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Abstract.

Ion selective electrodes, ISEs, and ion sensitive field effect
transistors, ISFETSs, are small, relatively simple to operate and easily
automated sensors and, therefore, have a wide range of uses e.g. for field
measurements in portable detectors,for on-line measurements in industrial
flow systems and in clinical work.

Several flow systems were studied for use with ion selective devices.
New design ISE flow cells, designed at Newcastle, were found to
minimise dead space and carry-over of sample solutions, allowing more
rapid sample throughput. An ISFET flow cell studied, however, was found
to have serious design faults. The constant volume dilution method ot
calibration and selectivity determination was shown to be a simple easy-to-
use method but must be implemented with caution. The selectivity of
sensors to the primary ion was determined, where applicable, and the
optical sensitivity of ISFETs was examined.

Potassium concentrations in fertilizers were determined, using ISEs, 1n

both flow systems described above; more accurate results were obtained

using the newer flow-cells. Failure of ISEs after prolonged use in
fertilizer solutions 1s believed to be have been caused by Donnan
Breakdown due to HPO 42' 10NS.

A computer controlled titration system was developed which can be
used for volumetric or coulometric titrations. Coulometry, an absolute

f

method, 1s particularly suitable for titration of sub micro-litre samples
and for chemically labile species as sample manipulation is minimised and
avoids addition of solution reagent, obviating CO, contamination of
hydroxide. The advantages of coulometry were exploited in work to
confirm the second dissociation constant for hydrogen sulphide. Aerial

oxidation and sample carbon dioxide uptake are common problems

associated with sulphide solutions. Using degassed water for sample



preparation, keeping all solutions under nitrogen and using a sulphide
anti-oxidant buffer it was possible to reduce sulphide oxidation.

Coulometry was used to generate hydrogen ions and potentiometric
measurements of the pH and sulphide 1on concentrations, made
simultaneously, were used to calculate the pK?_d of hydrogen sulphide for
a range of 50 ul sodium sulphide solutions.

A non-linear least squares programme, SUPERQUAD, was used to
obtain a better value for psz. Though a coulometric option exists 1n
SUPERQUAD, it is not often implemented. ISE titration results have not
been used much with SUPERQUAD; this work examined the potential of
expanding the application of SUPERQUAD.

Values of psz of 12.08 £ 1.0 and 11.83 = 0.4 were obtained by
visual inspection and SUPERQUAD refinement, respectively. These
values agree well with the text-book value, of 11.96, and demonstrate the

accuracy of coulometry.

The auto-titration system developed has advantages in many areas,

particularly 1n clinical chemistry where determinations of available

species 1n sub micro-litre samples, delivered in a flow system are

required.
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CHAPTER ONE
INTRODUCTION




1.1 Introduction.
The ability of solids to conduct was first reported by LLord Kelvin as

long ago as 1875 (1] during experiments with hot glasses. However, it was

[2

not for another thirty years that Cremer l showed that a potential

difference arose when a thin glass membrane was placed between two

aqueous solutions. This potential difference was found to be pH sensitive

[3]

and was shown to give the same potential difference as for the

hydrogen electrode.

d [4-7]

It was discovere that a glass membrane could respond to 1ons

other than the hydrogen ion e.g. Na™, K™, Li" 2] During the 1930°s,

[3]

Tendeloo ., and Kolthoff and Saunders 1] showed that natural alumino-

silicates 1in clays could be used as 1on sensitive materials, though these
were not 1on specific. Tendeloo' investigated the use of a paraffin
support for calcium selective membranes, but this attempt was
unsuccessful. Using the same support material, however, Pungor and

12 : : e s ]
(1= produced the first anion specific 1on selective

Hollos-Rokosinyi
electrode. This was an 1odide precipitate based membrane which could
selectively i1dentify 10dide 1ons over chloride 1ons. During the late
1960°s, there was a surge in the development of 10n sensing membranes,
the highlights of this period may be found elsewhere 1121 however, a few
of the major ‘milestones’ of this era are included.

