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Preface

lon-selective membrane electrodes and separation techniques
based on membranes have in recent years become a focus of
attention. The development of such analytical devices and their
application have progressed far, having been much stimulated
by a variety of individual theories, membrane models, or more
intuitive attempts aimed at a deeper understanding. Yet, there
is no unified approach to the theory of potentiometric and
electrodialytic membrane cells available.

The present work is intended to provide a comprehensive
survey of the theory, the principles, and the fundamentals of
ion-selective electrodes and of membrane transport. Virtually
the whole treatise is based on the membrane model specified
in Chapter 2. While risking some loss of universality, empha-
sis has been laid on simplicity of the derivations and on ex-
plicit results. Because of the complexity of the subject, the
text has been subdivided into two parts.

Part A aims at a more general discussion of membrane poten-
tials and membrane transport. Formulations of the interfacial
potential contribution due to phase boundaries are given in
Chapter 3. Chapter 4 contains a nearly encyclopedic treatment
of the diffusion potential, taking into account the nonideality
of diffusion layers or membrane phases. The extended Nernst,
Planck, Teorell, and Schlogl solutions are derived in a new
and simple way. Chapter 5 deals with the liquid-junction poten-
tials arising in conventional potentiometric measuring cells.

A comparison is given between different calculation procedures
and experimental results. In Chapter 6 practical solutions for
the membrane potential are derived and catalogued. Chapter 7
is meant to give a detailed analysis of the ion-transport and
the electrical properties of bulk membranes. The discussions



are based on the Nernst-Planck flux equation. The implications
of Schldgl™s theory and those of a simplified membrane model
that leads to equivalent results are emphasized. A generalized
theory of ion transport is set forth in Chapter the treat-
ment goes beyond the earlier models offered by Lauger®s and
Eisenman®s groups. To account for the observed characteristics
of lipid bilayer membranes, different shapes of the membrane-
internal free energy profiles are considered. The given analy-
sis permits rationalization of the free and carrier-mediated
ion transport across membranes. For convenience, the key re-
sults of Part A are summarized in Chapter 9.

Part B deals in great detail with the fundamentals of ion-
selective electrodes. Chapter 10 covers the principles of
solid-state membrane electrodes. The response behavior, the
ion selectivity, and the detection limits of such systems are
discussed for the example of silver compound membranes. Special
attention is paid to the role of dissolution and leaching pro-
cesses, on the one hand, and of surface coverings, on the
other. In Chapter 11 several important extensions and modifi-
cations of the Sandblom-Eisenman-Walker theory are presented.
The new results contribute to a full understanding of the
response phenomena observed for liquid ion-exchange membrane
electrodes, so much the more since the chapter also includes
an interpretation of the apparent selectivity of such sensors.
Chapter 12 is considered to extensively cover the field of
neutral carrier membrane electrodes. The theory of these
systems has been revised in the light of new information con-
cerning their response mechanism, and many practical examples
are given to illustrate the results. The molecular basis of
ion selectivity and the design features of electrically neutral
ionophores are also briefly discussed. Chapter 13 contains two
unified approaches to the theory of glass electrodes. The first
of these is based on solid-state principles and encompasses
the earlier ion-exchange theories and n-type descriptions of



glass membrane potentials. The second one, based on liquid-mem-
brane concepts, is of like import. Both treatments bridge the
gaps that heretofore existed between the earlier, more specific
theories. In Chapter 14 the electrical, chemical, and diffu-
sional processes contributing to the time response of ion-
selective electrodes are reviewed. Finally, Chapter 15 gives a
short introduction into the principles of gas-sensing probes
and enzyme electrodes. A simple model is presented that is
successful iIn reconstructing the observed response of enzyme
electrodes.

| am greatly indebted to Professor W. Simon for having
given me the opportunity to prepare the present book, as well
as for many valuable discussions on the subject. 1 acknowledge
financial support by the Swiss National Science Foundation and
the Swiss Federal Institute of Technology. 1 would also like
to thank Dr. P. C. Meier for his critical reading of the Eng-
lish text, and Miss 1. Port for her invaluable assistance in
preparing the final manuscript.

Zirich, June 1979 Werner E. Morf






Chapter 1

Introduction and Preliminary Aspects

Since the end of the nineteen sixties, ion-selective
electrodes have continued to be one of the most important de-
velopments in analytical chemistry. This is best documented
by the large and still expanding literature on this subject.
While the initial era saw an intensive search for novel
electrode materials and new constructions, this has given way
subsequently to more introspective studies on ion selectivity
and electrode mechanisms, as well as to extensive practical
applications of ion sensors, especially in clinical and en-
vironmental chemistry.

The field of ion-selective electrodes is perhaps one of
the most eminent examples for interdisciplinary research in
chemistry. Indeed, important books and reviews have been pre-
pared or edited by the physiologists Eisenman [1 - 3] and
Kessler et al. [4], the physicochemists Buck [5 - 8] and
Covington [9 - 11], the electrochemists Koryta L12 - 15] and
Cammann [16], the analytical chemists Pungor [17 - 21] and
Simon and Morf [22 - 27], the membrane expert Lakshminarayanaiah
[28 - 30], the extraction specialist Freiser [31], as well as
authors more interested in practical applications and manu-
facturing of electrodes, such as Moody and Thomas [32 - 35],
Durst [36, 37], Ross [38, 39], Rechnitz [40, 41], Bailey [42],
and others. Most of these reviews cover both the practical and
the fundamental aspects of different ion-selective electrodes.

The aim of the present work is to provide a unified, self-
consistent approach to the theory and principles of ion-selec-
tive membranes and membrane electrodes. In Part A, a basic
membrane model is formulated which encompasses a variety of



earlier theories on membrane potentials and membrane trans-
port. The explicit key results of these general considerations
are summarized in Chapter 9. Part B, which is the major part,
is devoted to the fundamentals of ion-selective electrodes.
Although it is not intended here to produce another exhaustive
review, the history of ion-selective electrodes and the current
developments in the fTield are also covered in some detail.

1.1. ORGANIZATION AND EMF RESPONSE OF MEMBRANE ELECTRODE CELLS

lon-selective electrodes are electrochemical sensors that
allow potentiometric determination of the activity of certain
ions in the presence of other ions> the sample under test is
usually an aqueous solution. Such an electrode constitutes a
galvanic half-cell, consisting of an ion-selective membrane,
an internal contacting solution (conventional construction,
see Figure 1.1) or a solid contact (“all-solid-state™ con-
figuration) , and an internal reference electrode. For practi-
cal convenience these elements are housed in a single body.
The other half-cell is given by an external reference elec-
trode dipping into a reference electrolyte. The contact bet-
ween the two half-cells is preferably maintained by an inter-
mediate salt bridge which can be placed within the reference
electrode housing. The organization of a typical membrane
electrode cell may then be represented as follows (see also
Figure 1.1):

Hg} Hg2CI12; KC1 (satd) | salt bridge | sample

"EL1 n2 3 J
reference electrode system

I membrane | internal solutions< AgCl; Ag @.n

7 *4 e5 .

ion-selective membrane electrode
(indicator electrode)




Figure 1.1. Schematic diagram of a membrane electrode
measuring circuit and cell assembly.

The total electrical potential difference measured between
the two terminals of the cell is evidently composed of a con-
siderable number of local potential differences E®, arising
at solid-solid, solid-liquid, and liquid-liquid interfaces.
The sum of all these terms is observable as the emf-response
of the ion-selective electrode cell:

E = (E1+E2+E3+E4+E5) + Ej+EM = EO+Ej+EM 1.2



where E : cell potential (emf)
Eg! reference potential, encompassing the potential
contributions E® to Eg arising within the system
of reference electrodes in cell (1.1)
Ej! liquid-junction potential
EM : membrane potential

For a given membrane electrode assembly and a fixed tempera-
ture, Eg is constant. Thus the emf of the cell reflects the
two electrical potential contributions that are influenced by
the sample solution.

The term E-. considers the potential difference generated
at the junction between the sample solution and the salt
bridge solution. Such liquid-junction potentials may cause
some problems in experimentation as they clearly interfere
with the intrinsic response of the ion-selective membrane.
For practical purposes, it is advisable to choose electrolyte
combinations where

EJTI7I0 @.3)

The convenient methods for reducing or eliminating the liquid-
junction potential will be discussed in Chapter 5.

The membrane potential EM is found to be the fundamental
part since it clearly describes the whole performance of the
ion-selective membrane electrode. For a membrane which is
supposed to be ideally and exclusively selective for ions of
the sort 1, the zero-current membrane potential is a direct
and specific measure of the respective activities in the con-
tacting solutions on either side:

RT al

Ey = - In—, a.9

ZiF ai



The activity a® refers to the external solution (sample) and
a™ to the internal solution; is the charge of the ion, in

units of the proton charge, R is the gas constant, T the ab-
solute temperature, and F the Faraday equivalent. In this
case, we may expect a Nernstian response of the membrane elec-

trode cell since the composition of the internal filling so-
lution is kept constant:

E=E? +s log a® @.5

As long as Eq. (1.3) applies, the intercept E? of the linear
response function represents a standard potential,

E? = E- + ET - s log a' = const, .6)

and s is identical to the Nernstian slope

s = 2.303 RT/ZjF = 59.16 (25°C) .7

The analytical technique of ion-selective electrodes obvious-
ly relies on the applicability of such potential-activity re-
lationships (Figure 1.2). According to Egs. (1.5 - (1.7) the
basic response toward the primary ion 1 is derived as

1mV =2z « 4 Y% change in a® (1.58)

The reproducibility of emf measurements conducted on modern
ion-selective electrode cells is typically on the order of
0.1 mV (see Figure 1.3), which means that the precision in
the determination of activities is seldom much better than 1%.
Although direct potentiometry using ion-selective electrodes
cannot therefore be considered an overly precise analytical
technique, its advantages more than outweigh this limitation.

2w. E. Morf 5



Figure 1.2. Schematic diagram of the response function of an

ion-selective electrode. The detection limit of ion-selective
electrodes is usually determined by interfering ions present
in the sample, contaminations stemming from impurities in the
reagents, leaching of ions out of the membrane, or intentio-
nally introduced background electrolytes.

In practice an ideally specific electrode behavior such as
described by Eq. (1.5) can most often not be attained. There-
fore, we generally have to consider additional contributions
to the total measured acti/ity which result from the presence
of interfering species J in the sample solution. A semiempiri-
cal but rather successful ipproach to treat real membrane
electrode systems is offered by the extended Nicolsky equation
(or Eisenman equation) [1, 2, 44, 45]:



Figure 1.3. Errors associated with emf measurements [43].-
Error bars with circles: standard deviations of routine measure-
ments conducted on Na'- and Ca2+—selective liquid-membrane
electrodes. Error bars without circles: standard deviations of
precision measurements conducted on Li+-, Nat+-, K+-, Ca™+-,
and Cl -selective electrodes, special precautions being taken
to ensure freedom of drift, temperature fluctuations and con-
tamination by the salt bridge electrolyte. The analytical
precision is found to increase with increasing activity of the
measured species. The theoretical limit is given by the over-
all noise of the electronic equipment {12 + 4 yV).

2% 7



E=E°>+slog a*+ "~ K g @)~ j (1.8)
L jvi *

The weighting factors introduced in Eq. (1.8) give a full
specification of the potentiometrically observable ion selecti-
vity of a membrane electrode and are therefore called selecti-
vity coefficients. Although expressions of the Nicolsky type
are commonly approved and applied in practice [45], a confir-
mation by theory has been obtained only in special cases (see
Chapter 6 and Part B). Hence, one has to cope with certain
variations in the selectivity coefficients of a given electrode

type» depending on the composition of the sample solution used
and on other factors.

Different methods have been proposed for the evaluation of
selectivity factors [27, 32]. These are
a) the separate_solution_method,
b) the Tfixed_interference_method, and
c) the fixed_primary_ion_method.
The advantage of method a) is simplicity, but the selectivity
data thus determined may be unrepresentative for mixed sample
solutions. Hence, method b) was recommended by IUPAC [45]-
It should be noted, however, that the uncertainty in the de-
termination of selectivities by the mixed solution method
seems to be higher than for the separate solution technique
[46]. Method c) is less frequently used, except for illustra-
ting the effect of pH on the emf-response to a given primary

1on.

1.2. MEMBRANE MATERIALS AND THEIR SELECTIVITY-DETERMINING PRIN-
CIPLES

A great number of ion-selective membrane electrodes have



been developed and recommended for analytical applications,

and many of them have become commercially available (see

Table 1.1 and Part B). These devices may be classified, accor-

ding to the nature of the basic membrane material, into the

following categories:

a) §20~zZStaf§ u"85}btane electrodes, based on various crystalline
materials; the forms include single crystals, cast or sin-
tered materials, pressed polycrystalline pellets, as well
as heterogeneous combinations of precipitates held in
hydrophobic polymer binders.

b) Glass_membrane_electrodes, usually formed from lithia,
aluminosilicate or multi-component glasses.

o) £4311i8 122185£11anger_membrane_electrodes, the membrane of
which consists of an organic, water-immiscible liquid phase
incorporating mobile ionic or ionogenic compounds, such as
hydrophobic acids, bases, and salts.

d) Neutral_carrier_liguid_membrane_electrodes, where the mem-
brane is usually formed from an organic solution of elec-
trically neutral, ion-specific complexing agents (ion
carriers, 1ionophores), held in an inert polymer matrix.

e) such as gas-sensitive electrodes and
enzyme electrodes, the potentiometric detection unit of
which is based on conventional electrodes of the type a) -
d .

) Jon-selective_field_effect _transistors (ISFET"s), which are
hybrids of ion-selective electrodes and metal-oxide field
effect transistors (MOSFET"s). In a conventional potentio-
metric measurement, the signal of the ion-selective elec-
trode is transmitted by wire to the input MOSFET of the
voltmeter and there modulates the drain current. In the
ISFET, the metal gate of a MOSFET has been directly re-
placed by or contacted with a solid or liquid ion-sensitive
memBrane. For evident reasons, the response of such miniatu-
rized sensors is linked to a current, in lieu of a poten-
tial [47 - 50].



Table 1.1. Commercially available membrane electrodes (from
reference 37).

Cations Anions Neutral (gases)
Acetylcholine Bromide Ammonia
Arsenic9 Carbonate9 Carbondioxide
Cadmium Chloride Chlorine
Calcium Cyanide Hydrogen sulfide
Chromium Fluoride Oxygen**

Copper Fluoroborate Sulfurdioxide
Hydrogen lodide Nitrogen oxides
Lead Nitrate

Mercury9 Perchlorate

Potassium Phosphate9

Silver Sulfate9

Zinc Sulfide

Univalent Thiocyanate

Divalent

Electrode of limited analytical utility

Amperometric (hot potentiometric) sensor

Solid-state membrane electrodes are used primarily as sen-
sors for those kinds of ions that are constituents of the in-
soluble salt forming the membrane. In addition, they make
possible the detection of other species interacting with the
ionic sites of the membrane material. Silver halide membranes,
for example, can thus serve as sensors for silver ions, halide
ions, sulfide ions, as well as for ligands that form stable
complexes with the silver ion (e. g- cyanide). The theoregi—
cal selectivity of AgX-membranes for interfering anions Y
relative to the primary ions X- is determined by the solubi-
lity products of the respective silver compounds (see Chapter

10



10). Hence, the selectivity sequence is basically the same for
any membrane of this type:

S2"'>>1~>Br_~SCN->Cl~

By the same principle, electrodes based on LaF® single
crystals show a high preference for fluoride over other halide
ions but are subject to some interference by hydroxyl ions.

The pH glass electrode was the first ion-selective elec-
trode discovered and is still one of the most important stan-
dard laboratory devices. Its unsurpassed specificity for hydro-
gen ions is due to the strongly basic nature of the charged
silica groups residing in the glass network. By replacing
these components in part by alumina groups, which form ionic
sites of much lower electric field strength, glass membrane
electrodes with increased selectivities towards alkali and
silver ions can be obtained (see also Chapter 13) .

Liquid-membrane electrodes with electrically charged ion-
exchange sites generally show permselectivity for oppositely
charged counterions. In the case of nearly complete disso-
ciation between sites and counterions, such as obtains for
non-complexing ionic components in more polar membrane sol-
vents, the selectivity between different counterions of the
same charge is dictated mainly by the extraction behavior of
the solvating membrane medium. The ionic extraction constants
assume comparatively small values for counterions that are
strongly hydrated in the aqueous phase, and large values for
large, lipophilic organic ions R. Therefore, the following
monotonic selectivity sequence is obtained for membrane elec-
trodes based on dissociated cation-exchangers (e. g. tetra-
phenylborate in nitroaromatic solvents, see Chapter 11):

R+>Cs+>Rb+>K+>Na+>Li+

1



and analogously for anion-exchangers (e. g. quaternary ammonium
salts in appropriate solvents):

R—>C102>I“>N0§~Br—>CI">F~

The discrimination of corresponding anion-sensitive electrodes
between different anions (counterions) is less pronounced than
for silver compound solid-state electrodes, however, which fact
recommends them as sensors for various anions, such as nitrate,
chloride, or perchlorate. For liquid membranes with almost
complete association or complexation between ionic sites and
counterions, the potentiometric selectivity depends in a rather
complicated way on both the ion-extraction selectivity of the
membrane solvent and the ion-binding specificity of the in-
corporated sites. Hence, the same ligand dialkylphosphate is
used in certain calcium-selective electrodes (membrane sol-
vent: dioctylphenyl-phosphonate) and in divalent-ion-sensors
with comparable selectivities for calcium and magnesium ions
(solvent: I-"decanol) .

Neutral carrier membrane electrodes make use of the iIn-
herently outstanding cation specificity of certain natural
and synthetic ionophores. The ion-binding selectivity of
such electrically neutral complexing agents can be fully ex-
ploited in membranes, which is in contrast to the behavior
reported for liquid ion-exchangers. For example, the selec-
tivity of neutral carrier membranes among different cations
of the same charge is virtually determined by the stability
constants of the ion/carrier complexes involved. Accordingly,
the natural ionophore valinomycin steadily induces the same
selectivity sequence in biological and in artificial membrane
systems (see Chapters 8 and 12):

Rb%K%Cs+>>Na+>Li+



Such membranes constitute the working principle of the best
potassium ion sensors available. Electrodes which show some
preference for ammonium ions are obtained by using the macro-
tetrolide antibiotics as carriers. The detailed study of the
structure-selectivity relationship of natural ionophores and
model compounds has led to the design of a respectable series
of synthetic carrier ligands. At present, forms with con-

siderable specificity for Ca2¢, Ba2+, Na+, Li+, and other ions
are available and have found acceptance in ion-selective

electrode applications (Chapter 12) .

A comprehensive discussion of the potentiometric response
behavior of the different membrane types is given in Part B.

1.3. SINGLE-ION ACTIVITIES

There is some evidence indicating that the usually employed
"junction cells" shown in Figure 1.1 and Eq- (1-1) respond to
single-ion activities rather than mean activities. Although
these quantities can be formally defined by introducing
single-ion activity coefficients y* (referring to molalities
nK) or y™ (referring to molarities ")

ai = mi = ci d*9)

there is no possibility for assessing them individually on an
exact thermodynamic basis. Thermodynamic methods, e. g. emf-
measurements on cells without liquid junction of the type

anion-selective electrode|salt solution]|cation-selective
electrode,

can rigorously yield information only on the mean activity

coefficient y , which is related to the single-ion activity

coefficients y, and y_ as follows:



|og y = ———————— |Og V¥ o+ e IOg Yy (1-10)
Iz+ |+|z_| Izt +lz_|

The activity coefficients are well known to depend primarily
on the 1ionic strength of the solution, defined as

ci @a.11n

With increasing I, ionic interactions result ip a charac-
teristic variation of y+, as predicted by the Debye-Huckel
theory and its extensions. The following law applies to
aqueous 1:1 electrolytes up to I = 0.1 mol/1:

aVF

1+8 afF

log y= = log f3H a.12)

where a is the ion size parameter, and A = 0.509 and B =
0.328 R are constants (25°C). To allow for ions of higher
valencies and ionic strengths of up to about 1 mol/1, a semi-
empirical extension of Eq. (1.12) can be used [51, 52]:

log y£ = |z+tz] log fDH + C 1 (1.13)

This relationship can be fitted to experimental data, and the
values of the parameters a and C thus evaluated. A more
elaborate approach was presented by Stokes and Robinson [53]
who also accounted for effects arising from ionic hydration.
The general result had the form:

14



h
log Yt=]z+z ] log fu - - log aw - log [1-0.018 (h-v)m] 1.1%

where m is the molality of the salt solution, a” is the acti-

vity of water, h is the total hydration number

h = 1z1 h+ + |z+] h_ (1.15)
and V is the formal number of ions obtained from the salt

\% 1Z 1+ 1z_1 .16)

Except for extremely high molalities, Eq. (1.14) may be con-
verted into a form analogous to (1.13) where a term C™"m
appears instead of Cl. This demonstrates the equivalence of
the two formulations which indeed lead to practically the same
correlations with experimental y+ values.

The predominant problem is then to split the mean activity
coefficients into individual ionic contributions, according
to Eq. (1-10). In the history of ion-selective electrodes,
the following procedures were called upon.

