considering a leaching (or flux) of primary ions from the ISE membrane into the
sample solution. Although ISEs work under zero-current conditions, it has been
demonstrated that concentration gradients of ions can exist inside the ion-
selective membrane [30]. They are caused by two distinct processes occurring at
the membrane surfaces: coextraction and ion exchange. Both of them imply
exchanges of ions between the aqueous and the membrane phases without a net
charge transfer. Coextraction is the simultaneous extraction of the primary ion
together with an ion of opposite charge (counterion) from the aqueous phase
into the membrane. If it occurs at the inner membrane phase boundary, it leads
to an increased concentration of primary ions on the inner membrane side.
Therefore, a concentration gradient arises leading to a flux of primary ions and
counterions toward the outer membrane surface, where the ions then leach into
the sample solution [31]. Ion exchange is the process during which primary ions
are transferred from the membrane to the aqueous phase and, simultaneously,
interfering ions of the same charge from the aqueous phase to the membrane, or
vice versa. This process produces concentration asymmetries leading to ion
fluxes across the membrane. In contrast to fluxes induced by coextraction, the

diffusion of primary ions across the membrane is counterbalanced by a flux of
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interfering ions in the opposite direction. Depending on the experimental
conditions, the primary ion can be transported either toward the sample or the
internal solution, with the consequent enrichment or depletion of the water layer
in contact with the membrane at the sample side.

In order to obtain the best possible performance, ion fluxes in ISE membranes
must be avoided. Theoretically, this is only possible if the internal solution
matches the sample composition at any moment. In practice, this is impossible
because the internal solution cannot be varied during measurements. As soon as
the concentration of the primary ion in the sample is lower than in the internal
filling solution, outward fluxes occur biasing the lower detection limit.
Similarly, if the primary ion concentration in the internal filling solution is
chosen too low, inward fluxes will lead to a depletion of primary ions in the
diffusion layer on the sample side of the membrane. In this case, very good
lower detection limits can be achieved, but, at the same time, a so-called super-
Nernstian response is observed, i.e., the slope is higher than predicted by the
Nernstian equation [32].

The correct tuning of ion gradients inside the membrane is not an easy task.
Although for some applications, strong inward fluxes were created intentionally
[33,34], most of the efforts done to improve the ISE performance were focused
on the reduction of ion fluxes through the membrane. The first attempts to
reduce outward ion fluxes and improve the lower detection limits of ISEs was to
keep the primary ion activity in the internal solution low and constant using
buffering agents or ion-exchange resins [35]. For example, by the use of
Na,EDTA, the lower detection limit of Pb*"-selective electrodes could be
extended to the picomolar range [36]. Similar results were obtained by
decreasing the ion-exchanger concentration, increasing the thickness of the
membrane, decreasing the content of plasticizer [37], or incorporating lipophilic

particles into the surface layer of the ISE membrane [38]. However, all these
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procedures often had adverse effects such as loss of selectivity and increase in
the conditioning or response time.

Another very promising approach to reduce ion fluxes through the membrane
and to improve the lower detection limit of ISEs is the use of solid-contact ion-

selective electrodes, which are the main topic of this thesis and are introduced in

the next chapter.
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4 Solid-contact ion-selective electrodes

4.1 Introduction

Conventional liquid-contact ion-selective electrodes (LC ISEs) containing an
internal filling solution (see Figure 4.1) exhibit very stable and reproducible
potentials (typical standard deviation of noise, 60-80 pV). These are provided
by coupling the ionic conductivity of the membrane and internal filling solution
(aqueous chloride salt solution) with the electronic conductivity of the internal
reference half-cell (Ag/AgCl or Hg/Hg,Cl,) via a reversible redox reaction
(Ag/Ag" or Hg/Hg"). For microfabrication technologies, which are required e.g.,
for real time in-vivo monitoring, classical LC ISEs with a large volume of
internal filling solution are not adequate. To reduce this volume, the use of thin
hydrogel layers in combination with conventional internal reference electrodes
or with ion-selective field effect transistors (ISFETs) (e.g. [39]) was proposed.
Later, it was demonstrated that such ISEs can be, e.g., successfully applied for
in-vivo H' monitoring [40,41]. Unfortunately, the decrease in sensor size
(hydrogel volume) was accompanied by a loss of potential stability and
reproducibility. For true miniaturization, it was, therefore, necessary to replace
the internal filling solution in ISEs with a solid contact (see Figure 4.1). The
first type of a solid-contact ISE (SC ISE) was the so-called coated-wire ISE
where the membrane cocktail was directly cast on a metal electrode [42-45]. The
coated-wire setup suffers from large drawbacks: The electrodes show long-term
potential instabilities (potential drifts) and irreproducibilities, which are usually
attributed to the lack of a thermodynamically well defined interface between the
ionically conductive ISE membrane and the electronically conductive internal

metal electrode [44,46]. Additionally, osmotic transport of water into the ill-
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defined region between membrane and internal electrode due to poor membrane

adhesion causes further potential drifts [47].

LC ISE SC ISE

Internal reference Internal metal
half-cell " electrode
(Ag/AgCl) .. _ >
Internal filling
solution \
™~ /Solid contact

Ton-selective
membrane

Figure 4.1. Comparison of a liquid-contact (LC ISE) and a solid-contact ion-

selective electrode (SC ISE).

In order to obtain a thermodynamically well-defined electrochemical interface
between membrane and internal electrode, it was suggested to employ a redox-
active intermediate layer (solid contact) or add an appropriate redox-active
compound to the ISE membrane. To validate this approach, various solid-
contact materials have been examined in different working groups. Hauser et al.
used poly(vinyl ferrocene) [46]. The resulting electrodes were not sensitive to
oxygen and showed improved potential stabilities as compared with coated-wire
ISEs, but still not as good as those of LC ISEs. Another attempt to improve the
potential stability was made by Liu et al. who incorporated a lipophilic Ag"
complex into the ion-selective membrane that was in contact with a Ag surface.

Although the redox couple improved the potential stability of the electrode, its
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working range was reduced as compared with the coated-wire analogue [48].
The most widely established solid-contact materials are conducting polymers.
They are used in a variety of sensors (e.g., polypyrrole [49-52], polythiophenes
[53-57], and polyaniline [53,58]) and will be discussed in Chapter 6.

The next paragraph deals with the working mechanisms of the SC ISE response

and elucidates consequential requirements for solid-contact materials.

4.2 Basic principles of SC ISEs

The basic working mechanisms of SC ISEs are shown in Figure 4.2 for K-
selective SC electrodes a) without and b) with an internal redox-active layer on
gold as the internal electrode. As mentioned above, the transition between ionic
(membrane) and electronic (internal electrode) charge transport in coated-wire
electrodes (Figure 4.2 a) is electrochemically not well defined. Nevertheless,
they give Nernstian response, although they show drifting potentials. Therefore,
a redox-active intermediate is required at the membrane/metal interface. Since
PVC membranes are permeable to both, oxygen and water, it was suggested that
in coated-wire electrodes an oxygen half-cell is built-up at the membrane/metal
interface acting as a redox couple [42,43]. Most likely, futher redox-active
species (e.g., impurities) present in the membrane or on the metal surface are
involved in this process [45]. On introducing a redox-active material as a solid
contact between membrane and metal providing a well-defined potential at this
interface, the potential stability of the SC ISE is improved (Figure 4.2 b). In the
case of the coated-wire setup or of insufficient lipophilicity of the solid-contact
material, a water layer is formed between membrane and metal electrode. The
composition of this water film changes upon changes in the sample composition,

thus, causing additional potential drifts [59].
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b)

Figure 4.2, Working mechanisms of SC ISEs: a) coated-wire ISE, b) ISE with a
redox-active solid contact. O: Valinomycin; TFPB: tetrakis[3,5-bis-
(trifluoromethyl)phenyl]borate; R/R™: redox couple; A™: counter ion of R”
(e.g.,TFPB").

For the above, it was concluded that in order to get SC ISEs with stable

potentials, the solid-contact material must meet the following requirements:

-It has to be redox-active to provide an interface for ionic and electric charge
transport between membrane and metal electrode.

-It has to be highly lipophilic (contact angles >80° [60], see also paragraph
4.3.1) to prevent the formation of a water layer between membrane and internal

electrode.

The second requirement should also assure improved lower detection limits
since leaching of primary ions from the internal filling solution as observed in

LC ISEs is avoided. So far, this was shown only by Fibbioli et al. [60,61] on the
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example of a K'-selective polyurethane membrane electrode with a self-
assembled monolayer (SAM) as a solid contact.

Not only the solid-contact material but also the composition and the resulting
adhesion of the membrane to the internal electrode are crucial to inhibit the
formation of an internal water layer in SC ISEs [60]. Additionally, for planar
sensors like SC ISEs, ISFETs, and hydrogel-based ISEs, poor membrane
adhesion determines to a great extent the sensor’s lifetime because it leads to
electrolyte shunts around the membrane rendering the sensor inoperative
[40,41,47,62]. It is known that the matrix/plasticizer ratio influences the
adhesion properties of the membrane [47,63]. Aside from the commonly used
PVC, such matrices as hydroxylated PVC, polyurethane, and silicon rubber were
examined. Especially membranes based on polyurethane and silicon rubber
showed better adhesion properties than plasticized PVC membranes [47,57,63-
66].

Sensors for in-vivo measurements, additionally, have to be biocompatible
[47,62,63,67] and, therefore, any dissolution of membrane components into
living tissue has to be avoided or at least reduced because it may cause serious
inflammatory reactions and even thrombosis, apart from giving unstable
measurements. It was shown that the reduction of plasticizer content improves
the biocompatibility of ISE membranes. For example, polyurethane (Tecoflex®)-
based membranes (for structure, see Figure 4.3) were used with low amounts of,
or even without, plasticizer leading to improved biocompatibility and membrane
adhesion, with no significant deterioration of the general analytical

characteristics of the sensors [63].

35



Chapter 4

O
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Figure 4.3. Structure of Tecoflex” polyurethane.

The class of polyacrylate and poly(n-alkyl)acrylate copolymers applied in
optical ion sensors [68,69] as well as in ISFETs [70] became also attractive as a
matrix for Ion-selective membranes. Due to their low glass transition
temperature, these polymers allow the preparation of plasticizer-free membranes
as described, e.g., in [71-80]. Diffusion in such membranes is approximately a
thousand times lower than in plasticized PVC membranes [81]. Only recently,
ISEs with a polypyrrole solid contact and a methacrylic-acrylic polymer
membrane were introduced showing an example of successful application of
plasticizer-free membranes in solid-contact electrodes [82].

In order to examine solid-contact materials and the potential stability of the
corresponding SC ISEs, a variety of investigations were done. The techniques

used in this thesis are reviewed in the next paragraph.

4.3 Study on solid-contact layers and the corresponding SC ISEs

4.3.1 Analytical tools for the investigation of solid-contact layers

Contact angle measurements
Contact angle measurements are used to determine the wetting properties of
surfaces [83]. In this work, only the so-called advancing contact angles (©,)

were measured. The contact angle corresponds to the angle between a surface
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and the boundary of a liquid droplet placed on it and can be measured with a

goniometer.

Figure 4.4. Contact angle of a) a hydrophilic and b) a hydrophobic surface.

For solid-contact materials, the contact angle of water is of interest. If the
surface is hydrophilic, the measured angles are close to 0°, whereas for

hydrophobic surfaces, angles over 90° are observed (see Figure 4.4).

Cyclic voltammetry

The electrochemical behavior of redox-active layers (monolayers and thicker
films) can be examined by cyclic voltammetry. Figure 4.5 shows a cyclic
voltammogram (CV) of a metal electrode modified with a monolayer of a redox-
active species. Characteristic features of the CV are marked in the Figure. The

peak current (i,) is given by the following Equation [84,85]:

. _n F?AVD

4.1
P 4RT “.D

where
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R universal gas constant (8.314 J K™ mol™)
absolute temperature [K]
F  Faraday constant (96 485 C mol™)
ip peak current [A]
N stoichiometric number of electrons involved in the redox reaction

A surface area of the metal electrode [cm?]
scan rate [V s7']
r molar surface coverage of the metal electrode with redox-active species

[mol cm™]

Here, i, is proportional to the scan rate. This is in contrast to the peak current of

ideal Nernstian voltammetric waves for freely diffusing species in solution,

which is proportional to \;‘_ see also Equation 4.6).

Peak potential (Ep)

Peak current (ip)

Peak area (Ap)

VA

E/V

Figure 4.5. Theoretical, reversible cyclic voltammogram of a metal electrode

modified with a redox-active monolayer.
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For ideal, surface-determined redox reactions with the redox-active substance
immobilized on the metal electrode, the anodic (E,,;) and cathodic (E,.) peak
potentials are identical, whereas for redox-active species in solution, the peak

separation (AE,) is given by Equation 4.2:

AE, = 59.16

[mV] (4.2)

The standard potential (E°) of the redox reaction is calculated as follows:

=Epa+Epc
2

E° 4.3)

Under certain conditions, the treatment discussed in this section for thin redox-
active monolayers can also be applied to thicker films, but voltammetric waves
of such systems often deviate from the above discussed ideal behavior [85]. For
thicker films, e.g., the presence of inhomogeneities as well as charge transport
through the film play a role.

The surface coverage of a metal electrode with redox-active species can be
estimated by cyclic voltammetry. First, the peak area (A,, see Figure 4.5) of
either the reduction or the oxidation peak, which are equal for ideal reactions, is
integrated. This allows to calculate the electric charge (Q, Equation 4.4) used in
this redox process and from it, the overall amount of redox-active species on the

electrode surface (n):

Q=-* (4.4)
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and
Q

n=-— 4.5
. (4.5)

with

A, peak area of the reduction or the oxidation peak [W]

Q electric charge used in the redox process [C]

n overall amount of redox-active species on the metal electrode surface

[mol]

After this, the redox-active layer is removed from the metal electrode. By
recording CVs at different scan rates in a redox marker solution, for which the
diffusion coefficient in the solvent is known, the slope of the plot of i, vs. v' 1is

determined (Equation 4.6) and from there, the electrode surface (A) [84]:

o]

3 1/2
i =0.4463 1 n,?AD_Y*civ!? (4.6)
P RT

where
D, diffusion coefficient of redox marker in the solvent used [em® s

*

. . . 3
c concentration of redox marker in the solution [mol cm™]

(o]

With n and A being known, the molar surface coverage (I') is obtained from the

Equation 4.7:
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r= 4.7)

n
A

4.3.2 Study on the potential stability of SC ISEs

It is not easy to quantify potential drifts and erratic changes in the response of
SC ISEs. Therefore, several potentiometric tests were developed in order to have

a measure for these potential instabilities.

Water layer test

The presence of a water layer in SC ISEs between the internal electrode and the
membrane was proved, for the first time, by Fibbioli et al. [59] by means of a
so-called potentiometrical water layer test where the behavior of a coated-wire
type electrode was compared to that of a SC ISE having a lipophilic, redox-

active SAM as solid contact.

Al B ! A Al B | A
| B
i | A: 0.1 MKCI
N B: 0.1 M NaCl
E &
=
& A:0.1MKCl | &
B: 0.1 M NaCl
ISOmV I5Omv
S
| | | 1 1 | | |

0 5 10 15 20 25 0 5 10 15 20 25
t/h t/h
a) b)

Figure 4.6. Water layer tests of K'-selective SC ISEs: a) coated-wire type ISE,
b) SC ISE with a lipophilic, redox-active SAM on gold as solid contact [59].
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The SC ISEs under study were conditioned in a concentrated solution of the
primary ion. Then, the sample was exchanged for a solution of an interfering ion
and after that, for the conditioning solution again (see Figure 4.6). For coated-
wire electrodes, an EMF drift to higher potentials was observed when the
primary ion solution was exchanged for one of an interfering ion. The drift was
attributed to a fast exchange of K* ions in the internal water layer for Na'.
Exposed to the primary ion solution again, the SC ISEs showed a drift to lower
potentials, indicating that Na" ions in the internal water layer were slowly
exchanged for K'. The observed electrode response was also predicted by a
theoretical model based on an ISE with a very thin water film as an internal
reference solution [59]. By using a lipophilic, redox-active SAM as solid
contact, the drift of electrode potentials upon changes in the sample composition
was eliminated. Hence, it was concluded that the lipophilic SAM on the gold

electrode prevents the formation of an internal water layer.

Oxygen test

By the oxygen test, the SC ISE is tested for its response toward a redox-active
species in solution capable of diffusing into and through the sensor membrane.
The O, concentration of the sample solution is altered by bubbling alternately
argon (or nitrogen) and oxygen through it, while the EMF of the SC ISEs is
monitored. An example of such an oxygen test is shown in Figure 4.7, where the
response of a coated-wire type electrode is compared with that of a SC ISE
having a SAM of ethyl (8-sulfanyloctyl)-1,2-methano[60]fullerene-61,61-
dicarboxylate as solid contact [61]. While the electrode without SAM showed a
large potential step (about 20 mV) under the influence of oxygen, the use of the
redox-active SAM as solid contact prevented the sensitivity to oxygen of these

SC ISEs.
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Figure 4.7. Example of an oxygen test on SC ISEs without and with a redox-
active SAM [61].

CO;, test

In analogy to the oxygen test, the CO, concentration of the sample solution is
altered by bubbling alternately argon (or nitrogen) and carbon dioxide through
it, while the EMF of the SC ISEs is recorded. It is mainly applied in order to
check if SC ISEs respond to pH changes in the sample (see e.g., [86]). It was not
applied in this work.
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S Redox-active polysiloxane layers on gold surfaces for solid-

contact ion-selective electrodes

5.1 Introduction

Recently, in a number of works by Fibbioli et al. [60,61,87], it was shown that
redox-active lipophilic self-assembled monolayers (SAMs) can be used as
transducers for the process of switching between ionic and electronic
conductivity required for the preparation of solid-contact ISEs. Examined SC
ISEs based on SAMs exhibited a significantly improved potential stability and
lower detection limits as compared with the analogous coated-wire type ISEs.
However, in view of miniaturization, which is one of the main goals in the
development of SC ISEs, the application of SAMs has a disadvantage. The
number of defects in a SAM strongly depends on the surface properties of the
substrate. The preparation of sufficiently dense layers requires microscopically
smooth substrate surfaces [88], which are extremely difficult to obtain with the
dimensions of microelectrodes. To overcome this problem, it was proposed to
apply a novel surface modification with polysiloxanes introduced by the group
of Prof. U. Suter at the ETH Zirich in 1998. These highly Ilipophilic
polysiloxane layers can be further modified with redox-active compounds and,
thus, they meet the requirements necessary for developing SC ISEs. According
to ref. [89], polysiloxanes containing Si—H bonds can be covalently bound to
metal surfaces (Al, Ti, Cr, Fe, and Cu) by activation of the Si—H bond with the
Pt catalyst, cis-[PtCl,(PhCH=CH,),]) (Ph: C4¢Hs—). The surface lipophilicity of
substrates modified with Si—-H-terminated H-poly(dimethylsiloxane) (H-PDMS,
see Figure 5.1, a) is very high. The advancing contact angles of water measured
on these substrates are in the range of 108-115°, which is comparable to those

of bulk H-PDMS. As the contact angle is very susceptible to the surface
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composition, it was concluded that the surface was covered to a large extent
with the polymer and that the polymer layer determined the surface properties.
Upon washing the sample in organic solvents (chloroform, toluene, hexane, and
tetrahydrofuran), the thickness of the polysiloxane layer initially decreased
slightly and then remained constant for several days, proving that the polymer

was strongly bound to the surface.

(|:H3 TH3 CHg CH3
H‘éSl"‘“"O Si—H H3C—Sl—-0—681—0>—81-—-—CH3
0 |
CHj;3 CHj CH3 CH3 CH3
a) b)

Figure 5.1. Structures of a) H-poly(dimethylsiloxane) (H-PDMS) and b)
poly(methylhydrosiloxane) (PMHS).

Poly(methylhydrosiloxane) (PMHS, see Figure 5.1, b) containing Si—H bonds in
the polymer backbone was successfully attached to Al, Fe, and Cu surfaces
resulting in layers of 5-8 nm thickness, giving advancing contact angles of 94—
110°.

Gold, which is often used for preparing SC ISEs, was also examined as a
substrate for the polysiloxane modifications. The mechanism of the reaction is
not yet fully understood. However, it is known that in the presence of cis-
[PtCl,(PhCH=CH,),], hydrosilane compounds can be linked to alkenes,
acetylenes, ketones, and alcohols upon cleavage of the Si—H bond [90-92].
Therefore, Hirayama et al. proposed two alternative mechanisms for attaching
polysiloxanes to metallic substrates: either via formation of Au-Si bonds or by

binding the polymer as a Pt-Si complex to the surface [93]. The layer
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thicknesses for H-PDMS and PMHS were in the range of 5 nm and the
advancing contact angles 115° and 91°, respectively [93]. The formation of such
thick layers of polysiloxane corresponds to the folded conformation of the
immobilized polymer forming loops and tails on the surface (for schematic

illustration, see Figure 5.2).

