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ABSTRACT

In this work, optimization of the performance of potassium / PVC electrodes
based on valinomycin, with respect to the composition of the membrane,

{.e. the ratio of valinomycin to plasticizer, and the type of PVC matrix has
been investigated, in an attempt to reduce the cost of the commercially
available electrode. The behaviour of a number of PVC electrodes based on a
series of novel bis-crown compounds towards potassium and sodium ions has been
evaluated.

The influence of the internal reference system, particularly the internal
reference solution, on the electrode charateristics was examined by varying
the concentration and type of the reference solution. The presence of
negative sites in the PVC membrane as an origin of the selectivity,
maintaining the electroneutrality in the bulk of the membrane, has been
Investigated by making pH measurements on solutions 1n contact with the
membrane constituents. The anion response of the potassium / valinomycin
electrode with the variation of the concentration of valinomycin, type of
plasticizer and PVC have been clarified.

Automatic calibration and selectivity determination has been carried out on
the membrane using a continuous dilution method, and examination of the effect
of the liquid junction potential, type of junction and concentration of the
bridge solution on the response of the electrode were ascertained.

A high concentration of the valinomycin (>1%7 w/w) and plasticizer (K70% w/w),
independent of the type of PVC and plasticizer, was found to show the best
performance. The bis—-crowns, except bis—-naphthol crowns, did not display
competitive results in the determination of potassium and sodium ions. The
potentials of the internal and external surfaces of the membrane are
established separately of one another, and the magnitude of the membrane
potential did not simply depend on the ratio of sensed ion activity in the
1nner and outer solutions. There is however, strong supporting evidence that
the presence of impurities in the membrane components are responsidble for the
selectivity and electroneutrality of the membrane.

The anion response of the membrane is shown to be influenced by the nature of
membrane and concentration of valinomycin.

The source of the bias in the Corning 902 Analyser in relation to flame
photometry was explained and the continuous dilution method was applied to the
evaluation of the sensor instruments.
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CHAPTER ONE

INTRODUCTION

1.1 INTRODUCTION AND CLASSIFICATION OF ION-SELECTIVE ELECTRODES

The introduction of new and reliable i1on—-selective electrodes (I1.S.Es)
for various cations, anions, neutral species, gases and enzymes has been a
subject of intrest to many scientists in different fields. These
electrochemical devices, whose potential directly corresponds to the
concentration, or more correctly to the activity of particular species in
solution, are rapidly replacing very sophisticated, time consuming and
expensive instruments, both in research and industry. Since the
publication of G.A. Rechnitz”s article in 196/ [1l] and later that of
A.K. Covington in 1969 [2], for the first time in Great Britain, several
thousand articles concerning the application of these amazing tools in
various branches of chemistry such as, clinical, agricultural,
envirnomental, analytical, paper industry, etc. have emerged in which
their usefulness has received much attention. The understanding of the
mechanism of ion transport through living cells, and its similarity to the
operation of 1.S.Es has encouraged physiologists and biologists to carry
out detailed investigations on these devices, which led to the discovery
of novel ion-selective electrodes, e.g. the potassium I.S.E. The
development of I1.S.Es has facilitated analysis of some species, which were
difficult to detect by other techniques, such as fluoride ions and

enzymes. Several magazines and scientific journals have been dedicated to



news and progress about I.S.Es [3].

Ion—- selective electrodes are membrane electrodes comprised of an
internal reference system interfaced with a thin layer which is either
s§0lid or liquid, and might be conducting or non-conducting towards the
sensed ions. It is called a membrane, and is the fundamental part of the
electrode. The function and mechanism of the electrical conduction of

I1.S.Es is mainly related to the active material and the nature of the

compounds used in the preparation of the membrane.

Initially, 1.S.Es were classified according to the physical form of the

membrane [2,4], i.e.