1) Maclnnes_convention_£54~ 55]. The single-ion activity co-
efficients for K+ and CI ions in aqueous solutions are set

equal to the mean activity coefficient of a KC1 solution of
the same ionic strength:

Y+ () = Y_(CI*) = Y+ (KCD) 1.17)

15



2) EH;convention_[56a_57]. The single-ion activity coefficient
of ClI 1ons is assumed to obey the following Debye-Hiuckel re-
lation:

aVT

logy Cl ) ~—————————- - .18
1+ 1.57

This allows to assess individual activity coefficients for
cations in chloride solutions and, indirectly, those of other
anions in solutions of the given cations.

3) b5ebye-Hiickel conyen”~lon_£57n_582. The single-ion and mean

activity coefficients are interrelated most naturally, accor-
ding to the Debye-Huckel theory, as follows:

log y+

|z+/7z_] log y+ (1.19)

log y_ lz /z+] log Y=+ (1.19b)

Accordingly, it is found that y =y = y+ for 1:1 electro-

lytes, and yl“2 = y_2 = y+ for 2:1 electrolytes (see Figure

1.4) .

4) 8foke3-Hoblnzon-Bale3_ conyen™i.on_”"53A 58n_59 ]. At ionic
strengths 11 mol/l1, methods 1) - 3) definitely fail, and
a more precise procedure is then required. To this end, the
single-ion activity coefficients may be formulated, in ana-
logy to the Stokes-Robinson equation (1.14), as
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Figure 1.4. The mean and the single-ion activity coefficients
of calcium chloride as functions of the logarithm of the

ionic strength [43]. The circles denote measured mean acti-
vity coefficients y+. The curves were plotted using Egs. (1.13)
and (1.19) with a = 5.0 8 and C = 0.04.

2
log Y+ = z+ 109 fDH ™ h+ log aw - log [1-0.018(Ch-v)m] (1.20a)

zE log fDH - h_ log a - log [1-0.018(h-v)m] (1-20b)

—
o
«Q
i<
1

Bates et al. [59] suggested that anions such as chloride are
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essentially unhydrated, that is h_ = 0 for z_ = -1. Making
use of the definition of the osmotic coefficient, g =

-55.5 In aw/vm, the following relations were finally obtained
for chloride solutions:

log vy, =z, logy, + 0.00782 hmg+ (z -1) log [1-0.018 (h-v)m] (1.21a)

z+ log y_=logy+-0.00782 hmg - (z+-1) log [1-0.018 (h-v) m] (1-21b)

It may be recognized that the Stokes-Robinson-Bates for-
mulation of single-ion activity coefficients differs from
the simple Debye-Hickel convention only at high values of m
(see also Table 1.2). While the use of Eq. (1.21) is mandatory
for high-precision calculations, e. g. when elaborating acti-
vity standards, the approximation (1.19) is more useful and
preferred for routine analytical work. In fact, the latter
relation allows ready calculation of single-ion activity co-
efficients from tabulated y+ data (see Figure 1.4) without
any knowledge of the experimental parameters g and h. Such
practical values for y+ (chloride salts) and y_ (sodium
salts) are plotted in Figure 1.5.
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Table 1.2. Single-ion activity coefficients (molal scale) for
alkali and alkaline earth chlorides at 25°C.

Molality Debye-Hiickel convention9 Stokes-Robinson-Bates

convention”®
m Y+ Y Y+ \a
NaCl; a= 4.0 8, C = 0.040
0.1 0.777 0.777 0.783 0.773
0.2 0.732 0.732 0.744 0.726
0- 5 0.681 0.681 0.701 0.661
1- 0 0.660 0.660 0.697 0.620
KCIf a = 3.65 8, C = 0.015
0.1 0.767 0.767 0.773 0.768
0.2 0.716 0.716 0.722 0.714
0.5 0.650 0.650 0.659 0.639
1.0 0.607 0.607 0.623 0.586
CsCl; a= 2.6 8, C = 0.014
0-1 0.749 0.749 0.756 0.756
0.2 0.689 0.689 0.694 0.694
0.5 0.606 0.606 0.606 0.606
1.0 0.549 0.549 0.544 0.544
MgCI2; a = 5.2 8, C = 0.060
0.1 0.288 0.733 0.279 0.726
0.2 0.247 0.705 0.239 0.697
0.5 0.236 0.697 0.234 0.688
1.0 0.294 0.736 0.344 0.732
CaCl2; a = 5.0 8, C = 0.040
0.1 0.273 0.723 0.269 0.719
0.2 0.226 0.689 0.224 0.685
0.5 0.196 0.665 0.204 0.665
1.0 0.210 0.677 0.263 0.690
BaCl2; a = 4.4 8, C = 0.040
0.1 0.252 0.708 0.259 0.712
0.2 0.201 0.670 0.204 0.668
0-5 0.166 0.638 0.165 0.630
1.0 0.171 0.643 0.167 0.620

a Values were calculated from Egs. (1.13) and (1.19).

Values were derived from the hydration theory by Bates,
Staples and Robinson [59].



Figure 1.5. Single-ion activity coefficients as functions of the ionic strength; for cations
(left) and anions (right). The curves were plotted using Egs- (1.13) and (1.19). For details,

see Reference 43.
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Theory of Membrane Potentials and

Membrane Transport






Chapter 2

Description of the Basic Membrane Model

According to Schlogl®s definition [1, 2], a membrane is a
phase, finite in space, which separates two other phases and
exhibits individual resistances to the permeation of diffe-
rent species. The membrane phases considered for electrode
applications are solids, glasses, liquids, or gasses (e. 0.
air gap membranes in gas-sensing probes). To efficiently se-
parate the outer phases, which are normally aqueous solutions,
such membranes should preferably be nonporous and water-in-
soluble. Sufficient mechanical stability of liquid or gaseous
membranes can be achieved by the introduction of supporting
materials. In contrast to biological and artificial bilayer
membranes, the active parts of ion-selective electrodes are
obviously relatively thick, nearly electroneutral membranes.

The phenomenon of individual resistances mentioned above
may be identified with the permeability selectivity of a mem-
brane. The capability to differentiate between various
permeating species is perhaps characteristic of any type of
membrane, but it is much more pronounced for the membranes
used in selective transport systems and electrochemical sen-
sors. As will be shown later, there is a close relationship
between the selectivity of ion transport (permeability selec-
tivity) and the potentiometric ion selectivity of a given
membrane. Since the permeation of a species involves distri-
bution across the membrane/solution interfaces and translo-
cation across the interior of the barrier, ion selectivity Iis
frequently expressible in terms of ionic extraction parameters
and diffusion coefficients or mobilities.

An almost encyclopedic account of membrane phenomena was
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given by Lakshminarayanaiah [3]. He considered some 16 funda-
mental relationships between causative agents (driving forces)
and the net flows of matter, charge, and volume. In the pre-
sent work, considerations will be restricted to the isother-
mal transport properties of nonporous membranes at constant
pressure. Hence the six causal relationships specified in
Figure 2.1 are of prime interest. The major driving forces
acting on the system are the transmembrane differences in con-
centrations (or activities), Ac®, and in electrical potential,
Ob. The pivotal flows J\ indicated in Figure 2,1 are the mass
fluxes of chemical constituents. These quantities are basic to
the understanding of most membrane phenomena. The electric
current passing through a membrane of area A, for example, is
directly defined as | = AF E and is seen to encompass the
fluxes of charge-carrying species. In fact, all the interrela-
tions shown in Figure 2.1 are connected with or mediated by
the transport of ionic and other solutes. Since transport in
artificial membranes is usually passive*), the net fluxes
follow simply the direction of the driving forces acting on
the system. Now, T“selective membranes are capable of efficient-
ly modifying or inhibiting the fluxes of different species.
This implies that such selectivity is expected to be obser-
vable for any of the cited membrane phenomena.

For a theoretical description of membrane potentials and
membrane transport, it is convenient to use the three-segmen-
ted membrane model set forth by Sollner [8], Teorell [9], and

) It should be noted that many features of active transport
are mimicked by carrier membranes. The introduction of electri-
cally charged or neutral ionophores allows to couple the move-
ment of an ion to an energy source other than the chemical or
electrochemical potential gradient of this species. Thus
effects such as "ion pumping” and "uphill transport” can be
realized even for macroscopic model membranes [4 - 7].
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Figure 2.1. Schematic representation of the isothermal trans-
port properties of nonporous membranes at constant pressure.
The driving forces of concentration and electrical potential
are shown encircled while the flows of matter and current are
represented by squares. The relations indicated by arrows are
associated with specific membrane phenomena.

Meyer and Sievers [10, 11]. Here the two boundary surfaces
and the interior of the membrane are treated separately (see
Figure 2.2). Although the location of the interfaces is not
clear-cut because the physico-chemical properties, the elec-
trical charge density, and the potential distribution vary
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continuously from one phase to another [12], this approach
has many advantages and is appropriate for macroscopic mem-
branes. The treatment of thin membranes ('bilayers™, see
Chapter 8) will be modified insofar as the purely geometric
interfaces are replaced by realistic interfacial barriers.
Using the segmented membrane concept, the total membrane
potential EM, introduced in Egs. (1.1) and (1.2), is
subdivided into two fundamental components. These are the to-
tal boundary potential difference ER and a membrane-internal
contribution called diffusion potential ER:

EM E ¢" - ¢
= 00O -0 - @@ - ) + (ol - () @.D
boundary potential ER diffusion

potential Ed

The symbols ¢ in Eq. (2.1) denote the local electrostatic po-
tentials on the membrane surfaces and in the contacting so-
lutions, respectively (see Figure 2.2).

The two potential contributions ER and E~ can be evaluated
straightforwardly or expressed in simple terms when a series
of fundamental model assumptions is accepted [1 - 3, 7 - 16].
The general theoretical treatment set forth in the next chap-
ters is based on the following assumptions concerning the
membrane.

I. There are no gradients of pressure and temperature across
the membrane. The only driving forces to be considered
are differences in concentrations and in electrical po-
tential (see Figure 2.1).

I1. A thermodynamic equilibrium exists between the membrane
and”each of the outside solutions at the respective phase
boundaries.
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EMF

Figure 2.2. Schematic model of a membrane cell. The membrane
is interposed between two solutions, denoted by () and ().
Three regions are discerned for the membrane, namely two boun-
dary surfaces located at x = 0 and x = d, respectively, and
the intermediate bulk of the membrane.

I11. The same solvent is used for the electrolyte solutions
on either side of the membrane.

IV. Within the membrane, the chemical standard potentials
of all particles are invariant with space and time.



V. The effect of solvent flow across the membrane is negli-
gible, 1. e., there is no convective contribution to the
flow of solutes.

VI. Every cell component is homogeneous with respect to a
direction perpendicular to the cell axis; therefore, con-
centration gradients and the concomitant potential diffe-
rences are possible only along this cell axis (Xx-coordi-

nate in Figure 2.2).

VII. The system is iIn a zero-current steady-state.
VIII. The mobilities of all particles within the membrane are
invariant.

IXa. The local activity coefficients are the same for all ions
in the membrane (Maclnnes convention), or

IXb. The individual activity coefficients in the membrane are
the same for all cations and for all anions, respectively
(Debye-Huckel convention).

While assumptions 1 - VIII were explicitly stipulated in
earlier treatments [13 - 15], assumptions IXa and IXb are in-
troduced here the first time to allow for the nonideal be-
havior of the membrane phase. They replace the more restric-
tive ideality assumption, y» = 1, which was imposed in vir-
tually all membrane models presented so far. It will be de-
monstrated in the following chapters, however, that this ex-
tension has no dramatic effect on the form of the derived
results, except that concentrations are replaced by activi-
ties throughout. Nevertheless, the model assumptions 1 - IX
are consistently observed in the present work, and nearly
all the fascinating implications of membrane theory are based
on these. Exceptions will be discussed in Chapter 3 (descrip-
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tion of non-equilibrium steady-state), Chapter 7 (current
different from zero), Chapter 8 (deviations from equilibrium
and zero-current conditions; barrier-type profiles of the che-
mical standard potentials), as well as in Chapters 10 and 13
('n-type"” description of activity coefficients in solid ion-
exchangers) . The dynamics of equilibration processes in mem-
brane electrode cells are examined in Chapter 14.
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Chapter 3

The Phase-Boundary Potential (Donnéan Potential)

An interface between two liquid or solid phases that each
constitutes a partly ionic conductor represents a potential-
generating system. The phase-boundary potential or interfacial
potential difference arises mainly from the non-uniform
distribution of electrically charged species between the two
phases; this involves differences in the single-ion chemical
standard potentials. In a more general sense, the electrical
boundary potentials are related to or exert a controlling in-
fluence on the charge transfer reactions at the interfaces.
This implies that, generally, chemical and electrical poten-
tial contributions must be taken into account in descriptions
of ion transport or ion distribution. Both terms are combined
in the electrochemical potential jL [1]:

I+
1

G.D)

The symbol y~ denotes the chemical potential of a species |
(charge z”), ¢ is the local electrostatic potential, and F

is the Faraday equivalent. Using the simplifying assumption 1|
of Chapter 2, the purely chemical contribution is given in
the well known form (3.2):

Y+ = ¥° + RT In at G.2)

where y° is the chemical standard potential and a" the acti-
vity of a species, R is the gas constant, and T the absolute
temperature.



In the following we consider more specifically the inter-
faces between a membrane positioned at x = 0....d and two
external contacting solutions () and () (see Figure 2.2).
ITf a thermodynamic equilibrium is a priori assumed to exist
at each interface (assumption 11), this has the mathematical
consequence

y+ ©) G.33)

»l = Px (@) (3-30)

Insertion of the former definitions (3.1) and (3.2) for the
two aqueous solutions and the interposed membrane leads to
the expressions:

y‘;,aq+ RTIn &t +z F/¢"= Yy n TRTING © + zHCO G-4a)
y‘;’aq+ RTIn &'+ zFP"=y2 +RTIna @ + 3 RCO (3.4b)

The chemical standard potentials y?’m and yi,aq’ referring to
the membrane and the external solutions, are the same for
each interface (assumptions 11l and 1V). They can be included
in a thermodynamic parameter k~, called the distribution co-
efficient of species I:

k

= exp , —<m "1,aq)/RT. @-5

Hence the following fundamental relationship holds between
the interfacial potentials and the local distribution of ions
at equilibrium:
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RT K. al

PO - ¢ = -— In - (3.6a)
ZjF at ©
RT K. a

b@ - ¢ = - In—— - (3.6b)
z"F at (@)

An alternative procedure for assessing the phase-boundary
potentials is based on a kinetic approach. A theory of reac-
tion rates at electrode surfaces was founded by Butler [2],
Erdey-Gruz, and Volmer [3], and was later extended to mem-
branes by Eyring"s school [4 - 6] (see also Chapter 8). Accor”
dingly, the rate of transfer of exchangeable species,across
the membrane/solution interfaces (in x-direction, see Figure
2.2) may be formulated as

N z F z . F
Ji=kial exp ~a=~(® O-0® k.ax© exp, -0 —— @O)-")
RT J L RT

(.7a)
and

zZiF 1n rzF
Ji:k % @ exp (Q-a)--- (D)-P'") -k.a"exp -a—" @ @D-")
RT J L RT

@3.7b)

J. is the total flux density (mol cm™2 s_l) for the species 1
- and k~ are the rate constants of the two partial transfer
reactions at each interface, and a<»0.5 is the transfer co-
efficient. At equilibrium, the same rates are established
for the forward and backward reactions, and the total mass
flux therefore approximates zero:

Jj =0 3.8)
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Hence, Eqgs. (3.7a,b) immediately reduce to the following re-

lationships:
z.F
a. @ = kaltexp - —— (@©O)-0") .9
I RT
z,F
ai (@ = k#a’ exp - ——  (@")-¢d") (3-9p)
RT

These expressions are equivalent to the former results (3.6a,
b) except that the distribution parameter ki is here defined
kinetically:

K. Er (310)

Quasi-thermodynamic formulations according to Egs. (3.8)
and (3.9a,b) are strictly valid only for the hypothetical
situation in which charge transfer is accomplished by a single
species (ion or electron) and the electrical current density
is ideally zero. In real electrode cells, however, it is con-
ceivable that various charge carriers are simultaneously in-
volved iIn the interfacial processes. The condition of "zero-
current” then does not guarantee a state of "equilibrium” for
each and every reaction because of the likely differences in
reaction rates. This implies that competing reactions may
proceed irreversibly even in the absence of a net current
flow. In such cases, a mixed potential will be established
which differs from the reversible potential in Eq. (3.9) by
an amount n™. The steady-state current density of any
species is then determined by the Butler-Volmer equation
(3.11) as a function of the corresponding overpotential
and the exchange-current density jI,O:



22 ik e Fa-aZ s G.1D)
V ziFJi= 3ifoexP RT —j ’ . [ T 1 -
) 1-a
J5 67 z.F &a) &3 O

It may be recognized that reversibility of the i-th reaction,
equivalent to a rapid local equilibrium, will generally be

fulfilled only if the corresponding exchange-current density
is very high. In this case, one gets = 0, which justifies
the use of Egs. (3.6) and (3.9) as excellent approximations.

It is a well known fact underscored by experimental evi-
dence that virtually all ion-selective membrane electrodes
exhibit reversible behavior, which means that ions traverse
the membrane surfaces in rapid equilibrium. One reason for
the applicability of purely thermodynamic principles lies in
the selectivity of such electrodes, which ensures that the
transfer reactions are dominated by certain ions. In addition,
the exchange-current densities of the selected ions are
sufficiently high*) so that a net transfer of material does
not disturb the interfacial equilibrium. Consequently, the
ion distribution and the potential difference established
across each interface are expressible in thermodynamic terms.
The following relationship for the total boundary potential
of reversible membrane electrodes is in the end justified
(see Egs. (2.1) and (3.6a,b)):

A direct relationship seems to exist between the ion se-

lectivities and the apparent exchange-current densities of
different solid-state and liquid membranes [7, 8]
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RT K I RT . LAl
= ——— 'n__i__?l _____ In _j_'(__l__

Z"F ar(0) z"F a~(d)

RT In a!i ay ()]

- .12)
z"F g a~(0)

This important result is valid, in the framework of the pre-

sent model, for any cationic or anionic species that is
capable of freely moving across the phase boundaries. It is,
of course, not applicable to ionogenic groups that are per-
manently trapped in one phase, e. g., the fixed sites iIn so-
lid i1on-exchangers.

Equation (3.12) demonstrates that the boundary potential
generated by reversible membrane electrodes is a clear-cut
function of the activity ratios of exchangeable ions between
the membrane surfaces and the bathing solutions. If the mem-
brane-internal activity of an ion could be fixed by a speci-
fic mechanism, 1i. e.

at ©) = at(@) (3.13)

the emf-response would represent a direct measure of the ion
activities in the outside solutions:

RT at

E=Eo+eb =Eo0o+— - In*“
ziF ail

(3.14)

This gives a simplified picture of the function of ion-selec-
tive electrodes. In practice, however, an ideal ion specifi-
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city of sensors according to Eq. (3.14) can scarcely be rea-
lized and contributions by more than one ion must be included

in any realistic descriptions of the potential terms. A more
general result for the boundary potential difference ER may

be obtained from expressions of the type (3.9) by summarizing
ions of the same charge z» and rearranging (9, 10]:

RT Ew.k.a. | RT Ew.k.a."
E = == IN = ———mmmmm o In -  1-1- (3.15)

z.F _EWI g- © £ F Ewlal. @

Here the symbol represents any additional weighting factor.
Equation (3.15) turns out to be very useful in the treatment
of permselective membranes that are permeable for one class
of ions. Another fundamental relationship may be derived for
fixed-site membranes and two classes of counterions, I2+ and
J  (or I2' and J ). If the total activity X of anionic (or

cationic) sites is assumed to be constant, one can write:

+

2 lai () + Ear@©) = X (3.16)

A second interrelation between the unknown terms Ea”™(0)and
Ea~(0) follows from Eq. (3.9a), respectively (3.15):

2
Ea, ©) Jda. O\ =

- —— = - 3— = exp-——-@@O)-0") G.17)
Ekial \ kjaj”/ L RT J

A quadratic equation results, which yields the following so-
lution for the interfacial potential difference:

RT  V8X Ek.a" + (Ek.a")2 + Ek .
®QO) - §7 -———In —————— S 2.1 (3.18)
F 2X

An analogous relation holds for the other membrane surface.
Finally, the total boundary potential ER assumes the form [10]

41



RT - vex Ikpal + (IkLe:])Z + Zkgell

K
_ =, L LJ (3.19)
I LY & (|k3aéir + Zkal

Expressions of this type can be used for assessing the response
of ion-selective electrodes to mixed solutions of monovalent
and divalent ions [10 - 12].

The boundary potential difference E is often called the
"Donnan term" [13, 14]. In fact, it was Donnan [15, 16] who
first formulated the equilibrium between two electrolyte so-

lutions separated by a (porous) membrane having the capability
to completely prevent the permeation of at least one kind of
ion (e. g- because its size exceeds the diameter of the pores).
The Donnan potential established between the two solutions at
equilibrium is of the form (3.14) where the index i refers to
any permeating cation or anion. It should be noted that the
ion activities at equilibrium are in this case unequal to the
initial values since extensive diffusion processes take place
across the "indifferent” membrane before an equilibrium is
reached. In contrast, diffusion becomes negligible for ideally
homogeneous, compact membranes under zero-current conditions.
Solid-state membranes, fTor example, establish an equilibrium
with the contacting solution films by dissolution of a small
amount of crystalline material. Since Eq. (3.13) is appli-
cable to such systems, the emf-response is again dictated by
the Donnan potential, Eq. (3.14), where i denotes an ionic
component of the membrane. Liquid membranes, when equili-
brated with electrolyte solutions, are subject to salt ex-
traction and ion-exchange reactions at the surfaces. This
leads to inhomogeneities in the interior of the membrane

which normally give rise to a diffusion potential. An ex-
tensive discussion of this fundamental potential contribution
is presented in the next chapter.
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Chapter 4

The Diffusion Potential

While the Donnan equilibrium plays an important role in
the regulation of interfacial processes at the phase bounda-
ries, such equilibria are usually not attained in the interior
of membranes. Thus the free energies of the membrane components
will undergo variations with space and time, although the mem-
brane may still be considered to be a uniform phase in the
sense of assumption IV. The corresponding electrochemical po-
tential gradients give rise to diffusional fluxes of ions
within the membrane. Because the intrinsic rates of diffusion
would not be the same for all species, a membrane-internal
diffusion potential is generated in order to maintain a zero-
current steady-state.