CH; H
me, od_o 0\ /
CH; \_/g—>1 Si—O
Si , / \CH
/ \H 3
Si—O0 /Si/o
" W]
Au

Figure 5.2. Schematic illustration of a PMHS-modified gold surface, adapted
from [93].

5.2 Modifications of PMHS and PDMS layers on gold surfaces with redox-

active compounds

The high lipophilicity achieved for polysiloxane-modified substrates makes
these polymers very attractive for the preparation of new solid-contact materials.
Further development of polysiloxanes in this direction requires their
modification with redox-active compounds providing redox activity to the
lipophilic material. Hirayama et al. demonstrated that PMHS layers on metal
surfaces act as an adhesion promoter for two-component silicone resins in the
presence of a Pt catalyst [94]. The reaction is based on the catalytic
hydrosilylation of alkene bonds in the resin by Si~H bonds still present in the
PMHS layer after attaching it to the metal. Recently, it was also shown that a
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biotin derivative containing a double bond can be attached to PMHS layers on
Au in the presence of cis-[PtCl,(PhCH=CH,),] [95].

On the basis of the results mentioned above, it was concluded that redox-active
species bearing an adequate functional group, such as a double bond or a
hydroxyl group, can be bound to PMHS layers immobilized on metal surfaces.
Vinylferrocene and hydroxymethylferrocene were chosen as reasonable
candidates for this purpose since ferrocene compounds are well studied and

broadly used for electrochemical applications.

3.2.1 PMHS layers modified with vinylferrocene or

hydroxymethylferrocene on gold surfaces

A direct route to modify polysiloxane layers with redox-active centers is the
binding of a ferrocene compound to the freshly prepared PMHS layer in the
presence of the same Pt catalyst used for the attachment of that layer to the
metal substrate (Fig. 5.3). Advancing contact angle measurements are used to
verify the formation of the PMHS layer and to have a measure of its surface
lipophilicity, while cyclic voltammetry is applied to confirm the attachment of
ferrocene.

The modification of polysiloxane-coated gold surfaces was performed with
vinylferrocene from two batches of different age. The reaction with a five years
old portion resulted in a layer characterized by a clear ferrocene peak observed
in the cyclic voltammogram (CV), while modification with a newer one (less
than one year old) yielded a layer without any redox activity. Comparison of
these two portions of vinylferrocene in thin layer chromatography revealed the
presence of at least four impurities in the older batch. Although the amount of
impurities was too small to be identified, each of them or even their combination
could act as a cocatalyst, allowing the desired attachment of vinylferrocene to

the PMHS layer. Unfortunately, neither the variation of reaction conditions nor
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the addition of known cocatalysts for cis-[PtCl,(PhCH=CH,),] resulted in the
attachment of the vinylferrocene of the newer batch to the PMHS layer.

c FH3 H
H; O \
CH; H CH \ . A—=Si—0 PV
| 3 | | 3 1. "Ptcat", toluene (|:H3 S/H ! l ,SI\O
H3c—s|1—o-(s|1——o)—sl—CH3 - _ .o H g0 CH
CH; CHj " CH; 2. Gold substrate | HC™ |
Au
Fc

a) i

— i Fe &G CHs

1. "Ptcat”, toluene ?1 H;C S|1
Fc
b) HiC o~ ’/ Hs O\//
" " ?HS X 1/ SIHO S]_O

1. "Ptcat”, toluene _ §i—g~ O Fc S1"O CH3
2. Hydroxymethylferrocene | HyC” |

Au
"Ptcat"; cis-[PtCl(PhCH=CH,)] Foi —f ]

Fe

Figure 5.3. Reaction sequence for modifying a gold surface with PMHS
followed by the modification with a) vinylferrocene or

b) hydroxymethylferrocene, respectively.

The desired immobilization of ferrocene on the PMHS layer was achieved after

replacing vinylferrocene by hydroxymethylferrocene. However, the redox peaks
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of ferrocene observed in the CVs corresponded to a very small amount of redox-
active compound present on the surface. Increases in the reaction time of up to
24 h or in the reaction temperature of up to 60-80°C did not significantly affect
the yield (see Figure 5.4). To improve the yield, the modification of PMHS with
ferrocene compounds before its attachment to gold surfaces was examined as an

alternative route for preparing redox-active polysiloxane layers.

6 | | | |
0.2 0.4 0.6 0.8 E/V

Figure 5.4. CV of a gold wire consecutively modified with PMHS and
hydroxymethylferrocene (reaction time: 24 h), recorded in 0.1 M Buy,NPF; in

methylene chloride at a scan rate of 1 V s,

3.2.2 Gold surface modifications with PMHS-vinylferrocene and PMHS-

hydroxymethylferrocene polymers

The reaction of PMHS with vinylferrocene and the subsequent coverage of a

gold surface with the resulting polymer were performed in the same reaction
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solution. Since Si—-H bonds participate in both reactions, the amount of
vinylferrocene added in the first step was calculated to substitute only about 8 %
of these bonds in PMHS so that the remaining reaction centers could be used for
the reaction of the polymer with the gold surface.

After adding the Pt catalyst to a solution of PMHS and vinylferrocene in
toluene-ds, 'H-NMR spectroscopy data clearly showed that the peaks
corresponding to the double bond of vinylferrocene (6.4, 5.3, and 5.0 ppm) had
disappeared. On the other hand, the reaction was accompanied by the
appearance of multiplets at 2.6, 1.5, and 1.1 ppm ascribed to the newly formed
CH,~CH, bond between Si and the ferrocene group. Unfortunately, the
complexity of the "H-NMR spectrum did not allow any conclusion concerning
the exact structure of the newly formed polymer. Two possible structures
corresponding to the main (a) and side (b) reactions according to [92] are shown

in Figure 5.5.

Fc¢

CH3 l/l CH; CH; H Fec CH;
] 0 v
H;C— Sl -6 i—QO Sl— Si—CHj; H3C-'Sl—O%Si_())—{Si“‘O)’Si“—CHg
y | | I Mooy |

CH; CH; CH, CH; CH; CH; ~ CHs

a) b)

Figure 5.5. Possible structures of the PMHS-vinylferrocene polymer (Fe:
ferrocenyl):

a) poly[methyl-(2-ferrocenylethyl)siloxane-co-methylhydrosiloxane],

b) poly[methyl-(1-ferrocenylethyl)siloxane-co-methylhydrosiloxane].

The CVs, measured immediately after removing the gold beads from the

reaction solution, clearly showed the redox peaks of the ferrocene group. To
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monitor the stability of the ferrocene attachment, the modified beads were
immersed in toluene for 14 days and CVs were recorded almost every second
day. After 12 days in toluene, the ferrocene peaks had completely disappeared
(see Figure 5.6; for simplicity reasons, only 3 CVs are shown). It was concluded
that ferrocene was entrapped but not covalently bound to the polysiloxane layer.

As a result, ferrocene was washed out during the immersion in toluene.

9 | | | |
0.2 0.4 0.6 0.8 E/V

Figure 5.6. CVs of a gold bead modified with PMHS-vinylferrocene polymer
acquired immediately after the surface modification (i) and after 5 days (5 d)
and 12 days (12 d) of immersion in toluene. The CVs were recorded in 0.1 M

BuyNPF in methylene chloride at a scan rate of 1 V s

The lipophilicity of the polymer-covered surface was monitored by measuring
the advancing contact angles on glass slides, whose surface was covered first

with gold and then with the PMHS-vinylferrocene polymer. Immediately after
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completing the reaction, the contact angles were about 80°. Washing of the
modified substrates in toluene for 14 days did not affect this value, indicating
that the PMHS layer was still present on the gold substrate, even though
vinylferrocene had been washed out. This conclusion, evidentely, contradicts the
'H-NMR data, which showed that the double bond in vinylferrocene had
disappeared, indicating that it had reacted with the polysiloxane. The sole
explanation for both observations is that only a relatively low number of PMHS

chains, which had reacted with vinylferrocene, were bound to the gold surface.

In complete analogy to the above reaction with vinylferrocene, the modification
of PMHS with hydroxymethylferrocene was explored as a potential route for the
preparation of redox-active polysiloxane layers. Overnight immersion of gold
samples (slides and beads) in the reaction solution was accompanied by the
formation of a light brown precipitate, most likely due to polysiloxane cross-
linking in the presence of the OH groups of hydroxymethylferrocene.

The advancing contact angles of water measured on gold slides covered with
this precipitate were in the range of 95-110°, i.e. 15-30° higher than those
observed for the PMHS-vinylferrocene polymer, which confirms the suggested
cross-linking. However, these values decreased by about 10° after immersing
the slides in water, presumably because of hydrolysis of the Si-O bond. As to
the modified gold beads, on part of them were soaked in toluene and the other in
water. The corresponding CVs displayed ferrocene peaks that were more or less
stable after 3 weeks of immersion in toluene but after the same treatment in
water, the CVs showed a drastic decrease in the amount of ferrocene on the
modified surface, which was also explained by hydrolysis of the Si—O bonds of

the attached ferrocene groups.

53



Chapter 5

5.2.3 PMHS layers modified with 1-ferrocenylundec-10-en-1-one on gold

surfaces

Compared with hydroxymethylferrocene, vinylferrocene looks much more
promising as a reagent for introducing redox-active centers in PMHS since the

Si-C bond formation is not affected by hydrolysis. Most probably, steric
hindrance caused by the close proximity of the double bond to the ferrocene unit
prevented successful attachment of vinylferrocene to the PMHS layers. A new
ferrocene derivative, 1-ferrocenylundec-10-en-1-one (Figure 5.7) with a long
alkyl chain between ferrocene and the double bond was synthesized and its

reaction with PMHS was examined.

|

Fe

S

Figure 5.7. Structure of 1-ferrocenylundec-10-en-1-one.

The CVs of gold beads consecutively modified with PMHS and 1-
ferrocenylundec-10-en-1-one clearly showed the redox peaks of the ferrocene
group (see Figure 5.8). The peak current and, therefore, the amount of ferrocene
on the different Au beads cannot be compared with each other because the size
of the electrode area varies from bead to bead.

After the first CV measurement, one part of the beads were immersed in water
and the other in toluene. The ferrocene peaks measured directly after the
reaction decreased drastically by immersing the beads in toluene (see Figure

5.8) indicating a noncovalent attachment of the ferrocene to the PMHS layer.
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For the beads immersed in water, a decrease in the ferrocene peaks was
observed too, even though less distinctly (see Figure 5.8). Most probably, it was
caused by cross-linking of the polysiloxane layer since the poor solubility of 1-

ferrocenylundec-10-en-1-one in water would exclude the elution processes.

0.2 0.4 0.6 08 E/N 0.2 0.4 0.6 0.8 E/V

a) b)

Figure 5.8. CVs of gold beads whose surface was first modified with PMHS
and then with 1-ferrocenylundec-10-en-1-one, recorded immediately after
surface modification (i) and after one day (1 d) and 6 days (6 d) of immersion in
a) toluene and b) water. The CVs were recorded in 0.1 M BuyNPF¢ in methylene

chloride, scan rate 1 Vs

5.2.4 Gold surface modification with PMHS-1-ferrocenylundec-10-en-1-

one polymer

The reaction of PMHS and 1-ferrocenylundec-10-en-1-one in solution was
examined in the same manner as described in paragraph 5.2.2. The amount of

ferrocene compound used for the reaction was calculated to substitute
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approximately 3% of the Si-H bonds in PMHS. The CVs of gold beads
modified in this way, measured directly after completing the reaction showed

two redox couples present on the electrode surface, with E° at ca. 0.4 V and ca.

0.7 V (see Figure 5.9).

80
1-Ferrocenylundec-

10-en-1-one
in solution

Acetylferrocene
in solution

Polymer of PMHS and
I-ferrocenylundec-
10-en-1-one on gold

-80 | | I | 1 |
0.1 0.3 0.5 0.7 0.9 1.1  E/NV

Figure 5.9. The CV of a gold bead treated with a polymer of PMHS and 1-
ferrocenylundec-10-en-1-one measured directly after completing the reaction in
comparison with CVs of dissolved acetylferrocene and 1-ferrocenylundec-10-
en-1-one (each 1 mM; working electrode: gold disk of 7 mm? area). The CVs
were all recorded in a solution of 0.1 M BuyNPF; in methylene chloride, scan

rate 1 Vs,

The formation of these two redox species correlates with the presence of two
centers, i.e. a carbonyl group and a double bond, in 1-ferrocenylundec-10-en-1-

one capable of reacting with PMHS in the presence of the Pt catalyst. The redox
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potential of the couple at 0.7 V is close to that obtained for 1-ferrocenylundec-
10-en-1-one dissolved in the same electrolyte solution and was ascribed to the
ferrocene attached to PMHS via a CH,—Si bond (see Figure 5.10 a). In this case,
the polymer backbone is separated from the redox center by the large C,o alkyl
chain and, therefore, has no influence on the redox potential of the ferrocene
group.

To confirm the hypothesis of two reaction centers present in 1-ferrocenylundec-
10-en-1-one, the reaction of PMHS was repeated with acetylferrocene. The CVs
of gold beads modified with this new polymer showed peaks of a redox couple
with E° at 0.45 V. Thus, the couple at 0.4 V in the CV of the gold beads
modified with the PMHS-1-ferrocenylundec-10-en-1-one polymer was ascribed
to the ferrocene compound bound to PMHS via an O-Si bond (see Figure 5.10
b).

=
Fe
A (H:Os\ ¥
(CHy)s™ Yy Y €
CH3 H (|3H3 CHj3
H;C— Sl—- -651—0 Sl"""'O S|1—CH3 H;C— Sl -681'—"0 Sl— )—Si—CH3
CH:, CHjs CH3 CH3 CH3
a) b)

Figure 5.10. Possible structures of the PMHS-1-ferrocenylundec-10-en-1-one
polymer (Fe: ferrocenyl): a) poly[methyl-(11-ferrocenyl-11-oxoundecyl)-
siloxane-co-methylhydrosiloxane], b) poly[methyl-(1-ferrocenylundec-10-

enyloxy)siloxane-co-methylhydrosiloxane].

Beads modified with the PMHS-1-ferrocenylundec-10-en-1-one polymer were

immersed in toluene or water. For both solvents, the amount of ferrocene centers
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present on the surface decreased with time. After 3 weeks in toluene, according
to the CVs, the amount of the redox couple at 0.4 V was still decreasing,
whereas it remained approximately the same for the couple at 0.7 V. In water,
the amount of both redox couples monotonously decreased (see Figure 5.11).
Immersion in water for more than 5 weeks resulted in a shift of both oxidation
peaks to higher potentials. This potential shift, however, was not observed in the
case of CV measurements at a lower scan rate (0.1 V s™). For the samples
immersed in toluene, neither peak shifts nor the influence of different scan rates

on the redox potentials could be detected (see Figure 5.12).

150

-150

Figure 5.11. CVs of gold beads treated with PMHS-1-ferrocenylundec-10-en-1-
one polymer acquired immediately after surface modification (i) and after 1, 3,
and 5 weeks (1 w, 3 w, and 5 w, respectively) of immersion in a) toluene and b)
water. The CVs were recorded in 0.1 M BuyNPF in methylene chloride, scan

rate 1 Vs,
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During the oxidation of the immobilized ferrocene, the electrolyte anion must be
transported into the polysiloxane layer to preserve electroneutrality. Hence, the
character of the CVs recorded depends on the size of the anion, the structure of
the examined layer, and the scan rate, as has been shown previously for
ferrocenes immobilized in sol-gels [96].

These repeated CV measurements strongly indicated that Si—-H and Si—-OR
bonds were slowly hydrolyzed in the presence of water, whereupon cross-
linking of PMHS took place. Within a cross-linked polysiloxane layer, redox
centers become less accessible for the electrolyte anion and therefore, their

oxidation requires higher potentials.

60
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a) b)

Figure 5.12. CVs of gold beads treated with PMHS-1-ferrocenylundec-10-en-1-
one polymer measured at two different scan rates (1 and 0.1 V s™) after 5 weeks
of immersion in a) toluene and b) water. The CVs were recorded in 0.1 M

BuyNPF¢ in methylene chloride.
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Saturation of non-reacted Si—H bonds with an alkene of low molecular mass,
e.g., l-pentene, was proposed in order to minimize cross-linking in PMHS
polymer layers. After the treatment of gold beads with a toluene solution
containing pentene and the Pt catalyst, the peaks of the redox couple at 0.4 V
almost (in some cases, even completely) disappeared (see Figure 5.13)

indicating a partial substitution of Si—O bonds by Si—~CH, bonds.

35
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Figure 5.13. The CV of a gold bead whose surface was first modified with
PMHS-1-ferrocenylundec-10-en-1-one polymer and afterwards with 1-pentene,

recorded in 0.1 M Bu,NPF; in methylene chloride, scan rate 1 V s

Advancing contact angles measured on gold-coated silicon wafers modified in
this way with 1-pentene were even higher than for the samples modified with

the PMHS-1-ferrocenylundec-10-en-1-one polymer only (see Table 5.1),
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demonstrating that the lipophilicity of the polymer surface could be increased by

treatment with 1-pentene.

Table 5.1. Advancing contact angles of water measured on nonmodified and

modified gold-coated silicon wafers (SD, n = 6).

Surface Contact angle [°]
Gold 55.1+3.7
PMHS-1-ferrocenylundec-10-en-1-one

83.0+2.3
polymer on gold
PMHS-1-ferrocenylundec-10-en-1-one

97.6 1.6

polymer and 1-pentene on gold

5.2.5 Poly(vinylferrocene) entrapped in PMHS and H-PDMS

Physical entrapment of poly(vinylferrocene) (PVF) in polysiloxane layers on Au
surfaces was the third approach examined for modifying polysiloxane layers
with redox-active species. This type of modification can be carried out at higher
concentrations of polysiloxane since a high amount of the redox-active species
is already present in the reaction solution. As a result, physical entrapment
allows the preparation of thicker polymer films, which provide better electrode

surface coverage and higher density of redox-active compound.

Entrapment of PVF in PMHS layers

Poly(vinylferrocene) was entrapped in PMHS by simply adding it to the reaction
solution during the surface modification of gold with the polysiloxane.
Comparison of the CVs of PVF in solution and that of a gold bead modified
with PMHS in the presence of PVF demonstrated that PVF was indeed
immobilized in this newly formed PMHS layer (see Figure 5.14). Owing to the
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inhomogeneous surroundings within the polysiloxane matrix, the redox peaks of

PVF in the PMHS layer were broader than those of PVF in solution.

8
PVF entrapped in
PMHS on gold
4 —
<L
2 0
4 PVF in solution
8 | | | I
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Figure 5.14. CV of a 0.2 mM solution of PVF in methylene chloride containing
0.1 M NBusPF¢ and of a gold bead covered with a PMHS-PVF layer monitored
in 0.1 M Bu;NPF, in methylene chloride; scan rate 0.1 V s™.

The difference between cathodic and anodic peaks increased with increasing
scan rate (see Figure 5.15). Similarly to cross-linked PMHS-ferrocenylundec-
10-en-1-one polymer layers (cf. paragraph 5.2.4), CVs of the PMHS-PVF layer

showed poor accessibility of the redox centers for the electrolyte anion.
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Figure 5.15. CVs of a gold bead covered with a PMHS-PVF layer recorded in
0.1 M BuyNPF¢ in methylene chloride and measured at different scan rates (1,
0.5,and 0.1 Vs™).

The stability of the PMHS-PVF layer on modified gold beads immersed in
methylene chloride or water were examined by repeated CV measurements. In
this case, methylene chloride was used as a solvent for surface modification
because PVF is better soluble in it than in toluene. After 5 d, the CVs of Au
beads immersed in methylene chloride became stable (Figure 5.16 a) indicating
that a large part of PVF was not washed out of the polysiloxane matrix. On the
other hand, the CVs of beads immersed in water were still changing shape and
peak height even after 30 d (Figure 5.16 b). Most probably, cross-linking in the
PMHS layer induced by water led to changes in the surroundings of the redox

centers and therefore to changes in the observed CVs.
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The surface coverage of PVF on gold beads was determined by cyclic
voltammetry immediately after the surface modification and was 1.1 + 0.3 x 10”
mol cm™ (relative to the monomer). This is about one order of magnitude higher
than what was found with redox-active SAMs successfully used for SC ISEs
[61].
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a) b)

Figure 5.16. CVs of gold beads modified with a PMHS-PVF layer acquired
immediately after surface modification (i) and after 5, 30, and 50 days (5 d, 30
d, and 50 d, respetively) of immersion in a) methylene chloride and b) water.
The CVs were recorded in 0.1 M Bu,NPF; in methylene chloride, scan rate:
0.1Vs".