1. Solid,

2. Heterogeneous,

3. Liquid ion—exchange.

However, this classification was not valid for long, because of the
possibility of utilization of active material in different configurations.
Thus, a more acceptable and logical classification was presented in 1974

by A.K. Covington [5], which 1s based on the nature of the electroactive

materials, namely:



1. Glass,

2. Insoluble inorganic salts,

3. Organic materials.

The active material in a glass membrane is silica glass. The glass
I.S.E. responds to hydrogen ions, and a similar response is made towards
univalent cations by altering the composition of the glass. The second
group deals with solid state membranes, in which the active material is a
sparingly water soluble inorganic salt such as silver chloride or
lanthanum fluoride. The active materials in the last category are long
chain ion-exchangers such as alkyl phosphates and complexing agents, which
also include many natural antibiotics, synthetic cyclic and acyclic
compounds. All these materials in different groups seem to possess an
ion-exchange capacity to a certain extent. The construction and operation
of various I.S.Es has been the subject of many books [6,7], reviews [8]
and monographs [9,10]. Here, attempts are oriented towards the

investigation of the behaviour of the PVC electrode based on neutral

carriers, and the relevant aspects of these will be briefly discussed.



1.2 BRIEF HISTORICAL SURVEY OF 1.S.Es

The most widely used and well known of all I.S.Es is the hydrogen-ion
responslve glass electrode. It was in 1906 when Cremer [l1] observed that
changing the acidity of aqueous solutions affected the electrical
potential of the glass membrane but it was Haber [12] who realized the
usefulness of the membrane potential which developed across a glass
membrane. In the investigation carried out by Klemensiewicz, the
potential of the membrane was related to the hydrogen ion concentration on
both sides of the membrane. However, it was around 1930, that a series of
studies [13,14] on the composition of the glass membrane led to the
commercial production of the glass electrodes. The observation of alkali
errors 1n pH-responsive glass electrodes, and attempts to minimise this
shortcoming, resulted in the discovery of new cation responsive glass
electrodes. 1In this respect, investigation by Lengyel and Blum [15] in
1934, and later a more systematic research by Eisenman and co-workers
[16], helped to clear the mystery of the alkali error, and shortly

afterwards a series of glass electrodes for monovalent cations was

fabricated.

The development of solid-form lon-selective electrodes can be traced
back to the work of Tendeloo [17], and of Kolthoff and Sanders [18].
Tendeloo”s electrodes based on calcium fluoride and calcium oxalate in
paraffin matrix, proved to be unsuccessful. The electrodes with active

materials of silver halides as pellets and coated-wire form, which were



prepared by_Kolthoff and Sanders also did not produce satisfactory
results. This was partly due to the light—-sensitivity of these materials.
However, this problem was overcome later by introducing A328 into the
halide pellets. The first non-glass ion-selective electrodes were
prepared by Pungor and co-workers [19] in 1961, whose membranes were made
of embedded silver-iodide precipitate in an inert matrix (silicone
rubber). Later, they introduced a series of heterogeneous solid membrane
electrodes, such as the silver and halide ion-selective electrodes. In
1966, Ross and Frant [20] di scovered the fluoride electrode which was based
on a single crystal of lanthanum fluoride doped with europium fluoride.

Heterogeneous membranes were also made by laying compounds upon a

conductive substrate, such as hydrophobic graphite (Selectrodes [21].
Various types of inert matrices were used in the preparation of

heterogenous membranes, e.g. epoxy resin, silicone rubber, polymers, etc.,

of which plasticized PVC is nowadays widely used as “inert-matrix”.

The research on the construction of calcium glass electrodes concluded
with the introduction of the first liquid-membrane electrode by Ross [22],
which is based on calcium didecyl phosphate with di-n-octylphenyl
phosphonate. During the development of membrane electrodes, liquid
membranes received great attention due to the availability of numerous
ion-exchange materials. Shortly after the calcium electrode, the
emergence of other liquid electrodes based on organic materials such as,
nitrate, perchlorate, chloride, cupric ions, etc. followed.