4.1. GENERAL FORMULATION

The Tlux of any species within a phase, e. g. a mem-
brane, can be described most correctly by the generalized
Nernst-Planck equation:

Jo=cM =T “.D

1 11 VvV, *

where Cyr 3y and Y1 represent the concentration, the activi-
ty, and the activity coefficient of species |, respectively.
The flow velocity v* is composed of the velocity v of the
local center of mass and contributions given by the individual



mobility of the species*) and the forces acting on them. The
total force has been identified with the negative of the local
gradient of the electrochemical potential y®, hence:

Vi = - grad + v “.2)

According to assumptions V and VI of the membrane model pro-
posed in Chapter 2, we may restrict the following considera-
tions to the unidimensional flux J\ in x-direction of the mem-
brane coordinate system (Figure 2.2), giving in place of

Eq. (4.D

J. = -uc. -—— = -U, ————- [Osx~d] @“.3)

Equation (4.3) is the usual form of the Nernst-Planck equation.
Since the electrochemical potential was approximated by

Egs. (3B.1) and (3.2), using assumptions I and IV, one can
write

2 In a ap
J. = -u.c.RT -————=- -z_.u.c.F — “4.%
1 11 X 111 3x

M The absolute mobility u. (diffusional mobility, electro-
chemical mobility) has the *dimension cn® 51 (J/mol)_l. Other
mobility parameters referred to in the literature are the
electrical mobility u* = u™|z |F (physical mobility, in

cm2 s“1 th), the equivalent ionic conductivity X.:u.|z.[F2,
the diffusion coefficient DM=uiRT (cmz"s1 ), and {he friction
coefficient f~1/u”n.
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or

_ 3an ap
J..yrl = —uiRT g( -ziuiaiFa—x (4.5)

Accordingly, the driving forces acting on each species are
given by the gradient of its chemical potential (activity
gradient) and that of the electrical potential, whereas a
frictional force is included implicitly in the phenomenologi-
cal coefficient uw*. An alternative useful formulation of

Egs. (4.4 and (4.5) is obtained by summarizing the driving
forces:

3
exp @¥<PB/RT) = -uiRT — [at exp (C~$/RT) ] 4.6)
Y

It becomes evident that the mass flux J\ in a membrane can
be neglected only if (@ the concentration of the species is
c =0, (O the mobility is u» = 0, or (©) the species
assumes a Boltzmann equilibrium distribution with a™*exp
(ziF$/RT) = const (X)-

The Nernst-Planck flux equation represents an extension
of Fick"s diffusion law; the second term in Egs. (4.4) and
(4.5) considers the interaction of charged species with the
electrical potential. Another interrelation between the fluxes
of ions is given by the electrical current density j, which
is equal to zero for membranes in potentiometric measurements
(assumptions VI and VI1):

“@.7)

—
1
Tn
m
1l
o
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Combination of Egs. (4.4 and (4.7) leads to the following
universal integral equation which describes the diffusion po-
tential within a membrane or plane diffusion layer of thick-
ness d:

ED =

Qem « &

_ 4.8
dx = -—ﬁ]B--l--zi; ------------ dx “4-8)

The sums in Egs. (4.7) and (4.8) include all cations M and

all anions X within the membrane, except nonpermeating species
with ]\ = 0 (e. g., fixed or stationary ions that are confined
to the membrane phase). For all permeating species one can de-
fine an electrical transference number t (see also Chapter 7)

Z_U.C.
11 1t 1 “4.9
S

t = _
1 ¥:

- N

Hence Eq. (4.8) may readily be converted into the classical
form [1]:

RT,<d>  t+ 1t
=10 JE— f o0 —dma. =- - 1f- Tani (4.10)

F O zi F O2i

This fundamental relationship is well known in the literature
and was deduced many years ago from conventional thermodynamic
arguments. A more recent derivation is based on the thermo-
dynamics of irreversible processes [2] (see also [3])- The
terms t./z . were replaced by reduced mass transference

numbers t{ and possible contributions by electrically neutral
species (e. g. water in porous membranes) were also included.
The interrelation between the electrical potential and the
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flow of solvent is essential to the understanding of electro-
kinetic phenomena, such as electroosmosis or streaming poten-
tials [3]. In the case of compact membranes, these solvent

effects may be neglected, according to assumption V.

The last expressions clearly show that, generally, a
thorough knowledge of the concentration profiles of all spe-
cies is required for the exact evaluation of diffusion poten-
tials. In practice, however, it is at best the boundary values
at X = 0 and x = d that are known or expressible in thermo-
dynamic terms. The integrals in Egs. (4.8) and (4.10) must
therefore be solved in order to arrive at practical descrip-
tions of Ed> To this end, additional restrictions or approxi-
mations must be incorporated, beside those already used
(assumptions | - VI1). All of the classical approaches, given
by Nernst [4], Planck [5], Johnson [6], Henderson [7],
Pleijel [8], Goldman [9], Teorell [10, 11], Meyer and
Sievers [12], Schlégl [13, 14] and Helfferich [14, 15], as
well as most of the theories developed by Eisenman et al.

[16 - 20] and others [21 - 27] stipulated ideality of the
diffusion layer or membrane. In addition, the mobilities of
all diffusing species were assumed to be constant (assumption
VIIl) and the electroneutrality assumption was usually im-
posed.

Only a few of the available theories were based on less
idealized membrane models. Single-ion activity coefficients
were accounted for in the case of free diffusion of a single
salt [1] (Section 4.2.b) or in "n-type" descriptions of the
interdiffusion of two counterions in a solid ion-exchanger
[16, 17] (Chapter 13). Mean activity coefficients were con-
sidered for systems with 1:1 electrolytes [28]. However,
virtually all the aforementioned definite solutions for the
diffusion potential may be obtained in a more general form.
The following derivation reveals that integration of Eqs. (4.8)



and (4.10) can be carried out straightforwardly by using,

instead of the restrictive ideality condition = 1, either
assumption IXa:

YIi® = Y+ (for all ions within the diffusion layer), (4.11a)

or the even more convincing assumption IXb:

Ym® = Y+ () (for all cations M)
(4.11b)
YX& = Y_(X) (for all anions X)
When using assumptions VIII and IXa, Eq. (4.8) may be re-
written as
RT d 2 21z Eua > - £iz u_a_ ..
pooo [ & 5%t & 2F x Px By @12
F 6 2 z, u.a > + 2 z, ua, (69
Solutions based on this formulation will be discussed in
Sections 4.2.d-f. Assumptions VIIl and IXb, on the other
hand, lead to the alternative description*):
RT (@ t
Ep == J %5 dInviz g
F © 2nm
RT @ t
+ — / "d W 1]zxJuxax (4.13)

F O 12<y
D The validity of Eq. (4.13) is less obvious. For a proof,

the integrals may be rearranged into / 2(1/y’\)z’\u’\da’\/fz?‘u’\c’\,
which is equivalent to the form given in Eq. (4.8).
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Integration of the last expression is accomplished in Sec-
tions 4.2.a-c. 1t will be shown that the complexity of the
solution depends on how many valency classes [13] of diffu-

sing ions are present in the system.

4_.2. PRACTICAL SOLUTIONS

The simplest case is realized for membranes that are
permeable for only one class of counterions, e. g. cations
of the same charge. Such an ideal permselectivity is met if
the concentration or mobility of all other ions (e. g., co-
ions) is negligible within the membrane, or if these ions
are confined to the membrane phase (dissociated ion-exchange
sites). The explicit condition for cation permselectivity
reads:

zZt =1 } Zt,=0 (4.143)

Since all the particles to be considered are here of the same
charge zm, Egs. (4.12) and (4.13) reduce immediately to

Ep RT In 2 umam ©) (4.153)

sz Z uan1¢D

An analogous result is obtained for ideal anion-exchangers:

E tx - 1 > £ th - 0 (4.14b)
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hence

E = —— In ——-2-2 - (4.15b)

Expressions of this type were first suggested by Lark-Horo-
vitz [29] and were later made public by the work of Eisen-
man®"s group [16 - 20]. The basically new aspect of Egs.
(4.15a,b) 1is that nonidealities of the membrane phase are evi-
dently taken into account. A modification of the present re-
sults will be discussed in Chapter 13, where another descrip-
tion of activity coefficients is preferred.

b) Extension_of Nernst”s_solution__(two_ion_classesJt

In contrast to ideally permselective membranes, free elec-
trolyte solutions contain at least two classes of mobile
ions, namely cations and anions, which may be involved in
diffusion processes. As early as in 1889, Nernst [4] offered
a formulation of diffusion potentials arising within the
liquid junction between two dilute solutions of one and the
same salt. An extension of this pioneering theory is based
on the following assumptions: (@ all cations M within the
diffusion layer have the same charge 2z, the same activity

coefficient Y » and the same mobility u @ all anions

n >
have the same z, y , and ux, and (3 electroneutrality holds.
Substitution of these assumptions in Eq. @4.9) yields:

t u

E- - = —————— B = const (4.16a)
120 olVn * 15duk
t u

E -2 = oo AN = const (4.16b)
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Integration of Eq. (4.13) is now easily accomplished. Finally
one gets an extended version of Nernst"s equation:

Poliptleelte o 13, @ 2 Ytz fu B B @

Evidently, this result represents an intermediate form,
bridging the gap between the limiting cases realized for
permselective membranes. This description may easily be modi-

fied to include membrane systems or liquid junctions with
ions of differing individual mobilities (see below).

C) Rederivation_of Planck ! s solution__(two_ion_classes)_

An important contribution to the theory of diffusion po-
tentials was made in 1890 by Planck [5]. He offered an exact
solution to the problem of diffusion layers with more than
one electrolyte. The principal drawbacks of the classical
Planck theory are the rather voluminous derivation as well
as the unwieldy implicit form of the result (see also
Maclnnes [30])- A new and less circuitous derivation of
Planck"s relation, and its conversion into a more transparent
form, was presented only recently by Morf [25]. Here, the
earlier treatment will be revised insofar as activity coeffi-
cients are no longer neglected.

The Planck theory of diffusion potentials is based on the
following restrictions concerning the diffusion layer:
(@ assumption of a steady-state, i. e., = const(x) for
all ions, (@ assumption of electroneutrality, and @) re-
striction to one class of mobile cations and one class of

mobile anions (i. e., ions of the same charge r and z, and
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the same activity coefficients Ym and respectively; the
original paper [5] restricts itself to monovalent ions in
ideal solutions). With these assumptions it is possible to
introduce so-called mean mobilities, Ugo characteristic of
each ion class [25]:

ZJ
U = ——— e = const(x) (4.189)
moo @)
EJ
U = ————————o = const(x) (4.18b)
Z @uy)

Using this pivotal substitution, Eq. (4.7) can be rewritten
in the form:

* I"'m* “m E <V'"m> - Izx* “« E <VV -0 4n9>

After insertion of the fluxes according to Eq. (4.4), one
arrives at relationships similar to Egs. (4.8)-(4.13) where,
however, all individual ionic mobilities u" are replaced by
mean mobilities u”. Thus the problem of integration becomes
basically the same as in the preceding section, where identi-
cal mobilities were a priori inserted for all cations and

all anions, respectively. In analogy to Eq. (4.16), we can

therefore define integral transference numbers, T and Xy

t T u
e = el = .3 (4.208)
l%n.l |Zmi lZm lUm + iZX iux
Ty - Xy Uy
S S 1- (4.20b)

IzXI I§V.I I%n JLHn + 1Zx iux
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and the solution for the diffusion potential is formally
equivalent to Eq. (4.17):

E = “m f InlTar© _ ™
°© p BV d ImnlV | |5x F rax (dl

@.21)

This result corresponds to Planck®s exact solution of the
problem (originally for |z | = Jz | = 1 and Ym = Yx = D but
is obtained here in a new and more practical form that im-
pressively shows the relationship with other approaches. The
mean mobilities are found, from Egs. (4.6) and (4.18), to be
given as

zt+fed/rt
Zu.a.(d) =e - Zu.a.0
T e i-fe7rt————— “4-22
zai(d *e - Z a..(0

Exceptions aside, these mobility parameters depend on Ep.
Thus, the Planck solution does not generally yield the diffu-
sion potential explicitly but has to be evaluated for ER by
iterative methods [25].

A significant reduction of Planck®s result is obtained
for liquid junctions formed by equimolar electrolyte solutions.
For a constant total ion concentration

Zc, @ =Zc @ ;: Zc,©® =Zcy@ “4.23)

it holds as an excellent approximation that



y =y, = const (X) ; y =Y = const (X) (4.24)

In this case the logarithmic terms in Eg. (4.21) become zero.
As a consequence, it must also hold that Izmlum + lIzxlux = O.
Hence, using Egs. (4.22)- (4.24), we may derive an explicit
solution for this special type of liquid-junction potential
which, as a matter of fact, corresponds to Goldman®s equation
[9] for the diffusion potential of biological membranes*)
(see also Chapter 7 and [3, 25, 31]):

RT | Uﬁ%#())-+ElJCX§61)
ED - ’ “4.25)

F Z Un G o + z Uy & O
for Fmi: uxlzl.

If this relation is applied to the simplest case, namely
a liquid junction formed by two single electrolytes of the
same concentration and with either the same anion or cation,
it further reduces to the well-known formula of Lewis and
Sargent [32]:

RT  1Q©)
E =+— In-—-——- (4.26)
D F n@

Here, the only parameters to be inserted are the equivalent
conductivities of the two electrolyte solutions, JI=/IT+1x,
withy)

*

) Goldman®s equation was originally derived from a different
model, based on the assumption of a constant electric field.
This condition is apparently met for the present case.
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Al = Iziluif2 .27

If the two solutions are identical in every respect, one
gets the trivial result:

EQ =0, for ci(©® = ci(© (4.28)

This is consistent with the obvious fact that net diffusion

within ideally homogeneous systems remains negligible.

d) TeorelV s_solution_and_its_extension__ (two_classes_of mobile
ions and fixed sites)

The theory of permselective membranes which are easily
permeable for ions with a certain charge (counterions) but
poorly permeable for the oppositely charged ions (coions) was
developed mainly by Teorell [10, 11]. He considered electro-
neutral systems containing a constant number of fixed charged
sites. ldeal permselectivity, as stipulated in Section 4.2.a,
can then be rationalized simply by an exclusive uptake of
counterions and rejection of coions by the '"charged" mem-
brane. For general situations, however, the permeation of
more than one class of ions must be taken into account. Hence
Eg. (4.15a,b) has to be replaced by a more complete descrip-
tion, based on Eq. (4.12) and the electroneutrality con-
dition (4.29)1

I z2an X)) = o)X = const X) 4.29



where w is the charge and X the mean activity of fixed sites
in the membrane.

The original theory of Teorell [11] was restricted to
membranes interposed between solutions of the same 1:1 electro-
lyte. Since the cation M+ and the anion X_ were the only
permeating species to be considered, Teorell®s result for the
diffusion potential has the form:

E =Um ~Ux ™ 1In umam (0) + Uxax O (4.30)

um + ux F umam (d) + uxax (d)

A generalized version of Teorell®s solution may be applied
to any system with two ion classes for which Eq. (4.29) is
obeyed. After introducing mean mobilities u™ and u™ for all

ions of class k and 1, respectively, integration of Eq. (4.12)
leads to:

Gk - ™i RT, 1zkVk@ + 2 ziVi@©
ED In 2 2- (4-3D

2kUk *“ Z1U1 F 2 ZkUkak @ + 2 zlulal @)

or, with q = (Uk - nxX)/(rkuk - z")

RT Z zkak @ + Z z2a..(0) + q ZjZ™wX
ED=9g- In —————————-—— e “4.32)

Whereas Teorell®s case corresponds to the situation with

K = m (cations) and 1 = x (anions), another important case
covered by Eq. (4.31) or (4.32) is that of a permselective
ion-exchange membrane with monovalent and divalent counter-
ions. For simplicity, it is often reasonable to assume that
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q=0 and ER =0 “4.33)

The membrane potential can then be approximated by the inter-
facial potential contribution alone, Eq. (3.19) [23, 26, 33].

e) Schlogl™.§_solution__(N_classes_of_mobile_ions_and_fixed_sites)?

General integrated solutions for the Nernst-Planck flux
equations and the diffusion potential at steady-state were

worked out by Pleijel [8] and by Schlégl [13]. These deri-
vations represent mathematical masterpieces but suffer from
their complicated, perplexing form. Therefore, a simplified
derivation of Schlogl®s diffusion potential has been attempted.
To this end, flux equations of the type (4.5 are multiplied
with a constant factor p~/u”™ and added subsequently:

RT— Ip,a. + Ip.z.a. =F— =-1 1.y 4.34)
1

Recalling the electroneutrality condition, Eq. (4.29), we can

write:
d

RT - 1z,a =0 (4.35)
dx 11

Addition of the two expressions leads to

d d& piJ
RT— 1 (ptzda.+ 1l pza-F- =-1 -——— =Y+ (4.36)
dx i dx ut



Now, the constant terms are chosen in such a way that the
following relations be satisfied:

£ (PiJi/ui) = 0 .37
and
P-+* Zz = RZ- <A (4.38)

where g is a new constant. Hence Eq. (4.36) reduces to

d afF

q = RT — ZQ.flaI +2p.1zlaI -F- =0 (4.36a)
dx (6):4

which can easily be integrated to yield Schlogl®s result:

z.a.©
RT q - 1/7i
E =gqg- In -—-—— — “4.39)
D F y 2iai @)
q - I/z+

If the fluxes J\ of all ions are known or expressible in
terms of readily accessible quantities (see Chapter 7),
Eq. (4.37) allows determination of the parameter q:

J.,/u.
1 -0 (4.376[)

q—1/£__
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For systems with N classes of diffusing ions, there exist N-I
real or complex values of q that are compatible with Eqgs.(4.37a)
and (4.39). The limiting case for two ion classes is, of course,
given by the generalized Teorell equation (4.32), which can be
verified by using Egs. (4.19), (4.37a), and (4.39).

) Henderson”s_approximation

An ingenious method for the calculation of diffusion poten-
tials (liquid-junction potentials) was introduced in 1907 by
Henderson [7]. The Henderson approximation is probably the
most frequently used in practice, although the exact Planck
and Schlogl solutions are more convincing from the theoreti-
cal standpoint. Henderson®"s general approach relies upon the
arbitrary assumption of linear concentration profiles for all
ions within the diffusion layer. In the framework of the pre-
sent model, this corresponds to the approximation:

3 a.@ -2a.0 fa
- a ® s -i-——————- i__ =-
X d d

(4.40)

Insertion into Eq. (“4.12) leads to the well-known formula:

______________________________ (4.41)
FE R d @t E5ua 0

Evidently, the Henderson equation constitutes an explicit ge-
neral description, incorporating as special cases many of the
solutions discussed before. This allows an easy and rather

60



close characterization of the diffusion potential in terms of
boundary concentrations and mobilities of diffusing ions.
Calculations of liquid-junction potentials according to Hen-
derson®s approach and comparison with other methods are pre-
sented in Chapter 5.
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Chapter 5

Calculation of Liquid-Junction Potentials

The classical reference electrodes used in potentiometric
measuring cells are the mercury/calomel electrode and the
silver/silver chloride electrode, each in contact with an
aqueous solution of fixed chloride activity (e. g., a saturated
KC1 solution). Frequently an additional electrolyte solution,
called salt bridge, is interposed between the external refe-
rence electrolyte and the sample in order to inhibit interac-
tions of these two solutions. The liquid junction between the
salt bridge and the sample is usually established within a
porous diaphragm or defined.by a streaming boundary.

Since the liquid junction represents an interface where
one electrolyte diffuses into the other, it is the origin of
an electrical potential difference contributing to the emf of
the cell. The liquid-junction potential ET, for evident rea-
sons, corresponds to a diffusion potential:

EJ 5 ED G-D

It can therefore be characterized straightforwardly by the
relations given in Chapter 4 when the "membrane'" or "diffusion
layer" is identified here with the mixture region formed bet-
ween the salt bridge (at x = 0) and the sample solution (at

x = d). In the event, the classical approaches by Planck

[1, Z] and Henderson [3], treated in Sections 4.2.c and T,
were originally devoted to the calculation of liquid-junction



potentials , and were only later applied to diffusional mem-
branes .