Gold-coated silicon wafers were modified with a PMHS-PVF layer in the same
way as the gold beads to measure advancing contact angles and characterize the

lipophilicity of the coating layer (see Table 5.2).
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Table 5.2. Advancing contact angles of water measured on nonmodified and

modified gold-coated silicon wafers (SD, n = 6).

Surface Contact angle [°]
Gold 55.1+3.7
PMHS-PVF layer on gold 89.8+1.4

The data in Table 5.2 shows that PMHS-PVF-modified surfaces have higher
lipophilicity than bare gold electrodes and that the PMHS was attached to the
gold in the presence of PVF in the reaction solution. Thus, the contact angle
measurements confirmed the results obtained by CV measurements.

The entrapment of PVF in PMHS layers was successful, although most
probably, cross-linking took place upon contact of the layer with water. This led
to the idea to apply H-PDMS instead of PMHS for the modification of gold
substrates, since it contains Si—H bonds merely as end groups (—Si(CH;),H) and,

therefore, cannot react with water after the formation of Si—Au bonds.

Entrapment of PVF in H-PDMS

As in the case of PMHS, CVs of gold beads modified with H-PDMS in the
presence of PVF and cis-[PtCl,(PhCH=CH,),] demonstrated that the entrapment
of PVF in the polysiloxane has been successful (Figure 5.17).

The polysiloxane H-PDMS has less Si—H groups available for the reaction with
gold and, thus, forms bigger loops on the substrate surface. Therefore, it was
expected that PVF is washed out faster from the PDMS than from the PMHS
layers. This expectation was confirmed by repeated CV measurements of
PDMS-PVF-modified gold beads after different immersion times in methylene
chloride or water (Figure 5.17). The CVs of beads whose surface was modified
with a PDMS-PVF layer, washed in methylene chloride still showed decreasing
peak currents after 50 d of washing, while corresponding beads with a PMHS-
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PVF layer exhibited stable CVs already after 5 d. This demonstrated that in
methylene chloride, PVF was slowly washed out of the PDMS matrix.

The CVs of the samples immersed in water also showed a continuous peak
decrease. Since hydrolysis of the polysiloxane layer can be excluded and PVF is
not soluble in water, another explanation had to be found for this observation. It
is possible that, in a polar medium (water), a rearrangement of the lipophilic
layer occurred, which led to a change in the surroundings of the redox centers.

This, of course, could also occur in PMHS layers exposed to water.
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Figure 5.17. CVs of PDMS-PVF-modified gold beads recorded immediately
after surface modification (i) and after 5, 30, and 50 days (5 d, 30 d, and 50 d,

respectively) of immersion in a) methylene chloride and b) water. The CVs were

recorded in 0.1 M BusNPF¢ in methylene chloride, scan rate 0.1 V s,

Gold-coated silicon wafers were modified in the same way as the beads in order

to measure contact angles (see Table 5.3).
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Table 5.3. Advancing contact angles of water measured on nonmodified and

modified gold-coated silicon wafers (SD, n = 6).

Surface Contact angle [°]
Gold 55.1+£3.7
PDMS-PVF layer on gold 97.5+ 1.5

Advancing contact angles measured on the PDMS-PVF-modified surfaces were
about 10° higher than those for PMHS-PVF samples, making the PDMS

modification a promising possibility with regard to its application for SC ISEs.

5.3 Electrode design

The experiments described in the previous parts of this chapter showed that any
clean gold surface can be modified with layers of PMHS and PDMS if
appropriate reaction conditions are chosen. Therefore, various constructions
based on internal gold electrodes were taken into account and examined for
developping SC ISEs with polysiloxane layers as solid contact material.

The two electrode assemblies considered first are presented in Figure 5.18.
Assembly a) is based on 1 mm thick gold wires and is interesting in view of
minimizing electrode dimensions. Assembly b) employs commercially available
gold disk electrodes, which are widely utilized for SC ISEs, especially when SC
material is prepared by electropolymerization. Good insulation of gold wire
electrodes was hard to achieve and imperfect construction often caused
electrical short-circuits, whereas gold disk electrodes were purchased with a
Teflon® insulation and did not show this problem. However, the Teflon™
insulation cannot be removed during the polysiloxane modification reaction and,

therefore, PMHS coverage of the gold disk was often incomplete.
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Figure 5.18. Two different electrode assemblies for polysiloxane-modified SC

ISEs: a) gold wire and b) gold disk electrode.

In another, completely different ISE geometry, the internal electrodes used as
substrates for the polysiloxane modification reaction consisted of gold-coated
glass slides or silicon wafers. The ion-selective membrane was simply drop-cast
onto the modified gold surface and the electrodes were fixed in two measuring
cells developed for the purpose. The first one, described in [97] (p. 153), used
three SC ISEs mounted in parallel (three-electrodes cell) and a batch-mode
measuring system. The second one was a flow-through cell with two arrays of
electrodes (one of 4 and the other of 5 electrodes) pressed onto the flow channel

holes in the cell body (Figure 5.19).
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Figure 5.19. Schematic illustration of flow-through cell with Au electrodes (the
cell body is also described in [86]).

The three-electrodes cell was used in order to compare the results obtained with
those of similar Ca*'-selective SC ISEs using a SAM as a solid contact and
measured in the same cell [97]. Compared with the three-electrodes cell in
which the sample was stirred mechanically, the flow-through cell had the
advantage of smaller Nernstian diffusion layers on the electrode surface. This,
together with a strongly reduced electrode area (2 mm?” compared with 13 mm?
in the three-electrodes cell), could be an important advantage in view of

measurements at very low sample concentrations.

5.4 SC ISEs modified with PMHS-PVF layers

In the following, potentiometric experiments are described for characterizing SC
ISEs based on Au/PMHS-ferrocene as solid contact. For simplicity reasons,

results are presented only for PMHS-PVF layers since the other solid contact
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materials examined (PMHS-1-ferrocenylundec-10-en-1-one polymer without or
with additional pentene modification) gave very similar results.

The composition of the Ca®’-selective polyurethane-based ISE membrane
(CaPuM, cf. paragraph 5.8.6) was the same as that used for the SC ISEs with
redox-active SAMs described in ref. [97]. It was chosen in order to directly
compare the results found here with those of the above-mentioned reference.
The selectivity coefficients of LC ISEs with this membrane obtained for the

most important interfering ions are given in Table 5.4.

Table 5.4. Potentiometric selectivity coefficients, log K, and response slopes

(in parantheses, mV decade™; concentration range 10"'-10" M) obtained by the
separate solution method [16] with LC ISEs based on membrane CaPuM (SD,
n=>5).

IonJ CaPuM (LC ISEs)

Na" 5.9+ 0.3 (54.6 = 1.1)
K" -6.6 £ 0.3 (49.8 +0.3)
H 2.0£0.2(542+0.9)
Mg** -8.5+0.1(26.9+0.9)

The corresponding SC ISEs were prepared from gold-coated glass slides
subsequently covered with a PMHS-PVF layer and the ISE membrane. After
drop casting the membrane solution and allowing it to dry, the electrodes were
mounted in the three-electrodes cell. For comparison purposes, the membrane of
one of the three electrodes was directly cast onto the gold without PMHS-PVF
surface modification (coated-wire type electrode). Figure 5.20 shows the SC ISE

calibration curves measured after 12 h of conditioning in 10° M CaCl,.
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Figure 5.20. Calibration curves obtained by successively decreasing the Ca**
activity of the sample (background: 10 M NaCl) in the three-electrodes cell for
Ca’*-selective SC ISEs with (A) and without (B) PMHS-PVF layer on Au.

Neither the slope nor the linear response range of the coated-wire type electrode
differed from those of the SC ISE with a PMHS-PVF layer on Au. The
relatively high detection limit of 10°M Ca”" - the lower detection limit of Ca**-
selective SC ISEs with a redox-active SAM was around 1077 M [97] - may have
been caused either by insufficient stirring of the sample solution in the
measuring cell and/or by the formation of an inner water layer between
membrane and gold electrode. As expected, the water layer test (cf. Chapter 4,
paragraph 4.3.2) conducted on these electrodes revealed the presence of a water
layer between ISE membrane and solid-contact material or gold in both kinds of

SC ISEs (Figure 5.21).
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Figure 5.21. Water layer test in the three-electrodes cell on Ca**-selective SC

ISEs with (A) and without (B) PMHS-PVF layer on Au.

The SC ISEs were also tested for oxygen sensitivity (Figure 5.22). For this test,
oxygen was first removed from the solution by bubbling argon through it. In a
second step, the solution was saturated with oxygen, which was removed again
after a certain time. The potential steps observed upon saturation of the sample
with oxygen were similar for both kinds of SC ISEs. Thus, by using a PMHS-
PVF solid contact, neither the formation of an inner water layer nor oxygen
sensitivity could be prevented and the electrode performance was not improved

compared with the SC ISEs having an unmodified gold surface.
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Ar Ar

Au/PMHS-PVF/CaPuM

EMF

Figure 5.22. Influence of O, on the EMF of Ca**-selective SC ISEs with (A)
and without (B) PMHS-PVF layer on Au in the three-electrodes cell. Sample
solution: 0.1 M CaCl,.

Shortly after these experiments, a new flow-through cell (cf. Figure 5.19)
became available in which flat electrodes based on gold-covered silicon wafers
can be used. Compared with the three-electrodes cell, better lower detection
limits were expected with this measuring setup because the sample flow would
reduce the thickness of the Nernstian diffusion layer at the electrode surface.
Calibration curves as well as water layer and oxygen sensitivity tests were
repeated in the flow-through cell with an array of five electrodes modified with
a PMHS-PVF layer on one side and an array of four electrodes with unmodified

Au surface on the other.
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Figure 5.23. Calibration curves obtained by successively decreasing the Ca”*
activity of the sample (background: 10 M NaCl) in the flow-through cell for
Ca®"-selective SC ISEs with (A) and without (B) PMHS-PVF layer on Au.

Here too, no difference was observed in the slopes and lower detection limits of
the calibration curves between PMHS-PVF-modified and coated-wire type SC
ISEs (Figure 5.23). However, their lower detection limits were better by about
two orders of magnitude as compared with the analogous SC ISEs in the three-
electrodes cell. This improvement was first ascribed to a reduction in the
thickness of the Nernstian diffusion layer owing to the new flow-through setup.

Surprisingly, in the water layer test, none of the SC ISEs showed potential drifts
when changing from a sample solution of the primary ion to one of an
interfering ion, which indicates the absence of an inner water layer (Figure

5.24).
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Figure 5.24. Water layer test in the flow-through cell on Ca**-selective SC ISEs
with (A) and without (B) PMHS-PVF layer on Au.

It was proposed that the pressure applied on the membrane surface owing to the
construction of the cell, prevented the formation of an inner water layer. This
hypothesis was supported by results obtained by Gyurcsanyi et al. for K-
selective polypyrrole SC ISEs examined in the same flow-through cell as used
here [86]. The absence of an inner water layer can also explain the better lower

detection limit observed in the flow-through cell.

The sensitivity of the electrodes toward oxygen was examined next (Figure
5.25). Based on the results of the water layer test, no sensitivity to oxygen was
expected. Additionally, in the case of PMHS-PVF electrodes, a redox-active
layer was present between internal electrode and membrane, which should

prevent or, at least, reduce the oxygen sensitivity of the SC ISEs. Coated-wire
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type electrodes showed only a slight response (1-2 mV) toward increasing
oxygen concentration in the sample solution, whereas PMHS-PVF electrodes,
unexpectedly, responded slightly stronger. However, with a potential step of
about 3 mV, they were less sensitive than the corresponding SC ISEs in the
three-electrodes cell (potential step of about 15 mV). It was assumed that also
with PMHS-PVF ISEs applied in the flow-through cell, some water was present
between membrane and internal electrode that led to the observed oxygen
sensitivity. However, because of the pressure applied on the membrane, this

layer was not sufficiently thick to be revealed by the water layer test.

Ar 0y | Ar
Au/PMHS-PVF/i |
CaPuM | ; A
= | |
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| E | E | |
1 2 3 4
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Figure 5.25. Influence of O, on the EMF of Ca®*-selective SC ISEs with (A)
and without (B) PMHS-PVF layer on Au in the flow-through cell. Sample
solution: 0.1 M CaCl,.
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5.5 SC ISEs modified with PDMS-PVF layers

From the potentiometric experiments described in the previous paragraph, it was
concluded that a water layer is formed in SC ISEs based on redox-active PMHS
solid-contact material, and, in spite of the fact that advancing contact angles
measured on PMHS-PVF layers suggested a high surface lipophilicity (cf.
paragraph 5.2.5, Table 5.2). Possibly, a decrease in lipophilicity took place
during the conditioning of the ISEs in aqueous samples. It was assumed that
during this process, water diffused through the membrane hydrolyzing the non-

reacted Si-H bonds in the PMHS layer so that polar Si-OH groups were formed.

400
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Au/PDMS-PVF/CaPuM

Au/CaPuM
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Figure 5.26. Calibration curves obtained by successively decreasing the Ca**

activity of the sample (background: 10 M NaCl) in the flow-through cell for
Ca*"-selective SC ISEs with (A) and without (B) PDMS-PVF on Au.
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In contrast to PMHS, PDMS layers cannot react with water and were therefore
examined next as potential solid-contact material. Potentiometric measurements
with PDMS-PVF-modified gold electrodes were carried out in the flow-through
cell. The calibration curves (Figure 5.26) and results of the water layer test
(Figure 5.27) did not differ from those of PMHS-PVF SC ISEs measured in the

same cell. Also in this case, an inner water layer could not be detected.
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Figure 5.27. Water layer test in the flow-through cell on Ca**-selective SC ISEs
with (A) and without (B) PDMS-PVF layer on Au.

When tested for sensitivity to oxygen, PDMS-PVF SC ISEs showed a much
higher EMF response (step of about 18 mV) than the corresponding PMHS-PVF
electrodes (Figure 5.28). Since PDMS-PVF layers do not contain Si—H groups,

hydrolysis could not be considered as the reason for this oxygen sensitivity.
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Thus, it was assumed that pinholes in the polysiloxane layer are responsible for
this phenomenon. H-PDMS forms big loops on the gold surface and hence, its
layers may contain larger holes than similarly prepared PMHS layers. Although
these holes have no influence on the measured contact angle of water on such
layers, they render the lipophilicity of the SC layer inhomogeneous and,
therefore, can be responsible for the penetration of water into it and,

subsequently, for the sensitivity of the SC ISE to oxygen.
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Figure 5.28. Influence of O, on the EMF of Ca®"-selective SC ISEs with (A)
and without (B) PDMS-PVF layer on Au in the flow-through cell. Sample
solution: 0.1 M CaCl,.
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5.6 Study on pinholes in polysiloxane layers on gold surfaces

5.6.1 Study on pinholes in PMHS layers

It is well known that the presence of pinholes and defective sites in isolating
layers on conducting surfaces can be examined with the help of voltammetric
experiments, e.g., cyclic voltammetry performed in a solution containing a
redox marker. Electron transport at an electrode covered with a surface layer
acting as an electron and ion barrier can occur in three ways [85,98]:

- tunneling of electrons through the layer;

- permeation of redox species from the solution into the layer followed by
diffusion to the electrode surface where electron transfer takes place;

- diffusion of redox species through pinholes and/or defective sites to the
electrode surface where electron transfer takes place.

In order to examine whether PMHS layers attached to gold substrates contained
pinholes or not, gold bead electrodes were modified with PMHS analogously to
the procedure used for the preparation of Aw/PMHS-PVF layers (cf. paragraph
5.2.5) but in a reaction solution without PVF added. As a redox marker for
cyclic voltammetry, K4[Fe(CN)s] in aqueous solution was used. The CV of a
bare gold electrode with the same area served as a reference.

The PMHS layers studied are fairly thick (4—-5 nm, [93]) and have a relatively
high hydrophobicity according to contact angle measurements. For this reason,
neither electron tunneling through the polysiloxane layer nor permeation of the
highly hydrophilic ions of K4[Fe(CN)s] into it seems to be a probable
mechanism of charge transport. Therefore, if the polysiloxane layer is free of
pinholes and defective sites, no redox peaks of the redox marker in solution
should be observed.

Cyclic voltammograms (Figure 5.29) showed that Fe*"/Fe’" redox peaks of gold

electrodes modified with PMHS were clearly reduced in comparison to those of
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a bare Au electrode. The polarogram-shaped voltammogram (sigmoidal curve)
observed for the PMHS-covered electrodes indicates that the surface coverage 1s
close to unity [99]. Only a very small part of the gold surface was not blocked
by PMHS.

An increase in the reaction time from 1 h up to 24 h, during which gold
electrodes were exposed to PMHS solution, did not improve the insulation of the

gold surfaces.

14

PMHS-modified
gold electrode

Bare gold electrode

14 | | | |
0.2 0.4 0.6 0.8 E/V

Figure 5.29. CVs of a bare gold bead electrode and of one modified with PMHS
measured in 1 mM K4[Fe(CN)g] in a 1 M KCl solution, scan rate 0.1 V s

5.6.2 Study on pinholes in PDMS layers

The pinhole test was repeated for electrodes modified with H-PDMS. The peak
currents of modified electrodes were only slightly lower than those of the bare

gold electrode of the same area (see Figure 5.30). The modification did not
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affect the shape of the CV clearly showing that the surface coverage obtained
with H-PDMS was much lower than in the case of PMHS. Thus, the assumption
was confirmed that PDMS-based SC ISEs are more sensitive to oxygen than

those with PMHS because of higher defective site density.

150

PDMS-modified
gold electrode

75
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Figure 5.30. CVs of a bare gold bead electrode and of one modified with H-
PDMS measured in 1 mM Ky[Fe(CN)g] in a 1 M KCl solution, scan rate 0.1
Vs

To confirm the presence of a high fraction of pinholes, PDMS-modified
electrodes were further treated with 1-octanethiol, which can form monolayers
on gold surfaces, thus filling the holes. The corresponding CVs (results not
given) showed an effectively reduced current compared with the electrodes
modified only with PDMS and assumed a sigmoidal shape as observed for

PMHS-covered gold electrodes.
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5.7 Conclusions

With the aim of preparing redox-active polysiloxane layers that can be used as
solid-contact materials in ISEs, several routes were explored including the
covalent attachment of redox-active species to the polymer layer, the previous
modification of the polysiloxane with a redox-active species, and the physical
entrapment of the latter in the polymer layer. Various ferrocene derivatives were
examined as redox-active centers. Stability and redox activity of the new solid-
contact materials were carefully examined by means of cyclic voltammetry and
advancing contact angles measurements on gold substrates modified with these
polymers and soaked for different periods of time in organic solvents and water.
Modification of gold with PMHS-1-ferrocenylundec-10-en-1-one polymer and
entrapment of PVF in PMHS along with the covalent attachment of the latter to
a gold surface were found to meet the requirements of lipophilicity and redox
activity, both crucial for further applications of these polysiloxanes in SC ISEs.
While the former requirement is dictated by the necessity of avoiding the
formation of an inner water layer, the latter is directly connected with the
stability of the ISE potential. For the two above mentioned solid-contact
materials, the advancing contact angles of water measured on flat, modified gold
substrates were above 80° corresponding to a high surface lipophilicity. The
redox-active ferrocene centers were not (or very slowly) washed out of the
polysiloxane layer during several days of soaking in toluene, methylene
chloride, or water. In terms of lipophilicity and stability, the entrapment of PVF
in PDMS layers was even more promising since this polymer, unlike PMHS
layers, cannot undergo hydrolysis and cross-linking.

The polysiloxane-based polymers meeting the requirements of solid-contact
materials were examined in Ca*"-selective SC ISEs. Compared with coated-wire
type electrodes, the PMHS-PVF SC ISEs did not show improved potential

stabilities. The water layer and oxygen sensitivity tests performed in a three-
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electrodes cell showed that an water layer was formed between solid contact and
ISE membrane during the conditioning of the electrodes, pointing to an
insufficient lipophilicity of the PMHS-PVF layer. By applying a flow-through
cell setup, in which the membrane is strongly pressed against the solid-contact
layer, the formation of an inner water layer was partly avoided. However,
PMHS-PVF-modified electrodes examined in this cell turned out to be more
sensitive to oxygen than the corresponding coated-wire type electrodes. Since
for PDMS-PVF-modified electrodes the oxygen sensitivity was even stronger,
both kinds of polysiloxane layers were examined for pinholes. Voltammetric
pinhole tests clearly indicated the presence of pinholes in both PMHS and
PDMS layers. While PMHS layers block the gold surface almost entirely,
PDMS layers only slightly reduce the accessibility of redox-active species in
solution to it and are, therefore, more sensitive toward oxygen than PMHS
layers.