Pressman [23] in 1964, discovered that valinomycin and other antibiotics

facilitate the permeation of 1ons through living cells, and this resulted



in the discovery of a new group of permeators to be used as active
materials in the membranes. The introduction of these neutral carriers
extended the range of liquid membrane electrodes, and the first potassium
selective electrode based on valinomycin in liquid membrane form was
reported by Pioda, Stankova and Simon in 1969 [24]. This electrode, is
very reliable and shows a high selectivity for potassium ions, in
comparison with the glass and the other potassium responsive electrodes;
this makes it of the same quality as the H glass and fluoride electrodes.

Due to economic factors and difficulty in purification of these naturally
occurring compounds, the use of their analogues 1.e. cyclic and acyclic
compounds, has been promoted, although electrodes based on crown compounds
are not capable of great discrimination between ions. Crowns, however,
have been used and their characteristics were compared with valinomycin
based electrodes [25]. The first polymeric calcium « I.S.E. appeared in

(2]
1967 but it was not until 1970, after the work of Moody and Thomas [27],

that it attracted interest and rapidly replaced the liquid membrane
electrodes. An interesting configuration of the polymeric electrode is
the coated-wire I.S.E. presented [28] in 197/1. 1In this modification

platinum or silver wire, coated with a polymeric matrix containing various

electroactive materials, is used.

Recently electrodes have been invented for gases and enzymes. The

carbon dioxide electrode [29,30] was the first designed for the

measurement of the partial pressure of carbon dioxide. Later, other gas

sensors, became available for various gases such as NH,5, SOy, NO,, etc.



The first enzyme electrode was introduced by Clark and Lyons [3l]. The
Principles of these electrodes are similar to gas sensing electrodes,
except that the reaction?takes place between a biocatalytic layer and the
substances to be measured. The product of this reaction is measured by a

sultable electrode {[32].

Finally the latest innovation in this field is Ion-Selective Field
Effect Transistors (ISFETs) [33], the membrane of which is applied
directly to the gate of a field effect transistor. The performance of
ISFETs as regards to the response and selectivity is the same as
conventional electrodes. Due to the small size of the devices,
measurement with small amount of sample and in vivo analysis is possible.
Attempts at preparing multi-functional ISFET were successful in Newcastle,

and for the first time Covington et al. [34] prepared a four functional

+ 2+

ISFET for K, Né+, Ca” , and H' . In the following sections, a brief

insight into the more important carrier compounds, is given.

1.3 IONOPHORES - (THE ION-CARRIERS)

The term ionophore or ion-carrier applies to those compounds which have
a tendency to bind ions selectively and increase the ion permeability of
the membrane. Generally, ionophores are organic compounds with cyclic
structure. However, there are also some acyclic compounds which possess
similar properties, e.g. antibiotic nigercin or Simon“s synthetic
compounds [35]. The properties of ionophores have been summarized by

Koryta [9]) as follows:



l. They form complexes with univalent ions, especially with alkali metal

ions.

2. They enable transport of univalent ions across lipid membranes of

cells and cell organelles as well as across the so called bilayer

lipid membranes and across relatively thick nonpolar solvent

membranes.

3. They ion—-specifically uncouple the oxidative phosphorylation in

mitochondria; this is the basis of their bactericidal effect.

4. They give rise to membrane potentials in thin lipid and thick

membranes.

The interesting properties of these molecules lie in their peculiar
molecular structure. The cation-ionophore complex consists of two shells,
namely: internal and external. The internal shell is composed of polar
groups oriented towards the centre of the molecule and provide a cage for
the cation. The outer or external shell consists of nonpolar and
lipophilic groups, preventing interaction between the anions and solvent
with the cation, and ensuring the solubility of cation-carrier complex in
the apolar media of the membrane. Usually, the cation sits in the cavity
of the ionophore and electrostatic or covalent bonds are induced due to
the polar groups such as oxygen. The complexation is step by step or, in
other words, by replacing the solvent molecules bound to the cation with

oxygen atoms successively. The stability of the ionophore”s complexation



with various cations depends on the structure of the ionophore, the
dimension of the cation and the size of the cavity. 1In addition to the
lipophilicity and transport properties, the ionophore molecules should

have high rate of cationic loading and unloading speed at the interfaces.