Although it is often assumed that the liquid-junction po-
tential arising in ion-selective electrode cells is indepen-
dent of the composition of the sample solution, or can even be
set equal to zero, this contribution to the emf does in fact
change considerably, as an evaluation of the Henderson equa-
tion (4.41) or the Planck equations (4.21) and (4.22) demon-
strates. A change of the liquid-junction potential has, how-
ever, the same effect as a change in the activity measured
by the ion-selective electrode. Thus, estimations of EJ‘are
of practical interest in view of a systematical elimination
or numerical correction of erroneous responses (see Figure
5.1). It is clear that the calculation of ET hinges on nume-
rical values for the ion mobilities u*. As the single-ion
or mean activity coefficients were explicitly accounted for
in all expressions for E given in Chapter 4, these moblll—
ties must refer to |nf|n|tely diluted aqueous solutions
They can be calculated, according to Eq. (4.27), from the
corresponding equivalent ionic conductivities tabulated in
handbooks. The mobility data used in this work are compiled
in Table 5.1.

? A third method, differing from Planck®s or Henderson®s pro-
cedures, was suggested by Pickard [4]. His derivation of the
diffusion potential relies on the assumption that the trans-
ference numbers (and not the concentrations) of all ions vary

linearly with x.
**x

A different procedure (see also [6]) for calculating ET
values uses concentrations instead of activities but takes in-
to account the nonideality of the aqueous solutions by inser-
ting the individual mobilities or conductivities observed for
these ions at the given concentration. According to the Debye-
Hiickel theory, both approaches are equivalent.



2+ '°9 aCar*
Figure 5.1. The response of a C& -selective electrode (see

Chapter 12, Table 12.4) towards CaCl2 solutions for three bridge
electrolytes purposely chosen to be non-ideal: 0.1M NHANO™, KC1,
and NaCl. The raw emf values are plotted at the top. After
correction for Ej using Eq. (4.41), the points were replotted
(bottom) and linear regressions were carried out over the ac-
tivity ranges indicated [5]. For clarity, the data for raw and
corrected emf were pulled apart.
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Table 5.1. Mobility parameters of ions in aqueous solution
at 25°C

Equivalent ionic Absolute mobility,
lon conductivity at according to
infinite dilution [7] Eq. (4.27)
Al [ ~“cm™ equiv. un’10n (em™s ™J ""Tol)

H+ 350 37.-6
Li+ 39.5 4.24
Na+ 50.9 5.47
K+ 74.5 8.00
NH* 74.5 8.00
Ag+ 63.5 6.82

+
M92 4 2.90

2+
Ca 60 3.22
BaZ" 65 3.49
OH~ 192 20.6
(o] b 75.5 8.11
| 76.0 8.16
NO~ 70.6 7.58
OAc 40.8 4.38
S0a~ 79 4.24

M Abbreviation for acetate anion.
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To provide a test for the applicability of the calculation
procedures to experimental situations (see also Figure 5.1),
liquid-junction potentials measured by Maclnnes and Yeh [8]
are correlated in Table 5.2 with computed Ej values. The
agreement between theory and experiment is found to be sur-
prisingly good, the mean absolute deviation between the two
sets of data being only around 0.5 mV. The calculations in
Table 5.2 were based on the simplified formula of Lewis and
Sargent [9], Eq. (4.26), which is valid for the discussed
examples of liquid junctions formed by two equimolar chloride
solutions. For more general cases, the complete formalism of
the Planck theory or the Henderson approximation must be used
for the evaluation of liquid-junction potentials. An iterative
calculation method has been devised [2] to facilitate the ri-
gorous application of the Planck relation. On the other hand,
the more practical Henderson equation as a rule leads to simi-
lar or even the same values for Ej. Some representative re-
sults in Table 5.3 clearly demonstrate that there is a satis-
factory agreement between the two modes of calculation. Devi-
ations exceed 10% only in the case where HC1l is used as sample.

A more detailed inspection of both theoretical expressions
and numerical values reveals that there are two possibilities
for a minimization of the liquid-junction potential in ion-
selective electrode cells.

a) A solution which perfectly corresponds to the sample solu-
tion (. e. cM (@O * c™M(d)) is used as salt bridge.

b) A so-called "equitransferent solution” [10] (the exact con-
dition is 1 |zn]J umem ©) = E |zx| uxcx (O or um = ux) has
to be used as salt bridge, its concentration being much
higher than that of the sample solution. An idealized
example is given in Table 5.3 and is based on the fact
that uR = 0.8 ucl +0.2 u” (see Table 5.1).
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Table 5.2. Comparison between calculated and measured liquid-
junction potentials (25°C)

Solutions E] in mvV

calculated observed
at X = 0 at X =d from Eg. (4.26) Maclnnes & Yeh [8]

0.01IM HCI 0.01M KC1 26.79 25.73
0.01MHC1 0.01M NaCl 31.18 31.16
0.01IM HCI 0.01M LiCl 33.62 33.75
0.01IM HCI 0.01IM NH4C1 26.79 27.02
0.01IM KCI 0.01M NaCl 4.39 5.65
0.01M KCI 0.01M LiClI 6.83 8.20
0.01IM KCI 0.01IM NH4C1 0.00 1.30
0.01IM NaCl  0.01M LiCl 2.44 2.63
0.01IM NaCl  0.01M NH4C1 -4.39 -4.26
0.0IM LiCl 0.01M NH?EI -6.83 -6.89

Although procedure a) is often recommended for practical
applications it turns out to be deceptive. Indeed, the
liquid-junction potential may approximate zero for ideal
situations but it generally remains very sensitive to changes
in the concentration or ionic composition of the sample, as
is shown in Table 5.4. On the other hand, procedure b) may
lead to values different from zero but it guarantees the
highest-possible constancy of the liquid-junction potential.
The commonly used salt bridge solution is saturated or 3M KC1,
which leads to favorable results in that uncertainties in the
reference electrode potential can be reduced drastically
(Tables 5.3 - 5.5). Other "equitransferent solutions" suited
for salt bridges are KNO~, NJ™NO”N, and LiOAc (see Figure 5.2);
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Table 5.3. Liquid-junction potential values at 25°C, calculated
from the Planck theory and the Henderson approach [2]. These
diffusion potentials are generated in the aqueous diffusion
layer (Oix™d) between the sample solution (at x=d) and the
electrolyte of the reference electrode (@t x=0). A mixed solu-

tion of KC1 and KNON (4:1) is used as salt bridge or reference
electrode solution

Relative Ej inmVv Ej in mv
Sample activity according to according to
solution of sample Planck Henderson
solution, Egs-(4.21), (4.22), Eg.- (4.41)
lal (d)/Eal O) and (4.5) "
Kei io"4 0.00 @ 0.00
10-3 0.00 () 0.00
10~2 0.01 [¢€B) 0.01
10 1 0.05 (O] 0.05
1 0.18 - 0.18
101 0.45 (@) 0.45
102 0.82 () 0.82
103 1.21 () 1.21
NaCl 10~4 0.00 (@) 0.00
10-3 0.03 @ 0.03
02 00 @ 020
101 1.11 [ea) 1.14
1 4.60 - 4.60
101 12.45 [©) 12.11
102 23.13 (3} 22.45
103 34.52 () 33.72
HCI 10-4 -0.04 ()] -0.04
10~-3 -0.32 () -0.28
10~2 -2.07 [©) -1.73
101 -9.40 (10) -8.31
1 -26.73 - -26.77
101 -52.84 @) -57.58
102 -84.32 (@) -94.06
103 -118.81 (©) -131.95
NaOH 104 0.02 (@) 0.02
10-3 0.17 (6] 0.16
10~2 1.11 @) 1.02
101 5.66 @ 5.27
1 19.35 - 18.85
101 43.54 [¢0)) 44.33
102 73.24 (©)] 76.42
103 105.24 @ 110.35

" The value iIn brackets gives the nunber of iteration steps that
are needed to came within 0.01 mV of the final result [2].
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Table 5.4. Liquid-junction potentials generated between two
solutions of the same salt (25°C). According to Eq.(4.17), Ej
varies linearly with increasing logarithm of the activity on

the sample side at x = d

"Equitransferent ﬂEJ/ﬂloA a Other AEjyﬂloA a

solutions™ in mV solutions in mv
KC1 0.40 NacCl 11.5
KNO, CaCl. 19.9

NH ﬁog ~1-59 o1 2 -38.2

KI 0.59 NaOH 34.3

NaF 1.48 NaNO03 9.6
LiOAcC 0.96 NaOAc -6.5
Li2804*) 0.00 KA§O.21 -13.5

K2S04 is an example of an equitransferent electrolyte
(with n,=ng or t, = tX) which is not suited for salt—bridg@
applications. In contrast, Li2S04 meets the basic requirement
umn = ux very exactly. Thus, the term "equitransferent'" can be
misleading when it is used for characterizing attractive salt
bridge solutions.

the latter are preferable when a contamination of the sample
by potassium or chloride ions is to be avoided.

In some cases, emf measurements can also be carried out on
cells without liquid junction, 1i. e. without transference of
ions. This is accomplished by replacing the junction-type re-
ference electrode system by a second ion-selective electrode
that responds specifically to some ion in the sample solution
other than the primary ion. Thereby, the activity of this
species is introduced as a reference level. Such cells have



Table 5.5.

lutions and KC1 bridge electrolytes at 25°C.

Liquid-junction potentials for different sample so

Values were calculated according to the Henderson (H) and

Planck () methods

mV*® for a sa”t bridge consisting of
IM KCLa

Sample Ej
activity 3.5M KC1la
M H P
KCI 1 -0.2 -0.2
0.1 -0.6 -0.6
0.01 -1.0 -1.0
0.001 -1.4 -1.4
NaCl 1 1.9 1.9
0.1 -0.2 -0.2
0.01 -1.0 -1.0
0.001 -1.4 -1.4
CaCl-0.5 3.7 3.5n
0.05 0.2 0.2r
0.005 -0.9 -0.87
0.0005 -1.4 -1.3
HCI 1 -15.1 -16.2
0.1 -4.2 -4.9
0.01 -1.5 -1.8
0.001 -1.3 -1.5
NaOH 1 9.6 10.2
0.1 1.7 1.8
0.01 -0.6 -0.6
0.001 -1.3 -1.4
H20 (@H 7) -2.8 -3.0

H

|
ROoh PRPOOO
NONDM NOAMO

o

|
RPOON PRPOOO
NONDM NOM~O

0.1M KCla
H P

0.4 0.4
0.0 0.0
-0.4 -0.4
-0.8  -0.8
12.0 12.4
4.4 4.4
0.7 0.7
-0.6 -0.6
21.3  22.4°
8.0  8.of
1.6  1.57
-0.5  -0.4°
-57.5 -52.8
-26.8 -26.8
8.6 -9.7
2.4 -2.8
44.2  43.4
18.6  19.1
4.9 52
0.3 0.3
2.2 2.4

The same Ej values are expected for NHMCI salt bridges of

the corresponding activities; Table 5.1 shows that uR = u”

For systems with more than two ion classes,
theory of Schlogl

and 7.4).

the extended

[11] has to be consulted (see Sections 4.2.
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Figure 5.2. The liquid-junction potential Ej as a function of
the single-ion activity of the sample cation (Na+ , K" , M92+ ,
Ca2+} chloride salts) for 1M ammonium nitrate and 1M lithium
acetate bridge electrolytes. Calculations according to

Eq. (4.41) using single-ion activities [5].

been used, for example, for the monitoring of the ClI /F acti-
vity ratio on a fluorocarbon plant [12], for the measurement
of the Na+/K+ ratio in biomedical applications [13], or for
measurements in complex biological mixtures by spiking the
sample with a reference ion [14]. The same principle of refe-
rence electrodes is generally applied in gas-sensing electrodes
(Chapter 15) for which the liquid-junction problem does not
exist at all.
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Chapter ©

Solutions for the Membrane Potential

A critical examination of the theoretical results in Chap-
ters 3 and 4 reveals that these descriptions will be of prac-
tical significance only if all unknown activities referring to
the membrane phase can be successfully replaced by outside
values. Such evaluations often bear serious algebraic problems
or otherwise conflicting situations, however. For example, the
following relationship holds for the diffusion potential of
ideally ion-specific membranes, which are permeable for the
primary ions 1 only (see Section 4.2.38):

En = —— In ————- (6.1)

If it is now attempted to eliminate the membrane activities
a™(0) and a~(d) with the help of Egs. (3.9.a,b), one immedia-
tely finds that another unknown term is thereby introduced,
namely the boundary potential ER:

ed = — In -T - eb G¢.2)

Evidently, the diffusion potential and the boundary potential
of ion-selective membranes cannot be assessed independently,

unless additional specifications are given (e. g., ziai Q) =
z2anid) = -wX, TFor Fixed-site membranes).

In contrast, the formulation of the total membrane poten-
tial turns out to be less problematic. A respectable number

of practical solutions for EM is accessible by simply com-
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bining appropriate expressions for E and E . For that reason,

a detailed catalogue of alternative descriptions was offered in
the preceding chapters. The above example of ion-specific mem-
branes directly leads to the following elementary result:

RT al

EM = EB + EB = —— 1In 0 6.3
zF a
i 1

It was already shown in Chapter 1 that a Nernstian emf-response

function results in this case (for a" = const):

0 RT i
E=E + -— 1n a. (6.4)

ZiF

While the last equations have been explicitly derived for
ideally permselective membranes, where | is the only permeating
species, analogous results are obtained for ideally homogeneous
membranes. Here the diffusion potential approximates zero (see
Eq. (4.28)) and the total membrane potential is dictated by
the Donnan term (3.14). Hence, the response behavior of solid-
state membranes, formed from a poorly soluble salt MX, will be
characterized by the following relationships:

RT

E = Em + —— 1In a, (6.52)
sz

respectively
RT

E = EX + —— 1In a (6.5b)
ZXF
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In this case, the primary ions sensed by the electrode cell
are identical to the constituents of the membrane material.

An ideally ion-specific behavior of membrane electrodes
according to Eq. (6.4) must usually be considered an imaginary
standard because a perfect exclusion of interfering species
cannot be realized in practice. There are permselective mem-
branes available that are nearly impermeable for certain
classes of ions (coions), but these systems generally will
extract and transport more than one sort of counterions. IFf
considerations are restricted to cation-permselective membranes
and counterions of the same charge z , Egs. (3.15) and (4.15a)
can be combined to yield:

Ew= —— in -7 (6.6a)

EM = —— In ——— (6.6b)

Both expressions are consistent with the classical Nicolsky
equation describing the emf of membrane cells:

R T N

E=FE? +-— in al + I KPotd. 6.7)

1 2iF L1 jiit 1D

From the theoretical standpoint, the choice between a primary
ion I and interfering ions J is arbitrary. Evidently, the
potentiometric selectivity between any two ions of the same

charge is here given by the ratio of the respective individual
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mobilities u and single-ion extraction constants k, each of
these parameters being characteristic of the membrane material:

KF* - bil 6.8)
13 “A

Equations of the type (6.6) - (6.8) were pioneered by Eisenman
and coworkers in their treatments of solid [1 - 4]Jand liquid
ion-exchangers [4, 5], as well as of neutral carrier membranes
[4, 6, 7] (see also Chapters 8 and 11 - 13).

Combination of expressions for ED and ER is generally more
difficult when two classes of diffusing ions are involved.
Nevertheless, we may arrive at useful descriptions of the
membrane potential. An interesting example, which was not
treated in the older literature, is the case of permselective
membranes with two classes of permeating cations (respectively
anions). Here we focus on electroneutral membranes that con-
tain divalent and monovalent cations, I2+ and J*, as well as
dissociated anionic sites (Ffixed or mobile) of a constant acti-
vity X. The boundary potential of such systems has been charac-
terized previously by Eq. (3.19), while the diffusion potential
is determined by Eq. (4.32). If there exist no significant
differences in cation mobilities, Eq. (4.33) applies and the
resulting solution for the membrane potential simply reads:

RT 48X I ka + (1 ka™)2 + E k.a!
E =- 1In , - .33 i-J- 6.9
M F Vv8 X E kiai + E K3a3)2 + E Kga3

For cases with only two sorts of cations present, this ex-

pression may be cpnverted into the following emf relation-
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ship [8, 9] ":

E E°+— In ji/a+j kK. @2 + V- @9H2]1 (6.10)

where the selectivity factor is given by

Q.- s ®-11)
13 2 K -
i
This theoretical result represents a form intermediate bet-
ween the two admissible empirical expressions of the Nicolsky
type (see also Chapter 12) :

E=E°+— In "3 ..Pot, 1.2 6.12
1 oF [ai + Kij (aj> J ( )
and
_ i ,,Pot, 1.4
EEER My UKD (aida (6-13)

It will be demonstrated below that the latter formulations
are rigorously valid only for more hypothetical cases. Al-
though significant differences are found to persist between
Egs. (6.10), (6.12), and (6.13), the use of either of the two
Nicolsky equations can often be tolerated in practice and has
been sanctioned by IUPAC [11].

An equivalent expression was derived by Buck and Sandifer
[10] but these authors did not reduce their result to the
simple form given by Morf et al. [8, 9].
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An extension of Eq. (6.9), allowing for counterions 1" and

J+ of widely different mobilities in the cation-exchanger phase,
is still based on Egs. (3.19) and (4.32). After lengthy but

trivial algebra, the following new relationships are obtained:

RT V8 X k.al! + (k.al)2 + ka".

E, = (1-9) - in ———— I J— 3-1, —3-1
F \Y 8XKI,aI_+ (kga3)2+ k.3a!3
6.1%)
RT @a-9 V8 X k.al + (k.al)2 - g k.a!
+qg- In ————- JF- -m s \ i
F @D Y8 X kg™ + kgD - g Ky’
and
E=E°+ (@ - In Vai+ [/ Kij@i)2 +vVI1 Kij@j)2"
(6.15)
v+ g’ m~at st djey? - 9 VM @yt
with
q=-Yl- Uy y3.q=___Ul__
2u_I - u3 2u.1 —3u-

Evidently, the thermodynamic factor KM, as well as the mobi-
lity ratio Uj/u” enter in Eq. (6.15) as the selectivity-
determining parameters. This fact is corroborated by a study
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of the limiting cases. For > u , Eq. (6.15) clearly
approximates the conventional Nicolsky equation (6.12), the
potentiometric selectivity factor being derived as

RPot = RM
13 2u. N

(6.16)

The form of this result bears resemblance to the former
Eq. (6.8). As might be expected, the alternative Nicolsky-
type relation (6.13) follows in the other limit, namely for

w* >> u™. Here the potentiometric selectivity comes out to be
given by

KF:; -V ID ©.1)

Although the presumed large variance of cation mobilities is
conceivable for certain solid ion-exchangers (e. g- glass mem-
branes) , the assumption of nearly identical mobilities for all
species is often more realistic, especially for liquid mem-
branes. The use of Eq. (6.10), which exactly holds for ui=u”®,
is therefore more convincing from the theoretical point of
view. It should finally be noted that Egs. (6.9) - (6.15) can
be transcribed for anion-selective systems by simply changing
the sign of the logarithmic terms.

An analytical solution for the membrane potential is also
known for systems that undergo deviations from permselectivity.
Such failure of coion exclusion ('Donnan exclusion'™) is often
observed for porous membranes, e. g. conventional ion-ex-
changers, and for liquid membranes in the presence of highly
extractable colons. A thorough theoretical treatment of porous
membranes was offered many years ago by Teorell [12], Meyer
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and Sievers [13], and Schlogl [14, 15]. As was shown in
Chapter 4, the key results of these theories are also appli-
cable to compact membranes. The classical Teorell-Meyer-
Sievers theory is devoted to fixed-site membranes containing
cations M+ and anions X as the only permeating species. It
relies on the applicability of relations of the type (3.9),
(3.12), (4.29), and (4.30). The final result for EM assumes

the form*) M
RT a~ RT Vi+q "2+i rt Vi+o"24q
B =2 A IWine T 9 Wiy ton8)

where q = @ -u )/(u +u ), and

, 4 K a" K a" 4 K a" kK a"
0"2 - 0"2———mmx (6.1

bl X @

The positive sign in the logarithmic terms of Eq. (6.18)
applies to membranes with negative sites, and vice versa. The
quantities Q represent a direct measure of permselectivity.

For ideally permselective systems it holds that g" << 1 and

Q << 1, and hence the Teorell-Meyer-Sievers equation simply
reduces to the Donnan equation (6.3). A loss of permselecti-
vity, on the other hand, is signaled by values of Q1 £ 1 and/
or Q > 1. In this case, coions infiltrate from the outer
electrolyte solutions and the membrane becomes easily permeable
for both cations and anions. This effect, failure of Donnan)}

M In the version given by Lakshminarayanaiah [16], recipro-
cals of activity coefficients referring to the membrane phase
appear instead of the distribution coefficients introduced

by Meyer and Sievers [13].
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exclusion, is manifested by the fact that now the membrane po-
tential reflects cationic as well as anionic contributions
(for g and q"" > 1):

u, RT a” u,, RT a”

EM = ———————- In_E__2L_ _In_jt (6.20)
u +u F a u +u F a
X m m X X

Such a mixed response is frequently observable as a near-zero
slope of the emf vs. log (activity) function:

y X na' 6.21)

In order to exclude coions more effectively, a high site den-
sity of the membrane, sufficiently low external activities,
and the absence of highly extractable species must be ensured.
These requirements for permselectivity are readily deducible
from Eq. (6.19).