In 1966, Frant and Ross "%/, working at Orion Inc., published a paper
describing what 1s still considered the most selective ion selective
membrane, the single crystal lanthanum fluoride, fluoride electrode, and 1n
1969, Ross ">} identified the advantages of liquid membranes over solid
state membranes. In 1964, neutral antibiotics, e.g. valinomycin, nonactin,
were used as effective cation selective 1onophores (1] 1n line with this,

[17]

Pederson synthesised ca. 50 tailor-made neutral ligands known as

crown ethers, similar 1n function to the macrocyclic antibiotics.

Advances in synthetic 1onophore production, particularly by Simon’s



--- H-bond
Figure 1:1 Conformation of Free Valinomycin.

'11-

Ficure 1:2 Conformation of Potassium Complexed Valinomycin.



Advances in synthetic ionophore production, particularly by Simon’s

group 1n Zurich (18-21]

, and application of membranes to a broader range
of sensors has increased dramatically over the past twenty years; numerous

. . [22-25] ..
reviews of these developments are available . Modelling ionophore
requirements has been assisted by studies carried out to understand ion
exchange processes and chemical recognition of specific ions by
ionophores within the membrane. A brief explanation of these membrane
phenomena 1s given.

1.2 Ion Exchange Processes.

In this work at Newcastle, most studies were carried out using
valinomycin, asan ionophore, 1in a liquid membrane. As yet, there is no
synthetic ionophore which can match the selectivity of valinomycin
towards potassium, consequently a great deal of work has been undertaken
in order to characterise and understand chemical recognition processes of
the valilnomycin membrane.

Moore and Pressman ''®! found that in living organisms, antibiotics
induced mitochondnal cation permeation. Valinomycin was one of these

e . [26, 27]
antibiotics, 1solated by Brockmann et al. from Streptomyces

L . [28] - [29]
fulvissimus and now prepared totally synthetically . P1oda er al.
showed that a Nemnst slope of 58.3 mV dec™! could be obtained with this
macrocycle, much better than that observed for the established potassium
selective glass electrode (the importance of the Nernst response 1s
explained 1n detail in Chapter 2).

Valinomycin i1s a cyclic depsipeptide consisting of amino and hydroxy
acid residues linked by amide, N-methyl amide and ester bonds (see figure
1:1). Hydrogen bonding by the N-H groups in non-polar solvents give rise

. [30] .
to a bracelet structure 1n 1ts tfree form , but 1n more polar solvents,
these hydrogen bonds are broken. Potassium ions are complexed to

valinomycin in a 1:1 ratio 1in an octahedral configuration (figure 1:2).

Other cyclo depsipeptides exist which can bind to alkali metal ions, e.g.

tJ




valinomycin’s high selectivity, probably since the central i1on is better
enclosed in valinomycin than in e.g. enniatin. Features influencing cation
selectivity are considered in the following sections.

In liquid membranes, with plasticized poly (vinyl) chloride as ‘inert’

support, complex formation (MV ™) with valinomycin (V) is believed to g0

via a two stage process [31];
kiz ks
V + M lventy &= VM" 1 cnn &= MV" (1.1)
k> k3o

The first equilibrium process occurs rapidly, 1t 1s the second
equilibrium process which determines the reaction characteristics, which
in turn relies on the radius of the reacting cation. With respect to
equilibrium processes, the free energies of the final versus initial states
of the complex must be tavourable, that 1s, whether the incoming ligand
group 1s more, or less, tightly bound than the replaced solvent molecule.
Selectivity towards a particular 1on relies on the cavity size of the
macrocyclic; determined by steric interference and electronic energies at
the lower limit and by conformational flexibility of binding sites 1n the
molecule as the upper size limit. Thus, for a smaller metal 10on, stronger
celectrostatic forces are exerted at the surface, but the rate of
substitution is lower since solvent molecules are more tightly bound. In
the free molecule, a wide cavity 1s observed which shrinks on
complexation as the cavity adapts to the size of the unsolvated metal 10on.
In PVC membranes, as for other 1onic conductors, the conductivity, o, of
any dissolved salt depends on the extent of salt dissolution i1in the

membrane and the mobility of 1ons formed within the membrane. This 1s

shown in equation (1.2)

Yo= zec.u, (1.2)

where z.e = charge of 10n, 1



C. = volume concentration of ion, 1

u. = mobility of ion, i

T'wo theories were proposed to explain the mechanism of ion transport
across the membrane;
1) the macrocycle membrane component forms an ion specific channel

directly through the membrane

11) the macrocycle substance 1s the 1on carrier, and the complex formed is
transported 1n the direction in which its electrochemical potential i1s

decreasing [3=]