The overall performance of the SC ISEs examined here was not improved
compared with SC ISEs already described in the literature (e.g., SC ISEs with
redox-active SAMs [60,61,87]). Notwithstanding, the immobilization of
ferrocene species with PMHS or H-PDMS on metal surfaces described in this
chapter provides a simple route to ferrocene-containing polymer layers (for
other examples, see [100,101]), which, unfortunately, cannot be used for the
preparation of SC ISEs owing to the presence of pinholes in the polysiloxane

layers.
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5.8 Experimental

5.8.1 Reagents

All solvents were purchased from Fluka (Buchs, Switzerland) and were of UV
quality grade except for toluene, which was puriss. absolute (over molecular
sieve). Poly(methylhydrosiloxane) (PMHS, M, = 2270) and Si—H-terminated
poly(dimethylsiloxane) (H-PDMS, M, = 28 000) were from ABCR (Karlsruhe,
Germany). cis-[PtCl,(PhCH=CH,),] (Pt catalyst) was synthesized by Global
Surface AG (Ziirich, Switzerland). Vinylferrocene (97%,) was from Aldrich
(Milwaukee, WI, USA), hydroxymethylferrocene (99%) from Strem Chemicals
(Newburyport, MA, USA), and poly(vinylferrocene) (PVF) from Polyscience
Inc. (Warrington, PA, USA). The calcium ionophore (N,N-dicyclohexyl-N’,N -
dioctadecyl-3-oxapentanediamide, ETH 5234), potassium tetrakis-[3,5-bis-
(trifluoromethyl)phenyl]borate (KTFPB), tetradodecyl-ammonium tetrakis(4-
chlorophenyl)borate (ETH 500), Tecoflex®, bis-(2-ethylhexyl) sebacate (DOS),
tetrahydrofuran (THF), and cyclohexanone (all Selectophore®™), 1-pentene and 1-
octanethiol (both purum), tetrabutylammonium hexafluorophosphate (BusNPFs,
electrochemical  grade),  potassium  hexacyanoferrate(Il)  trihydrate
(K4[Fe(CN)g]*3H,0, puriss. p.a.), CaCl,, NaCl, and KCI (all p.a.) were from
Fluka. Hydrochloric acid (1 mol L', Titrisol®), sulfuric acid (95-97%, p.a.), and
H,0, (p.a.) were from Merck (Darmstadt, Germany). Aqueous solutions were

prepared with deionized water (specific resistance, 18 M2 cm; Nanopure;

Barnstead, Basel, Switzerland).

1-Ferrocenylundec-10-en-1-one was synthesized at the ETH Ziirich (all
chemicals used for the synthesis were reagent grade from Fluka):

Methylene chloride (150 mL) was cooled to 0 °C in an ice bath under Ar.
Ferrocene (20 mmol) and AICl; (20 mmol) were added to the flask and mixed

well by stirring under argon. 10-Undecenoyl chloride (20 mmol) in CH,Cl, (50
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mL) was added dropwise to the flask in 2 h. The reaction mixture was stirred for
another 20 min and then poured into ice water (20 mL). The organic phase was
washed with water until the aqueous phase had pH 7. The organic phase was
dried over MgSQ, and concentrated to 20 mL under vacuum. The residue was
purified by column chromatography on silica gel with hexane acetic acid ethyl
ester (7:3) as eluent. The solvent of the second fraction was removed under
vacuum to give liquid 1-ferrocenylundec-10-en-1-one (C,;H,30Fe). Yield: 73%.
'H-NMR (300 MHz, toluene-dg): 4.95 (¢, 2H), 5.80 (m, 1H), 4.75 (s, 2H), 4.45
(s, 2H), 4.18 (s, 5H), 3.80 (¢, 2H), 2.17 (m, 2H), 1.70 (m, 2H), 1.38 (m, 10H).
Elemental analysis, found: C, 70.93, H, 7.76 %; calc.: C, 71.60, H, 8.01 %.

5.8.2 Gold electrodes

Five types of gold electrodes were prepared as substrates for polysiloxane
modifications as described in the following. Gold beads were formed at the tip
of gold wires (@ 0.5 mm, 99.995%, ChemPur, Karlsruhe, Germany) in a
butane/propane flame. The wire was then insulated by melting a glass capillary
onto it.

Gold wires (@ 1 mm, 99.99%, ChemPur) were polished with 0.3 um alumina
(Metrohm AG, Herisau, Switzerland) and further cleaned by immersion in
piranha solution (80% concentrated H,SO4 and 20% H,0,) at 80 °C for 1 h.
Then, the wires were rinsed with water and dried in an Ar stream.

Gold disks for rotating disk electrode (@ of gold disk, 3 mm; tip ¥, 10 mm)
mounted in a Teflon® body (Metrohm) were polished with 0.3 pm alumina and
further cleaned by sonification in piranha solution at room temperature,
followed by washing with water and ethanol. After that, electrodes were dried in
an Ar stream.

Microscope slides (glass, 7.54 ¢cm x 2.54 cm) were cleaned by immersion in

piranha solution at 80 °C for 1 h, rinsed with water and ethanol, and dried in a
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stream of warm air. On the other hand silicon wafers (Philips Semiconductors)
were rinsed with water and acetone and dried in an Ar stream. Gold substrates
were received by thermal evaporation of gold (200 nm, 99.99%, Johnson
Mattey, Ziirich) with deposition rates of 2 nm s onto the respective supports
(slides, wafers) covered with a layer of Cr (6 nm, 99.99%, Balzers,

Liechtenstein) using a Balzers MED 010 instrument at a pressure of ca. 10” Pa.

5.8.3 Surface modifications with PMHS and H-PDMS

Gold surfaces were immersed immediately after their preparation into
adsorption solutions, previously deoxygenated by Ar bubbling and kept under
Ar. After every reaction step, electrodes were rinsed with toluene or methylene
chloride and dried in an Ar stream. Unless otherwise mentioned, modifications

were done at room temperature.

Surface modification with PMHS and vinylferrocene or PMHS and
hydroxymethylferrocene

For covalent attachment of PMHS, gold electrodes were first immersed for 10
min in a toluene solution of PMHS (0.17 mM) and cis-[PtCl,(PhCH=CH,),] (50
uM). For attachment of the ferrocene compound to the polysiloxane layer,
electrodes were immersed during 2 h in a toluene solution containg either

vinylferrocene  or  hydroxymethylferrocene (0.5 mM) and cis-
[PtCl,(PhCH=CH;),] (50 uM).

Surface modification with PMHS-vinylferrocene polymer or PMHS-
hydroxymethylferrocene polymer

Vinylferrocene or hydroxymethylferrocene (0.72 mM) was added to a solution
containing PMHS (0.25 mM) and cis-[PtCL,(PhCH=CH,),] (50 pM) in toluene.

The solution was stirred during 48 h. To assure covalent attachment of the thus
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formed polymer to the gold surface, another 50 pM of Pt catalyst was added to
the reaction solution (to give a total concentration of 100 pM) in which gold

electrodes were immersed during 16 h.

Surface modification with PMHS and 1-ferrocenylundec-10-en-1-one

Gold electrodes were covered with a PMHS layer (for procedure see PMHS-
vinylferrocene and PMHS-hydroxymethylferrocene modifications). To vary the
thickness of PMHS layers, samples were immersed into the reaction solution for
30 min or 45 min. For further modification with the ferrocenyl compound, gold
electrodes were immersed in a solution of 1-ferrocenylundec-10-en-1-one (0.73

mM) and cis-[PtCl,(PhCH=CH,),] (50 uM) in toluene for 24 h.

Surface modification with PMHS-1-ferrocenylundec-10-en-1-one polymer

To obtain the polymer, PMHS (0.13 mM) was added to a solution of
1-ferrocenylundec-10-en-1-one (1.4 mM) and cis-[PtCl,(PhCH=CH,),] (50 pM)
in toluene. The solution was stirred for 3 h and then gold electrodes were
immersed in it for 24 h.

For further modification with pentene, beads were immersed into a toluene

solution of 1-pentene (7 mM) and cis-[PtCl,(CH,=CHPh),] (50 pM) for 20 h.

Surface modifications with poly(vinylferrocene)-polysiloxane
Gold surfaces were immersed into a methylene chloride solution containing
poly(vinylferrocene) (24 mM relative to the monomer), cis-

[PtCly(PhCH=CH,),] (50 uM), and either PMHS or H-PDMS (1 mM) for 1 h.

5.8.4 NMR spectroscopy

NMR spectra were measured on a Bruker Avance DPX-300 MHz spectrometer.

Chemical shifts are given in ppm relative to tetramethylsilane as internal
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standard. The signal multiplicities are labeled as follows: s, singlet; d, doublet; ¢,
triplet; dd, doublet of doublet; m, multiplet.

PMHS: '"H-NMR (300 MHz, toluene-dg): 5.04 (d, 1H), 0.28 (m, 3H).
Vinylferrocene: '"H-NMR (300 MHz, toluene-dg): 6.35 (dd, 1H), 5.30 and 4.98
(dd, 2H), 4.20 and 4.03 (m, 4H), 3.97 (s, SH).

5.8.5 Surface characterisation

Contact angle measurements

Advancing contact angles of water were determined with a Ramé-Hart 100-00
Goniometer (Mountain Lakes, NJ, USA) at room temperature under atmospheric
pressure. Nanopure water (3 pL) was dropped two times onto the same spot on
the surface with a Hamilton syringe. Angles were read off on the right and left

side of each drop (see Figure 4.4).

Cyclic voltammetry

Cyclic voltammetric measurements were performed either with an EG&G
Princeton applied research model 263A potentiostat/galvanostat or a pAutolab
Type 1I potentiostat/galvanostat (Eco Chemie, Utrecht, Netherlands). A
Ag|AgCl|3 M KCl electrode (Bioanalytical Systems, West Lafayette, USA) was
used as reference and a Pt wire as counter electrode. Scan rates for every
measurement are specified in the text.

The surface coverage of Au beads with redox-active species was determined by
CV measurements according to Equations 4.4 and 4.5. The electrode area was

determined from the slope of a linear plot of the cathodic current vs. v for the

reversible reduction of [Ru(NH;)s]*"*" (1 mM in 0.1 M NaCl, taking 7.5 x 10°

em” s as its diffusion coefficient in this solution) according to Equation 4.6
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after immersing modified beads in piranha solution at 80 °C for 1 h in order to
remove the polysiloxane layer.
Voltammetric pinhole tests were performed in a solution of 1 mM Ky[Fe(CN)s]

in aqueous 1 M in KCl.

5.8.6 ISE membranes and electrodes

The Ca**-selective polyurethane membrane (CaPuM) contained ETH 5234 (1.05
wt.%, 13.1 mmol kg™), KTFPB (0.54 wt.%, 6.0 mmol kg™), Tecoflex® (65.8 wt.
%), and DOS (32.6 wt. %). The total weight of the mixture was 200 mg. It was
dissolved in THF (2 mL). For silicon wafer electrodes used in the flow-through
cell, a membrane solution of the same composition was prepared dissolved in a
1:1 mixture (2 mL) of THF and cyclohexanone.

The construction of SC ISEs varied strongly. Gold wires were insulated with a
plastic pipette tip (see Figure 5.18 a). A piece of PVC tubing was fixed on this
tip, the membrane solution (20 puL) was drop-cast onto the tubing, and the
solvent allowed to evaporate during 4 h.

For gold disk electrodes, a piece of PVC tubing (2 ¢cm long) was stuck over the
electrode tip (see Figure 5.18 b) in which the membrane solution (100 pl.) was
drop-cast on the electrode surface, and the solvent was allowed to evaporate
during 4 h.

Membranes with a diameter of about 1 cm were prepared on gold-coated glass
slides as electrodes by casting the membrane solution (50 pL) on them, whereas
other ones with a diameter of about 6 mm were obtained on gold-coated silicon
wafer electrodes by casting 3 times 10 pLL of membrane solution onto them.

For selectivity measurements with LC ISEs, a membrane solution of the same
composition as mentioned above in THF (2 mL) was prepared and cast into a
glass ring (inner diameter, 24 mm) fixed on a glass plate, the solvent being

allowed to evaporate overnight. A disk of 5 mm diameter was then punched
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from the master membrane and glued to a PVC tubing with a PVC/THF slurry.
After that, the electrodes were assembled, filled with 102 M NaCl, and

conditioned in 102 M NaCl overnight before starting selectivity measurements.

5.8.7 EMF measurements

Potentials were measured with a custom-made 14-channel electrode monitor at

room temperature (23 °C) in stirred solutions. A double-junction Ag/AgCl/3 M
KCl reference electrode (type 6.0729.100, Methrom) containing a 1 M NH4NOs;
electrolyte bridge was used.

All EMF values were corrected for liquid-junction potentials according to the
Henderson equation. Activity coefficients were calculated by the Debye-IHiickel
approximation.

For measurements in dilute solutions, membranes were conditioned in 10° M
CaCl, solution for at least 20 h and after that in 10% M CaCl, overnight. A
background of 10 M NaCl was used with all CaCl, sample solutions.
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6 Solid-contact ion-selective electrodes based on conducting

polymers with nanomolar detection limits

6.1 Introduction

Organic conducting polymers (CPs) are polymers that have an extended
conjugated m-orbital system. The conductivity is achieved by inducing a

deficiency or an excess of 7 electrons in the polyconjugated chain. The latter is
called doping in analogy to inorganic semiconductors [102]. The discovery of
CPs is ascribed to the first doping of polyacetylene in 1976 [103-105] (Nobel
Price 2000).

In their neutral state (undoped or semiconducting form), CPs are insulating, i.e.,
the 7 electrons are localized and cannot carry an electric current. The doping
process is normally accompanied by a change in various properties of the
polymer such as wettability and stability [106]. For example, polythiophene in
its neutral state has a very hydrophobic surface that becomes more and more
hydrophilic as the degree of oxidation increases. Depending on its oxidation
state, the corresponding contact angles of water measured on it varied from 180
to 0° [107]. To compensate for the excess (or deficiency) of charge, a counterion
(doping ion) penetrates the polymer film during the doping process. Therefore,
CPs show both electronic and ionic conductivity. Due to this characteristic, CPs
(especially polyheterocycles, see Figure 6.1) nowadays belong to the best
established solid-contact materials for SC ISEs and are widely applied.
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POT

d) PEDOQT

Figure 6.1. Examples of conducting polymers commonly used for SC ISEs: a)
polyaniline (PANI), b) polypyrrole (PPy), ¢) poly(3-octylthiophene) (POT), and
poly(3,4-ethylenedioxythiophene) (PEDOT) [108].

Conducting polymers are often produced by electrochemical polymerization,
which allows to control the polymerization process instrumentally and to obtain
a polymer film suitable for further electrochemical applications or modifications
[102]. The electrochemical reaction scheme for the anodic coupling of pyrrole to
polypyrrole is shown in Figure 6.2 and the corresponding reaction mechanism, a

series of subsequent electrochemical and chemical steps, in Figure 6.3.
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Figure 6.2. Reaction scheme of the electropolymerization (anodic coupling) of

pyrrole to polypyrrole [102].
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Figure 6.3. Scheme for reaction mechanism of anodic coupling of pyrrole to

polypyrrole [102].

The deposition of the polymer occurs by precipitation as soon as the length of
the oligomer attains a critical solubility. The reaction proceeds with an

electrochemical stoichiometry of 2.2-2.3 Faraday, two of which are required for
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the oxidation of the monomer. The excess of charge (0.2-0.3 Faraday)
corresponds to the reversible oxidation (doping) of the polymer [102]. The
properties of the resulting polymer film can be influenced by many experimental
variables such as solvent, monomer concentration, type and concentration of
electrolyte, temperature, electrode material, and applied electrical conditions
[102,106,109,110].

A review of potentiometric ion sensors based on conducting polymers was
recently published by Bobacka et al. [108]. The first ISEs based on CPs were
reported in 1988 by Dong et al. who prepared anion-doped polypyrrole (PPy)
films on glassy carbon electrodes and examined their potentiometric response to
anions [111,112].

The potentiometric response of CPs varies from anionic to cationic depending
on the mobility of the doping anion in the CP layer. Bulky doping anions such
as poly(4-styrenesulfonate) or hexacyanoferrate induce a cationic or mixed (i.e.,
not only cations are exchanged but also anions can take part in the overall ion
exchange) ionic response in PPy layers. They are entrapped in the CP layer and
act as a cation exchanger. For small, mobile doping anions (i.e. chloride,
perchlorate, nitrate) anion exchange between polymer and solution is observed
[113] (see Figure 6.4). A cationic response over a larger range can be achieved
for both types of PPy layers if a Nafion® layer (cation exchanger membrane on
the basis of poly(perfluoroalkene)sulfonic acid) is applied on top [113,114].
Furthermore, the potentiometric response can be altered by the presence of a
redox couple in the sample solution [108,115-117].

Some CPs as, e.g., polypyrroles [118-123] and polyanilines [124] were shown to
possess pH sensitivity. Their selective response to protons was used to build pH
electrodes [125,126] or biosensors where the conducting polymer acted as a pH

transducer [127-129].
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Figure 6.4. Anionic, cationic and redox response (from top to bottom) of PPy

films [108].

Beside the pH sensitivity of some CPs, they usually do not show an ion-
selective response unless complexing ligands and/or ion exchangers are included
in the CP film as demonstrated for electropolymerized PPy [130], for solvent-
processable polyaniline (PANI) [58], and for drop-cast poly(3-octylthiophene)
(POT) [55,131,132].

Another approach to render CP-based electrodes ion-selective was to
incorporate a solvent-processable CP (undoped POT or PANI doped with bis-[4-
(1,1,3,3-tetramethylbutyl)phenyl]phosphoric acid) into an ion-selective liquid
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polymer membrane [53,133,134]. However, so far, the most promising way to
produce a potentiometric sensor on the basis of CPs is the application of a liquid
ISE membrane on top of a CP layer. In such an ISE setup, the ion-selective
membrane determines the ion selectivity of the sensor, whereas the CP
transduces the ionic response of the membrane into an electronic signal.

The most frequently investigated material for this kind of SC ISEs [49,135-141]
or for SC microelectrodes [50,51,86] is PPy. The response of such SC ISEs can
be influenced by spontaneous charging and discharging processes, which mainly
occur when PPy layers are in contact with aqueous solutions. This phenomenon,
accompanied by proton release, renders the open-circuit potential of PPy-coated
electrodes unstable [121,142,143].

Other CPs, which have been successfully applied as interface between ion-
selective membrane and internal electrode are PANI [144,145],
electropolymerized poly(3,4-ethylenedioxythiophene) (PEDOT) [56,146],
PEDOT drop-cast from aqueous dispersion and doped with poly(4-
styrenesulfonate) [147,148], electropolymerized POT [149-151], and solvent-
processable POT in its undoped form together with silicone rubber membranes
[57].

Only recently, the lower detection limit of SC ISEs based on CP interfaces has
become a topic of interest. Previously, the potentiometric response was
investigated only in the ion activity ranges required for clinical analysis. In a
recent publication [152], the response of a Ca’"-selective SC ISE could be
varied from Nernstian with a lower detection limit of 10 M to super-Nernstian
by impregnating the CP layer (poly(methylthiophene)) with EDTA. This shows
that ion gradients can be generated in SC ISEs if a depletion of Ca®" on the inner
side of the ISE membrane is induced. Indirectly, this result indicates that the
response of SC ISEs can be biased by the same leaching processes occurring in
liquid-contact electrodes. The SC ISEs with an EDTA impregnated CP layer

were not applicable for trace level measurements because a linear Nernstian
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response could only be achieved over a small sample activity range. However,
the lower detection limit was improve by applying an external current to PPy-

based SC ISEs [153], in analogy to earlier experiments with LC ISEs [154,155].

6.2 Systematic comparison of Ca**-selective SC electrodes based on PPy

and POT

The results of several working groups show that the lower detection limits of SC
ISEs are biased by the same leaching processes as those of LC ISEs
[60,61,152,153]. Generally, ion exchanges at the outer or inner membrane
surface generates ion gradients in the membrane, which leads to inward or
outward ion fluxes. In SC ISEs, ion exchange can take place at the interface
between the inner membrane surface and an inner water layer, which is formed
during the conditioning of the sensor. Additionally, in SC ISEs based on CPs
having functional groups that can be protonated (e.g. PPy), the ion fluxes
through the membrane can be influenced by proton release induced by
spontaneous discharging processes. If no inner water layer is formed, only ion
exchange at the outer membrane surface takes place.