The basic difference between the so-called porous membranes
and typical representatives of liquid membranes is that the
latter, by definition, do not incorporate fixed sites in the
sense of chemically bound ion-exchanger groups. The ionic
species present in such systems are essentially mobile. Con-
sequently, the Teorell-Meyer-Sievers concept may be inappro-
priate for liquid membranes and should preferably be replaced
by an analysis along the lines of Planck"s liquid-junction
theory. A useful extension of the theory was accomplished only
recently by Morf [17]. This new description of the membrane
potential was obtained by combining the transformed Planck
relation for the diffusion potential, Eq. (4.21), and the
generalized Donnan potential term, Eq. (3.15). The final so-
lution for E,, reads:



RT [k a" RT Il kK &
Em=C-17)-—"—In ——- + T —— In ——-— (6.22)
M

X zF 1 kK a” X z F Z g _a'
m merln X X X

where Tx is the integral anionic transference number

Iz 1u
X = ——mmm Ffo———— — (6.23)

12.IU + 1Z. 1 u
m m 17X X

The mean ionic mobilities entering Eq. (6.23) may be ex-
pressed as follows (see Egs. (4.22) and (3.15)):

ZrFEM./RT
E uik.ia"1 e e - E ui(.lall
Ui = z+FEM/RT (6.24)

Ek.a'' e e -Zk.al.
ii

The system of Egs. (6.22) - (6,24) offers an implicit but

wel l-defined solution for the membrane potential. Since evalu-
ation for EM is not nearly as cumbersome as would be esti-
mated [17], the use of this formalism is to be encouraged. For
simplicity, it is often legitimate to insert the same mobi-
lities for all cations, u = u , and for all anions, u,, = U.
This approximation leads to an explicit solution, analogous
to Eq. (6.20), which still allows a rather universal descrip-
tion of the electrical potentials arising over liquid mem-
branes (see Chapters 11 and 12).

In the above treatment, emphasis has been laid on explicit
formulations. All the catalogued practical solutions for the
membrane potential or the emf are, of course, subclasses of a
more general description, given by Egs. (3.12) and (4.8). The
special cases discussed here have substantiated that the po-

84



tentiometric ion selectivity of membranes is usually ex-
pressible in terms of ionic extractabilities and mobilities
(i. e. permeabilities) or transference numbers. A more detailed

analysis of the transport-selectivity relationships is presen-
ted in the next chapters.
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Chapter 7

Classical Concepts of Membrane Transport

7.1. THE NERNST-PLANCK FLUX EQUATION

The primary aim of a theoretical analysis of the ion trans-
port through membranes is to describe the ionic fluxes as a
closed function of ion activities in contact with the membrane
and the applied voltage. Such descriptions can be sought, in
principle, among the following categories:

a) Theories on the basis of the Nernst-Planck flux equation.
b) Formulations based on Eyring®"s theory of reaction rates.
©) Applications of the laws of irreversible thermodynamics.

It has been established that the different approaches often
lead to very similar or even identical results (see Chapter 8
and References 1-3). However, the formal descriptions belonging
to class ©) are usually cast in terms of phenomenological co-
efficients, a thorough interpretation of which also requires
the knowledge of the equivalent Nernst-Planck formalism. To
avoid a purely phenomenological treatment of membrane trans-
port, we shall preferably restrict the following discussion
to modifications of the classical Nernst-Planck flux equation,
which indeed allows diffusion or migration of ions to be
characterized in terms of conventional experimental para-
meters, such as diffusion coefficients, distribution coeffi-
cients, etc.

Suitable solutions to the Nernst-Planck flux equation can
be best obtained for the steady-state, where the ionic
fluxes have become constant throughout the membrane. Accor-
dingly, the basic relationship (4.4) applies here in the
time-independent version:



Di dai F do®X
J, = - ———— - + za. @ - --—-——- = const(x) @.D
yed L dx 1 RT dx

The notation of symbols is the same as in Chapter 4, except
that the term u”RT has been identified with the diffusion co-
efficient (Nernst-Einstein relation), and the individual ac-
tivity coefficients have been replaced by the mean activity
coefficient y (assumption 1Xa). Equation (7.1) can be directly
integrated to yield

a @ exp(z F<Md)/RT)-a, @D exp(z KJ|>O)/RD

y(x) exp (z .Iﬁ>(x) /RT) dx
1

Obviously, in addition to the boundary conditions a thorough
knowledge of the concentration profiles (activity coefficients)
and the potential profile is required for the evaluation of
Eq. (7.2). Although a general solution to the problem was for-
mulated by*"Schlégl [4] (see Section 7.4), practical descrip-
tions of electrodiffusion across membranes are obtained only

if further simplifying assumptions or approximations are in-
voked.

7.2. THE GOLDMAN-HODGKIN-KATZ APPROXIMATION

An ingenious approach to the theory of membrane transport
was introduced in 1943 by Goldman [5]. He assumed that the
electrical potential varies linearly from x = 0 to x = d,
that is

&> PO -0 M

()
dx d d
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In addition, the ideality assumption y = 1 was imposed. These
approximations and the resulting formulae seem to be realistic
for very thin membranes, such as biological membranes. Inser-
tion of the constant field approximation (7.3) in Eq. (7.2)
and subsequent integration leads to the well-known Goldman

flux equation:

"F JNip c.(d) exp(zTAp/RT) - c.©
JL=-2zD --————— e @)
RT d exp(ziFA$/RT) - 1

In their pioneering work on nerve cell potentials, Hodgkin and
Katz [6] made use of the following simplifying assumptions:

ct© K+aN } cNd) & Kao. (7.5

A ¢ -t =-V 7.6)

This permits replacement in Eq. (7.4) of all terms referring
to the membrane boundaries by the corresponding outside

values. Hence
J. =P @ exp (@ FV/RT) - av )

exp~FV/RT) - 1

where

P, = 7.8)
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The outstanding feature of the Goldman-Hodgkin-Katz flux equa-
tion, in addition tc simplicity, is that the extraction capa-
city of the membrane and its resistance to diffusion are charac-
terized by a single parameter, namely the so-called permeabili-
ty Pi (with the dimension of a velocity). On the other hand,
the ion permeabilities thus determined often do not represent
real constants, a fact which manifests the approximative

nature of the basic formulae. Several extensions of Egs. (7.1)-
(7.8) have been advanced to refine the interpretation of ex-
perimental data obtained on bimolecular membranes (see Chap-
ter 8 .

Nevertheless, the Goldman-Hodgkin-Katz theory leads to some
very interesting conclusions. Equation (7.7) suggests that
the net flux of permeating species can generally be considered
as a difference of two partial fluxes, namely a component J\
in the direction of the x-axis and a component %\ in the oppo-
site direction:

Ji m 3i - si @-9

The following fundamental relationship may then be obtained
(Ussing®"s equation of passive and independent transport [7]):

5. &l

Si af

exp(z FV/RT) (7.10)

Non-validity of this equation has been widely used as a crite-
rion for active, coupled, or saturated transport in biologi-
cal membrane systems [8].
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One of the most important and frequently applied formulae
in membrane biophysics is the Goldman-Hodgkin-Katz equation
for the zero-current membrane potential:

RT EPa + EP a'
V- = - E In — (7.11)
0 M F EP g + EPyg

This relation, derived from flux equations of the form (7.7),
is valid for monovalent ions M+ and X . To rationalize the ob-
served electrical behavior of nerve cells, Hodgkin and Katz
[6] took into account the permeation of potassium, sodium, and
chloride ions. For Loligo axons, the permeability ratios

PK: PNa: Pei were found to be 1.0 : 0.04 : 0.45 in the resting
state, and 1.0 : 20 : 0.45 during activity.

7.3. SIMPLE MODEL FOR SYMMETRICAL MEMBRANE CELLS

While the Goldman-Hodgkin-Katz model constitutes a
reasonable approach to the ion transport behavior of very
thin membranes, the underlying assumptions are commonly not
met for bulk membranes as they are used for ion-selective
electrodes. For example, Eq. (7.5) does not account for the
phase-boundary potentials which, however, can no longer be
neglected in the case of electroneutral membranes (see also
Chapter 3). The correct formulation of the Donnan equilibria
must therefore read:

anr0) = exp[-ziF @ (0)-d")/RT] (7.12a)

Kial[ exp[-ziF @ @ -¢")/RT] (7.12b)

@
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By the same argument, one has to replace the former approxi-
mation (7.6) by the rigorous relation

A =-V+ @@ - ) - @O - ¢ 7.13)

In addition, the Goldman assumption of a constant electric
field, Eq. (7.3), can be justified only for certain special
cases. So the general description of ion fluxes in bulk mem-
brane phases turns out to be much more involved than the one
used for microscopic barriers.

In order to simplify the exposé of the theory of thick
cation-permselective membranes, Morf, Wuhrmann, and Simon [9,
10] made a series of elementary assumptions. The simplest
version of the theory is restricted to symmetrical systems
where the membrane is interposed between two aqueous solutions
of identical composition, 1i. e.

(7.1%)

o
- -
0
>

A thermodynamic equilibrium is assumed to exist between the
membrane boundaries and the adjoining solutions (E. (7.12)).
Then, the membrane composition evidently becomes constant

throughout:
cN = const X) (7.15)
Y = const(X) (7.16)
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Using the last relations, one can write the Nernst-Planck
equation (7.1) in the following convenient form, as might be

gleaned from the Goldman equation (7.4):

F b
Ji = - ziDici m.% <IN7>

The basic assumption of a symmetrical cell implies that the
phase-boundary potential differences established at the two
membrane/solution interfaces have exactly the same value:

P@-0" = d@D-d (7.183)

hence

Oh = -V (7.18b)

Accordingly, when a voltage is applied across a homogeneous
membrane that is in equilibrium with two identical solutions,
the whole potential drop lies within the membrane phase. This
leads to the following relationship for the ion fluxes:

v
J.=zDc.—- - (7.19)
d

from which the electric current density is found to be given
by Ohm®"s law. For the evaluation of the membrane-internal con-
centrations ¢, according to Eq. (7.12), the assumptions of
electroneutrality and of a fixed concentration c of anionic
sites were used [9, 10]:
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Ezici = c (7.20)

This permits explicit transport equations to be derived for a
series of important cases. Several extensions of the model
demonstrate the applicability of the relations given for

cation-permselective membranes [9, 10] (see also Sections 7.4
and 7.5 and Chapter 8).

7.4. SCHLOGL"S GENERAL THEORY AND ITS APPLICATIONS

In 1954, Schloégl [4] solved the algebraically difficult
problem of electrodiffusion in thick electroneutral membranes;
the general theoretical analysis allowed for any number of
permeating ions as well as for fixed ionic sites (charge u,
site density X). He recognized that the ensemble of diffusing
ions must be subdivided into valency classes, and that the
complexity of the theoretical description depends on what
number N of such ion classes are present in the system. The
following version of the Nernst-Planck equation (7.1) was
used to describe the steady-state flux of the i-th ion of

class k:
A A,
J.. =-D., — ——- E A = const ) (7.20)
KA ZA K
K K
where
1 TrIda.. F &b«

Aik 5 - Jik/Dik - —Y ax + Vik ﬁT aX <7-22>
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(7.23)

In the original work by Schlogl [4], Eq. (7.22) was written

in the ideal-solution form, whereas hfere activity coefficients
are taken into account according to assumption IXa in Chap-
ter 2. Equation (7.21) is found to be composed of three funda-
mental parts. The first and the last of these terms may be
readily determined, recalling Egs. (7.2) and (7.22):

A a @ e*pE,FA<t/RT) - a.. ©

— = m L (7.24)
AN ak d exp @VFAthAMRTY) - a~0)
and
Eak@ - Zak@© - w X-FA<j>/RT

_ (7.25)
E\ = vd
where
E = - wX (7.26)

ak E I aik

y = —1 9’ y () dx

a o

The evaluation of the remaining term in Eq. (7.21) is the
most difficult part. Schlégl offered the following solution,
which results from transformation of Eq. (4.37a):



Ak (1/vAi)  <U/zk-q2)-—-(L/zk-%- i)

(7.27)
1 *k Nd/Zk-i/z)
The values of -the parameters g™....gN_~ are determined by the
implicit equation (see also Section 4.2.e):
Fpzqm TY.ZKkQ Jy zak@ 1 .28

RT [k g-1/zk / «k g-1/zk

The system of Egs. (7.21) and (7.24) - (7.28) allows to rigo-
rously assess the fluxes of all ions for a given value of [p
and for given boundary conditions on both sides of the membrane.
To evaluate the surface values of ion activities and electrical
potential, one has to make use of Egs. (7.12), (7.13), and
(7.26). As the general calculation procedure turns out to be
rather laborious, -we restrict the following discussion to four
special cases.

For ion-exchange membranes containing only one class of
diffusing counterions, it holds that Ak/E = 1, zrha™Mx) =
—uX, and Y(X) = Y. Hence the relations of Schloégl®s theory
reduce immediately to Goldman®s flux equation (7.4). This
result is somewhat surprising because the classical Goldman
equation is usually applied to site-free membranes, whereas
here the fixed charge concentration of the membrane is

c = Wixty
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A further simplification is obtained for experimental situa-
tions where the applied voltage V = ¢"-¢" is kept sufficiently
high, 1i. e.

\Y - b >> RT/F

In this case the Goldman equation simply reduces to

F

\Y
Jm = szmcm (©)] ‘T d ° (7.29)

respectively, for anion-exchange membranes:

F Vv

J =zDc @ ---- (7.29b)
X X X X RT d

Finally, insertion of Egs. (7.12), (7.-16), and (7.-26) leads to

- FV
& =B “mh i C (7.30a)
I-kr%\ m RF d
or
K a’ F Vv
Jy=-Dy-——— g C-——- (7-30b)

Ik)@)l( RT d

These results are formally identical to those obtained for
symmetrical bathing solutions (see Section 7.3). Equations
(7.30a,b) clearly show, however, that it is primarily the
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activities on the side of the ion uptake into the membrane
that are decisive for the magnitude of the i1on fluxes.

In site-free ion-permeable membranes, both cations and
anions are mobile. Because of wX = 0 the electroneutrality
condition reads:

z 1Zn 18 o = Z&Zx 12« 0 = a®®

The parameter g is therefore determined, for two ion classes,

as follows:

FA<j>/RT

In[a(d)/a (0)]

For such systems Schlégl®s theory yields the transport equa-
tion Ffirst proposed by Behn [11] (for ideal solutions of 1:1
electrolytes) and later extended by Linderholm [12]. The limi-
ting case obtained for high voltages is given by

K a" F v
J =D -———v S (7.31a)
m m . 1
2 m@m RT d
and
K a" F V
J =-D - ¢-—- (7-31b)
X X Z K@y RT d

Evidently, these flux relationships are of the same form as
in the preceding example. The ion activities in Egs. _(7.31a,
b) again refer to the external solution on that side where
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either cations or anions enter the membrane. However, the
mean ion concentration in the membrane is here defined as

a(d)-a@©

Y In[a(d)/a(0)]

A comparison of the present results with the analysis given

by Linderholm [12], who used a Debye-Hiickel approach to strict
ly account for activity coefficients in the diffusion layer,
reveals that the overall coefficient y does not depend on the
shape of the membrane-internal concentration profiles. This
implies that the concentration parameter c is only a function
of the boundary concentrations, but is independent of the
applied voltage.

The treatment offered by Schlégl [4, 13] was primarily de-
voted to the classical ion-exchangers (fixed-site membranes)
which are easily permeable for different sorts of counterions
and, to a minor degree, also for coions. This corresponds to
a situation intermediate to the former limiting cases realized
for ideally permselective membranes and for site-free ex-
traction systems, respectively. In the present context, we
consider iIn more detail the transport behavior of cation-
exchange membranes at relatively high current densities. Of
course, analogous results may be obtained for anion-exchangers
For systems with counterions of the same charge z, and coions
of the same charge z®, Egqs. (7-28) and (7-26) yield the root:

- Zzp3 @ + £ 08 @

Hence the Schlogl formalism reduces to the following relations

99



j D Kma& £ l%nf%]ab F V

(7.32a)
m m £Kman1 y RTd

) Ka' £ Jz la d FV

Jj =-D ——— ¥ _F— (7 .32b)
X X £ K ay \Y% n d

with ELzml% @ = lulxX + E|zXI§ @) - A further simplification
is obtained for the electrodialytic transport of a single salt:

a@ FV

WTEHR SR ¢339
a@ FV

J =2D -~ (7-330)

Again the flux equations agree with those derived previously,
except for the terms describing the mean equivalent concen-
trations of cations and anions in the interior of the membrane.
We can recognize that here the profiles of total ion concen-
trations tend to flatten out, reflecting the situation at the
interface (x = d) where the coions drift into the membrane

[4, 13]- In the end, it is the distribution of cations and
anions across this interface that determines whether the
membrane approximates permselective behavior or not. The
membrane boundary at x = 0, on the other hand, regulates the
individual uptake of counterions and therefore gives rise to
selectivity among different counterions.

As the last example, we focus on cation-exchange membranes
exposed to different classes of counterions, 1 and J. For
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simplicity, we restrict considerations to the electrical
transference of cations at high voltages, assuming ideal perm-
selectivity of the membrane (i. e., exclusion of permeating
anions). The corresponding solution for g reads, in analogy to
the former case:

z Z?%-GD + Z z&ngD

z_.z Wl IX
1 31

Insertion into Egs. (7.21) and (7.-24) - (7.27) leads to the
flux equations

J. = zD. - ———————- (7.34a)

J.= z.D. —%—lemn (7.34b)

These results agree perfectly with the expectations from the
simple model presented in Section 7.3. The implications of
the classical Nernst-Planck descriptions of ion transport are

summarized below.

7.5. ELECTRICAL PROPERTIES AND ION-TRANSPORT SELECTIVITY OF
BULK MEMBRANES

The fundamental relationships derived in the preceding
sections offer a very detailed picture of the ion transport
behavior and the electrical characteristics of bulk membranes.
They represent a basis for the understanding of ion-selective
membranes and may thus help to design potentiometric or

8W._E. Morf 101



electrodialytic experiments in which ion selectivity can be
investigated or exploited. Since the results for the zero-
current membrane potential have already been summarized in
Chapter 6, we will here discuss the behavior of thick ion-
permeable membranes at relatively high current densities. It
has been shown that electrodiffusion in symmetrical membrane
cells can be straightforwardly characterized by the flux
equation (7.19). Accordingly, the electrical properties of
such systems are found to reflect the membrane-internal con-

centrations and mobilities of permeating species.

The electric conductance of the membrane (given in Q'lcm'z)
is obtained as

F ZzJ F2
G= ———— = — EzZfD c. (7.35)
V RTd 111

In the Goldman-Hodgkin-Katz treatment of thin membranes, the
membrane concentrations c™ were directly related to the out-
side activities a", witness Eq. (7.5):

G=-—1 Z?D-k-a- =— 1 z.
RTd RT 11

.a. (7.36)
1

Obviously, the conductance is then mainly dictated by those
kinds of ions which are preferably extracted and transported
by the membrane. Thus conductance measurements on microscopic
membranes can bear information on the ion selectivity of such
systems (see Chapter 8). In contrast, the above approach is
untenable for thick electroneutral membranes. Inspection of
Eq. (7.30) shows, for example, that the conductance of ion-
exchange membranes represents a measure of the fixed-site
density rather than of the permeability selectivity. Straight
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forward information on the ion selectivity can be obtained,
however, if the simultaneous transference of different ions
is studied.

The electric transference number is defined as
! 5 (7.37)
i
Ett=1

i, z z i, i,
For two ions of the same charge, 1™ and J, the following ratio
of transference numbers is obtained:

e tl+t - i (7.38)

Recalling Eg. (7.5 or (7.12), we can readily write [9, 10]:

4 = al (7.39)
t. K. -a
3 1I: 3
_ _ 2
with 5 = D.k./D™k”™. Hence the transference of ions 1 and
z
J is governed by the same selectivity, N, as is exhibited

in potentiometric measurements on identical bulk membranes.
Such correlations between selectivity data were indeed estab-
lished experimentally for sodium-selective membranes (Figure
7.1) and for enantiomer-selective membranes (Figure 7.2).
These results, being in excellent agreement with theory,
clearly indicate that ion-selective systems may be exploited
for electrolytic separations of ions. Similar separation
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Figure 7.1. Transport selectivities (transference number
ratio?) and potentiometric selectivities of a Na+-carrier
PVC membrane [14].

effects are achieved when ion pumping is propelled by a chemi-
cal potential gradient instead of a voltage (see Figure 7.3).

The relations presented in Sections 7.3 and 7.4 can also
be applied to describe the transport selectivity of thick
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Figure 7,2. Transport selectivity and potentiometric selec
tivity between R)- and (S)-phenylethylammonium ions for
PVC membranes based on different enantiomer-selective iono
phores [14, 15].
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Figure 7.3. Transport of different cations across membranes selective for divalent ions. Cation
transport was induced by applying a pH-gradient across the membranes (countertransport of protons)
[16]. Left: PVC membrane based on the charged ligand 1,3-bis (p-chlorophenyl)-1,3-propanedion.
Right: PVC membrane containing the neutral carrier 8 (p. 115) and the proton carrier FCCP. The
observed transport rates agree with the potentiometric selectivity sequence Ca2+ >MgH~>>Na4', Ba2+

(left) and Ca2+>>Ba 2+, Mg2+ , Na (right) , respectively.



membranes towards ions of different charge. For two cations

12 and J", we get in analogy to Eg. (7.39) [©, 10, 17]:

t. D [ 1] "

- - : _ D o+ t.=1 7.40
- =- al---j+1 -1 Pt T (7-40)
where the selectivity factor, = 272XKA, again conforms

to the monovalent/divalent ion selectivity defined for poten-
tiometric measuring cells. Figure 7.4 shows results of the

2+ + _
and Na across permselective

simultaneous transport of Ca
liquid membranes. It is manifest that one given membrane may
exhibit specificity for divalent cations in relatively diluted
aqueous solutions, and increasing selectivity for monovalent
cations in highly concentrated solutions. The documented agree-
ment between theory and experiment - electrodialysis as well

as potentiometry - is excellent and corroborates the basic

membrane model presented here.