The first of these theories was rejected due to the large number of
macrocyclic molecules required to produce an i1on specific channel; 1n
general only 1 weight percent of ionophore i1s present in the membrane. In
equation (1.1), the first equilibrium process occurred rapidly, and 1n

23] that ions exhibited rapid

thick liquid membranes 1t was shown
exchange, or ‘carrier relay’ with different macrocyclic molecules. A

schematic of this process is shown in figure 1:3 [33]

Figure 1:3
diffusion kS diffusion
+ + + ~+
M — M S(ads)‘_—___:—-_és_(ads) M — M
k’S
kd kr 1(d kr
kms
+ . +-
MS (ads) ™ MS (ads)
Aqueous Solution Membrane Aqueous Solution
where

M™ = metal cation

S = cammer



k_, k, =rate constants of complex formation and dissociation, respectively

k k_ = constants characterizing transport of the complex and carrier

ms’

As figure 1:3 shows, the carrier mechanism relies on complexation of
valinomycin with the cation, then migration through the interior of the
lipid membrane to the opposite membrane / solution interface where the
ion 1S released i1nto solution. This carrier mechanism theory is held by

] [34-36]

Armstrong et a -, who suggested that the presence of almost

immobile anions in the membrane contribute to the membrane transport

phenomenon. Buck et alt>"’]

stated that so long as anionic sites are
present, 1t 1s irrelevant that these sites are fixed or mobile.

Horvai et al.l?®) also carried out experiments to observe the effects
of anion salt additions on 10n selective nﬁembranes. Addition of lipophilic
anions, such as tetraphenyl borate to the membrane composition reduced
interference by anions and decreased the specific resistance of the
membrane. The lowest membrane resistance was observed when a 1:1
ratio of quaternary ammonium tetraphenyl borate: valinomycin was used,
above a 1:1 ratio, no potassium 1on selectivity was observed.

3 :
[39] summarises the

A recent review by Armstrong and Horvai
experimental work carried out in PVC valinomycin membranes, and gives
guidelines as to suitable membrane compositions. If a 1:1
tetraphenylborate : valinomycin 1s exceeded, excess salt 1s spontaneously

lost to the aqueous solution, thus explaining the loss of potassium

selectivity. However, sufficient anionic salt must be taken to swamp
variability due to impurities. These impurities are mainly sulphonate
residues, the remains of PVC polymerisation, which are present in the
membrane. The concentration of impurities in the membrane 1s 0.05 - 5

mM, typically, which can be determined chemically A1

Originally in
PVC valinomycin membranes, no anion salt was added, therefore pre-

conditioning was required to allow ion exchange processes between the



, . : 41, 42
sample solution and membrane to occur. Radio-tracer studies L )

showed that the exchange selectivity constant, k, is in good agreement
with the potential selectivity coefficient, Kpot, and this 1s also the case
in the presence of anion salt with less than 1:1 salt : valinomycin ratio.

Thus, 1n liquid membranes, ion exchange processes occur as a result of
a carrier mechanism. The ion of interest is exchanged at the membrane -
solution i1nterface to form a cation-ionophore complex. This is carried
through the membrane via a rapid exchange process, before arriving at the
second membrane-solution interface where it is lost from the membrane.
Selectivity of the macrocyclic to a particular ion depends on the
electronic and steric interaction of the ionophore and the ion; the free
energy of the ligand-ion must be favourable compared with that of the
solvent molecule-1on, and the cavity of the macrocyclic must be suitable
for the size of the cation of interest.

1.3 Membrane Components.

[39] drew attention to variation in

Armstrong and Horvai’s review
membrane behaviour when different manufacturers’ PVC was used. This
must be because of the different method e.g. photolytic, thermolytic or
mediators used to induce polymerisation, which leads to different fixed
(anion) sites 1n the membrane.