The considerations mentioned above suggest that the water layer, which is
formed between CP film and ISE membrane, plays an important role in the
control of the lower detection limits. Up to the present, only one example of CP-
based SC ISE has been published where the formation of an inner water layer
was investigated [86]. Here, potentiometric water layer tests on K'-selective SC
ISEs using potassium hexacyanoferrate(I1)/(III) doped PPy as a solid contact
showed that no inner water layer was formed in the electrodes.

Thus, it was interesting to apply different CPs in SC ISEs and test them for the
formation of an inner water layer. In this work, three CPs were examined and

systematically compared with each other: polypyrrole doped with KCl
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(PPy_KCl) or with potassium hexacyanoferrate(II)/(II) (PPy FeCN), both
electropolymerized, as well as drop-cast poly(3-octylthiophene) (POT). It is
known from the literature that PPy KCl films show anionic potentiometric
responses, whereas PPy FeCN films typically show a positive, sub-Nernstian
slope, which indicates that not only cations but also anions take part in the
overall ion-exchange process [113]. POT was chosen because it is the most
lipophilic CP among those used for SC ISEs. In addition, in its undoped

(uncharged) form, it is solvent-soluble and can be drop-cast.

) 7 ) TN
Teflon
\\
AN
Au disk POT or PPy PVC tubing lon-selective

membrane

Figure 6.5. Construction of SC ISEs. A Au disk electrode was first covered with
a CP film (electropolymerized or drop-cast), then a PVC tubing was stuck over

the tip and the membrane cocktail was cast into this ring.

A simple electrode construction using a commercially available Au disk
electrode was chosen for this study (Figure 6.5). Selectivities, slopes, lower

detection limits, potential stabilities, and response times of ISEs with a CP solid
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contact were compared to coated-wire type electrodes (SC ISEs without inner
CP layer) of the same membrane composition. Two different membrane
compositions were used (cf. paragraph 6.6.3), i.e. a conventional PVC
membrane with 66 wi% of DOS (CaPVCM) and a polyurethane (Tecoflex®)
membrane with only 33 wt% of DOS (CaPuM). Since initial experiments with
Ca*"-selective POT SC ISEs showed light-dependent EMF responses (drift, ca. 2

mV h™), all electrodes were kept in the dark for the measurements shown here.

Table 6.1. Potentiometric selectivity coefficients, log K, and response slopes

(in parentheses, mV decade™; concentration range, 10"-107 M) of the CaPVCM

membrane obtained with the separate solution method [16]. Data shown for L.C

ISEs [38] and SC ISEs (SD, n = 3)

IonJ LC ISEs SC ISEs
Au® AwPPy KCI* AwPPy FeCN  AwPOT
H* 38 2.6%01 33+02
(56.8) B - (53.4+03)  (54.1£03)
Na* 5.8 5202 6.5+ 0.1
(50.6) - - (577+0.6) (573 +0.1)
K+ 6.5 26.0+0.2 7.5+0.1
(40.1) h - (53.8403)  (52.6%0.1)
Mg2+ 9.5 -8.5+0.2 94102
(29.4) - - G1.6+1.7) (24.2+1.6)

® Due to long-term EMF drifts of these electrodes, it was not possible to

determine their selectivity coefficients.

Table 6.1 and Table 6.2 show the most important selectivity coefficients of the
two ISE membranes described above, determined with LC ISEs and SC ISEs
(PPy KCI, PPy FeCN and POT). For PPy KCl SC ISEs combined with

membrane CaPVCM and for coated-wire type electrodes (both membrane
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compositions), selectivity coefficients could not be determined because of long-

term potential drifts during the measurements.

Table 6.2. Potentiometric selectivity coefficients, log K2, and response slopes

(in parentheses, mV decade™; concentration range, 10"'-10"° M) of CaPuM

membrane obtained with the separate solution method [16]. Data shown for LC

ISEs and SC ISEs (SD, n = 3).

IonJ LC ISEs SC ISEs
Au’ Au/PPy KCl AuwPPy FeCN  Auw/POT
H* -2.0+£0.2 -22+£0.2 -2.0+ 0.1 -2.8+£0.1
(54.2 £ 0.9) (49.142.8) (54.1+13) (453+03)
Na* -59+0.3 -5.7£0.1 -5.6+0.1 -7.5+04
(54.2 % 0.9) (542+£14)  (544+03) (53.7+0.1)
K+ -6.6 + 0.3 -6.3+0.2 -6.4 £ 0.2 -8.1+£0.3
(54.2 + 0.9) (47.7£18) (47.2+03) (453 +0.3)
Mgzt | -8.5%0.1 -8.1+£0.3 -8.4+£0.1 -9.1+0.1
(26.9 £ 0.9) (283+22) (27.6+05) (24.8£0.6)

* Due to long-term EMF drifts of these electrodes, it was not possible to

determine their selectivity coefficients.

Selectivities obtained for the PPy SC ISEs were, in general, comparable to, or
only slightly worse than those of LC ISEs, whereas POT SC ISEs showed
comparable or even better selectivities than LC ISEs. It was, therefore, assumed

that POT diffuses into the membrane and partly influences its selectivity.
Calibration curves of the same SC ISEs as in Table 6.1 and Table 6.2, obtained

by successively decreasing the Ca®" activity of the sample are shown in Figure
6.6.
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Au/CaPVCM

Detection Au/PPy_KCV/
limit (log aca2+)

A-8.2 Au/PPy_FeCN

CaPVCM

EMF

Au/POT/
CaPVCM

Au/CaPuM

Detection

limit (log acy2+) Au/PPy_KCl/

CaPuM

A-7.7
Au/PPy_FeCN/

CaPuM

EMF

Au/POT/
CaPuM

-1 -10 -9 -8 -7 -6 -5 -4 -3

Figure 6.6. Calibration curves of SC ISEs without CP (A), with PPy_KCI (B),
with PPy _FeCN (C), and with POT (D) obtained by successively decreasing the
Ca®" activity of the sample (background: 10* M NacCl). The curves were
measured with membranes CaPVCM (top) and CaPuM (bottom).
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Overall, the detection limits found with the PVC membrane electrodes were
better than those with the polyurethane membrane electrodes. The difference can
be explained by taking into account the H' selectivity of the two membranes
(Table 6.1 and Table 6.2). The lower detection limit is determined by the H'
interference, which is stronger for the polyurethane membranes. PPy KCI ISEs
and coated-wire type electrodes, generally, showed higher and less reproducible
detection limits (107*~10® M for CaPVCM, 107-10"** M for CaPuM) than the
PPy FeCN- and POT-based ISEs.

With the polyurethane membrane CaPuM, no difference was observed between
the detection limits of SC ISEs based on PPy FeCN or POT (1010 M),
whereas SC ISEs with the PVC membrane CaPVCM and PPy _FeCN as solid
contact showed a lower detection limit that was better by 0.1-0.6 logarithmic
units (10°*-10" M) than the corresponding POT-based SC ISEs (10%4~10%7
M).

Figure 6.7 shows water layer tests (compare Chapter 4, paragraph 4.3.2) for the
SC ISEs under investigation. The PPy _KCl and coated-wire type ISEs showed
positive EMF drifts upon changing from the Ca®" conditioning solution to a Na*
solution (respective initial drifts: CaPVCM: 5 and 24 mV h™'; CaPuM: 8 and 10
mV h™') and negative drifts when the sample was exchanged again for the initial
Ca”" solution (respective initial drifts: CAaPVCM: -17 and -28 mV h™'; CaPuM:

-7 and -27 mV h™). This behavior implies the formation of an inner water layer.
The potential drifts observed for PPy_FeCN SC ISEs with CaPVCM were very
small (initial drifts, ca. 2 mV h™ in both interfering and primary ion solutions),
but only if the PPy_FeCN solid contact was thoroughly washed before being
coated with the ISE membrane. Otherwise, the drifts observed during the water
layer test were much larger (results for Ca®*-selective electrodes not shown; for

an example of a Pb*"-selective PPy FeCN SC ISE, see Figure 6.13, top).
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Figure 6.7. Results of the water layer tests for Ca**-selective SC ISEs without
CP (A), with PPy_KClI (B), with PPy FeCN (C), and with POT (D). The curves
were measured with membranes CaPVCM (top) and CaPuM (bottom).
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On the other hand, the initial potential drifts of PPy _FeCN electrodes with the
polyurethane membrane were around 20 and 10 mV h” in Na' and Ca®"
solutions, respectively, and thus comparable to the drifts of PPy KCl and
coated-wire type electrodes.

Interestingly, PPy_FeCN SC ISEs both with PVC and polyurethane membrane
showed better detection limits than PPy KCl and coated-wire type ISEs. This
was explained by the presence of K' ions in the inner water layer, which were
released from the potassium hexacyanoferrate(11)/(III) doping in the PPy FeCN
solid contact. These K” can replace some of the Ca’* on the internal membrane
side, creating a small Ca®" gradient toward the inner side of the membrane. This
gradient partly compensates the Ca®" gradient in direction of the sample, which
is generated by ion-exchange processes on the outer membrane side. The ion
exchange on the inner membrane side could also explain why PPy FeCN SC
ISEs with CaPVCM have better detection limits than the corresponding POT
electrodes, whose solid contact is undoped.

An astonishing result of the water layer tests was that the EMF drifts were larger
for PPy_FeCN SC ISEs with CaPuM than for those with CaPVCM. In fact, in
previous works, polyurethane membranes with low plasticizer content were
found to have better adhesion properties than PVC membranes containing
approximately 66 wt% of plasticizer [60]. Apparently however, in the above
case, a high amount of plasticizer improved the adhesion of the membrane to the
PPy FeCN layer.

Oxygen tests were conducted with the four kinds of SC ISEs combined with
PVC or polyurethane membranes. Changes in the oxygen concentration of the
sample were induced by alternately bubbling argon and oxygen through it. The
results are shown in Figure 6.8. Overall, potential drifts observed for electrodes
with CaPuM were smaller than for those with CaPVCM. This can be attributed

to the smaller diffusion coefficient of oxygen in the polyurethane membrane due
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to its higher viscosity. As expected, the biggest response to oxygen was
observed for the coated-wire type ISEs without CP interface. Of the three SC
ISEs with an inner CP layer, only POT electrodes (with both PVC or
polyurethane membrane) showed no reaction to changes in the oxygen
concentration of the sample. The two kinds of PPy solid contacts could not
completely prevent the sensitivity to oxygen of the respective electrodes. The
PPy KCI SC ISEs, generally, showed a smaller potential step than the
PPy FeCN electrodes, even though the responses strongly varied among the

electrodes of the same type (differences of up to 10 mV).

Figure 6.9 shows the response times of PPy FeCN-based SC ISEs with
CaPVCM or CaPuM, for stepwise dilutions of the Ca®" activity from 10™ to

10" M. Electrodes with CaPuM, in general, had slower response times in the
concentration range of 10°-10® M Ca®" (EMF drift between 10 and 107 M: <
0.4 mV min™ after 1 min for CaPVCM, after 5 min for CaPuM). At lower
concentrations, the response times of the two membranes were comparable (drift
between 10 and 10° M: < 0.4 mV min™ after 7 min for CaPVCM, after 6 min
for CaPuM). A similar behavior was observed for all other types of SC ISEs

investigated in this study.
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Figure 6.8. Influence of oxygen on the EMF of Ca*"-selective SC ISEs without
CP (A), with PPy _KCI (B), with PPy FeCN (C), and with POT (D). The curves
were measured with membranes CaPVCM (top) and CaPuM (bottom). Sample
solution: 0.1 M CaCl,.
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Figure 6.9. Time traces of EMF responses of SC ISEs based on PPy _FeCN with
membranes CaPVCM (top) and CaPuM (bottom). The values given above the
curves indicate the respective logarithmic molar Ca®" concentrations in the

sample.
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6.3 Optimization of Pb**-selective SC electrodes based on PPy

The study on Ca’**-selective ISEs with CP solid contacts has shown that it is
possible to achieve low detection limits for SC ISEs if an appropriate CP is
chosen that avoids the formation of an inner water layer. To further investigate
the behavior of SC ISE at low ion concentrations, Pb**-selective membranes
were chosen since the characteristics of the analogous LC ISEs are well studied
[7,32].

In the present work, in addition to measurements in the batch mode with Au disk
SC ISEs (Figure 6.5), a flow-through cell (Figure 6.10) was used in combination
with screen-printed Pt electrodes as supports for CP layers. The same flow-
through cell was already used to investigate PMHS- and PDMS-based SC ISEs
(see Chapter 5) and for the study of K'-selective SC ISEs with a PPy solid
contact doped with potassium hexacyanoferrate(I1)/(III) [86].

Pt/ion-selective

membrane
Flow channel

—> M/\\/\ Sge\zf;lézou gh

Pt/PPy/
lon-selective
membrane

Side view of
the flow-through
cell body

Hole in the

Top view of the A flow channel
flow-through & @ @ . _ ;

cell body

Figure 6.10. Schematic illustration of the flow-through cell with screen-printed

Pt electrodes (the cell is also described in [86]).
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Preliminary measurements in the flow-through cell with Pb**-selective POT-
based PVC/DOS membrane ISEs showed that this CP used as solid contact
diffused into the membrane and deteriorated its selectivity. Initially colorless
membranes showed the same orange color as POT when the cell was
disassembled after measurements. Therefore, all experiments described here
were done with potassium hexacyanoferrate(I)/(III)-doped polypyrrole
(PPy_FeCN) as solid contact.

The Pb*"-selective PVC/DOS membranes used had two different compositions:
PbPVCM_1 was the same as in [7]. It contained low concentrations of
ionophore (0.7 mmol kg™') and ionic sites (0.3 mmol ke™) in order to reduce ion
fluxes in the membrane. In PoPVCM 2, these concentrations were increased to
9.6 mmol kg™ for the ionophore and to 5 mmol kg™ for the ionic sites in order to

improve the selectivity over H' relative to that of PBPVCM_1 (see Table 6.3).

Table 6.3. Potentiometric selectivity coefficients, log K&y, and response slopes
(in parentheses, mV decade™'; concentration range, 10"'-10 M) of LC ISEs with
PbPVCM_1 [7] and PbPVCM 2 obtained with the separate solution method
[16] (SD, n=5).

TonJ PbPVCM_1 PbPVCM 2

H 3.5+ 0.3 (43.7 £ 2.0) 273+ 0.3 (46.3 £ 0.3)
Na* -6.3 £0.2 (58.2 +3.5) -6.3 £ 0.1 (58.1+0.1)
K+ 6.3+0.1(56.8%1.1) -6.6 = 0.1 (56.9 = 0.2)
Ca2* -12.3+0.1 (23.7+0.8) -13.6 £ 0.2 (23.7+0.2)

Figure 6.11 shows calibration curves obtained with Pb>*-SC ISEs of the two
different types of electrode assemblies. Since the ionic strength of the sample
solutions was kept constant during measurements (background: 10® M CaCl,,

10* M HNO;), the EMF values in this case were not corrected for the liquid
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junction potential and Pb*" activities were assumed to be proportional to the

concentrations.
A
Pt cell/PbPVCM?2
- B B
Pt cell/PPy_FeCN/
PbPVCM2 = C
=
= -8.9
Au disk/PPy_FeCN/
PbPVCM2 D
-9.0
Pt cell/PPy_FeCN/
PbPVCM1
= — E
-8.5
Pt cell/PPy_FeCN/
PbPVCM2 I 50 mV
-8.9
! | 1 | | |
-10 -9 -8 -7 -6 -5

log cpp2+
Figure 6.11. Calibration curves obtained with four kinds of SC ISEs by

decreasing (A, B) or increasing (C, D, E) the Pb** concentration of the sample

having a constant background of 10° M CaCl, and 10™* M HNO;.
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After conditioning in 10” M for 2 days and then, in 10® M Pb** overnight, the
ISEs were checked for their Nernstian response by stepwise decreasing the Pb*"
sample concentration (curves A and B). Afterwards, the ISEs were conditioned
again, this time in 10"° M Pb®" overnight. The next day, the response was
measured from low to high concentrations (curves C, D, and E), in order to
determine the lower detection limit. Solutions of 10? and 10® M Pb* were
skipped since the ISE responses at these concentrations were very slow,
especially when measured in the flow-through cell. The results showed that the
use of a PPy_FeCN solid contact improved the lower detection limit of SC ISEs
by at least 0.7 logarithmic units compared with electrodes lacking such a CP
layer (Figure 6.11, curves A and B). In addition, owing to a better H" selectivity,
the lower detection of SC ISEs with PbPVCM 2 was better than that of
electrodes with PbPVCM 1 (curves D and E).

The reproducibility of the lower detection limit was investigated too. Already
after 3 days of repeated measurements, the lower detection limit of ISEs based
on PbPVCM _1 was shifted towards higher concentrations by approximately half
a logarithmic unit. This was supposed to be due to a deterioration in the ISEs’
selectivity behavior because in the flowing system membrane components are
eluted more rapidly. The PPy FeCN electrodes with PbPVCM 2, on the other
hand, showed very reproducible responses (Figure 6.12, bottom). The detection
limit was still approximately 10° M Pb*" after 14 days of repeated
measurements, the intercept of the calibration curve was shifted only slightly,
and the slope had not changed at all. In the same period of time, the lower
detection limit of the corresponding coated-wire type electrodes lost 0.3
logarithmic units, the slope of the calibration curve decreased significantly and
the absolute electrode potential had shifted by more than 100 mV (see Figure
6.12, bottom). The results suggest that a CP film between membrane and
internal electrode stabilizes the SC ISE response when measured over a long

time period.
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The lower detection limits of Au disk electrodes with a PPy _FeCN solid contact
measured in the batch mode were initially comparable to those of Pt screen-
printed electrodes in the flow-through cell (compare curves C and E in Figure
6.11), but lost 0.4 logarithmic units within 3 days of repeated measuring (see
Figure 6.12, top). This difference most probably occurs due to a better adhesion
of the ISE membrane in the flow-through cell assembly, where the membrane is

tightly pressed onto the internal electrode.

Screen-printed Pt- and Au disk-based ISEs were tested for the formation of an
inner water layer by replacing the Pb(NOs3), conditioning solution with CaCl,.
Surprisingly, electrodes with an inner PPy _FeCN layer initially showed large
potential drifts, whereas coated-wire type electrodes did not (Figure 6.13, top).
In order to eliminate the EMF drifts, the excess of potassium
hexacyanoferrate(11)/(IIT) present in the PPy layer had to be washed thoroughly
with water (Figure 6.13, bottom). Between the two types of electrode

construction, no difference was observed.

However, the importance of the PPy FeCN layer was demonstrated by the
results of the oxygen test (Figure 6.14). The oxygen concentration of the sample
solution was varied by alternately bubbling argon or oxygen through it.
Electrodes without a CP layer (curves A and B) showed potential steps of more
than 30 mV when oxygen was bubbled into the sample, whereas for electrodes
with an internal PPy layer, the EMF changes were much smaller (curves C and
D). On screen-printed Pt electrodes, thicker PPy layers could be prepared than
on Au disk electrodes (see paragraph 6.6.2), which explains the difference in

sensitivity of the two ISE setups toward oxygen.
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Figure 6.13. Water layer tests on SC Pb*"-ISEs without and with PPy layer. A
significant water layer was only observed with PPy-based SC ISEs that had only
been rinsed briefly with water after electropolymerization (top). All other PPy

layers were soaked in water for 4 h before the membrane was applied (bottom).
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Figure 6.14. Influence of O, on the EMF of Pb**-selective SC ISEs without (A,
B) and with (C, D) inner PPy layer. Sample solution: 0.1 M CaCl,.

Response times of one Au disk and two screen-printed Pt-based ISEs are shown
in Figure 6.15. At low concentrations, Pt electrodes showed slower responses
than Au disk electrodes. Upon changing the sample concentration from 107
directly to 107 M, the potential drifts for Pt-based SC ISEs were < 0.4

mV min” after 11 min for the second- and 18 min for the last-placed electrode
in the flow-through cell; for the Au disk-based electrode it was < 0.4 mV min™

after 6 min.
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Figure 6.15. Time traces of EMF response of Pb**-selective Au-disk (top) and
Pt-based (bottom) SC electrodes, both with an inner PPy layer. ISE2 is placed in
the second, ISES in the last position of the flow-through cell (compare Figure
6.10). The values given above the curves indicate the respective logarithmic

molar Pb®* concentrations in the sample.
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At concentrations above 107 M, no difference between the two ISE setups was
observed. At low sample concentrations in the flow-through cell, however, it
takes longer until enough Pb*" ions are transported to the membrane surface
since only small sample volumes come into contact with the membrane (flow
rate, 0.2 mL min™, as a comparison, the sample volume in the batch mode was
500 mL). Consequently, the membrane interface requires more time to
equilibrate with the sample. The longer response time of the SC ISE in position
five compared with that in position two of the flow-through cell supports this
hypothesis. When the sample solution reaches the ISE in position five, its Pb**
content is already depleted because of the contact with the other ISE membranes

before.