Another explicit description obtains for the transference
of cations M+ and anions X across ion-exchangers (Tixed-site
membranes). In this case, combination of the former Egs. (7.12),
(7.26), and (7.37) leads to the results:

t D VI +02+ 1
- (for cation-exchangers) (7.418)
t, 0O V1+Q2=1
t d V1i+Q2-1 )

(for anion-exchangers) (7.41b)
t, DX VJ_+ Q2 + 1
with t + t = 1. The parameter Q was defined previously in

Chapter 6, Egq. (6.19), and was shown to constitute a measure
of permselectivity. Indeed, ideal permselectivity is found
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TRANSFERENCE
NUMBER

Figure 7.4. Transference number for Ca2 . as obtained in the
electrodialysis of Ca2+ and Na* (both at concentration m)
through a Ca2+—carrier membrane [9, 17]. Full circles: ex-
perimental values. Solid line: theoretical curve according
to Eq. (7.40) with DCa=DNa“ Open circles: values calculated
from potentiometric selectivity data.
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when the condition Q <<1 is fulfilled which, according to Eq.
(7.41), is equivalent to a transference number of tmzl (for
cation-exchangers) or t =1 (for anion-exchangers). In this
case, all current is carried through the membrane by the
counterions. In the other extreme, Q>>1, a complete loss of
permselectivity occurs. Then the membrane becomes nearly
equally permeable for cations and anions, 1i. e. tr(tx = Dm/DX-

The above examples clearly demonstrate that there exists
a causal relationship between the ion transport behavior and
the potentiometric characteristics of membranes. Generally,
the electrodialytic transference numbers can be formulated in
terms of potentiometric selectivity parameters. Conversely,
the emf-response of any kind of membrane electrode must be
expressible in terms of ionic transference numbers. This is
easily exemplified for cells containing the primary ion 1 '
and one interfering species JZS- In this case, the membrane-
internal diffusion potential is obtained from the generalized
Teorell equation (4.31) as follows:

D.-D. RT z2D.a. (0)+z2D.a. (0
= 74— in - u 1 - (7.42)
ziD.-zjDj F z"D.a.idJ+z™aj @

Using the definition given in Eq. (7.37), we can substitute
transference numbers into the numerator and the denominator
of the logarithmic term:

D RT a.()/t! D. RT a @O/t
E = ————-————— In - ————— ———————— e In -3—————- } (743
ZiDi_é'g' F ai(d)/ti ziDi—g-g. F a..3(d)/t.3
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Elimination of the boundary activities according to Eg. (7.12)
then leads to a very fundamental relationship for the zero-
current membrane potential:

D. RT al/t! D. RT al/t!
S— — I Y Je— I n o, 7.44)
Z-D-—ZjDﬂ F a./t.. Z-D-—ZjDJ F ajitJ
1 1 1

An analogous expression holds for the emf of the membrane
electrode cell [17]. The universal description offered by

Eq. (7-44) incorporates virtually all of the more specific
solutions presented in Chapter 6} these results may be veri-
fied by substituting Egs. (7.39) - (7.41) into Eq. (7.44).
Evidently, the selectivity-determining parameters entering

in Eq. (7.44) are the diffusion coefficients and the trans-
ference numbers of the permeating ions in the membrane phase.
The latter quantities, by definition, refer to and follow

from electrodialysis experiments using the same membrane (as
for the ion-selective electrode application) in contact with
bathing solutions identical to solution () or (). Finally,
these experimental transference numbers allow the straightfor-
ward construction of the expected emf-response curve of the
corresponding membrane electrode system. The results given in
Figure 7.5 confirm most impressively the fundamental relation-
ship between potentiometric and ion transport characteristics

of ion-selective membranes.

In conclusion, we have learned that ion transport experi-
ments offer an independent method for assessing the ion se-
lectivity of diffusion-type membranes. As a rule, membrane
electrodes will give a specific emf-response to that ionic

species the extraction and permeation of which is most favored.
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Figure 7.5. EMF-response of a Ca2+—carrier membrane electrode
to solutions of Ca(SCN)2 (primary ion Ca2+ , Interfering ion
SCN < salt concentration m) .

Open circles: experimental emf values. Full circles: values
calculated from Eq. (7-44) using experimental transference
numbers. Solid line: theoretical curve based on Eq. (7.44),
fitting the individual results obtained from transport ex-
periments (for details, see [9, 17]).
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Chapter 8

Free and Carrier-Mediated lon Transport Across Bilayer Membranes

During the nineteen sixties, two new classes of artificial
organic membranes were developed that show permeability for
lipophilic ions. First, the black or bilayer lipid membranes
were introduced by Mueller and coworkers [1] as primitive mo-
dels of biological membranes, the membrane thickness being on
the order of only 10 nm. Second, the preparation of solvent
polymeric membranes was pioneered by Shatkay [2, 3] and later
refined by Moody and Thomas [4]- Such bulk membranes became
important as the working principle of ion-selective electrodes,
and a wide range of accessible ion selectivities was obtained
by the incorporation of different ion-complexing agents [4 -
9]. In contrast to the bilayer membranes, where electroneutrali-
ty must not be maintained in the membrane interior, the macro-
scopic counterparts provide ionic sites for the compensation of
the charge of the permeating ions [10, 11].

A new area of ion transport studies was opened with the
discovery of carrier molecules or ionophores that facilitate
the permeation of hydrophilic ions in organic membranes [12 -
15]. Some typical examples for electrically neutral, natural
or synthetic carriers are given in Figure 8.1. Such lipophilic
compounds are capable of selectively complexing certain alkali
or alkaline-earth metal ions, thereby solubilizing these cat-
ions in the organic phase, and transporting them across the
membrane by carrier translocation.

The theoretical description of carrier-mediated electrical
properties of lipid bilayers was set forth mainly by the groups
of Eisenman and Lauger (for a review, see [16 - 19]). In the
classical approach by Lauger and Stark [20], the membrane
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Figure 8.1. Structures of some electrically neutral, natural

or synthetic ionophores for cations. 1: valinomycin, 26 : macro-
tetrolide antibiotics, 1, synthetic carriers for Ca2+ [6,
9], 9: carrier for Na+ [9], 10: carrier for Li+ [6, 9].
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interior was considered as a single sharp energy barrier of

the Eyring type. Since this model was not capable of rationali-
zing quantitatively the carrier-induced ion transport behavior
of bilayer membranes, Hladky [21, 22] and more recently Ciani
[23, 24] developed an extended theory which allows for a vol-
tage dependence of the interfacial reactions (complexation

and decomplexation), as well as for a trapezoidal shape of the
internal free energy barrier for translocation of carrier
complexes. This rather intriguing description was extremely
successful in the interpretation of the conductances and zero-
current transmembrane potentials observed on bilayers [24, 25]
but, unfortunately, appears to be at variance with the earlier
accepted [17] Lauger-Stark formalism when it is applied to the
same limiting case (see, e. g., equations 3 and 5 in Reference
24)_. A different model was finally evolved by Morf et al. [26,
27] to account for the ion transport behavior of bulk membranes
based on neutral carriers.

In this chapter a generalized theory is developed which in-
corporates all the strategic results of the earlier treatments
mentioned above. Two formally different but equivalent models
for the shape of the membrane-internal free energy profile are
described which both cover the wide range between microscopic
(bilayer lipid membranes) and macroscopic membranes (solvent
polymeric membranes). These are the trapezoid-barrier model
outlined by Hladky and Ciani and, alternatively, a multi-
barrier concept which leads to a different interpretation of
the membrane parameters involved.

8.1. DESCRIPTION OF THE ION FLUX ACROSS THE MEMBRANE INTERIOR

a) Trapezoid-barrier_model

It has been shown in Chapters 4 and 7 that the steady-state
flux of a species | between two positions (@ and (@ within
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an idealized membrane can be described by the Nernst-Planck
equation, written here in the general form*)

1 J
1 i nn
cs e -Ge
J_ = D_ T/\T_____ ________ (8'1)
1 1 @ fik)
e dx

y°ed  z.Fo

fFx¥ =-—— + - - @8.2)
RT RT
where: J,: Flux density N
D.i: diffusion coefficient
ci, c”™: concentration at position QFf species 1
@ resp. @
z+: ionic charge y in the
f (X): reduced free energy function
f], f~: value of fi (X) at position membrane
@) resp. @

y?(X): chemical standard potential
®(x): electrical potential

R: gas constant

T: absolute temperature

F: Faraday constant

For bulk membrane phases, the chemical standard potential of
ions is practically invariant throughout the membrane (in-
dependent of X) and hence gives no contribution in Eq. (8.1).
The presumed large effects of image forces and other, more
specific interactions in the case of very thin membranes [19].,)

) In contrast to the former Eq. (7.2), the present descrip-
tion allows for local variations of the chemical standard
potentials For simplicity, Egs. (B.1) and (8.2) are given
in the ideal-solution form.
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however, lead here to a pronounced inconstancy of the potential
energy function y°/RT, respectively . This means that the
interior of bilayer membranes acts as an activation barrier
for the passage of ions.

To cover both cases, namely a flat standard potential
function or a high barrier located at x=d/2 (d is the membrane
thickness), the free energy profile of an ion in the central
portion of the membrane may be approximated by a trapezoid
[22, 23]. This has the mathematical consequence:

1 du°

- — =0 [Flat top of the trapezoid] (B.3)
RT dx

1 dy° w, W=+

—————— = ——----- respectively - +———- 6.9
RT dx -ia-pP» —a-Pha

[remaining portions of the trapezoid]

where a is the basis of the trapezoid between positions ()
and (@), P"a is the half width of the top of the trapezoid,
and ok = Ay?/RT 1is its height (see Figure 8.2). In addition
we will use the constant-field approximation. It has been
shown in Chapter 7 that this is an acceptable assumption for
bilayer membranes [19, 28] as well as for bulk membranes
under symmetrical conditions [26]. Hence:

z.F d$ zF 0@Q-p@® =z o
Sieo - Ly ETE =12 @5
RT dx RT a a

where 4m is the reduced membrane-internal electrical potential
difference. If the height @ and the width (@2P"a) of the
free energy barrier are sufficiently large, we can replace
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TRAPEZOID-BARRIER MODEL

MULTI-BARRIER MODEL

Figure 8.2. Schematic diagram of different activation barriers
(free energy profiles at zero voltage) considered for the

translocation of ions across the interior of organic membranes
(see text).

118



the integral in Eq. (8.1) by the portion of the integral along
the flat top of the barrier, i. e. between the positions
X =d/2 - PMa and x = d/2 + Pra:

§/ f+ a [ fid/2+Pla)  f+ (d/2-Pra)"
e dx

= - e -e
1)) % L J
f.(d/2) sinhP.z ¢
=2Pae = -——— - @.6)
1 P12 %,

The form of Eq. (8.6) is kept more general than the analogous
expressions used by Ciani who discusses two cases separately
(see equations 19 and 21 in Reference 23). Insertion into

Eq. (8.1) finally leads to

il = ———=- che MM —cl_/'L e ' {8.73\

with
sinh(P.z.9 )
Foo @ = ————- ®-8)
1 Plzi.cbm
0.
ki = Dx/2Pla e 1 6.9

(> is a function of the applied voltage drop ¢, and k»
represents a rate constant for the translocation of ions
across the interior of the membrane which obviously depends
on the parameters of the activation barrier.
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Two limiting cases are easily derived from Egs. (8.7) and
@.8). For a rectangular shape of the free energy barrier, we
have = 0.5:

sinh(0.5 riwm)
P+ (¢ = 0 o @B.10)
5 %

and immediately obtain a result that is formally identical to
the well-known Goldman equation (7.4):

» ri'¢m/2 1
c. e —C.i e

- _ i
e = MK ro /2 -r.o /2
I m I m

e -e

-r.0 /2
I m

(8.11)

In contrast, a sharp activation barrier is characterized by
P~ a0 or

Fe@® =1 8.12)

and leads to an Eyring-type description of the ionic flux
across the membrane interior, this having also been the basis
of the treatment given by Lauger and Stark [20]:

. —z0 /2 z_.0 /2
rnr

_ = rm r H
‘JI = KyCq € —klcl.e (B.13)

As will be shown below, the same fundamental results, namely
Egs. (8.7), (8.11) and (8.13), may be deduced from a diffe-
rent conceptual framework.
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b) Multi-barrier model

An alternative approach to the ion transport through mem-
branes originates from the pioneering work by Eyring et al.
[29, 30]- In the absolute rate theory of membrane permeation
developed by these authors, the membrane is generally treated
as a series of N sharp activation barriers (see Figure 8.2).
Accepting this model for the membrane interior between posi-
tions (1) and (@), which represent local energy minima near
the interfaces, we get the flux equation in the following form
(see also Lauger and Neumcke [19]):

If% Mfi
KT Cie “cie
8.14
Ji ~ *T N Onj ¢ )
h E e 1
n=I

where: f~in): value of the free energy
function at the top of the
n-th barrier
1n: distance between the inter- }
facial activation barrier > for species |
and the neighboring first
barrier of the membrane
interior
k: Boltzmann"s constant

h: Planck®™s constant

The other parameters of Eq. (8.14) have already been intro-
duced in Eq. (8.1). Evidently, these two expressions consti-
tute equivalent descriptions - in spite of the formal diffe-
rences.

For simplicity, we shall assume that each of the N barriers
has the same height uk and the same basis a/N, and that again
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the approximation of a constant electrical field can be applied.

Then we may write:
F@ =—— - +W.-—————o z 0 (8.15)

Finally, a result of the same form (8.7) can be derived

B QL o2
:_5_ C..le_Zi m o ezl m @D

Fi® J

if the following relations hold:

FO=- 5 )exp—N—+l—2nzd> QB

n=I1 J

-© 1 &)

It goes without saying that the limiting cases according to
Eq. (8.11) and Egq- (8.13) correspond to the situation N a&
and N = 1, respectively:

[F; @1 = 6)exp - “Q_ Z; ’dg = —moomo - (8.18)

[Fr D=1 (8.19)
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The first case is certainly fulfilled in bulk liquid membranes
whereas the second one may be realized in bilayer lipid mem-
branes.

8.2. DESCRIPTION OF THE ION FLUX ACROSS THE INTERFACES

The transition of ions across the interfacial barriers bet-
ween membrane and aqueous solutions is commonly characterized
by a description of the Eyring type [21, 22, 26, 29, 30]. This
approach turns out to be analogous to the classical formalism
introduced by Butler [31], Erdey-Gruz, and Volmer [32] to
describe kinetics of charge transfer reactions at metal-solution
interfaces (see also Chapter 3). If the possibility of a for-
mation of I:n™ complexes between the species | and carriers S
in the membrane is taken into account, the general form of the
flux equation reads:

n.
35 = k(e 1 expL-az (4 +A0")]

- kren exp [(L-a)z™N(@eN+[0D)] @-20a)
respectively for the other interfacial barrier:

J5 = kqop expL(-a)zy @, +4p™1

n.

- kMan(@ 1 exp[-az”™ (@09 )] @.20p)
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where: - - rate constant of ion transfer from the aqueous
solution into the membrane (rate of the complexa-
tion reaction)
E}: rate constant of ion transfer out of the membrane
(rate of the decomplexation reaction)
ag, ap- activity of the uncomplexed species 1 in the
aqueous solutions contacting the membrane
C3- G- concentration of the 1:n™ carrier complexes of
species | inside the interfacial barriers
: concentration of the free carriers in the membrane
) ¢O: reduced surface potential difference existing
across the interfacial barriers at voltages ¢» 0
(measured in units RT/F)
Op" , Op" - part of the applied voltage ¢ dropping across the
interfacial barriers (overpotential)
a» 0.5: transfer factor (part of the surface potential
difference operating on the aqueous side of the

interfacial barrier)

In most of the earlier theories devoted to bilayer membranes,
the potential contributions ¢® and ¢ were neglected or tacitly
assumed to be included in the rate constants of the interfacial
reactions. These surface potentials are a major factor deter-
mining the ion selectivity of the membrane, however, and should
not be overlooked in the case of bulk membranes (e. g. solvent
polymeric membranes).

At equilibrium, J\ = 0 holds and the two terms on the right
hand side of Eq. (8.20a) or (8.20b) become equal. This leads
to the following relationships for the equilibrium distribution
of species 1 between the aqueous solutions and the first free
energy minima inside the membrane (for Ip" = AP = 0):
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i,o = "yar11laics e @-21a
n. -z,0
7 _ F n_i ro
Ci‘,o = (ki‘/ki‘) a;c, e B-21b)

where CI1,0 and C."l’o are the equilibrium values of c.'l and c.
respectively, and cg is the equilibrium concentration of free
carriers within the membrane. This quantity will be described
in the following.

8.3. CONSEQUENCES OF A CLOSED-CIRCUIT FLUX OF CARRIERS

The mechanism of carrier-mediated ion transport through
membranes involves a translocation of carrier complexes in one
direction and a subsequent back-diffusion of free carriers in
the opposite direction. In the steady-state, the total flux
of carrier molecules approximates zero. Since the total carrier
flux is composed of contributions by each sort of complex
(mJIh) as well as by the free carrier (Jg), we thus obtain
the relationship

£ndy+d =0 (8.22)

The mass fluxes entering into Eq. (8.22) can be rigorously
formulated on the basis of Eq. (8.1), respectively (8.14). The
corresponding expression for the electrically neutral species
S assumes the simple form

‘]S = Kg ((:S - CS) B.23)
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Another steady-state condition follows from the assumption of
conservation of free carriers within the membrane. This rea-

sonable approximation was basically imposed in all the afore-
mentioned theoretical treatments of carrier-modified membranes
and relates the carrier concentrations Cs and cg to the value

Cq at zero fluxes:

c_+c_=2¢c (8.24)

A detailed description of the equilibrium concentration of
free carriers in the membrane, cg, in terms of outside con-
centrations and rate constants of partitioning reactions was
offered by Ciani [23] D - There 1is plenty of experimental evi-
dence on lipid bilayers indicating that cs is normally propor-
tional to the concentration (activity) of carriers available

in the aqueous solutions.

Combination of Egs. (8.22) - (8.24) finally leads to

/ En J.\
cT =c 1-—-——— (8.25a)
s s \4 2kscsl

/ EnJj
c'=c¢c 1+ —--— (8.25b)

These results illustrate that a positive flux of cation/
carrier complexes through the membrane interior (as induced,
e. g., by an applied voltage) clearly leads to a certain

n\ 2
In this article, the concentrations c.[mol cm™ ] were re-

placed by so-called surface concentrations N~=c”-d/2 [mol cm 1
throughout.

126



accumulation of free carriers at the side of the unloading of
ions, respectively to a depletion at the side of the loading
of ions [10, 26]. These deviations from a symmetrical distri-
bution of free carriers are negligible, however, as long as
anﬂr<<kscs-

8.4. DERIVATION OF THE GENERAL RESULT

The aim of the present section is to combine the former
Egs. (8.7) and (8.20a,b) into a closed general formula for the
ion flux J\. To this end, a series of additional assumptions
and definitions concerning the potential contributions ¢ ,
0o’ , and 0" have to be imposed.

First, we introduce a dimensionless function ¢ that is re-
lated to the actual transmembrane potential V as follows:

O=—- V+ 0" - 0 8-26
RT 0 0 ¢ )

Recalling that V is the sum of membrane-internal and inter-

*x
facial potential contributions ):

F

— V= 0or + (®°+ 007 - (@ + 0P 8.27)
RTY

M The sign of the transmembrane potential V conforms to the
convention that is usually accepted for cell potentials in
electrolysis cells. For potentiometric cell arrangements, the
use of the electromotive force E = -VO (at zero-current) is

preferable.



we immediately get

O+ [T - " = -0 (8.28)

Second, we postulate that the same overpotential is pro-
duced across the two, oppositely oriented interfacial barriers,

1. €e.

10° = —1¢” (8.29)

The validity of this assumption has been substantiated for
both microscopic [17, 21 - 24] and macroscopic membranes (see
equation 8a in Reference 26).

For an adequate translation of the potential functions
entering into Egs. (8.7), @.8), (8.16), and (8.20) in terms
of ¢, we finally introduce two pivotal membrane parameters as
follows:

a) The portion of the membrane-internal potential difference
that operates along half of the flat top of a trapezoidal
barrier (Figure 8.2) corresponds to a fraction P2 of the
total applied voltage.

b) The voltage drop occurring across the region between the
center of the membrane and the top of an interfacial barrier
(Figure 8.2) amounts to a fraction P3 of the total applied
voltage.

In the bilayer models worked out by Hladky [22] and Ciani [23]
the total applied voltage (transmembrane potential) was assumed
to fall with a constant gradient across the physical range of
the membrane, i. e. between the surfaces at x=0 and x=d. There-
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fore, the symbols P2 and introduced by Eisenman et al. [24]
are purely geometrical parameters, characterizing the half-
width of the plateau of the "diffusion barrier” and the posi-
tion of the "reaction plane", respectively (both in units of
membrane thickness). Generally, the formal definitions of Pj
and P3 are the following:

-P20  P4& [o<p 2«p 3] (8-30)

PP =L g+ () A [P,<B,«0.5] (8.31)

From Egs. (8.28) - (8.31) we may obtain an interrelation bet-
ween the membrane parameters P~, P2, and P3:

2P3-(1-a)
P2/PX = ————————— 4p3-1 8.32)

Since the ratio P2//l Precisely relates the membrane-internal
to the total voltage drop (see Eq. (8.30)), one can finally
rewrite all the potential functions in terms of ¢, P2
(trapezoid-barrier model) or N (multi-barrier model), P3, and
a.