Arami "2/ carried out studies to determine the optimum percentage of
plasticizer necessary 1in ISE membranes. He found that without a
plasticizer, membranes, not unexpectedly, were too brittle. Using greater
than 70 % plasticizer, membranes were jelly-like and difficult to
manipulate and with only 30 % plasticizer, sub-Nernstian membrane
responses (47 mV dec'l) were observed and the membranes did not
respond to the primary ion 1in mixed ion solutions. The best Nernst slope
and selectivity was observed for those membranes prepared with 60 - 70 %
[44]

plasticizer. A study of PVC electrodes by Fiedler and Ruzicka

showed that electrodes will function only above the glass-transition



temperature, Tg, thus, the polymer must exist in a liquid-like state at
room temperature; hence the necessity of use a suitable plasticizer such as
dioctyl sebacate (DOS).

A new support material for liquid membrane 10on selective electrodes
has been proposed by Wotring et al. [45], poly (vinyl diene) chloride
(PVDC) which is similar in structure to PVC but has a lower Tg, removing
the need for a plasticizer. As leaching of plasticizer 1s a common source

[46, 477

of electrode failure , and since PVDC does not require a mediator

) [48-50] [51]

(plasticizer or have a high resistance, as silicone rubber
this, or similar materials, should be considered as important developments
in the production of long-life membranes. The only drawback of PVDC 1s
its photosensitivity; these electrodes should be stored in air, protected
from light.

In analyses of body fluids, serum, plasma and urine which have a high
lipophilicity, will favourably extract non-lipophilic membrane
components, leading to depletion of membrane constituents on the sample
side of the membrane >%), Lipophilicity of the membrane appears to be
the factor most affecting membrane lifetimes; on replacing DOS with a
highly lipophilic plasticizer, such as ETH-2041, greatly improved
membrane lifetime and stability was observed [53. 541 Oesch et al. 1°°]
recommended that the lipophilicity term, 1g P, of the plasticizer be at
least 12.8 for ISEs used 1n clinical applications (g P for DOS 1s 10.2). P
is the partition coefficient of the component between 1-octanol and water
(>¢] determined in the standard manner using thin layer chromotography
with reversed-phase silica plates[57]. ETH-2041 1s a tetra carboxylated
benzophenone, tetra-n-undecyl 3,3°,4,4°-benzophenone tetracarboxylate
(figure 1:4), which has long alkyl chains giving rise to lipophilic
character.

In addition, ionophores should also be lipophilic for devices to be

1[58]

used for analyses 1n body fluids. Grehrig et a announced the



0 0 0
5

CHa{CHz2)o O/\/\)\/\/ ™~ O(CH2hoCHs

CHICHeOO AN~ A Ol

0 \

Figure 1:4 Structure of ETH 2041

~
' S

Figure 1:5 Structure of ETH 4120

Figure 1:6 Structure of TDDA

NCosll



discovery of a highly lipophilic sodium selective ionophore, ETH-4120.
They stated"> %7 that lg P must be greater than 15 for the ionophore if the
membrane is to be deposited on field effect transistors (FETs). This
1onophore, 2, 2’,4 -octadecanoyloxymethyl - 1, 2 - phenylenedioxy - N, N,
N’, N’ - tetracyclohexyldiacetamide (C,,H  N,O/) (figure 1:5) was
found to be exremely stable and to give membranes with lifetimes of 7 x
10“ h.

Work here 1n Newcastle (see Chapter 4.6) used a lipophilic pH
sensitive 1onophore, tridodecylamine, TDDA (figure 1:6) [59. 601 A well
as high lipophilicity, TDDA has high viscosity and reduced migration with
gooc-1 adhesion to PVC, making it particularly suitable for use with

ISFETSs.

1.4 Transfer Processes Occurring in Glass Electrodes.

The chiet glass forming oxides are S10,, B,O,, P,O_, GeO, (el of

these, however, only the silicates are sufficiently chemically durable for

use in glass electrodes and therefore all glasses used in commercially

available _glass electrode manufacture contain at least 50% S10,, et

[62]

Silicate glasses exist as random 3D networks as a series of

tetrahedral units in which a silicon atom 1s surrounded by four O atoms,
one at each vertice (figure 1:7). Each S10, unit 1s known as a network

former and each alkali oxide as a network modifier. Ion exchange

[63]

processes occur at the glass surface and 1t 1s the presence of these

modifiers which allows 10n exchange processes to occur. Correctly, glass

is never an electrode, but an electrolyte behaving as a barrier between two

solutions.