Comprehensive reviews and a few publications, about the naturally
ogzhrring antibiotic ionophores have been published by Ovchinnikov et al.
[36,37,38]. Reviews on the role of ionophores in biological membranes

[39], synthesised ionophores [40] and structure of their complexes with

metals [41], are available.
The range of ionophores is wide and can be classified into two main

categories:

l. Natural ionophores,

2. Synthesised ionophores.

Naturally occurring 1onophores are subdivided accordingly:

1. Cyclic,

2. Acyclic.



1.4

- 10 -

NATURAL IONOPHORES (CYCLIC)

1.4.1 Depsipeptides

The cyclic depsipeptides contain amino and hydroxy acid residues linked
by amide, N-methyl amide and ester bonds. The prominent members of this
group are valinomycin, the enniatins and monomycin. The biological action
of these compounds relates to their complexing tendency with metal ions.
Because of the use of valinomycin in this work as active material, further
information is given below:

Valinomycin is the most popular and well known ionophore used in I.S.Es.
It possesses high selectivity towards potassium in comparison with other
antibiotics and is the active material used in potassium membrane
electrode and in extraction. Valinomycin molecule contains [36] three
molecules of L-valine, three molecules of D-valine, three molecules of
L-lactic acid and three molecules of D- e« -hydroxy-iso-valeric acid (Fig

l1.1). The valinomycin has a 36 membered ring with three fold symmetry

O
I

structure. Due to the existence of NH and C groups, various conformations
in different solvent have been reported [42]. It has been shown that in
nonpolar solvents six hydrogen bonds and in more polar solvents three
hydrogen bonds exist. The number of hydrogen bonds depends on the nature
of the solvent. 1In solution it exists in three forms (A, B, and C) in
equilibrium (A: no hydrogen bonds, B: three intermolecular hydrogen bonds
and C: six intermolecular hydrogen bonds ). Valinomycin forms very stable

complexes with K+, Rb+, and Cs™ ions in methanol, but the complexes with
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other alkali and alkaline earth metal cations are less stable. The size
of the cavity in the valinomycin molecule is sufficient to encapsulate K*
and Na¥ ions without steric strain. The cavity diameter 1is 2.7-3.3 K . It
was reported that ions of larger size fitted in the cavity by increasing
the size of the cavity by changing the hydrogen bond lengths [43]. The
radii of some cations are given in Table 1.1 for comparison.

Table 1.1

a
Radii of Cations /A

Na*t 0.95 Mgt 0.65
KT 1.33
RbT 1.48 catt 0.99
Cs* 1.69
1t 1.44 Ba’t 1.35

The structure of valinomycin-potassium complex 1s shown in Fig 1.2. Here
the oxygen atoms of C groups are oriented towards the centrally situated
cation. The cation is effectively screened from its interaction with
solvent and the anion, by the depsipeptide skeleton and the pendant side
chains. The molecular surface of the complex covered by the methyl and
isopropyl groups gives the complex a high hydrophobicity. The same
structure was found in the crystalline K*Fvalinomycin complex [44]. Owing

+, it is used as

to the greater selectivity of valinomycin for K" over Na
an active material, when the sodium content is high (body fluid). The
properties of valinomycin depend on the position of the binding units and

their conformation. Replacement of any of these units leads to a decrease

{n the stability of the metal ion-complex [45].
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Structure of valinomycin-K complex

Hatched bonds indicate nyurogen bonds.

|sopropyl groups are not shown [5].

Fig. (1.2)
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The othe; well known member of the depsipeptides is enniatin with an
18-membered ring. The enniatins occur in two forms: A and B. They form
1:1 complexes with all ions, but 2:1 complexes were found when the
concentration of enniatin 1s increased [36]. Compared with valinomycin
they show low selectivity for potassium ions. This is attributed to the
differences in the orientation of ester carbonyl groups towards the cation
in the two compounds, and also to the solvation of both their polar groups

and the free cations [42].