Combination of the flux equations (8.7) and (8.20) is now
accomplished straightforwardly although the elimination of
the unknown concentration and potential terms does bear some
algebraic problems. The general result for reads:
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K T exp(Prr.o) exp(-P.r.o)

I KO L iy zrny ' op (aay zied O

r Zn-.J-ini
=K C - — — - exp (z ¢/2)
1

11,0 u Z(SCSJ

r Zn_J_nni
- k.c” I+ - — - exp(-z.9/2) (3B-33)

11,0 u 2kSCSJ

The equilibrium concentrations €1/0 and Cq/0 are given by
Egs. (8.21a) and (8.21b), respectively, and the barrier
function F~(@) 1is obtained as follows:

sinh(P,,z=9)
FF@®» = -—--——— [trapezoid-barrier] 3B.3%
Vi*
1N N+1-2n 2 P (&)
F.@® =- 2 exP -————---—- r.® [multi-barrier] (8.35)
1 n=I L X a
sinh j(4P3-1)zi® ~sinh ~r(4P3-1)zi®
p i "
where mzﬁTV+¢o —dJO-

The implicit formalism of these fundamental relationships
appears to be rather cumbersome. On the other hand, it should
be pointed out that they offer a universal description for
the transport of carrier-bound ions @ f 0, ni > 0), free
ions (@ ¥ O, ni = 0), or even uncharged species (zi = 0O,
n™ = 0or n* > 0) in bilayer or bulk membranes ! Among the
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variety of membrane phenomena that may be rationalized direct-
ly on the basis of Egs. (8.33) - (8.35), current-voltage or
conductance-voltage characteristics, zero-current membrane po-
tentials, as well as ion-selectivity criteria are of special
interest. Besides, an interpretation of current saturation

(e. g-, for zZniJdi o 2~scs [23, 26]) and rectification phenomena
(for c! ? C 0 [22, 28, 33] and/or q)E) /Oqf' [19]) is easily

1/0 1/
accomplished.

The following discussion of the present theory is restricted
to the limiting cases that correspond to the treatments by
Lauger and Stark [20], Ciani, Eisenman, and Krasne [23, 24],
and Morf et al. [26]-

8.5. BILAYER MODEL BY LAUGER AND STARK

In the classical treatment by Lauger and Stark [20] the
membrane interior between the local energy minima near the
interfaces was considered as a single sharp activation barrier.
This corresponds to the situation E~M®) = 1 (see Egs. (8.12)
and (8.19)). The membrane was apparently assumed to consist
of two chemically identical layers of lipids, so that
¢6 = % =¢ . In addition, the model is restricted to one sort
of cations 1 of the activity aj = ap = aj that form exclusive-
ly 1:1 complexes with neutral carriers S. For such a simplified
system, Eq. (8.33) reduces to the following explicit de-

kS
scription of the steady-state current density j ):I

1 [
The terms k~c™, k™/w”~, and kgcs in Eq. (8.36) correspond

to KMSNMS®™ KDNMS*® kSNS in Lau9er’s terminology [20, 34].

NMs and NS are the surface concentrations of complexes and free
carriers iIn the membrane at equilibrium,k”s and kg are the rate

constants for translocation of the respective species across

the membrane interior, and kQ is the rate constant of the
decomplexation reaction. Whereas the dimension of k», k~ and kg
is cm sec , the rate constants kMg, kp, and kg are given in

sec [34]-
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j 2 sinh(z"$/2)

e = J T o (8.-36)
z+F 1 2w 1

——— + 3——- cosh(P*z.f) + —-- coab(r.9/2)

klc-l 1k-f- 1 kSc s 1
with:

. 1 . C n.i —Z.I,% [here ni:I \

%~ %0 %.,0° tkiﬁi) 4% € and z°=F] ®.3
and
wg = kilk.i exp[(l—a) rquO] (GRS

In the paper by Lauger and Stark, the value of was 0.5. The
zero-current conductance of symmetrical membrane arrangements
turns out to be formally independent of the parameters P3 and
P2 or N, however, although the latter are included implicitly
in the terms k™ and w~ From Egq. (8.33) or (8.36) , we indeed

obtain the following general relationship for the zero-current
membrane conductance Gq in the presence of only one sort of

ions (@ = a" = a.i = @Q)s
J (z.F)2 1
G = Him ——--——o oo 2 (8.39)
mg ®RU/EXe RT 1, 2wi . _ni
K19- KiG K S

The series of reciprocal terms appearing in the denominator
of this expression is related to the resistance to ion migra-
tion. The contributions to the total membrane resistance are
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evidently due to the membrane-internal ion translocation, the
interfacial reactions, as well as the back diffusion of free
carriers (terms from left to right in Eq. (8.39), respectively
in Eq. (8.36)) -

IT the pure ion translocation is the rate-limiting step, we
immediately get a "hyperbolic” [24] shape of the current-
voltage characteristic:

-—— =2 K% sinh(zI<D/2) [k1c1<%< £ and Wy > 0] (8-40)

In this limit, the zero-current membrane conductance is simply

given as

(z-F)2 (z F)2 n n. =z<t
G =— -—— K.c. = — -—— k_(k./k.) a_.c e (8-41)
° RT 11 RT 171 1s

In agreement with experimental evidence from lipid bilayers,
Eq.- (8.41) leads to the following conclusions:

The zero-current membrane conductance is

1) proportional to the outside activity a* of permeating ions
[17 - 20, 34],

2) proportional to the n”-th power of the carrier concentration
cs [17, 18, 20, 34],

3 heavily influenced by the surface potential 4o of the bi-
layer, which is mainly given by the nature of the lipid
[18, 35].

Since the validity of Egs. (8.39) and (8.41) is rather general,
as mentioned earlier, the rules 1) - 3) are also true when
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different assumptions concerning the parameters P2 or N are

made (see Section 8.6).

In contrast to Eg. (8.40), a current-voltage curve of the
"saturation” type is predicted if the back-flow of free carriers
in the membrane or the decomplexation reaction at the inter-
face (for P3 = 0.5) is the rate-limiting process:

== = iR tanh(z-4,l>/2) [k.|<:_?>kS C, Oory >>1] (8.42)
\Y — 1+ —

Vi Vs

Although the cases of "hyperbolic™ and "saturation™ type
current-voltage characteristics are well known for the
carrier-mediated transport of cations in bilayers (see next
section), neither Eq. (8.40) nor Eq. (8.42) (or Eq. (8.36))
are capable of a quantitative interpretation of the correspon-
ding experimental results. This lack of theory led Eisenman®s
group [23, 24, 33] and others [9, 21, 22] to the creation of
a more sophisticated membrane model. However, a current-vol-
tage behavior according to Eq. (8.40) was obtained earlier
for the transport of several lipophilic anions (@ = -1,
n™ = 0) across dioleoyl lecithin bilayers. The correlation
presented in Figure 8.3 is surprising and suggests that the ,
internal free energy profile for anion translocation in such
lipid membranes is approximated merely by a single sharp
activation barrier. In contrast, a broad barrier or a couple
of free energy peaks must be operative in the translocation of
cation-carrier complexes across the same membranes.

8.6. BILAYER MODEL BY CIANI, EISENMAN, AND KRASNE

The principal merit of the work by Ciani, Eisenman, and
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Figure 8.3. Current-voltage characteristics for dioleoyl leci-
thin bilayer membranes in the presence of different lipophilic
anions (25°C). The experimental points are taken from conduc-
tance or current data reported by Lauger et al. [19, 36]; the
scales of current densities j were transformed to yield a
common point at 128.5 mV (®=5). The solid line was calculated
according to Eg. (8.40).
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Krasne [23 - 25] was to make accessible a straightforward
quantitative basis for the carrier-mediated electrical proper-
ties of microscopic membranes. A simplified theoretical de-
scription of the fluxes of cations was achieved by using the
trapezoid-barrier concept and by making the additional rea-
sonable assumptions that qul: cgf 2 ¢ and £nl‘]i<<sk £ (the last
restriction was not imposed in Reference 23). Accepting these
assumptions, one may deduce the following Tlux equation from
Eq. (8-33):

k.c®™ exp(z-9/2) -k ™ n exp(-r,9/2)
J+ = Y e i-———- (8.43)

FA (@) + 20 coBb(P3r)

where F. (® is given by Eq. (8.34). This formalism is more
universg‘l than equations 23-26 in Reference 23*) because the
latter apparently do not incorporate the limiting case P20
corresponding to Lauger"s model, Eq. (8.36).

One of the principal experimental findings by Eisenman et
al. [24] was that the parameters P2 and P® may be considered
the same for all cationic species. A thorough rationalization
of the experimental data, as obtained for different carrier-
bilayer-systems, was achieved by inserting typical values of

P2 = 0.35 and P3 = 0.46 (8.44)

The terms k~c”™ correspond to A*SN*S/P2 in terminology
of Eisenman®s group [23 - 25], and w. is transformed into

vV PpP2c
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into Eq. (8.43), respectively Eq. (8.34). A deeper understanding
of these remarkable findings follows from the multi-barrier
model presented in this work. By treating the interior of the
bilayer as a couple of barriers (here N = 2) of the Eyring

type, we deduce from Eq. (8.35):

@) = cosh 231 ng
4a
= cosh[(@P3~1)r~o/4], for a = 0.5 (8.45)

This result turns out to be practically identical to Eisenman®s
term (8.34)

sinh(P_z,®)

in the usual voltage range 0 to 150 mV (for z* = 1) if it
holds that

P2 = 0.42 (4P3-1) (8.46)

Such a relationship between P2 and P~ is in fact fulfilled for
the carrier-mediated cation transport in lipid bilayers, as
may be seen from the experimental values (8.44). Finally, the
corresponding Fflux equation for a symmetrical membrane arrange-

ment (CL|, = c = 01) reads:

o ,0
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2k~ sinh(z™4/2)
J1 (@8.47)
cosh(Rs-%.®—%,4/4)+2%-cosh(Bgzr¢D

This expression may be replaced by the following approximation
for P3 = 0.5 and wi = O ("equilibrium domain'):

N = 4k~ sinh(z™/4) (8.48)

which is a result intermediate to the former case (8.40) and

the ohmic behavior usually fulfilled for macroscopic membranes
(see next section).

A current-voltage behavior according to (8.47), respectively
(8.48), is illustrated in Figure 8.4 for the transport of K+

across phosphatidylserine membranes in the presence of the
carrier antibiotics valinomydin I and monactin 3 (see Figure
8.1), and in Figure 8.5 for the transport of Ca2+ across leci-
thin bilayers modified by the synthetic ionophore 8. Whereas
the current-voltage curves for K" -monactin and Ca2+ show the
normal "hyperbolic" shape according to Eg. (8.48), the charac-
teristic for K+-valinomycin is of the 'saturation" type, which
indicates that here reaction kinetics at the membrane/solution
interfaces become rate-limiting ('kinetic domain” with wi>0).
Further results were discussed by Eisenman et al. [24, 25].

A readily accessible estimate of the cation selectivity of
carrier-bilayer-systems is obtained from the study of zero-
current membrane conductances or zero-current membrane poten-
tials [17, 18, 23 - 25, 34]. A straightforward description of
these electrical properties is based on flux equations of the
type (8.43). Recalling Egs. (8.21a,b), we can replace the

interfacial comBIex—concentration values 10 and C} . in
’ ’
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[W/ar?]  PHOSPHATIDYL SERINE
1M KA

1O7/M CARRIER /

VALINOMYCIN/

jo s® MONACTIN
0-IN~ ————— - F-——————— e
0 0] 10 190 mv

Figure 8.4. Current-voltage characteristics for phosphatidyl
serine bilayer membranes in the presence of valinomycin (1)
or monactin (3e- The aqueous solution contained 1M KCI (25°C).
The experimental points are taken from fig. 10 in [34]. The
solid lines are theoretical curves according to Eq. (8.47)
(valinomycinj P3 = 0.5 and w+ = 0.46) respectively Eq. (8.48)
(monactin} P~ = 0.5 and = 0).

(B.43) by the cation activities a" and ai of the outside solu-

tions, respectively. We then may write:

J.i = FI’ [?!exP(z.d>/2)—aiexp(—zi.¢/2)] (8.49)
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Herewith, the permeability P+ of the species 1 is defined most
naturally and is given as follows:

n, -z o
K (K/kK )c le °©
-i- 1 1 1 Se—m———me—— (8.50)
FiW+2wi coshiP*z."®)

Figure 8.5. Current-voltage characteristics for lecithin bi-

- - 2+ .
layer membranes in the presence of the synthetic Ca™ -carrier
8 (Fig. 8.1). The aqueous solution contained 0.1IM CaCl2 and
5yM ligand (25°C) [37]- The theoretical curve was drawn accor-
ding to Eq. (8.48).
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The magnitude of this strategic parameter obviously depends on
the transmembrane potential, V = RI/F)4>, except when it holds
that P\(4>) = 1 and w» = 0. The permeability ratio P./P" bet-
ween two ions of the same charge, |1 and J , represents
directly a measure for the ion selectivity of the carrier-
membrane system studied. This selectivity parameter can be
determined from zero-current membrane potentials VQ measured
in mixed aqueous solutions of the two ions [17, 23, 24]:

v oo @.51)

VO

or from zero-current membrane conductances GQ (i) and GQ (Jj), as
obtained from separate measurements using solutions of the

. z+ z+ - i i
species | or J of the same activity a = a" [17, 23, 24]:

foiii = /1i\
Go(@) VPi/vs0

(8.52)

The fundamental relationships (8.51) and (8.52) follow immedia-
tely from flux equations of the type (8.49) after imposing the
condition of zero current. The symbols (P~P~)v and (PN/PM)MN
have been used to indicate that the permeability ratios often
remain a function of the transmembrane potential V.

Since the potential functions entering into Eq. (8.50) are
identical for different cations of the same charge, the ion-
selectivity parameter P~/P~ becomes potential-independent as
long as w*=0 and w.=0. This limit was called "equilibrium
domain” [17, 23, 24] and is characterized by
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P. /P.\ K- (k.4.)c Q;
-1 - M =-3m3 J 5 [w., w .=0] (8.53)

Pi Pi Eq kl(k.A4+)c3l

It was clearly demonstrated by Eisenman et al. [18, 24, 25] that
the equilibrium ion-selectivity of a given carrier (with n™ =
n = 1 throughout) is virtually the same for different lipid
compositions of the bilayer membrane. Moreover, it does not
depend on the method of determination, i. e. potentiometry or
conductance measurements. The experimental studies by Eisen-
man®s group showed, however, that it is possible to encounter
situations for which the rates of the interfacial reactions
become comparable to the rates of transport of cationic com-
plexes across the membrane interior. This limit was called
"kinetic domain™ and is characterized by values of the kinetic
parameters of wi>0 and/or w_>0 (see Eq. (8-38)). Here, the
selectivity of ion transport generally depends on the trans-
membrane potential. Only for rather hypothetical systems

where the rates of cation translocation are much higher than
the effective rates of decomplexation (. e. w”, Wj>>1), the
permeability ratios would again assume constant values:

n.
P. /P N\ w. Kec 3
-1= —-L e— = -J [wt, w»17] @.54)
P.i \ IPEC\]N -5 K3 € 1 J

The exciting work presented by Eisenman et al. [18, 24,
25] revealed that Eq. (8.53) offers an adequate description
for most carrier-bilayer-systems. Distinct effects of inter-
facial Kkinetics were observed, however, for bilayers formed
from glyceryl dioleate and related lipids. From the experi-
mental data reported [24], we get a surprising correlation
between the ratios of kinetic parameters, w™w”, and the
corresponding equilibrium selectivities, (PYP.MNE , for
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alkali metal ions and different carriers (see Figure 8.6):

y [alkali ions, ni = njJ (8.55)
1 i Eq
or, according to Eq. (8.54):
K .
-1R1 [alkali ions, n™ = nj] (8-56)
K-
i

This means nothing less than that the rate of the complexation
reaction at the membrane-solution interface is nearly the

same for all alkali ions (for a given carrier-bilayer-system).
Thus, if substantial kinetic limitations at the interfaces
come into play, a serious loss in the ion selectivity will
occur, as is evident from Egs. (8.54) - (8.56). Such a Kinetic
effect was predicted earlier [26] but is here corroborated by
experimental evidence. We may conclude that the complexation
and decomplexation steps in the carrier-mediated ion transport
through membranes should be relatively fast processes. This is
a prerequisite for both a high rate of and a high selectivity
in ion permeation, such as obtains in many biological membrane
systems.

8.7. COMPARISON WITH THE BULK MEMBRANE MODEL BY MORF, WUHRMANN,
AND SIMON

The concept of bulk membranes differs significantly from
bilayers since here electroneutrality must be maintained in
the membrane interior. Whereas permselectivity of bilayers
for cations (relative to anions) may easily be interpreted by
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Figure 8.6. Correlation between the ratios of equilibrium
permeabilities (Fj/Pj)”~ and the ratios of kinetic parameters
Wj/w4) for different ion-carrier combinations in glyceryl
dioleate bilayers. The experimental values are taken from [24]
a +: K4)- The carrier hydroxyisovalerate-valinomycin is a
homolog of 1, containing exclusively isopropyl substituents
(see Fig. 8.1).

a preferential uptake of these species - solubilized by lipo-
philic ligand shells - into the membrane, such a space-charge
model becomes untenable in the case of macroscopic membranes
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[38, 39]. Nevertheless, all the analytically relevant bulk
membrane types based on neutral carriers are capable of pro-
ducing permselectivity for cations, which fact is observable
by an exclusive transport of cations [8 - 11, 26, 39]. The

underlying mechanism will be elucidated in Chapter 12.

A previous theoretical approach to the ion transport be-
havior of thick, electroneutral carrier membranes [26, 27]
assumed constancy of the concentration c of anionic sites
existing within the membrane phase (see also Section 7.3).

Hence:

'Zic‘i = Zz.C = c = const (@B.57)

For simplicity, the translocational rate constants k™ were
assumed to be the same for all counter-ions, 1i. e. ki = k.
This is a reasonable assumption for 'isosteric' cation-carrier
complexes and, in addition, justifies the use of the constant-
field approximation which was applied in the derivation of

Eq. (8.7). Since the rate constant for crossing the membrane
interior, k, assumes very low values in the case of thick
membranes, the "equilibrium domain™ of ion transport is usually
not exceeded. We therefore shall restrict the present dis-
cussion to purely diffusion-controlled systems where it holds
that Wy = 0 and En|J|<<kScS_ Such bulk membrane systems can

be adequately characterized by values of the parameters PP/
of 0.5. Finally, the general flux equation (8.33) may be
applied in the following reduced form:
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J. = ————- c. exp(z.o/2)-c. exp(-r.o/2)
1 . 1,0 1 1,0 1

c" exp(z,o/2)c." exp (-z.9/2)
= r&#¢ok = - - A -— (8-58)
exp(z™/2) - exp(-rle/2)

This expression turns out to be analogous to the Goldman
equation (8.11).

We First consider the results obtained for the electrical
properties of symmetrical membrane arrangements. For 87=3_A =

ay and q;o' = %' = mo. Eq. (8.58) further reduces to

J. = Kr.c.¢ = z.c. — V (8.59)
1 11 11RT

Equation (8.59) conforms to the former expression (7.19)j it
is valid, in the framework of the present model, for thick
cation-permselective membranes under symmetrical conditions.

For systems with only one sort of cations we immediately get

=zJ. =zke - V 1 (8.60)
Equation (8.60) predicts ohmic behavior of the membrane*) ,
the conductance being roughly independent of the nature)}

M Saturation of the current occurs only at voltages on the

order of several volts and is due to finite back-diffusion of
free carriers in the membrane [26].
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of the cation. This agrees with experimental observations on
1.5 mm thick valinomycin-heptane liquid membranes for which a
conductance ratio of K+: Na+» 2 was reported [40]. Such be-
havior is iIn striking contrast to the findings for lipid bi-
layer membranes where the zero-current conductance was a di-
rect measure of their ion selectivity. Nevertheless, a pro-
nounced selectivity in the cation transport of thick carrier-
based membranes can be observed if different ions are permea-
ting simultaneously and if their transference number is studied
(Section 7.5).

A straightforward description of the zero-current membrane
potential of carrier-based bulk membranes becomes also
available from Egs. (8.58) and (8.21a,b). The solution for two
cations of the same charge z is the well known Nicolsky equa-
tion:

RT a' + KPota"

V. = — In -i-——- (8.61)
° zF al + K.otd.
] 13 3

This result is formally identical to Eisenman®s equation (8.51)
but was derived here for the case of electroneutral membranes.