A defect diffusion mechanism i1s most likely in glasses, as is the case

in other solids. The nature of the detfect is unknown, but probably due to

(64, 65]

the mobile interstitial cation. Nicolsky proposed the General Ion

Exchange Theory of the glass electrode which expands on the defect

diffusion mechanism, taking into account diffusion and phase-boundary
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Figure 1:7 Random 3D Network of Silica Glass [62]



potentials. This theory is based on the heterogeneity of 1onic bonds in the
glass which allow replacement first of weakly bound hydrogen ions, then
the more strongly bound protons so that H-M transitions occur,
substituting hydrogen ions in the glass by metal 1ons of the sample

solution.

The composition of a particular glass determines 1its selectivity e.g.

NAS 11-18 containing 11% sodium, Na_,O and 18% aluminium, Al,O

2 737

which 1s selective to sodium i1ons and NAS 27-06 / 27-08 containing 27%
Na,O and 6% / 8% Al,O; which 1s selective towards to potassium ions.

[66]

Hughes stated that for good K™ selective glass electrodes, no K, O,

Al,O, or borates should be present in the glass. A review of glass
compositions and their uses may be found elsewhere o7

It 1s important that glass electrodes are preconditioned in aqueous
solution prior to use. A hydrated layer of 50-1000 A is formed as Si-O
bonds are broken by -OH groups [68] This layer must be sufficiently thick
to prevent H™ diffusing to the inner boundary layer as this would lead to
variations of the potential with continued use. The presence of the
hydrated layer increases cation mobility within the glass by ca. 10, thus
improving the rate of 1on exchange processes Le21,

More detailed discussions of glass electrodes may be found elsewhere
(61, 70, 711
1.5 Classification of Electroactive Membranes.

The matenals already described, macrocycles, glass etc. have been
classified i1nto three major groups. Membranes formed from these
compounds should be able to differentiate amongst ionic species and
preferentially respond to only one. Electroactive materials should be
relatively in.soluble in the sample solution and must, at ambient
temperature, be able to conduct electricity by ionic, electronic or defect

mechanism and set up (rapidly) an exchange equilibrium or ion exchange

process when placed in an electrolyte solution containing the ions of



Interest.

1. Glass; the composition of the glass, based on a 3-dimensional SiO
network, determines the selectivity. Interstitial ions e.g. Na™, Ba2+, Cs™
held by electrostatic fields of neighbouring oxygen atoms can occupy the
lattice and affect the selectivity of the electrode tetd

2. Insoluble 1norganic salts; e.g.Ag,S, LaF; doped with Eu®". These
reagents must, however, be insoluble above 10™° mol dm™>. Compacted
discs and single crystals give better performance than dispersed reagent
materials.

3. Long chain 1on exchange materials and chelating agents; e.g. alkyl
phosphate salts, ring substituted salicylates. These may be charged
species, or neutral, and are usually dissolved in plasticized organic
polymers of low dielectric constant and high boiling point e.g. poly(vinyl)
chloride.

1.6 Ion Selective Devices.

Ion selective electrodes (ISEs) and ion sensitive field effect
transistors (ISFETs) are typical direct electrochemical sensors; the
activity of the 1on (to which the sensor i1s selectively responsive) is

related to a voltage reading on a digital voltmeter. From the Nernst

equation,
E = constant * (k/z.) log a, (1.3)

where k = the theoretical slope factor (RT/F)ln 10

a.= the activity of ion 1 with charge z,
z. 18 positive when 1on "1" 1s a cation and negative if "1" is an
anion.

A calibration curve, plotted of voltage versus the negative log of

activity of concentration for two or more standards, can then be used to

determine the activity of the analyte in the sample.

10



1.7 Classification of Ion Selective Electrodes. L72]

1.7.1. Primary Electrodes.

In homogeneous membranes the active material 1s 1in the solid state,
either fused and formed, or pressed and machined into pellets or discs e.g.
Ag,S-Agl membranes, polycrystalline halide membranes, or, as in the
case of LaF_, for fluoride determination, a single crystal. For
heterogeneous membranes, similar active materials to the homogeneous
membranes are used, but now the electroactive material 1s dispersed by
mixing with an inert matrix e.g. hydrophobised carbon, silicone rubber.