1.4.2 Peptides

The most important members of this group are gramicidin and alamethin.
Apart from gramicidin S which is a cyclic compound, the other gramicidins
are acyclic [46]. Gramicidin A increases the permeability of alkali ions
in a membrane. Such a capacity for transport of ions has been proposed to
occur by channel formation due to the alignment of gramicidin molecules
across the membrane [47,48]. Antamanide binds sodium ions in preference
to potassium. Investigations on the complexing ability of these compounds

led to the synthesis of cyclic peptides, which bind the potassium ion more

effectively than valinomycin [49].

1.4.3 Depsides (Macrotetrolides)

The other category of natural ionophores is the macrotetrolides. Their
general formula 1is represented in Fig 1l.1. They are derived from the

nonactinic acid. Nonactin was synthesised by a stepwise condensation of



four nonact;nic acid molecules and subsequent cyclization. They consist
of a 32-membered ring with four ether and four ester groups. They are
capable of binding cations with different radii. The stability of the
complex decreases by increasing the water content of the media [36]. NH:

ions are more strongly bound by nonactin than valinomycin, but nonactin is

less selective to potassium ions than valinomycin [50].

l.4.4 Carboxylic Acid Ionophores (Acyclic)

The last group of natural ionophores is the carboxylic acid ionophores.
They include nigericin, monencin, grisorixin, x-206, x-537A and A2318/.
Unlike the other ionophores, which are electroneutral, these compounds
form uncharged complexes. This is due to the carboxyl group in their
molecules. They generally form 2:1 complexes. Nigericin which forms a
stable complex with potassium ion, has a carboxylic acid group at one end,
and a hydroxyl group at the other end. The presence of these groups
facilitates hydrogen bond formation. Complexation is accompanied by
deprotonation of -COOH group followed by a ring closure. Due to the
carboxylic group the complexation is pH dependent.

The carboxylic acid ionophores form stable complexes with alkali and
alkaline earth metal cations. 1In this respect, nigericin, monensin and

A23187 prefer potassium, sodium and calcium ions repectively [52].
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SYNTHETIC IONOPHORES

1.5.1 Crowns

The crowns were discovered by Pedersen in 1967 [53]. Their tendency to
form complexes with various cations selectively has been attributed to the
structural similarity with the natural ionophores; thus the use of these
compounds instead of expensive and unstable ionophores has been
encouraged. Cyclic polyethers with 3 to 20 ether oxygen atoms in their
central ring have been synthesised [53]. One of the first compounds in
this group was dicyclo—-hexyl-18-crown—-6; they all contain polar as well as
non—-polar groups arranged in a cyclic structure. The complexation of
these compounds 1is such that the oxygen atoms point towards the centre of
the molecule to provide a polar cavity for the cation. The non—-polar
groups, on the other hand, point outwards forming a lipophilic exterior.
This particular arrangement allows the charged lipophilic complex to
penetrate into the apolar media. Polyether compounds are capable of
forming complexes with uni, di and trivalent cations. The stoichiometries
of metal:ligand partly depend on the size and dimensions of the cavity in
the polyether. By replacing the oxygen atoms, either fully or partially,
with sulphur, nitrogen, etc., macrocyclic and macroheterocyclic compounds
with different donor atoms and strong tendency towards complex formation
can be synthesised [54,55]. Extensive reviews concerning the crown

compounds are available [56,57]. A brief review of crown ethers is given

in Chapter Three Part Two.
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1.5.2 Macroheteropolycyclic Compounds (Cryptands)