6.4 Optimization of Pb**-selective SC electrodes based on POT and

plasticizer-free methacrylic copolymer membranes

From earlier experiments, it is known that beside the solid contact also the
membrane composition can influence the membrane adhesion and, therewith,
the formation of an inner water layer between internal electrode and liquid
membrane [60]. It was found that PVC membranes with a lower plasticizer
content have better adhesion properties than those with a higher plasticizer/PVC
ratio [60]. Recently, plasticizer-free methacrylic-acrylic copolymers [73,74,76]
and methacrylic copolymers [79] have been introduced as matrices for LC ISE
membranes. The diffusion coefficients of ion-ionophore complexes in these
copolymers were found to be approximately three orders of magnitude lower
than in conventional plasticized PVC membranes [81]. Considering the
biocompatibility as well as the possibility of miniaturization of the sensor, such
membranes have the advantage that the plasticizer cannot be washed out from

the membrane.
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The absence of plasticizer makes this membrane material especially attractive
for SC ISEs. So far, only one example of a PPy-based SC ISE with a
methacrylate-acrylate copolymer membrane matrix has been published [82].
Hence, it was decided to further investigate such plasticizer-free membranes
with CP-based SC ISEs, focusing especially on their lower detection limits and
the possible formation of an inner water layer. Owing to the good mechanical
and potentiometrical properties of a series of LC ISEs [79], a methyl
methacrylate-decyl methacrylate (MMA-DMA) copolymer was selected as

membrane matrix.

Table 6.4. Potentiometric selectivity coefficients, log K&, and response slopes
(in parentheses, mV decade™; concentration range, 10”10 M) obtained with
the separate solution method [16] for optimized Ca**-selective LC electrodes
based on a conventional PVC/DOS membrane [38] and for Ca**-selective
MMA-DMA SC electrodes with drop-cast POT as inner layer (CaMDM; SD,
n=>5).

Ca*-selective PVC/DOS

IonJ CaMDM
membrane

H+ -3.8 (56.8) -4.0+0.1(54.3+0.7)

Na* -5.8 (50.6) -5.1+0.1(51.6+0.8)

K+ -6.5 (40.1) -6.2 4 0.1 (52.7+ 1.7)

Mg2+ -9.5 (29.4) -6.2+0.1(28.9+1.8)

In preliminary experiments, polypyrrole and drop-cast poly(3-octylthiophene)
(POT dc) layers were tested as solid-contact layer between a Ca**-selective
MMA-DMA membrane (CaMDM) and an Au disk electrode (for construction,
see Figure 6.5). PPy layers were found to be incompatible with MMA-DMA

membranes since no Nernstian response was obtained for the corresponding
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sensors. In contrast, SC ISEs prepared with drop-cast POT showed Nernstian
responses with detection limits of 10° M Ca*" and selectivity coefficients
comparable to those of a conventional PVC/DOS membrane of similar
composition (Table 6.4). Because the EMF of these electrodes was influenced

by light, all experiments were conducted in the dark.

S1 S2 | S1
| — Au/CaMDM
[
= AwPOT de/CaMDM
A
B 100mv St 107 MCaCl
$2: 10" M NaCl
| ] ] ] I
3 6 9 12 15

Figure 6.16. Water layer tests on Ca*"-selective SC ISEs without (A) and with a
drop-cast POT (POT dc) layer (B).

Coated-wire type ISEs with the same MMA-DMA membrane had comparable
detection limits but showed small potential drifts (initial drifts, 3 mV h' in
solutions of interfering or primary ion) during the water layer test, whereas SC
ISEs with the drop-cast POT layer were perfectly stable (Figure 6.16). A similar
behavior was observed in the oxygen test: Upon alternately bubbling argon and

oxygen through the sample solution, coated-wire type electrodes gave EMF
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steps of ca. 7 mV, whereas POT electrodes showed stable potentials (Figure not
shown). Thus, it was concluded that an inner water layer had formed in the

coated-wire type electrodes, but not in the POT-based SC ISEs.

As for the Ca*'-selective membranes, the selectivity coefficients obtained for the
Pb?"-selective MMA-DMA membrane (PbMDM) in drop-cast POT-based
electrodes were comparable to those of LC ISEs with a PVC/DOS membrane of
similar composition (see Table 6.5). Again, no difference in selectivities was
found between coated-wire type and POT-based electrodes with the MMA-
DMA membrane.

Table 6.5. Potentiometric selectivity coefficients, log Kby, and response slopes
(in parentheses, mV decade™; concentration range, 10"'-10* M) obtained with
separate solution method [16] for optimized Pb**-selective LC electrodes based
on a conventional PVC/DOS membrane [156] and for Pb**-selective MMA-
DMA SC electrodes with drop-cast POT as inner layer (PbMDM; SD, n = 10).

Pb**-selective PVC/DOS

IonJ PbMDM
membrane

H+ -7.5(57.1) -7.9+£0.2 (52.9+2.3)

Nat -7.5(61.4) -8.7+ 0.2 (59.0 £ 1.0)

K+ -6.9 (58.1) -8.7+£0.2(54.6+2.2)

Ca2+ -13.1 (27.1) -14.3 £ 0.2 (26.6 £ 2.7)

It has to be mentioned, however, that the solvent used to dissolve the membrane
components was of crucial importance for obtaining good selectivities. When
the membrane components were dissolved in tetrahydrofuran (THF), which has
the advantage of drying slowly and giving smooth membrane surfaces, the

selectivity coefficients of POT SC ISEs were much worse than those of the
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corresponding coated-wire type electrodes. Apparently, during the longer time
required for THF to evaporate, POT diffused into the membrane and
deteriorated its selectivity. A similar effect had already been observed for Pb*-
selective PVC/DOS membranes (cf. paragraph 6.3). Thus, in all further
experiments with drop-cast POT-based SC ISEs, the membrane components

were dissolved in methylene chloride.

Au/PbMDM

Detection
limit (log app2+) Au/POT ep/

PbMDM

A 93
Au/POTdc/
B -7.1 PbMDM

EMF

l | | | | | ]
-11 -10 -9 -8 -7 -6 -5
log app2+

Figure 6.17. Calibration curves obtained by successively increasing the Pb**
activity of the sample (background: 10” M HNOs) for SC ISEs without (A),
with electropolymerized (B), and with drop-cast (C) inner POT layer, as well as

for a LC ISE of the same membrane composition (D).

The deterioration of the membrane selectivities observed with drop-cast POT
led to the idea to test electropolymerized POT (POT ep) as an inner CP layer,

which has a higher charge density than the drop-cast form and, therefore, a
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lower solubility in THF. The selectivity coefficients of such electrodes having
ISE membranes whose components had been dissolved in THF were, indeed,
comparable to those of coated-wire type electrodes prepared analogously. Below
10 M Pb**, however, their calibration curves showed sub-Nernstian slopes and
detection limits that were worse by at least two orders of magnitude than those
of drop-cast POT (Figure 6.17, curves B and C) and of coated-wire type
electrodes (curve A). Detection limits in the range of 10° M Pb** were also
achieved with LC ISEs based on the same membrane (curve D), if the internal

filling solution was buffered to a very low Pb”" activity (log a_,, = -11.45).

PbEe,
Water layer tests gave an explanation for the worse lower detection limit
obtained with ISEs having electropolymerized POT as solid contact (see Figure
6.18). A positive potential drift in the interfering ion solution, followed by a
negative drift in the primary ion solution, indicating the formation of an inner
water layer, was only observed for electrodes based on electropolymerized POT.
As already explained in the previous chapters, the presence of a water layer
increases the lower detection limit. Apparently, either the porosity or/and the
higher charge density of electropolymerized POT facilitated the formation of an
inner water layer. The fact that for coated-wire type electrodes, there was no
indication of an inner water layer being formed, is rather astonishing but can be

attributed to the good adhesion of the membrane to the Au disk.
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Figure 6.18. Water layer tests on Pb”*-selective SC ISEs without (A), with
electropolymerized (B), and with drop-cast (C) inner POT layer.

However, the oxygen tests shown in Figure 6.19 demonstrate the importance of
having a CP layer between membrane and Au disk. When oxygen was first
removed and then added again by alternately bubbling argon and oxygen
through the sample solution, coated-wire type electrodes showed an EMF step
of ca. 30 mV, whereas both types of POT electrodes gave stable EMF responses.
Drop-cast POT is applied in its undoped, semi-conducting form, which is more
stable than the oxidized, charged form. Therefore, it is not clear why it is
capable of stabilizing the EMF of SC ISEs upon oxygen fluctuation in solution.
It must be assumed that a very small part of the CP is charged and a redox
couple POT/POT™ or POT/POT™ is present, which stabilizes the potential at
the metal/POT interface. Additionally, an ion exchange at the POT/ISE

membrane interface must take place.
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Figure 6.19. Influence of oxygen on the EMF of Pb**-selective SC ISEs without
(A), with electropolymerized (B), and with drop-cast (C) inner POT layer.
Sample solution: 0.1 M CaCl,.

An important advantage of the MMA-DMA membrane SC ISEs compared to
the corresponding LC ISEs is shown in Figure 6.20. They have much faster
response times at low concentrations than LC ISEs (e.g. 2 min after changing
sample from 107 to 1077 M, drift < 0.4 mV min™). At concentrations above 107
M, the response times of both electrode types were similar. The higher noise of
LC ISEs is a consequence of a higher membrane thicknesses and thus, higher

electrical resistance.
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Figure 6.20. EMF time traces of Pb*"-selective SC electrodes based on a MMA-
DMA membrane with an inner drop-cast POT layer (top) and of LC ISE with
the same membrane (bottom). The values given above the curves indicate the

respective logarithmic molar Ca®* concentrations in the sample.
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6.5 Conclusions

Overall, the results of the present study showed that SC ISEs based on
conducting polymers are a very promising platform to reach low detection
limits. If the CP and the membrane matrix are chosen carefully, it is possible to
obtain reproducible and stable EMF responses and very good selectivities with
such sensors. In addition, their lifetime is significantly improved.

Since a variety of different conducting polymers and membrane materials were
investigated in view of their application in SC ISEs, an overview of the results
are shown in Table 6.6 for Ca**-SC ISEs and in Table 6.7 for Pb**-SC ISEs. In
these Tables, LDL stands for the lower detection limit (-log a), the + sign for
significant EMF drifts observed in the water layer test (H,O) and the oxygen test
(0,) indicating the presence of an inner water layer and oxygen sensitivity,
respectively, and the — sign means that the EMF responses were stable. Gaps in
the Tables signify that the corresponding solid-contact material was not
examined in combination with this membrane composition.

A preliminary study on Ca**-selective SC electrodes with various CPs in view to
their use as solid contacts showed that PPy doped with potassium
hexacyanoferrate(II)/(III) (PPy FeCN) and drop-cast, undoped POT (POT dc)
are better solid-contact materials than PPy doped with potassium chloride
(PPy KCl). The use of the latter as a solid contact did not improve the
performance of the ISEs compared with that of analogous coated-wire type
electrodes, whereas solid contacts based on PPy _FeCN or POT had beneficial
effects. Their use improved the ISEs’ lower detection limits, stabilized their

EMF response, and reduced their sensitivity to oxygen.
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Table 6.6. Main characteristics of Ca**-selective CP-based SC ISEs.

Polyurethane
PVC MMA-DMA
(33 wt % ‘
(66 wt % plasticizer) (plasticizer-free)
plasticizer)
SC _
layer LDL H,O O, | LDL H,O O, |LDL H,0 O,
7.8— 7.0—
none + + + + 9.0 + +
8.3 8.3
| 7.8 7.0—
PPy KCl + + + +
8.3 8.3
8.8 8.3-
PPy FeCN — + + + *
9.0 8.4
8.4— 8.2—
POT dc - - — — 9.1 - -
8.7 8.3

* PPy FeCN was tested in combination with the Ca**-selective MMA-DMA

membrane but no Nernstian response was obtained

Experiments with Pb**-SC ISEs showed that the choice of the appropriate CP
solid contact strongly depended on the membrane composition. For PVC/DOS
membranes, it was not possible to use drop-cast POT since it diffused into the
membrane and deteriorated the selectivity behavior, but the same membrane
could be used in combination with potassium hexacyanoferrate(11)/(IIT)-doped
PPy. Especially in the flow-through cell, where the membranes are tightly
pressed against the internal electrode, CP-based SC ISEs with high potential
stabilities and very low detection limits were obtained. On the other hand, solid
contacts based on polypyrrole were not compatible with MMA-DMA
membranes; whereas drop-cast POT could be used instead. Electropolymerized
POT (POT ep) was also tested in combination with MMA-DMA membrane but

without success.
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Table 6.7. Main characteristics of Pb>"-selective CP-based SC ISEs.

PVC MMA-DMA
(66 wt % plasticizer) (plasticizer-free)
SC LDL H,O 0 LDL H,0 O
layer 2 2 2 2
none 7.8-8.5 + 9.3 - +
PPy FeCN | 9-9.3 — +

POT ep 7.1 + —
POT dc * 9.3 — —

* POT dc was tested in combination with a Pb* -selective PVC/DOS membrane

but it diffused into the membrane and deteriorated its selectivity behavior.

The static detection limit, which is dictated only by the membrane’s selectivity
behavior, was not reached with any of the SC ISEs under study. The observed
detection limits of ca. 10° M for Ca*"- and Pb**-sensors indicate that the primary
ion concentration at the membrane surface was still influenced by ion-exchange
processes at the membrane/sample interface. A further improvement of the
lower detection limits can only be achieved by drastic miniaturization of the
ISEs combined with the synthesis of new ionophores showing better

selectivities.
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6.6 Experimental

6.6.1 Reagents

Poly(3-octylthiophene) (POT) was obtained from Applications Chemistry &
Technologies (AC&T, Saint-Egréve, France). Pyrrole purum (Fluka AG, Buchs,
Switzerland) was distilled prior to use and kept under Ar at low temperature in
the dark. Propylene carbonate (anhydrous, 99.7%) and lithium tetrafluoroborate
(98%) were from Sigma-Aldrich (Milwaukee, USA), and 3-octylthiophene from
Acros Organics (New Jersey, USA). The MMA-DMA polymer was synthesized
as described previously [79] by applying a somewhat higher reaction
temperature (95 °C instead of 85 °C). The calcium ionophore N,N-dicyclohexyl-
N',N'-dioctadecyl-3-oxapentanediamide (ETH 5234), and the lead ionophore,
tert-butylcalix[4]arene-tetrakis(N,N-dimethylthioacetamide) as  well as
potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (KTFPB), sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB), tetradodecyl-
ammonium tetrakis-(4-chlorophenyl)borate (ETH 500), bis(2-ethylhexyl)
sebacate (DOS), poly(vinyl chloride) (PVC), Tecoflex®, tetrahydrofuran (THF),
and cyclohexanone (all Selectophore®), potassium hexacyanoferrate(II)
trihydrate (K4Fe(CN)s*3H,0), ethylenediaminetetraacetic acid disodium salt
dihydrate (Na,EDTA<2H,0), Nitrilotriacetic acid (NTA), MgCly*6H0,
methylene chloride, and chloroform (all puriss. p.a.), and Pb(NO;), (lead ion
chromatography standard solution, 1.0 g L' in HNO;) were from Fluka.
Hydrochloric acid (1 M) and sodium hydroxide (0.1 M) were Titrisol®, CaCl,,
NaCl, and KCl, and nitric acid (65%) were Suprapur® from Merck (Darmstadt,
Germany). Aqueous solutions were prepared with deionized water (specific

resistance: 18 MQ cm; NANOpure; Barnstead, Basel, Switzerland).
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6.6.2 Preparation of solid contacts

Three types of electrodes were prepared for solid-contact ISEs. Gold tips for
rotating disk electrodes (Au disk of 3 mm @; type 6.1204.020, Metrohm AG,
Herisau, Switzerland, see Figure 6.5) were polished with 0.3 pm alumina
(Metrohm) and rinsed with water and methylene chloride. Silicon wafers were
rinsed with water and acetone and dried in an Ar stream. Gold electrodes
designed for the use in a flow-through cell as described elsewhere [86] (see also
Chapter 5) were obtained by thermal evaporation of 200 nm of Au (99.99 %,
Johnson Mattey, Ziirich) with deposition rates of 2 nm/s onto the wafers covered
with a layer of 6 nm of Cr (99.99 %, Balzers, Liechtenstein) using a Balzers
MED 010 instrument at a pressure of ca. 10° Pa. Screen-printed Pt electrodes
described elsewhere [86] (see Figure 6.10) for use in the flow-through cell were
cleaned in O, plasma (pressure, 1.7 x 107 mbar; MCS 020 instrument, Balzers)
before further treatment.

Electrochemical polymerization of pyrrole and 3-octylthiophene was performed
in a one-compartment three-electrode electrochemical cell with a pAutolab Type
I potentiostat/galvanostat (Eco Chemie, Utrecht, Netherlands). A Ag/AgCl/3 M
KCI electrode (Bioanalytical Systems, West Lafayette, USA) was used as
reference and a Pt wire as counter electrode.

Polypyrrole (PPy) films were deposited on Au disk and Pt electrodes by
potentiostatic electropolymerization, PPy films doped with potassium
hexacyanoferrate(Il)/(IlI) (PPy FeCN) in an aqueous solution of 0.5 M
K4Fe(CN)¢ and 0.5 M pyrrole, (cf. ref. [86]), and those doped with potassium
chloride (PPy_KCI) in an aqueous solution of 0.1 M KCI and 0.2 M pyrrole.
Solutions were purged with Ar before electropolymerization. To prepare
PPy_FeCN films, a potential of 1 V was applied during 90 s for the Pt electrodes
and only the 40 s for Au disk electrodes since after 90 s, the thick and porous
PPy film used to come off easily from the Au disk. For PPy KCl films on Au
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disk electrodes, 1 V was applied during 60 s. On the 5-site Pt electrode arrays
the deposition was performed simultaneously on 3-5 electrically connected
individual electrodes. After electropolymerization, the electrodes were rinsed
with water. Based on preliminary experiments with PPy FeCN, they were
generally left soaking in water for 4 h and rinsed again with water in order to
remove any excess of doping electrolyte. Then, the PPy films were dried at
room temperature and rinsed with small aliquots of THF to remove residual
traces of water.

Poly(3-octylthiophene) (POT) films were deposited on Au disk electrodes by
galvanostatic electropolymerization of 0.1 M 3-octylthiophene in a solution of
0.1 M lithium tetrafluoroborate in propylene carbonate purged with Ar. A
constant current of 0.4 A was applied for 80 s. The electropolymerization was
performed in the hood since propylene carbonate is irritating to the eyes. The
electrodes were, first, rinsed with propylene carbonate and, then, with THF and
dried at room temperature.

Solvent-soluble POT was applied on Au disks and on Au-coated silicon wafers
by drop-casting 2 x 10 pL. of a 25 mM solution (calculated relative to the
monomer) in chloroform yielding a layer of ca. 5 mm diameter, which was dry

after 2 min.

6.6.3 ISE membranes and electrodes

The plasticized Ca*'-selective membranes for SC ISEs contained Ca*" ionophore
(1 wt %, 13 mmol kg), KTFPB (0.6 wt %, 6.2 mmol kg), DOS (65.9 wt %),
and PVC (32.5 wt %) for CaPVCM, and Ca** ionophore (1 wt %, 13 mmol

kg™), KTFPB (0.5 wt %, 6.0 mmol kg™), DOS (33.1 wt %), and Tecoflex® (65.4
wt %) for CaPuM. The membranes were prepared by dissolving the membrane
components (202.2 mg for CaPVCM and 201.8 mg for CaPuM) in THF (2 mL).

For selectivity measurements with LC ISEs, a membrane solution of the same
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composition as CaPuM was cast into a glass ring (i.d., 2.4 cm). Overnight
evaporation yielded a transparent membrane. A disk of 5 mm @ was punched
from this master membrane and glued to PVC tubings with a PVC/THF slurry.
The internal solution contained 10° M CaCl, and 5 x 102 M Na,EDTA adjusted
to pH 9.0 with 10" M NaOH giving log A2 = -10.3.