Electrodes may be either non-crystalline or crystalline electrodes. In
non-crystalline electrodes, the membranes may be liquid, e.g. poly (vinyl)
chloride support with charged or uncharged mobile carriers, or ot glass

with a rigid, fixed site membrane L731

1.7.2 Sensitized Electrodes.

[74] [75-77]

Gas sensing probes and enzyme electrodes are special
classes of electrodes and were not used in this work. The former consists
of an ISE and suitable reference electrode within the same assembly to
form an electrochemical cell, which responds 1ndirectly to the analyte.
Similarly, the enzyme electrode is based on a suitably chosen ISE which

responds to the product of a reaction involving an immobilized enzyme or
substrate.
1:8 Objectives of this Work.

A wide range of applications exists for ISEs and ISFETs and the aim
of this work was to show the capability of these devices. In direct
potentiometry, the devices respond directly to the 1on of interest, the
concentration of which may be obtained from a simple pre-determined
calibration curve.

Devices may also be used to follow titrations, more specifically auto-
titrations. Chapter 4 discusses the experimental requirements of an auto-

titrimetric system and describes the development of a volumetric and

11



coulometric sensor-actuator titration set-up using ISEs as the sensors. As
ISEs and ISFETs are well characterised over a large concentration range,
very accurate equivalence point determinations can be obtained. In

Chapter 5, this property was fully exploited in the re-determination ot

d

Pk,

for sulphide i1ons. This value 1s particularly important 1in
environmental applications; monitoring sulphide emissions and following
bacterial activity in lakes.

Chapters 6 and 7 show how electrochemical methods described may

be implemented in clinical and industrial work, respectively.

12
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CHAPTER TWO
DESCRIPTION OF ION SELECTIVE DEVICES



2.1 Introduction.

A sensor is a device which converts a physical or chemical signal into
an optical or electrical forrh.

Ion selective electrodes (ISEs) and 1on sensitive field effect
transistors (ISFETs) are typical direct electrochemical sensors which as
shown 1n Chapter 1 respond in accordance with the Nernst equation.

2.2 Cell Design.

The potential of a single electrode cannot be measured, therefore one
must consider not the ISE potential, but the potential difference of a
cell containing the reference electrode, sample and ISE.

The general electrochemical cell scheme is shown below

‘Reference Electrode Il Sample Solution | ISE
A schematic diagram of the set up is shown 1n figure 2:1.
2.3 Ion Selective Electrodes.

2.3.1 Electrode Construction.

The construction of an ISE depends on the membrane active matenal
and the use of the electrode e.g. clinical, industrial or fieldwork. A wide
range of commercial ISEs 1s availlable and several models, specific to
different 1ons, e.g. hydrogen, sulphide were used in this work. These are
described in detail where appropriate.

Home made, plasticized PVC electrodes selective to potassium and pH
were also used. The potassium electrodes all accomodated a valinomycin
ionophore based membrane whereas several different membrane
components were used for pH sensing.

Home made electrodes were fabricated in a similar mannér to that
described by Griffitﬁs, Moody and Thomas ‘1. Accurately welghed high
molecular weight poly(vinyl chloride) (PVC), plasticizer e.g. dioctyl
sebacate (DOS) ionophore and lipophilic anionic salt e.g. potassium
tetrachlorophenyl borate were dissolved in freshly distilled

tetrahydrofuran (THF) (see Appendix A(1) for details of this distillation).
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In general, 33 wt% PVC, 66 wt% plasticizer and 1 wt% ionophore were
used. Minute quantities of salt were taken, ca. one tenth of the mass of
ionophore used. The mixture was shaken for a minimum of 12 h on a
mechanical shaker, (Junka & Kunkel, Ika., Vibrax VXR, supplied by S.H.
Scientific, Blyth, Northumberland), before casting the membrane, by
pipette to ensure no air bubbles were introduced at this stage, in to a
circular PTFE, mould. The diameter of moulds used was chosen such that
the thickness of the resulting membrane was ca. 1 mm. The THF solvent
was allowed to evaporate slowly, taking, approximately, 48 h, after which
the PVC membrane was transferred from the mould using tweezers to a
PTFE cutting plate where circular membrane discs of ca. 8 mm diameter
were cut.