Macfocyclic diazapolyoxa compounds were first synthesised by Lehn et
al. [58], and called cryptands. A general formula for the cryptands is
shown in Fig 1.3. They are not polyethers, but a combination of polyether
and bicyclic diamines. Abbreviated names have been suggested for the
cryptands, e.g. for m=1 and n=1 the compound is called 3.2.2 cryptand (see
Fig 1.3). These compounds are capable of forming remarkably stable
complexes with metal ions in both aqueous and non—aqueous solvents
[59,60,61]. The cation is located within the cavity of the ligand and two
bridgehead nitrogen atoms together with the ether oxygens are directed
towards the inside of the cavity. The metal ion, enclosed by a
hydrophobic shell, is partially hydrated or interacts with the anions
[61]. The compounds demonstrate high selectivity between various metal
ions. Variation in the stability and selectivity is attributed to the
cavity size, the number of donor sites and the nature of the medium [62].
The selective property of cryptands has aroused the interest of analysts
in ion sensor technology, but the high solubility of the species in
aqueous solution and the low rate of cation release, are barriers for the
use of these compounds in ion-selective electrodes. However, this
hydrophilicity of cryptands has been overcome by introducting carbon
bridgeheads with lipophilic branches instead of the nitrogen ones [44].

Electrodes based on these compounds have proved unsuccessful.
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1.5.3 Bis-Crown Compounds

Pedersen [53], the discoverer of crown ethers, disclosed that
benzo—1l5-crown~5 forms 2:1 complexes with potassium and larger cations,
and he proposed a sandwich—-type structure for the 2:1 stoichiometry. This
idea was followed by Bourgoin et al. [63], and for the first time they
synthesised a new compound in which two crowns were linked together
through a short aliphatic chain. These new compounds are known as
bis—-crowns and they possess the ability to form complexes with cations of
the appropriate size with good lipophilic property. Due to the existence
of various possibilities to link two crowns of different size, the number
of synthesised bis-crown ethers is growing [64,65].
It is clear from the preceding discussion that two properties are required
for an ionophore to be used as ion transporter in ion-selective
electrodes. First, fast complexation and decomplexation rate, and
secondly a high lipophilicity after complexation. On the basis of these
criteria, bis-crown compounds have offered opportunities to synthesise
ligands for a variety of ions. Japanese workers [66,6/,68] and a group 1in
Newcastle [69] have used similar types of compounds in their membranes
with promising results being obtained. Detailed information about the

synthesis and application of bis-crowns is given 1n Chapter Three Part

Two.



a) Benzo Crown

N b) Cryptand

Bis-Benzo~-Crown

Fig (1.3)
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IONOPHORES AS ACTIVE MATERIALS IN I1.S.Es

The reversible binding and the ion transport capacity of ionophores are
desirable properties for effective active materials in ion-selective
electrode systems. Due to the high selectivity of natural antibiotics
towards the alkali metal ions, they were used in the preparation of liquid
potassium membranes [/0]. Liquid membranes prepared from nonactin,
monactin and monensin showed good response for potassium ions but the
selectivity compared with valinomycin was inferior. However, later it was
reported that the electrodes based on nonactin in di-butyl sebacate and
monensin in ethylhexyl di-phenyl phosphate can be used as liquid membrane
selective electrodes for ammonium and sodium ions respectively [25]. A
membrane prepared from 72% nonactin and 287% monactin in

tris—(2-ethylhexyl) phosphate was found to sense ammonium ions [50].

The first highly selective potassium electrode was a liquid

fon-selective electrode of valinomycin dissolved in diphenyl ether and
held in a porous membrane [50,71]. The very high selectivity of this
electrode for potassium over sodium has rendered it useful in solutions
where glass electrodes fail, particularly in biological fluids. GSince the
{nvention of the potassium / valinomycin electrode, a number of potassium
electrodes of various designs have been manufactured, whose main
differences are in the nature of their solvents and supports. For
{nstance, in the Orion Research Inc. potassium liquid electrode, in

conjunction with valinomycin, a nitro-aromatic solvent in a cellulose

ester support was utilized [72]. The performance and selectivity of the
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Orion electrode over 15 different cations has been reported [73]. There
are other natural ionophores, apart from those mentioned, being used in