The plasticized Pb**-selective membranes for SC ISEs contained Pb*" ionophore
(0.07 wt %, 0.7 mmol kg™), NaTFPB (0.03 wt %, 0.3 mmol kg), ETH 500 (1.3
wt %, 11.5 mmol kg™"), DOS (62.1 wt %), and PVC (36.5 wt %) for PbPVCM1
(membrane with low concentrations of ionophore and ionic sites, cf. [7]), and
Pb** ionophore (1.0 wt %, 9.6 mmol kg™"), NaTFPB (0.44 wt %, 5.0 mmol kg™),
ETH 500 (1.1 wt %, 9.6 mmol kg™), DOS (61.8 wt %), and PVC (35.6 wt %) for
PbPVCM2. The membranes were prepared by dissolving the components in
cyclohexanone (418.4 mg in 2.8 mL for PbPVCMI1 and 208.6 mg in 1.4 mL for
PbPVCM2). The corresponding solutions for the Pb**-selective membranes for
POT SC ISEs (i.e. Au slide electrodes used in the flow-through cell) and in LC
ISEs used for selectivity measurements were poured into glass rings (i.d., 7 cm
for PbPVCM1 and 5 cm for PbPVCM2). Overnight evaporation yielded
transparent membranes. For LC ISEs, disks of 5 mm @ were punched from this
master membrane and glued to PVC tubings with a PVC/THF slurry. The
internal filling solution was 10?M NaCl.

The plasticizer-free Ca’’-selective MMA-DMA membrane for SC ISEs
contained Ca ionophore (1.6 wt %, 20.1 mmol kg™), NaTFPB (0.5 wt %, 5.1
mmol kg'), and MMA-DMA copolymer (97.9 wt %). The membrane was
prepared by dissolving the membrane components (202.2 mg) in methylene
chloride (1.5 mL). The Pb**-selective MMA-DMA membrane for the solid-
contact ISE contained Pb ionophore (1.1 wt %, 9.9 mmol kg™), NaTFPB (0.5 wt
%, 5.2 mmol kg), ETH 500 (1.1 wt %, 9.8 mmol kg"), and MMA-DMA
copolymer (97.4 wt %). The membrane was prepared by dissolving the

membrane components (199.6 mg) in methylene chloride (2 mL). Before drop-
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casting, the membrane solution was degassed by sonication for 10 min. The
corresponding Pb*"-selective MMA-DMA membrane for LC ISEs contained Pb
ionophore (1.0 wt %, 9.5 mmol kg™"), NaTFPB (0.5 wt %, 5.2 mmol kg"), ETH
500 (1.2 wt %, 10.1 mmol kg"), MMA-DMA copolymer (97.3 wt %), and
aqueous 107 M Pb(NOs), (36.5 pL) solution. The components totaling 140 mg
were dissolved in THF (1.0 mL) and poured into a glass ring (i.d., 2.2 cm).
Overnight evaporation yielded a transparent membrane of about 200 pm
thickness. After casting, the membrane was immersed for about 1 h in distilled
water in order to detach the glass ring with the membrane more easily from the
glass plate. Then, the glass ring together with the membrane was put into a
plastic beaker containing the internal solution, and the membrane was
conditioned overnight. From this membrane, an appropriate amount to give, in
the end, a layer of ca. 2 mm thickness, was cut and stuffed into a small piece of
PVC tubing (1.6 mm i.d. and 3.1 mm o.d.) previously inserted into one end of a
wider PVC tubing (3.1 mm i.d. and 6.3 mm o.d.). This kind of assembly was
necessary to keep the highly sticky membrane material, which, at the same time,
has a tendency to flow, in place. In the thus assembled tubing, a plastic pipette
tip was inserted and, then, the tubing and the tip were filled with the internal
solution containing 10° M Pb(NO3), and 10> M NTA adjusted to pH 7.4, giving

log Apae = —11.45. On top of it, a second pipette tip was mounted with 10> M

NaCl as a bridge electrolyte.

The preparation of Au disk SC electrodes is shown in Figure 6.5. Once the CP
coatings were dry, a piece of PVC tubing (ca. 2 cm long) was placed over the
tip. This tight PVC surrounding of the tip allowed to cast 100 pl of membrane
solution on top of the CP-covered electrode leading to a an estimated membrane
thickness of 100-130 pm. It was dried at room temperature overnight for
PVC/DOS- and Tecoflex®/DOS-based membranes and during 15 min for
MMA-DMA-based membranes. Au disk electrodes without CP layer were

prepared analogously.
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Once the PPy coatings on the Pt electrodes were dry, 7 uL of the respective
membrane solution were drop-cast onto the sensing area, also spreading around
it (cf. [86]). As soon as it was dry, an additional 7 uL. of membrane solution
were applied. For ISEs of the coated-wire type, the membrane solution was
directly drop-cast onto the Pt electrodes. Once dry, a 5-site array of Pt/PPy
electrodes and a 4-site array of coated-wire type ISEs were assembled in the
flow-through cell (see Figure 6.10) in a way that the membranes were pressed
from both sides onto the holes in the zig-zag flow channel of the plexiglass cell.
Mechanical fixation was provided by silicon rubber springs pressing against the
cell walls.

For POT/Au electrodes also applied in the flow-through cell, a disk of 4 mm O
was punched from the PbPVCMI1 master membrane and placed on the POT
layer. Coated-wire type electrodes were prepared by placing the membrane
directly onto the Au surface. Then, 5 POT SC-ISEs and 4 coated-wire type ISEs
were assembled in a 5-site array and a 4-site array, respectively. These two
arrays were then assembled in the flow-through cell in the same way as for the

Pt/PPy SC-ISEs (see Figure 6.10).

6.6.4 EMF measurements

Potentials were measured with a custom-made 14-channel electrode monitor at
room temperature (22 °C). Solid-contact electrodes were kept in darkness. For
measurements with Au disk electrodes and LC ISEs, a double-junction
Ag/AgCl/3 M KCl reference electrode (type 6.0729.100, Metrohm) containing a
1 M NH,NO; electrolyte bridge was used. Experiments were performed in 500-
mL polyethylene beakers. For Pb*" measurements, the beakers were pretreated
overnight with 10™* M nitric acid.

The flow-through cell was connected to a peristaltic pump (type ISM597A V.10,

Ismatec SA, Ziirich, Switzerland) letting the solution pass at a flow rate of 0.21
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mL min"', A flow-through Hg/Hg,Cly/sat. KCI reference electrode with 3 M
KCl as bridge electrolyte (type OP-0829P-S, Radelkis, Budapest, Hungary) was
placed downstream from the cell. The bridge electrolyte was continuously
pumped through the salt bridge compartment of the reference block, its stream
joining with sample effluent from the flow-through cell.

If not mentioned otherwise, EMF values were corrected for liquid-junction
potentials according to the Henderson equation. Activity coefficients were
calculated by the Debye-Hiickel approximation. For measurements in dilute
solutions, Ca*-selective electrodes were conditioned, first, for 2 d in 10 M
and, then, overnight in 10° M CaCl, (background: 10* M NaCl). This same
background was used with all CaCl, sample solutions. The Pb*'-selective
electrodes were conditioned, first, during at least 2 d in 10° M Pb(NQ3), for
PVC/DOS membranes and in 10 M Pb(NO3), for MMA-DMA membranes and
then, overnight in 10 M or 10 M Pb(NQ;), for measurements from high to
low concentrations or for measurements from low to high concentrations,
respectively. The background used with Pb(NO;), sample solutions was either
10° M CaCl, with 10™* M HNO; or 10™* HNO; alone.

For selectivity measurements, the solid- and liquid-contact ISEs were
conditioned during 24 h either in 102 M NaCl for membranes containing

KTFPB or in 102 M KCI for those with NaTFPB.
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7 Current responses of ion-selective solvent polymeric

membranes at controlled potential

7.1 Introduction

In nearly all applications reported so far, ISEs based on liquid polymeric
membranes have been used as potentiometric sensors, i.e., for potential
measurements under zero-current conditions. Nevertheless, experiments on ISEs
under the influence of electrical current have a long tradition. Early
investigations were often performed to elucidate response mechanisms of ion-
selective liquid polymeric membranes [157-159] but in some cases, the purpose
was to extend the sensors’ measuring range [160,161]. Also more recent
experiments on ISEs performed under a constant applied current aimed at the
optimization of the sensor response. A current-induced modulation of ion fluxes
in the membrane permitted an improvement of the lower detection limit by
several orders of magnitude [154,162,163]. This effect was in close analogy to
that achieved with conventional ISEs in potentiometric experiments, where
zero-current ion fluxes in the membrane were suppressed by using an ion buffer
in the internal filling solution [6,36,37]).

Recently, the voltammetric and amperometric behavior of ion sensors based on
liquid polymeric membrane was further explored in order to expand their
applicability [164-170]. It has been demonstrated that the selectivity of these
sensors can be altered by varying the magnitude and sign of the applied potential
or current [166,168]. Experiments showed that mass transport in the membrane
is the limiting diffusion process because diffusion coefficients of ions in the
membrane are smaller than in the aqueous phase. To avoid current or potential
drifts, a pulsed mode was preferred to a linear sweep mode since ions extracted

into the membrane during the measuring pulse can be quantitatively removed by

139



Chapter 7

applying a baseline potential pulse in the interval between two measuring pulses
[164,165,168].

A different group of fundamental studies focused on the electrochemical
processes at the interface between two immiscible electrolyte solutions (ITIES),
consisting of an aqueous sample solution and an organic solvent that contains an
ionophore [171-175]. This measuring setup was used in place of the ISE- analog
three-phase arrangement (aqueous phase/organic phase/aqueous phase) [176].
The ITIES showed voltammetric and amperometric responses that depended
linearly on the primary ion concentration of the sample [175,177], this was the
case when polymer-free organic phases [178] or membranes containing a very
low amount of PVC were used [179-181] as well as for polymer-free organic
phases supported by thin polymeric membranes with microholes [182]. In
contrast, in similar experiments conducted with conventional PVC-based ISE
membranes, current responses proportional to the logarithm of the primary ion
activity (or concentration) of the sample were observed [160,161,166,167].
Practical applications of ionophore membranes in the controlled-potential mode
may have been impeded because their above-mentioned current response
behavior seemed to be quite contradictory. Here, new results on the current
response of ionophore-based ISEs at controlled potential are reported. A
theoretical approach is presented to explain the puzzling electrochemical

behavior of polymer ISE membranes and related systems.

7.2 Theory

The theoretical model derived here is valid for cation-selective electrodes. A
schematic representation of the applied model is shown in Figure 7.1. The
membrane is considered as an electroneutral phase containing immobile,

monovalent, anionic sites (“fixed” sites) [4,158,163,183]. Together with the
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uncharged ionophore (ligand, L), the anionic sites (S) ensure a highly selective

transfer of primary cations (I) into and through the membrane. The current flow

within the membrane is then found to follow the ohmic law [4,163]:

i=AFz]J, =—RLA<DM (7.1)

M

RT d

(7.2)

R. =
M z,F AFD, (org)c, (org)

where

electrical current [A]

total flux [mol cm? s'] of primary ions I of charge number z;
electric potential drop within the membrane [V]

inner membrane resistance [£2]

active membrane area [cm’]

membrane thickness [pm]

average diffusion coefficient of primary ion (complexed with
ionophore) in the organic phase (i.e., membrane phase) [cm® s™']
given total concentration of anionic sites S in the membrane [mol L™']
Faraday constant (96 485 C mol™)

universal gas constant (8.314 J K™ mol™)

absolute temperature [K]
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Sample solution ISE membrane Internal solution
Diffusion Diffusion
layer layer

cy(aq) c*1(aq)

0d d 9*

=l . 11
1lim im I lim

Figure 7.1. Schematic representation of the applied model. The concentration
gradients of primary ions (I) in the aqueous diffusion layers (0 of the sample and
0* of the internal solution) and of the free ionophore (L) in the organic
membrane phase (thickness d) are shown for a hypothetic situation of a negative

potential applied to the system (causing a positive current).

The transmembrane flux of primary ions is coupled with an equivalent diffusion
flux through the Nernstian boundary layers of the aqueous (aq) sample (6) and
internal solution (6*), respectively. Hence, a current-induced gradient arises
between the primary ion concentrations in the bulk of the sample solution,

c;(aq), and at the sample solution/membrane phase boundary, ¢} (aq):

c;(aq)—cj(aq)
¢ (aq)

- — Q’
1= 1y

(7.3)

- AleDl(gq)C; (aq) (7.4)
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where i}, is the diffusion-limited current reached for ¢}(aq)—0 and Di(aq) is

the diffusion coefficient of the primary ion in aqueous solutions.
In complete analogy, a gradient arises in the internal part of the electrode

between the primary ion concentrations in the bulk of the internal solution,

¢, (aq), and at the internal solution/membrane phase boundary, c7(aq):

¢ (aq) — cf(aq)
c;(aq)

(7.5)

_ V 4
1==1}im

v AFz;D,(aq)c; (aq)

lim ™ 8*

(7.6)

where iy, is the diffusion-limited current reached for c¢}(aq)—0.
After replacing the concentration ratios in Equations 7.3 and 7.5 by the

corresponding activity ratios, the boundary activities, aj(aq) and aj(aq), can be

expressed in terms of the respective bulk activities, a,(aq) and af (aq):

7 i,llTl "*i
a;(aq) =a, (aq) " — (7.7)

lim

” * lllm —1
a(aq) =a; (aq) -~ (7.8)

lim

Another consequence of the current flow in an ionophore membrane is that the
(here positively) charged ion-ionophore complexes move in the direction of the

current, leading to a concentration gradient of the free ionophore in the opposite
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direction [4,158,159]. At steady state, conservation of the ionophore in the

membrane requires that

JL + nlJl =0 (79)

where J;, is the diffusion flux of uncomplexed ionophore. It is assumed that the
primary ion is transported as ion-ionophore complex of a given 1:n

stochiometry. By combining Equations 7.1 and 7.9, it follows that

i=— L ARz, =i, (08 —c.(org) (7.10)

n, 2¢, (org)

3 l AFz,D, (org)c, (org)

1. 7.11
hm nI d ( )
with
¢ (org) = 0.5 (¢ (org) + ¢f (org)) (7.12)
where
¢y (org), ci (org) phase boundary concentrations of the ionophore at the
membrane/sample solution interface () and at the
membrane/internal solution interface () [mol L™']
Dy (org) diffusion coefficient of the free ionophore in the membrane
[c:m2 s
1 limiting current related to the maximum diffusion flux of

ionophore within the membrane [A]
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¢ (org) average concentration of the ionophore in the membrane

[mol L]

From Equations 7.10 and 7.12 follows:

¢} (org) =c, (org) tim ! (7.13)

lim

» I, +1
¢y (org) = ¢y (org)m— (7.14)

lim

The activities of the primary ion and the concentration of the ionophore at the
phase boundaries of membrane/aqueous phases (Equations 7.7, 7.8, 7.13, and
7.14) as well as the concentration of the ionic sites (assumed to be constant in
the whole of the membrane) enter into the description of the two interfacial
Galvani potential differences, A®" and A®’, arising at the membrane/aqueous

solution phase boundaries [4,158,163,183]:

AD’ = RT 1{ZIKIa‘(aq)} with K’I :kIBIn (CL(OI’g))n' (7.15)
zF cg(org) o

AD” = RT 1"|:Z‘K‘al(aq)} with K‘I' = leI . (Ci(org))nl (7.]6)
zF cg(org) o

where

K’, K] overall distribution coefficients of primary ions at the respective

interfaces, related to the standard free Gibbs energy of ion transfer and
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including the influence of ion complexation in the membrane
k; distribution coefficient of the free primary ion between aqueous phase
and membrane

Bin, stability constant of the predominant 1:n; ion-ionophore complex

After recalling Equation 7.1 for A®,, and substituting the boundary activities

(Equations 7.7, 7.8) and concentrations (Equations 7.13, 7.14) in Equations 7.15

and 7.16, the final result for the total membrane potential (Ey) is obtained:

B, =21 ln[ai(aq)J“RMiJr RT l_f/ff“’ UL (7.18)
z,F [a;(aq) zF  1+ilty,  zF o 1+i/iy,

where Ey; is the potential difference between the bulks of the internal and the
sample solutions and i is the current flowing from the sample to the internal
solution (for negative signs, vice versa). The first term in Equation 7.18 is the
expression for the zero-current membrane potential, the second term is
characteristic of an ohmic resistor, and the last two terms are analogous to the
formal description of polarographic waves accounting for the influence of
current-induced concentration polarizations in the phase boundary regions. The
ambivalent amperometric and voltammetric responses of ionophore-based ISEs,
evidently, strongly depend on the various experimental parameters of the
system. Earlier amperometric experiments on ISEs and ITIES indicated that the
current i, generally, is a function of the sample activity aj(aq). This also becomes

obvious from our theoretical approach if Equation 7.18 is rearranged:
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e P L L Y (7.19)
I, T+1/1, 1+1/1y, a;(aq) RT
with

_ 1 RT =AFDI(org)CS(org) (7.20)

® Ry zF d

where i, is a unit current corresponding to the current established for Ad,, =

-25.7 mV/z;at 25 °C. The exact type of the activity dependence in Equation 7.19
is, evidently, dictated by the magnitude of the current relative to the parameters
1o, 11> 1> @0 fim.

For the practical relevance of ISEs as amperometric sensors, Ry must be
sample-independent and invariant, which is not the case for thin liquid
membranes [184]. Howeyver, for plasticized PVC membranes used in this work,
it was found in hundreds of consecutive measurements [185] that the membrane
resistance did not change significantly for sample concentrations above 10° M
and can, therefore, be considered as constant. In analogy, it was assumed that
this is also the case for the two other membrane types used in this work, which
were not examined experimentally.

The general result in Equation 7.20 can also be considered as an extended
description of ITIES systems. However, since diffusion coefficients in the
organic phase of ITIES systems are comparable to those in the aqueous sample
phase, limitations by mass transport in the organic phase as well as by the ohmic
resistance are either nonexistent or may be excluded. For ISE systems, on the
other hand, these limiting terms may play a substantial role depending on the

magnitude of the various experimental parameters (see below).
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7.3 Current responses of ion-selective solvent polymeric membranes at

controlled potential in comparison with their theoretical description

In the theoretical paragraph, it was shown that three diffusion processes may
limit the current measured on ISE membranes at controlled potential. The
diffusion-controlled limiting currents in the two aqueous phases are related to
the respective maximum values of the concentration gradients of the primary
ion, while the maximum migration current through the membrane is determined
by the back-diffusion process of the free ionophore (see Figure 7.1). In the next
paragraphs, several ISE systems are discussed in which one or two of the three
diffusion processes dominate over others (see also [186]). Since these
descriptions are, obviously, restricted to special cases or limited concentration
ranges of the primary ion in the aqueous solutions and of the ionophore and
ionic sites in the membrane, the full theory has to be applied to an adequate
analysis of the complete current response.

In the case of plasticized polymer membranes used for conventional ISEs
(containing 33 wt % of PVC), the diffusion coefficients of ionophores and of
complexed primary ions are of the order of 1-5 x 10® cm s [187-192] and are
at least 2 orders of magnitude lower than in the aqueous phase [193]. Thus, the
membrane resistance is high and the value of i, comparatively low. It follows
that i, << i},  and i, << i}, hold as long as both aqueous solutions contain
adequate concentrations of primary ions (cf. Equations 7.4, 7.6, and 7.20). If
the membrane contains an excess of free ionophore, i.e., cp(org) >> cs(org), the
condition i, << iy, is also fulfilled (cf. Equations 7.11 and 7.20). Accordingly,
the second and third term on the left of Equation 7.19 can be neglected except
for extremely high values of the applied voltage, and the current response

reduces to the simple Equation 7.21:

148



Current responses of ion-selective solvent polymeric membranes at controlled potential

. 1 RT
i= In ai(aq) _E =const+i5~r£1naI (aq) (7.21)
Ry z;F aj(aq) Ry Ry z,F

Evidently, this type of ISE system behaves as an ohmic resistor that yields a
current response to the actual overpotential. The current response perfectly
mimics the potentiometric response curve of the respective ISE at zero current.
It is a linear function of the logarithm of the sample ion activity if the
composition of the internal solution and the applied potential are constant. It
should be noted that Equation 7.21 can also readily be derived from the
Nernstian zero-current potential plus the ohmic potential drop (Equation 7.18
without the last two terms).