The electrode body consisted of a 6 mm glass tube with B9 Quickfit
socket. A 3 cm section of 6 mm internal diameter PVC tubing was fixed to
the glass tube using PVC cement, formed from PVC granules and THEF.
The end of the PVC tubing was made even by dipping the tube in THF and

rotating the electrode body on a tile. This ensured a flat surtace to which
the membrane could be adhered. The membrane was attached to the PVC
tube using PVC cement and then allowed to dry for 30 min. The seal ot
the electrode was tested by blowing gently down the electrode body whilst
the membrane was dipped in water. If the membrane seal was not airtight,
then the membrane was removed, the PVC tube cleaned and the membrane
re-fixed before repeating the procedure.

An internal filling solution, containing the species of interest, two-
thirds filled the assembly, and an internal silver / silver chloride
reference electrode (see section 2.3.2) with B9 cone placed in the
electrode body (figure 2:2). The electrode was allowed to condition by

3

dipping the membrane in a solution containing 10"% mol dm™> of the ion

to be sensed for 12 h.
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2.3.2 Reference Electrodes (=]

The half cell potential of one electrode, the (external) reference
electrode, must be stable and completely insensitive to the species under
test. Moreover, it should be possible to prepare easily and reproducibly
this electrode and i1t should be usable over a wide range of conditions.
The internal reference electrode provides a stable electrical connection to
the inner reference solution and thus to the bulk of the electroactive
material.

The most commonly used reference electrodes are the calomel and the
silver / silver chloride electrodes both of which are prone to interference
by sulphide, 10dide and bromide 10ons. For accurate work, bromide should
not exceed 0.005 mol % 21, The calomel electrode is also affected by the
presence of hydroxide 1ons, as is silver / silver chloride at pH > 10. A
drift 1in the observed response combined with an increase in the resistance
of the electrode 1s normally indicative of interference.

a) Calomel Electrode.

This may be represented by
Hg /Hg,Cl, / KCI
for which the cell reaction 1s

2Hg+2Cl — Hg,Cl, +2¢ (2.1)

A saturated potassium chloride solution 1s normally used and the
electrode 1s referred to as a saturated calomel electrode, SCE. This has a
standard potential of +0.244 V at 25 °C ‘1 and a temperature coetficient
of -0.67 mV K.

A pool of mercury covered by a layer of calomel (Hg,Cl,) is in
contact with a reference solution containing chloride ions (usually
potassium chloride) and saturated with calomel (figure 2:3). The
[O]

preparation of calomel electrodes 1s well documented elsewhere

Calomel electrodes, however, are not stable when miniaturised, currents of
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less than 0.5 pA are sufficient to polarise the electrode el

b) Silver / Silver Chloride Electrode.
This may be represented by
Ag/ AgCl/KCl
and the half cell reaction as
Ag .yt Cl — AgCl+e (2.2)

The standard potential of a 3.5 mol dm™> potassium chloride silver /
silver chloride electrode is +0.205 V '*! at 25 °C with a temperature
coefficient of - 0.73 mV K '. In its simplest form, this electrode consists
of a silver wire or plate coated with silver chloride and in contact with a
solution containing chloride ions. It is often used as an internal
reference electrode 1n pH electrodes and ISEs, and in the analysis of
foodstufts as there are no highly toxic chemicals released on damage to the
electrode, unlike the calomel and thallium based electrodes. It is more
rugged than the calomel electrode and 1s easy to mimiaturise, therefore, 1t
1s used extensively 1n biological applications.

c) Preparation of Thermal Electrolytic Silver / Silver Chlornde

Electrodes.

For each electrode, a ca. 40 mm strip of platinum wire, fused to a
glass tube (100 mm length x 5 mm diameter), was cleaned using
1) concentrated nitric acid
11) distilled water
111) acetone
The platinum was then coiled into a small, compact helix and coated
with a thin layer of silver oxide and placed in a pre-heated furnace at
450 °C for 40 min. This procedure was repeated three times, allowing the
electrode to cool to room temperature between coats, thereby reducing the
likelihood of cracks in the silver coating.
The electrodes were chloridised by anodising against a platinum foil

cathode of 10 mA for 7-8 min for one electrode (or 12 mA for 8 min for
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two electrodes, connected in parallel).