liquid membranes for anions [50]. Vitamin B

192 in decanol, responds to

nitrate and perchlorate ions in the range of 10”1 to 10_5 mol/dm3 [74,75].
Liquid membrane electrodes have short lifetime, due to the loss of
active material, easy contamination and other disadvantages; therefore,
ionophores have been introduced into solid membranes. Numerous potassium
electrodes based on valinomycin with different matrices, mostly PVC were
constructed [/6,77]. Again here, the main differences between the
electrodes from various sources are in the nature of the plasticizer and
the type of matrix used. 1In the absence of a plasticizer, Nernstian
response cannot be obtained.
Synthesised ionophores, e.g. cyclic polyethers, have been used as active
material in ion sensors. The first potassium electrodes based on the
crowns: benzo-15-crown-5, dibenzo-18-crown-6, dicyclohexyl-18-crown 6 and
dibenzo-30-crown-10 dissolved in nitrobenzene, did not demonstrate any
high selectivity for potassium ions [/8]. Comprehensive studies by Ryba
and Petranek [7/9,80] with different crown ethers revealed that the
introduction of substituent groups and their position on the aromatic ring
play an important role in the selectivity and behaviour of the electrodes.
On the basis of a study of complex formation constants and selectivity
coefficients, Rechnitz and Eyal [7/8,81] suggested that in electrodes based
on crown compounds, the selectivity ratio for one ion over another is
approximately equal to the corresponding ratio of the complex formation

constants. However, this conclusion has been criticised [82]. 1In
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general, one can say, that electrodes based on crown compounds have so far
shown low selectivity and a high detection limit.

More recently, other types of ionophores such as bis and poly-crown
compounds have been used in preparation of alkali membrane electrodes
[83,84,67,85]. Some of these new electrodes are approximately as
effective or even superior [68] to similar electrodes based on naturally
occurring ionophores. Their selectivities depend upon the bis-crown
configuration and the length and nature of the connecting chains.

Apart from the aforementioned, there are some other ionophores which have

been synthesised by Simon“s group [36]. These compounds are

non—-macrocyclic possessing ionophore properties, which have been

successfully employed in ion-selective electrodes [86,87].

1.7 PRINCIPLE OF OPERATION OF ION-SELECTIVE ELECTRODES BASED ON IONOPHORES

Principally, the potentials of I.S.Es arise as a result of dissimilar
distribution of the charges at the interfaces between the membrane and the
contacting phases. The generation of interfacial potentials differs in
accordance with the type of membrane. It depends on the membrane and
mainly on the active material. The assemblies to be dealt with are of the

type which can be represented as:

External Reference Solution
Electrode (1)

Solution Internal Reference
(2) Electrode

membrane

and are used for measurements of the potential difference of I.S.Es. The
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composition of the solution (2) is always kept constant. The external and
internal reference electrodes are chosen in such a way that their
potentials, with regard to the respective solutions, are constant and

iIndependent of the composition of the solution.

The theory for the established potential of electrodes based on neutral
carriers has been developed by Eisenman and his colleagues [88,89], and

more recent work has been reviewed by Simon et al. [90].

For a membrane containing an ion carrier “S°, which separates solutions

+. and ’J+'

(1) and (2), possessing the ions 1 , the entry of a minute

amount of hydrophobic cation (cation—-ligand complex) from the aqueous

solution into the membrane and the selectivity of the membrane is

represented as follows:

S N — S (1.1)
mem aq
it 4+ § ———= 15V (1.2)
aq aq aq
1st —= 15’ (1.3)
aq mem
K..
}
st + g —2— st + 1t (1.4)
mem aq mem aq

Where “mem” denotes the membrane and “aq” the solution phases. Assuming
that the formation of the complexes 1s* and Js’ in the aqueous phases 1is
negligible and the distribution coefficients of the complexes between
aqueous and organic phases are equal, the following equation (1.5)

expresses the membrane potential:
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. I%§+IL
E=E’ + RT/Fln {a (1) +——Il— a; (1) (1.5)