Contrasting response behavior is expected for an ISE with a polymer-free
organic phase (of type ITIES) containing a relatively high concentration of
dissolved electrolyte. Since the diffusion coefficients in an organic solvent of
low viscosity are much higher than in a plasticized PVC membrane (e.g., in o-
NPOE in the range of 0.5-5 x 10® cm® s [171,194]), the conditions i}, << i,
and i}, << ij, may hold. In this case, the sample concentration must be fairly

low, which also guarantees that i, << i} . Finally, the second term on the left

of Equation 7.19 becomes decisive, leading to

=i [1—enFE/RT a (aQ)Jz AFz,D, (aq)c, (aq) (for zE ——o0)  (7.22)
ay(aq) d

Such systems reflect the characteristics of ion transfer across the interface
between two immiscible electrolyte solutions [171-175]. Accordingly, at
sufficiently high voltages, a diffusion-limited current is reached that is directly

proportional to the sample ion concentration.
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An intermediate case is encountered with polymeric ISE membranes at very low

sample activities. Here, the conditions i, << if,, and i, << iy, still hold but also
i, =1},. Therefore, the first two terms on the left of Equation 7.19 must be

considered, which finally yields the following result:

1
=const + —~—R—£ln[al (aq)+ Aal,el]

1 RTln[a,(aq)(l—i/i;im)J_ E
M

Ry z,F a: (aq) M Zp
(7.23)
with
Aap, =-i al.(aq) == 16y, (aq) (7.24)

il AFzD,(aq)’

lim

where yi(aq) is the activity coefficient of the primary ion in the sample solution.

In comparison with Equation 7.21, the modified response function in Equation
7.23 contains an additional activity increment, Aap,, which stands for the
electrical contribution to the lower detection limit [163]. As shown in Equation
7.24, this term is directly related to the current density, i/A, through the
membrane, but is independent of other membrane parameters. These equations
demonstrate that the useful current-response range of ISE membranes at
constant potential differs from the analytical range of the corresponding
potentiometric sensors. The observed effects depend on the sign and the
magnitude of the current signal established in the region of the lower detection

limit,
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Figure 7.2. Theoretical current response, i vs. logc . (left) and i vs. ¢,z
(right) calculated for an external potential of E = -0.3 mV applied to a
membrane with an area of A = 0.64 cm”. The other parameters were chosen as
follows: 8 = 8" = 500 pm, ¢; (aq) = 10> M Ca®", and Dy(aq) = 7.92 x 10 cm’ 5™
[193]. Curve A: membrane thickness, d = 20 pm, Dj(org) = Dy(org) =5 x 107
em’ s (Ry = 0.42 kQ). Curve B: d = 60 pm, Dy(org) = Dy (org) = 107 cm® s™
(Ry = 6.24 kQ). Curve C: d = 120 um, Dy(org) = 6 x 10° cm? 5™, Dy(org) =3 x
108 em? s (Ry = 210.0 kQ).

Theoretical current responses to the sample Ca** concentration calculated from
the general Equation 7.19 are shown in Figure 7.2. The values for the membrane
area, A, and the diffusion layers in the sample and internal solutions, ¢ and o', as
well as the concentration of the inner filling solution were chosen so that they
matched the experimental conditions used afterwards for potentiometric and

amperometric measurements (see below).
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The diffusion coefficients used for the curves A in Figure 7.2 mimic the
situation encountered with ITIES systems. Indeed, the response is almost linear
if the current is plotted against the concentration (right side) but curved if it is
shown as a function of the logarithmic concentration (left side). The opposite
behavior is illustrated by curves C, which are based on experimentally obtained
parameters for a plasticized Ca*'-selective PVC membrane (see below). Here,
the response on the logarithmic Ca®* concentrations is practically linear and the
response to the linear concentration scale is distinctly curved (see inserts with
100 times enlarged scale of the y axis). An intermediate case is shown by curves
B calculated with parameters obtained in this work for PVC-free ISE

membranes (see below).

Two kinds of PVC-free ISE membranes were investigated in this work in
addition to the conventional PVC membrane. The first one was based on a
microporous polypropylene matrix (Celgard® 2500, 25 pm thickness). The
elliptical pores (0.057 x 0.22 um” pore size) formed by extrusion, annealing, and
stretching were shown to be oriented with their major axes parallel to the film
surface [195]. It has also been reported that a thin surface layer has a slightly
smaller pore size and a lower two-dimensional pore area than the interior of the
film [195]. The other matrix was a track-etched Poretics® polycarbonate
membrane having a thickness of 6 pm and pore diameters of 14 pum. The ISE
membranes were obtained by impregnating these matrices with a solution of the
ISE components (ionophore and ionic sites, see paragraph 7.5) in o-NPOE,
which was also used as plasticizer in the corresponding conventional PVC

membranes.
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Figure 7.3. Potentiometric response of a PVC-supported and two PVC-free
Ca*"-ISE membranes, the latter being based on microporous polypropylene
(Celgard®) or on track-etched polycarbonate as matrices. Internal solution: 107
M CaCl, with 10 M KCl and 10* M HCI; sample background: 10 M KClI
with 10" M HCL. For better comparison, the curves were shifted to show the

same EMF at a sample concentration of 10° M Ca*".

First, the response of the three types of membranes was investigated
potentiometrically using 10> M CaCl, with 10° M KCl and 10* M HCI as the
internal solution (see Figure 7.3). Owing to the coextraction of a small amount
of CaCl, from the internal solution into the membrane and because of ion
exchange, zero-current transmembrane ion fluxes arise. They are known to
influence the lower detection limit of such ISEs, which therefore shifts to higher
values with increasing diffusion coefficients in, and decreasing thickness of, the

membrane phase [21,37,183]. Indeed, the PVC membrane shows the most
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favorable lower detection limit (lowest ion fluxes), whereas the PVC-free
membranes based on microporous polypropylene or track-etched polycarbonate
matrices turn out to be worse by about half or one order of magnitude,
respectively (Figure 7.3). Based on these results, it was expected that the
amperometric response of the PVC-free membranes may differ from those of

PVC membranes and approach the behavior of ITIES systems.

The current response of the three kinds of ISE membranes at a constant potential
of E = -0.3 mV is shown in Figure 7.4 together with the theoretical response
curves (drawn lines) calculated from Equation 7.19 with the parameters listed in
the Figure caption. On the logarithmic concentration scale (Figure 7.4, left), the
PVC membrane shows a perfectly linear current response as reported earlier
[186]. In contrast, curved responses are obtained for the PVC-free polycarbonate
and polypropylene membranes. As shown in Figure 7.4, right, the response
behavior of the latter two membrane systems is also curved if plotted as a
function of the concentration. The fitted responses show that the membrane
resistance (212.0 kQ for the PVC membrane) is lowered to 13.8 and 10.5 kQ
when using PVC-free polycarbonate and polypropylene (Celgard®) membranes,
respectively. The calculated response of the Celgard® membrane is based on the
same diffusion coefficients as for curves B in Figure 7.2. The reversed order of
the potentiometric (Figure 7.3) and current responses (Figure 7.4) of the two
PVC-free membranes can be explained by the fact that the limiting diffusion
processes are not the same in the two cases. The heterogeneous structure of
Celgard® (see above) apparently favors the back-diffusion of the free ionophore,

which partly determines the limiting current in amperometric experiments.
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Figure 7.4. Current response at constant external potential (E = -0.3 mV) of a
PVC-supported and two PVC-free Ca**-ISE membranes (for details, see Figure
7.3). Curves were calculated from Equation 7.19 with the following parameters:
PVC membrane: d = 120 um, A = 0.64 em?, Di(org) = 6 x 107 cm?® s, Dy (org)
=3x 10 em® s (Ry = 212.0 kQ); polycarbonate membrane: d =42 pm, A =
0.23 cm?, Dy(org) = Dy (org) = 9 x 10 cm? 5™, (Ry = 13.8 kQ); microporous
polypropylene (Celgard®) membrane: d = 58 um, A =0.35 cm?, Dy(org) =

Dy (org) = 1.05 x 107 em® s (Ry = 10.5 kQ). The thickness of the stagnant layer

in the sample and internal solutions was 0 = 0" =500 pm in all cases.

Since various parameter combinations for the membrane phase may result in
similar response curves, further experiments were carried out with Celgard®
membranes, for which the current limitation by the ion transport in the
membrane is relatively small. In one set of experiments (Figure 7.5), the
effective thickness of the unstirred layer was varied by fixing an nert

hydrophilic polycarbonate membrane with holes of about 1 mm diameter (ca. 40
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holes cm™) in the sample compartment of the cell, about 3 mm apart from the
membrane surface. The two calculated amperometric response curves were

based on the same parameters, except for the apparent thickness of the stagnant

layer.
0.0 Polypropylene
(Celgard®)

0.5+
<
=

-1.0F

-1.5

i | i |

4.5 -4.0 -3.5 -3.0
log cCa2+

Figure 7.5. Current response at constant external potential (E =-0.3 mV) of a
Ca?*-ISE membrane based on a microporous polypropylene (Celgard®) matrix
(for details, see Figure 7.3). The thickness of the stagnant layer was increased in
one experiment by placing an inert, perforated polycarbonate membrane in front
of the ISE membrane. The calculated curves are based on the same parameters
as for Figure 7.4 except for the thickness of the stagnant layer indicated in the

Figure.

Based on the same set of parameters, it was also possible to describe the current

responses at three different potentials (E = -0.3, -30.0, and +30.0 mV, see Figure
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7.6). These results clearly indicated that the quantitative model according to

Equation 7.19 is sound and can be applied to various experimental setups.
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Figure 7.6. Current response at different external potentials (E = -0.3, -30.0, or
+30.0 mV) of a Ca*"-ISE membrane based on a microporous polypropylene
(Celgard®™) matrix (for details, see Figure 7.3). The curves are calculated from

Equation 7.19 using the same parameters as in Figure 7.4.

All measurements discussed so far were based on steady-state current values.
Depending on the type of membrane, this steady state was achieved after
different equilibration times. As shown by the time traces in Figure 7.7, the
Celgard® membranes exhibited fast responses and the respective steady states

were reached within a few minutes.
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Figure 7.7. Time traces of the current response at E = -0.3 mV of a PVC-
supported and a PVC-free Ca**-ISE membrane, the latter being based on a
microporous polypropylene (Celgard®) matrix (for details, see Figure 7.3). The
values given above the curves indicate the respective logarithmic molar Ca™

concentrations in the sample.
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As expected, PVC-based membranes responded much more slowly and the
steady-state current value was achieved only about half an hour after sample
changes. Due to their fast response behavior, Celgard® membranes are highly
attractive candidates whenever fast transmembrane processes are required for

potentiometric or amperometric sensing with liquid membrane electrodes.

7.4 Conclusions

The current response of ISE membrane assemblies at controlled potential was
treated on a theoretical basis and studied in a series of experiments. The
apparently contradictory amperometric response behavior obtained with ITIES
and ion-selective PVC membranes was shown to originate from different kinetic
limitations. For PVC-free liquid membranes based on inert microporous
matrices (e.g., Celgard® or track-etched polycarbonate membranes), the
response is not a linear function, neither when plotted vs. the logarithmic
concentration, nor the concentration itself. Hence, the behavior of these
membranes is intermediate between that of PVC membranes and ITIES systems.
Although potentiometric measurements with ISEs are still widely preferred for
the determination of ion activities (concentrations), the new amperometric
method was shown to be an equivalent choice and may also find future

applications in routine analysis.
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7.5 Experimental

7.5.1 Reagents

Celgard® 2500 microporous flat sheet polypropylene membranes of 0.057 x 0.22
um?’ pore size, 25 pm thickness, and 55 % porosity were purchased from
Celgard Inc. (Charlotte, North Carolina, USA). Poretics® polycarbonate
membranes without wetting agent (PVPF, poly(vinylpyrrolidone)-free) of 14
um pore diameter and 6 um thickness were obtained from Osmonics Inc.
(Minnetonka, Minnesota, USA).

Poly(vinyl chloride) (PVC), the calcium ionophore, N,N-dicyclohexyl-N’,N’-
dioctadecyl-3-oxapentanediamide (ETH 5234), potassium tetrakis-[3,5-bis-
(trifluoromethyl)phenyl]borate (KTFPB), and tetrahydrofuran (THF) were
Selectophore® and 2-nitrophenyl octyl ether (o-NPOE) was puriss. p.a., all from
Fluka AG (Buchs, Switzerland). Aqueous solutions were prepared with freshly
deionized water (18.0 MQ cm specific resistance) obtained with a NANOpure
reagent-grade water system (Barnstead, 4009 Basel, Switzerland); CaCl,, NaCl,
and KCI were Suprapur® from Merck (Darmstadt, Germany).

7.5.2 Membranes

Celgard®-based membranes contained ETH 5234 (2.3 wt %, 28.6 mmol kg™,
KTFPB (0.3 wt %, 2.9 mmol kg™), and o-NPOE (97.4 wt %). A total of 270.4
mg of these components was dissolved in THF (2 mL) and a Celgard®
membrane disk of 2.0 cm diameter was impregnated with 40 pL of this solution.
The membrane was then immediately mounted in a symmetrical plexiglass cell
allowing an exposed area of 0.64 cm’ and with compartments of 20 mL on each

side. Before starting potentiometric or amperometric measurements, the
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membrane was symmetrically conditioned in a solution of 10° M CaCl,, 10° M
KCl and 10* M HCI for ca. 30 min.

Polycarbonate-based membranes contained ETH 5234 (2.4 wt %, 30.2 mmol
kg'), KTFPB (0.3 wt %, 3.2 mmol kg™), and o-NPOE (97.3 wt %). A total of
272.4 mg of these components was dissolved in THF (2 mL).

After evaporating the THF under air, a polycarbonate membrane disk of 2.0 cm
diameter was impregnated with 2 puL of the solution. The membrane was then
immediately mounted in the symmetrical plexiglass cell and conditioned for ca.
30 min as described above for the Celgard® membranes.

The PVC-based membranes contained ETH 5234 (1.6 wt %, 20.1 mmol kg™,
KTFPB (0.2 wt %, 2.2 mmol kg™"), 0-NPOE (65.5 wt %), and PVC (32.7 wt %).
Membranes of ca. 120 pum thickness were obtained by casting a solution of
404.4 mg of these components dissolved in THF (ca. 4 mL) into a glass ring (4.4
cm i.d.) fixed on a glass plate. After evaporation of the solvent overnight, a disk
of 2.0 cm diameter was punched from this master membrane, mounted in the
symmetrical plexiglass cell and conditioned as described above but in this case

for 48 h.

7.5.3 EMF measurements

Potentials were measured with a custom-made 16-channel electrode monitor in
the symmetrical plexiglass cell, the solutions in both compartments being stirred
during measurements. Two identical reference electrodes (Metrohm type
6.0726.100, Ag/AgCl in 3 M KCl, Metrohm AG, 9101 Herisau, Switzerland)
with a bridge electrolyte of 1 M KCI were used as reference and working

electrodes.
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7.5.4 Controlled potential measurements

Current measurements at controlled potential were performed on all ISE
membranes with the same symmetrical cell as described above. For these
measurements a four-electrode setup was used. The cell was equipped with a
working and a counter electrode, both Ag/AgCl (0.64 c¢m?), and two identical
reference electrodes having a bridge electrolyte of 1 M KCl as mentioned under
paragraph 7.5.3. The external potential difference was controlled with an SI
1287 Electrochemical Interface (Solartron Instruments, Farnborough, UK) using
CorrWare software (Scribner Associates, Inc., Southern Pines, USA). The same
instrument was used to measure the current response. For each concentration,
current readings were taken after 30 min. In order to guarantee a direct and true
comparison between potentiometric and amperometric ISE responses, one and
the same experimental set-up was utilized for all measurements in this work.
The membrane electrode cell basically conforms to the arrangement used for

most practical ISE applications.
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8 Structures

8.1 Plasticizers

Bis(2-ethylhexyl) sebacate (DOS), C,6Hs204, M, 426.69

0 CH,CHj,

H3C(H,C),H,C o\)\
3C(H2C)H; \l/\o)‘\/\/\/\/Y CH,(CH,)>CH;

CH,CHj3 0o

2-Nitrophenyl octyl ether (o-NPOE), C4H;1NOs, M; 251.33

O/CHz(CH2)6CH3

8.2 Lipophilic salt

Tetradodecylammonium tetrakis(4-chlorophenyl)borate, (ETH 500),
C72H| |6BC114N, Mr 1148.29

H3C(HC)10Ha CH»(CH3);9CH3

C
\. /7
N} Cl B

H;C(H,C)10HC CHy(CHj),9CH3 4
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8.3 Ionic sites

Potassium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, (KTFPB),
Ci,H;BF34K, M; 902.32

Sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, (NaTFPB),
C;3,H2BF4Na, M, 8§86.21

FyC CF;

QB- K* or Na*
ol

FsC CF3

8.4 Ionophores

N,N-Dicyclohexyl-N',N'-dioctadecyl-3-oxapentanediamide (ETH 5234),
Cs,H;00N203, M, 801.37

?Hz(CHz)mCHB»

N N.
\[]/\O/\n/ CH,(CHj)16CH3

0O 0
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tert.-Butylcalix[4]arene-tetrakis(N,N-dimethylthioacetamide),
CeoHgaN4O4S4, M, 1054.59
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9 Glossary

aj

aq

9

cp(org)

CP
cs(org)

standard conditions
membrane/sample solution phase boundary
membrane/inner filling solution phase boundary

bulk of internal solution

active membrane area [cm’]

activity of ion J [mol L]

aqueous phase

concentration of jon J [mol L]

average concentration of ionophore within the membrane
[mol L]

conducting polymer

total concentration of ionic sites in the membrane

[mol L]

cyclic voltammogram

membrane thickness [um]

diffusion coefficient of ion J [cm® s™']

diffusion coefficient of the ionophore in the membrane
[em® 7]

bis(2-ethylhexyl) sebacate

includes all constant terms of Ey

sum of all sample-independent contributions to the EMF
liquid-junction potential of reference electrode

intercept of linear response function of an ISE responding
to ion J

potential difference between the bulks of the internal and

sample solutions
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EDTA
EMF
ETH 500
F

Fe
H-PDMS

liim

ISE
ISFET
ITIES

Js
pot
K I

ki

KTFPB

L

LC

LDL
MMA-DMA

Ny
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sum of the phase boundary potential at the internal filling
solution/membrane interface and of the diffusion potential
in the membrane

ethylenediaminetetraacetic acid

electromotive force

tetradodecylammonium tetrakis(4-chlorophenyl)borate
Faraday constant (96 485 C mol™)

ferrocenyl group

Si—H-terminated poly(dimethylsiloxane)

electrical current [A]

primary ion

diffusion-limited current related to maximal diffusion flux
within a certain diffusion layer [A]

ion-selective electrode

ion-selective field effect transistor

interface of two immiscible electrolyte solutions
interfering ion or any kind of ion

total flux of ion J [mol cm™ s™']

potentiometric selectivity coefficient

distribution coefficient of free primary ions between
aqueous phase and membrane

potassium tetrakis-[3,5-bis-(trifluoromethyl)phenyl]borate
ligand, ionophore

liquid contact

lower detection limit [mol L™']

methyl methacrylate-decyl methacrylate copolymer
stoichiometric number of the primary ion-ionophore

complex
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NaTFPB
0-NPOE
NTA

org

PANI
PEDOT
PMHS
POT

PPy

PPy FeCN

PPy KCl
PVC
PVF

THF
Uy

Zy, 2,

Glossary

sodium tetrakis-[3,5-bis-(trifluoromethyl)phenyl]borate

2-nitropheny! octyl ether

nitrilotriacetic acid

organic (membrane) phase

polyaniline
poly(3,4-ethylenedioxythiophene)
poly(methylhydrosiloxane)
poly(3-octylthiophene)

polypyrrole

polypyrrole doped with potassium
hexacyanoferrate(I1)/(1IT)

polypyrrole doped with potassium chloride
poly(vinyl chloride)
poly(vinylferrocene)

universal gas constant (8.314 J K™ mol™)
reference bridge electrolyte solution
inner membrane resistance [€2]

ionic sites

sample solution

self-assembled monolayer

solid contact

sensitivity (slope) of linear response function of an ISE

responding to ion I [mV decade™]
absolute temperature [K]

tetrahydrofuran

absolute mobility of ion J [cm® mol s J™']

charge number of ion I, J
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stability constant of 1:nj primary ion-ionophore complex
aqueous Nernstian diffusion layer in the sample solution
[nm]

aqueous Nernstian diffusion layer in the internal solution
[nm]

chemical potential [J mol™]

electrochemical potential [J mol™]

electric potential [V]
potential drop within the membrane [V]

Galvani potential difference arising at the
membrane/sample solution phase boundary [V]
Galvani potential difference arising at the membrane/inner

filling solution phase boundary [V]
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