To reduce the bias potential, the completed Ag/AgCl electrodes were
placed overnight in 0.05 mol dm™> hydrochloric acid. The potentials of the
batch bias potentials were then intercompared and individual electrodes
differing from the average potential of the group by > 0.1 mV discarded.
Insufficient washing ot silver oxide during preparation (see Appendix
A(11)) may lead to a slow electrode response and a high bias potential.
This can often be remedied by heating the electrode for 2 h in distilled
water at 50 to 60°C.

So, the ISE comprises of an internal reference electrode, Ag/AgCl,
internal reference solution, usually KCl1 for a K~ selective electrode, and
electroactive membrane. The internal reference solution 1s used to

establish a constant potential at the inner surface .of the electroactive

material and the electrode assembly and also to act as a cation source to

saturate the electroactive material with the 1on of interest [7].

2.4 Ion Sensitive Field Effect Transistors (ISFE'Ts).

2.4.1 Introduction.

These have developed from 10on selective electrodes and solid state

integrated circuits, FETs. ISFETs were first reported by Bergveld in 1970

[8]

in a short communication and more fully 1in 1972 121 Whilst

investigating the use of FETs for determining action potentials 1n nerve
fibres, Bergveld observed response changes to hydrogen 1on concentration.
A brief discussion 1s given here of the theory of metal-oxide-
semiconductor field effect transistors (MOSFETs) also known as

insulated gate field effect transistors (IGFETs), necessary to understand

the fundamental ISFET principles.
2.4.2 Insulated Gate Field Effect Transistors (IGFETS).

In a glass ISE, the glass membrane comprising of SiOz, CaO, LiZO,

10 . .
(101 By comparison, it

[11]

typically, is responsible for hydrogen selectivity

is the SiO,, insulator surface of a FET which responds to pH changes
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For an n-type IGFET, the bulk material of the device is lightly doped p-
type silicon. Heavily doped n-type silicon (using an arsenic implant) forms
the source and drain regions; a cross section of a device is shown in
figure 2:4. A thin layer of silicon dioxide lies between the 2 ‘n’ type
regions acting as a dielectric between the substrate and an aluminium
electrode; this region i1s known as the gate.

If a voltage, V., 1s applied to the gate, positive with respect to the
source, then holes are repelled and electrons attracted to the surface,
forming an electron conduction layer, or channel, under the gate insulator
between the drain and source. As the gate voltage 1s increased, then the
electron density in the conducting layer increases. If a voltage is applied
will flow between

between the source and drain, V_, then a current, I

D’ D’

the two ‘n’ regions. The magnitude of this drain current 1s controlled by

V ., responsible for the electron density in the channel.

G’

Using the site dissociation model (12-131 " this selectivity 1s thought
to arise from the equilibrium between surface hydroxyl groups and
hydrogen ions in the sample solution. Selectivity to other 1ons can then be
induced by setting down membranes (similar to those for ISEs) over the

insulator [14’15]; the device 1s then referred to as an ISFET.

2.4.3 Charge Distribution State of the IGFET.

Depending on the sign and magnitude of V ., three ditferent states of
charge distribution are possible; inversion, enhancement and depletion.
a) Threshold Voltage and Inversion Layer L1o-181

If the gate voltage applied 1s sufficiently positive with respect to
the bulk, the electron density exceeds the hole density at the semi-
conductor surface and an "'n-type' inversion 1s said to have occurred.
When this applied voltage 1s just large enough to bring about inversion, it
is defined as the threshold voltage, V... This 1s because a fixed positive

charge exists in the oxide even when V_ = 0. In order to remove the

conductive band, it is necessary to apply a negative potential to the gate.
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Figure 2:4 Cross Section of an IGFET

1. Drain; heavily-doped n-type.

2. Source: heavily-doped p-type.

3. Lightly-doped p-type silicon substrate.

4. Gate (or in an ISFET, electroactive thin film).
5. Insulator (510, / Si3N4)-

6. Metal Contacts.



Beyond VT, the electron density is controlled by the gate voltage, VG, and
1t 1s this inversion layer which carries t<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>