Uist X

Here E and E0 are potentials, a. and ai are the activities of the 1ions

‘17~ and “Jt- in solution (1); U‘ryand Uis+are the mobilities of the “JS'~

and “IST” in the membrane, and I(.i and Ki are the equilibrium constants of

the salt extraction reactions:

IT + X + s —— 15t + ¥ (1.6)
aq aq mem mem mem
K.
_ 1 _
7+ X+ s st + X (1.7)
aq aq mem mem mem

and R, T, F are the gas constant, the absolute temperature and the Faraday
constant respectively. Usually, the mobilities of the complexes in the

membrane are similar:

v +\=U +
1 is

Thus, eqn.l.5 becomes the well known Eisenman—-Nicolsky equation:

pot
E =E’ +RT/F Inf a, (1) + k a; (1) (1.8)
13
where
pot Kj
k = =
ij K

KugrandK1§prepresent the stabilities of “JS'~ and “IS7” 1in aqueous

)
pot
solutions. The termkij 1s called the selectivity coefficient and

demonstrates the selectivity of the electrode towards the primary ions in

presence of interferent ions. 1In the case of aj<< a. or Kj<< K., the

electrode is ideal for the ions I+'and eqn.(1.8) becomes eqn.(1.9)
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E =t + RT/F ln (ai(l) ) (1.9)
It should be noted that the selectivity of electrodes based on crowns is
not the quotient of the stabilities of the complexes [90]. This is partly
attributed to the incomplete encapsulation of the cation by the ligand and
its co~ordination with the solvent.
The selectivity measurements, anion interferences and operation of

membranes are discussed in detail in Chapter Two,Four and Six.

1.8 APPLICATION OF 1.S.ES

Before considering the application of any ion-selective electrode to a

particular situation, a number ofcharacteristics of I.5.Es must be known.

They are as follows
1. Sensitivity,
2. Selectivity,

3. Response time,

4. Stability and reproducibility.

The sensitivity of an electrode indicates the response range in which the

electrode follows linearity. Outside this range, the potential of an
electrode does not relate linearly to the activity of the sensed ions.

The response range of an electrode varies from one to the another. It can
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be slightly extended by variation of the calibration procedure (see

Chapter Five).

The selectivity of an electrode, as mentioned, is one of the essential
parameters which restricts its use in the presence of particular ions.
The response time of an electrode is of paramount importance and it is the
length of time necessary for an electrode to reach a percentage of the
final potential, after a change in the contacting solution. It is
sometimes referred to as 507 CTyQ)’ 95% (Tgs) and 99% (Tgg) values of the
infinite time potential [91,92]. The latest recommendation of the IUPAC
is 90%Z (Tgo) of the final potential [93]). There are few theoretical
publications about the response time of electrodes [94,95,96].

The stability and reproducibility are the measures of reliability of the
electrode”s results. Unstable and irreproducible results can be taken as

a sign of an end to the useful life of the electrode.

Ion—-selective electrodes measure the activity of ions in solution and
they are capable of monitoring changes of ion activity continuously. Due
to this property they are being used in a very wide range of applications.
Generally, activity measurements are carried out by direct potentiometry
and potentiometric titration techniques. The potentiometric titration
provides accurate results, due to the large change of the potential at the
end point. 1.S.Es are used for concentration measurement by considering
activity coefficients or by utilizing methods, which keep the ionic
strength constant. Basically, direct potentiometric measurement in a
constant background gives concentration rather than activity. I1.S.Es have

been used in studies of complexes, reaction kinetics and biomedical
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Sstudies [9/,98]. The operation of these electrodes in situations where
other techniques fail or are not applicable, has recieved attention from
industry and field research. In industry, monitoring of the concentration
of a species under the condition of production process, is difficult and
in some cases impossible. 1In this case, ion-selective elect<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>