Pot

The selectivity coefficient K.~ is given as follows:

KPOt . = W c33
13 <SI/E.) Cgl

(8.62)

Evidently, this selectivity parameter of bulk membranes is
equivalent to the equilibrium permeability ratio of bilayers,
as defined in Eq. (8.53):

*(17/ (8.63)
m (/1
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For membranes modified by the carrier antibiotic valinomycin
or the macrotetrolides, which form predominantly 1:1 complexes
with alkali metal ions, the cation selectivity was shown to be
dictated mainly by the stability constants of the complexes
formed [6 - 9, 11, 15 - 18, 26, 41]. This may offer an expla-
nation for the experimentally corroborated fact that one given
carrier usually induces the same selectivity pattern, indepen-
dent of the membrane type and the method used (see Figure 8.7
and [ - 11, 18, 24 - 26, 39]). A review on electrically neutral
carriers and their behavior in ion-selective electrodes is
given in Chapter 12.
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Figure 8.7. Comparison of the selectivities of neutral-carrier-
modified solvent polymeric membranes (SPM) and bilayer membranes
BWM [42]. The permeability ratios PT/PT (at "equilibrium” as
far as available) fulfilled for the glyceryl dioleate BLM"s are
taken from figs. 10 and 11 in [24]. Values on the SPM"s were
obtained using 0.1 M solutions of the aqueous chlorides and
membranes of the composition: 33.1 wt.-% polyvinyl chloride,
66.2°wt.-% dioctyl adipate, 0.7 wt.-% carrier. For the macro-

- Z+ £ _ _ Zb  +
tetrolides I : NHYj for valinomycin I : K
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Chapter 9
Summary of Fundamental Relationships

To facilitate the use of the theoretical relations worked out in Part A, the
key results and the underlying assumptions are summarized below. These digests,
especially the ones catalogued in Sections 9.b - e, offer the basis for a thorough
discussion of the different types of ion-selective membrane electrodes (see Part B).

a) Definitions and_notations

The response of potentiometric sensors was generally formulated as

E m Eo +ej + EM @-279.1

where E is the emf (cell potential at zero current), Eq a reference-electrode poten-
tial term, Ej the liquid-junction potential, and EM the membrane potential. The

last term, which is normally the decisive one, was subdivided into a membrane-
internal contribution Ed and an interfacial contribution ER:

(2.1/9.2)

em eb + ed

These potential contributions were evaluated in terms of ionic activities a”,
charges z”, distribution coefficients k», and mobilities ui referring to the mem-
brane phase. In the following equations, the left boundary of a membrane (or a
liquid junction) is denoted by the coordinate x = 0, and the right boundary by

X = d. The notation () is used for the contacting solution on the left side of
the membrane, and (9 for the right side.

b) Descriptions_of_the_phase-boundary_potential__(Donnan_ternO

Based on assumptions 1 - 1V specified in Chapter 2, the boundary potential
contribution Eg was described by the equation

RT K .al RT k.a" RT ai ad
Eg=-—In ——— In—— =-—-1In 5 -— (3.12/9.3)
ax@ ziF ar(@d z°F a’ ar0)

The subscript i signifies any species that be distributed across the membrane/
solution interfaces. The classical Donnan potential corresponds to the special
case where a™(0) = an(d).
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A very useful formulation was obtained by summarizing ions of the same valency
class:

RT Ew k.a" RT Ew k.a"
E =-— In ———W--——————cn ——— _u_ (3.15/9.4)
z2F  Ewiai@ ziF Ewiai@

where w” is any additional weighting factor.

The following solution was given for permselective membranes and two classes of
counterions, 12z and JZ:

RT Vex llia! + (1 ka".)2 + E ka".
EB=- In PR - J S ~ (3.19/9.5)

Z  vex Ekjra' + € khat)2 + E kAT
where X is the activity of dissociated ion-exchange sites within the membrane.

©) 8olutions_for_the_diffusion_potential__(liguid-junction_potential)i

Explicit or at least definite solutions for the membrane-internal diffusion poten-
tial Ed were derived from the flux equations by using assumptions I and IV - IX
(see Chapter 2). The first three relations are also applicable to aqueous diffusion
layers and thus allow ready computation of liquid-junction potentials, Ej = E".

The most frequently used expression for EQ (and especially for Ej) is the Henderson
approximation, Eq. (9.6), which is based on the additional assumption of linear
activity profiles for all ions within the diffusion layer:

Elz lu fla - Elz_ Ju Aa RT E u O + 1z ()
m;m m 12, oy ha, In z@mam e 5 Y (4.41/9.6)

bn ” 2

EZm um'ﬂ'amJ'EZx ux'ﬂ'ax F Ezn!ijrr?m(d)JrEZ% )?x(d)
with Ja® « ax () - a~0). While in practice the Henderson equation is commonly written
in terms of ion concentrations, here the use of ion activities is advised.

A more rigorous description is offered by the extended Planck relation which

was derived in a new form:

i RT Ea O i RT Ea O
[— — S In ———-2 £ R [ pp——i (4.21/9.7)

D + "zx1“x F 1 am (&> zZm* o+ "zx ™“x F Eax @

Equation (9.7) applies to electroneutral membranes or aqueous diffusion layers con-
L. _ Zm _ zy

taining only one class of cations M and one class of anions X ~ . At steady-state,

the mean mobilities u®, characteristic of each ion class, are determined by
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I uvial() < exp(z,FE /RT) - lu a, O
U = —mmmmm e (4.22/9.8)
I ard) = exp(2iFED/ART) - 1a~0)

For liquid junctions formed by two equimolar solutions of 1:1 electrolytes, the
Planck solution was found to reduce to Goldman®s equation:

RT luzco @ + Z @
p ooy lim XX (4.25/8.9)

F 1mm +EW§©

In the literature, this formula is much more frequently used to describe the inter-
nal potential of very thin (space-charge) membranes which meet the assumption of a
constant electric field.

The Planck relation and the Goldman equation can be considered as special cases
of the generalized Teorell equation. The latter allows for any two classes of
diffusing ions, IZA] and JZ/§J, as well as for additional fixed sites in the membrane.
The corresponding result for ER reads:

U -u. RT  zZ%.a.©@ + Z Zu.a.(0)
Ed = —-—m (4.31/9.10)
- Zjujy F Z zMuiai @ + Z zlu~and)

A more convenient solution was obtained for the diffusion potential of perm-
selective membranes when all permeating ions are of the same charge z/:

RT Zu.a ©
E = ——— IN —————m—— (4.15/9.11)
z+F Z uxal (@)

This expression, which followed directly from assumptions 1 and IV - IXb, is basic
to the Horovitz-Eisenman equation. A simplified version was established for ideally
ion-specific membranes:

E = —— In ———— (6-1/9.12)

The trivial solution

Ed = 0 9.13)

was found either for ideally homogeneous membranes (Eq. (4-28)) or for ion-exchange
membranes when identical mobilities were assumed for all permeating species (Eg-

@.rm).
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d) Results_for_the_membrane_gotential_and_for_the_emf_of_ion-selective_electrode_cells

Descriptions of the membrane potential were generally obtained by combining
appropriate expressions for and E~ (see Egs. (9-3) - (9-13)). The simplest result
applies to ideally homogeneous (solid-state) membranes and other types of ion-speci-

fic membranes:

E =— in (3.14, 6.3/9.14)
M zZiF A

The emf-response of such idealized membrane electrodes (@ = const) evidently follows

the Nernst equation:

RT
E=E? +-— In a! (6-4, 6.5/9.15)

ziF

E° represents a reference or standardpotential; thesubscript idenotes the primary
ion for which an equilibrium isestablished between the membrane and the contacting
solution of activity a™.

If different ions of the same charge zi have to be considered as the permeating
species in a permselective membrane (solid or liquid ion-exchanger), the result
for EM reads:

RT Eu.k.a"
EM = — In —— - — (6.6/9.16)

ziF  zuikial

and the emf-response function is described by the classical Nicolsky equation
(Horovitz equation, Eisenman equation):

r ul
X a

E = E? n al + _X_
L1 g5

. (6.7/9.17)

RT
+ — 1

F
The potentiometric selectivity for an interfering ion (subscript j) relative to
the primary ion is characterized by the coefficient

|’8 u k.
.= L1 (6.8/9.18)

An explicit solution for E was also elaborated for the case of permselective
membranes with two classes of diffusing counterions, I2 4nd J% (see Eq. (6.15)
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where z = +1 was inserted). For two species having the same diffusion mobilities,
= u”, the following emf-relationship was derived:

E“E°+*“ In [ya] +1 an2" + V7 "ij a’2] (6.10/9.19)
where the monovalent/divalent ion selectivity is given by

1c. = KL (6.11/9.20)
3 2 X kx

Equation (9.19) is at variance with semiempirical extensions of the Nicolsky
equationj the latter were found to be rigorously valid only for the more hypo-
thetical situations. Thus, one version of Nicolsky-type equation was theoreti-
cally confirmed for u”>>uj:

RT

E=E° +-— In [a~+ K a-2] (6.12/9.21)
22F 13 3

Kot W5 km (6.16/9.22)

3 2A113

whereas the alternative formulation was obtained in the limit u”">>ui:

RT

E=E° +— 1In [al + K*ta:¥q (6.13/9.23)
3 zF 3 3

= — ® )-12 (6.17/9.24)

J

Deviations from permselectivity of fixed-site membranes were described by
the Teorell-Meyer-Sievers equation, Eq. (6.18). When this relation is applied
to cation-exchange membranes ( = -1) that contain counterions M+ and coions X
the emf-response function becomes

RT RT VI + Q"2 +1 RT 71 + Q"2+ q
E=E°+—- Ina -—- In-—-——————-— +q—- In ——————— (9.25)
m F F 2 F 1+q
with g = Y=Y ang le = 4Vm VX
Ut Uy X2
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Ideal permselectivity occurs for values of g "« 0 and results in a Nernstian be-
havior of the membrane electrode system. Failure of coion exclusion, on the other

hand, isz
= +1 was
inserted). For two species having the same diffusion mobilities,
- N
St -
following emf-relationship was derived: E “ E° + “ In [ya] +
i ar2® + v 7 "ij a’2] where the monovalent/divedehd/3dmd)
selectivity is given byki 1C. = ---3- (6.11/9.203 2 X kkquation

(9.19) is at variance with semiempirical extensions of the

Nicolsky gquationj the latter
were found to be rigorously valid only for the more hypo-

i
tohneet Vé?”gigrg t&’@ﬁ'i%g?ék)}—bijsp’e

equation was ttransfeeande- oumtel yrx avasn defimed ds & ofunctidrr ofu fhe nRan
ionic mobilities u:

1IZ
N (6.23/9.28)

- X
fmium + f2xjux

where

Z u.k.a" e exp(z FE /RT) - Eu.k.a!
= m — (6.24/9.29)
I kraj - exp(ziFEM/RT) - E krar

An explicit formulation results when no significant differences exist between

the individual mobilities of cations and anions, respectively, that is for

Up =pu and Uy =yU -

e) Relationships_between_the_potentiometric_and_the_ion-transport_characteristics
of_membranes

As a rule, the potentiometric ion selectivity of thick electroneutral membranes
was found to be strictly a consequence of the transference of the ions involved. A
universal formula was presented that describes the zero-current potential of
any kind of membrane in the presence of two permeating species (cations or anions):

a’/t"
In -1+—1 (7.44/9.30)

ziur zjuj F ziur zjuj F
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Here the ionic transference numbers t° and t” refer to electrodialysis experi-
ments using the same membrane in contact with bathing solutions identical to
solution () and ("), respectively. Equation (9.30) incorporates virtually all
of the relations compiled in Section 9.d. For example, the classical Nicolsky
equation (9.17) can be rewritten as (see Eq. (7.39))

RT a"
E=E° +-— In4 (9-31)
ZiF 4

It becomes evident that a transference number of the primary ions of unity is
required for rendering a membrane ion-specific.

The response to monovalent ions of extremely thin space-charge membranes
(bilayers) that meet the assumption of a constant electric field is commonly
characterized by the Goldman-Hodgkln-Katz equation:

RT EPa + EPa"
EM =~ In —— ————— n (7.11/9.32)

F E Pnﬁn* EP &X

The selectivity-determining parameters P~ called the ion permeabilities, are
again derivable from ion-transport studies, such as conductance measurements

on bilayers. The potentiometric selectivity between two ions of the same charge
is simply given by the corresponding permeability ratio, i. e.,

r P.
E=E°+ - In a!l + - (8.51, 8.63/9.33)
L

1gF E]-aJ

The=e relations suggest that ion-transport experiments offer an independent
method for assessing the ion selectivity of membranes.

) Analysis_of_the_ion-transport_behavior_of_menbraries_ (current-voltage_charac-
teristics)

General treatments of the ion transport across membranes were presented in
Chapters 7 and 8. The steady-state ion fluxes in macroscopic membranes were
rigorously formulated on the basis of the Schlégl theory, Egs. (7.21) - (7.28).
For practical purposes, a simplified version of the theory was introduced which
permits the electrical behavior of symmetrical membrane cells to be rationalized:

Ji = ziuiciF - = ziDici - (7.19/9.34)
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is the mass flux and the diffusion coefficient of the species 1Z®, V is the
applied voltage, and d the membrane thickness. The ion concentrations in the mem-
brane, c” depend on the boundary conditions as well as on the concentration level
of fixed or stationary ionic sites. Equation (9.34) applies in the normal case
where the translocation of the permeating ions across the bulk of the membrane is

rate-limiting; it predicts ohmic behavior of the membrane.

Contrasting electrical behavior was reported for lipid bilayer membranes. A
unified approach to the theory of such systems was offered (see Eqs. (8.33) -
(8-35)) which incorporates the LSuger-Stark model, the Ciani-Eisenman-Krasne
theory, as well as other special treatments. The transport of lipid-soluble
anions across certain bilayers in symmetrical electrodialysis cells was found to

obey the relationship

JH = 2 KICE sinh(ztFV/2 RT) (8.40/9.35)

where k™ is the rate constant for the translocation of ions. Equation (9.35) im-
plies that here the membrane interior can be approximated by a single sharp acti-
vation barrier. In contrast, a couple of free-energy peaks or a broad barrier
were suggested to be operative in the carrier-mediated translocation of cations
across bilayers. The corresponding result for the "equilibrium domain” of

cation transport was

Ji = 4 k°c” sinh(ZjFV/4 RT) (8.48/9.36)

The last two expressions predict a "hyperbolic” shape of the current-voltage
characteristic, the zero-current conductance of the membrane being given by

(z,F)2 @z F)2
Go(@) = - --—— klci = - --——- P a (8.41, 8.49/9.37)
RT RT
where is the permeability and a® the external activity of the species IZi.

In the “kinetic domain™ of ion transport, the rate (k™w") of ion transfer
out of the membrane was found to be limiting. The following approximation was
obtained:

J+ = (KI/wi) c* tanh(ziFV/2 RT) (8.42, 8.47/9.38)
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A current-voltage curve of the "saturation" type results in this case. Saturation
of the current is also expected to occur for carrier membranes when the back-flow
of free carriers is the rate-limiting process:

Ji * <2/ni) kscs tanh(ziFV/2niRT) (8.33, 8.42/9.39)

Here Kg is the translocational rate constant and Cs the mean concentration of free
carriers in the membrane, and n® is the stoichiometry number of the ion/carrier

complexes.
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Chapter 10

Solid-State Membrane Electrodes

That solid-state membranes could potentially serve as the
active principle in ion-selective electrodes was recognized
as early as 1921. Pioneering work in this respect was done by
Trumpler [1], and later by Kolthoff and Sanders [2] who pro-
posed membrane materials in the form of disks cast from silver
salt melts. Tendeloo [3] reported on a calcium fluoride elec-
trode. Some of these historical attempts at designing useful
solid-state membrane electrodes were not met by success, analy-
tically speaking, though, primarily because of a lack of ex-
perimental and theoretical know-how in connection with such
materials, and secondly, because reasonably sensitive electro-
nic measuring equipment became available only in the sixties.

One of the first workable electrodes based on crystalline
material was realized in 1961 by Pungor and Hollds-Rokosinyi
[4] who used silver iodide precipitate embedded in an inert
matrix as iodide-sensitive membrane. Such heterogeneous solid-
state membranes were later brought to perfection and were
applied in a variety of modifications based on different ma-
terials (for a review, see Pungor and Toth [5-7]). A real
break-through in the field of ion-selective electrodes, how-
ever, came with the development by Frant and Ross in 1966 [8]
of a homogeneous ion-exchange membrane composed of a single
crystal. Their lanthanum trifluoride electrode for fluoride
determination became one of the most important ion sensors.
Indeed, the specificity of this electrode remains outstanding
since the only significant interfering species is hydroxyl
ion, the observable selectivity Kfqﬁi being on the order of
0.1 [9-11].
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10.1. CHARACTERIZATION OF MEMBRANE MATERIALS

The requirements solid-state- and other ion-exchange
materials would have to conform to for the construction of
practical devices were summarized by Buck [12]. Suitable ma-
terials are nearly insoluble in ionogenic solvents, although they
may absorb these solvents to a certain degree. The ion-ex-
change process at the interface between the membrane phase
and the contacting solution must be rapid and reversible for
one or the other ion. Such rapidity is measured by the ex-
change current density or flux, which must be large compared
with the current passed by the measuring circuit. Then, the
ion-exchange processes at the membrane surfaces maintain local
thermodynamic equilibrium (see Chapter 3), and eventual con-
secutive chemical reactions exert thermodynamically predictable
effects on the ion-exchange processes. An additional and basic
requirement to these materials is that they be essentially
ionic conductors with resistances small compared with the in-
put impedance of the measuring device. In solid electrolytes
such as silver halides or lanthanum fluoride, the ionic charge
transport can proceed only by a defect mechanism which gene-
rally leads to considerable resistances (106 - 108ﬂ, for con-
venient membrane dimensions). Some reduction of the membrane
resistance may be achieved by the addition of certain chemical
impurities (‘'dopants™ such as europium in lanthanum Ffluoride)
that generate extrinsic defects in the membrane material. How-
ever, this problem is reduced in severity with the availabi-
lity of modern measuring circuits (input impedance on the
order of 1012 - 1014ﬂ)- An electronic component of the solid
membrane conductivity does not in principle have a deleterius
effect if the above requirements are met. In fact, the pre-
sence of some electronic conductivity is beneficial in that a
metal/salt contact can be used in place of the inner reference
solution by establishing a reversible electron exchange rather
than a reversible i1on exchange at one interface. A drawback of
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high electronic conductivity is that parasitic, concurrent
redox processes are encouraged and there may be some slowing

of the rate of ion exchange as well (partly cited from Buck

[121).

The number of solid-state materials possessing the necessary
properties at room temperature is limited. Among those used or
considered for selective electrode applications are:

- rare earth- and alkaline earth metal fluorides;

- halides of silver, lead, mercury and thallium (1);

- sulfides and other chalcogenides of silver, copper, lead,
mercury, cadmium and zinc;

- silver thiocyanate, cyanide, azide, chromate and phosphate;

- mixtures of different halides or chalcogenides with silver
sulfide.

Reports on the use of these materials as components in ion-

selective electrodes were summarized in earlier reviews [b -

24]. The forms selected for electrode application include

single crystals [8, 10, 25, 26], disks cast from melts [2, 27],

sintered materials [28-30], pressed polycrystalline pellets

[10, 15, 31-33], as well as heterogeneous combinations of pre-

cipitates held in hydrophobic polymer binders [4-7, 34].

For a sound analytical application of solid-state membrane
electrodes, a thorough knowledge of different parameters,
especially selectivities and detection limits, is of utmost
importance. The early theoretical treatments available in this
field were of limited scope: the anion selectivity of silver
halide [5, 10, 13-15, 35-39] and LaF™ [10, 36] membrane elec-
trodes, and the detection limits of AgCl [36, 40, 41] and
LaF™ [41] solid-state electrodes. A generally applicable model,
which went beyond the pioneering contributions by Jaenicke [35]
and by Buck [36], was offered only in 1974 by Morf, Kahr, and
Simon [42]. This theory describes the selectivity of different
solid-state membrane electrodes towards cations, anions, and



other species forming complexes with membrane components, as
well as the detection limits of the systems in question. In

the following, we shall discuss the framework of this theory
but also include some more recent approaches and suggestions.
Because of the special analytical significance of membranes
prepared from silver compounds, the basic equations are given
and tested for these systems (see also [42]). However, the de-
rived principles are valid in a more general sense and may help
to characterize different types of solid-state membrane elec-
trodes.

10.2. BASIC THEORETICAL ASPECTS OF SOLID-STATE MEMBRANET
ELECTRODES

The general considerations set forth in Part A have shown
that solid-state membranes usually conform to a simplified mem-
brane model. Thus, in the application of the universal theore-
tical formalism to homogeneous solid-state membranes, contri-
butions to the emf of the cell due to diffusion potentials
within the membrane may be neglected [36, 42, 43]. The membrane
potential will finally be given by the Donnan term (9.3) alone:

RT a. a @
E =-— In4 - "—- (on)

ZiF ai ai(®)

Here, a.(@ and a.(d) are the activities of the primary ion

| ! on the membrane surfaces contacting the sample and inner
reference solution, respectively. If the membrane can be
treated as an ideally homogeneous phase, the activities

a™(0) = anid) cancel. The ionic activities ag and a® refer

to the boundary zones of sample and reference solution. These
boundaries are in direct contact and in thermodynamic equi-
librium with the membrane phase, a fact which must not ne-
cessarily hold for the bulk of sample (activity &) and inner
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solution. For membrane electrodes having a given internal refe-
rence system*), the value of aR is constant throughout. Hence,
Eq. (10.1) can be reduced and transformed into the following
basic relationship that describes the emf of the cell as

RT ,
E=E° +-— In a. (10.2

1 v 1

The term E° may be considered the standard potential of the
membrane electrode assembly. However, it also includes the
liquid-junction potential arising from the outer reference-
electrode system (see Chapter 5) and may therefore be subject
to corresponding variations.

Equation (10.2) shows that solid-state membrane electrodes
are, in principle, capable of responding to those kind of ions
that are components of the active membrane material. As long as
the activity of these primary ions remains constant throughout
the sample solution, 1i. e. ay = ay Whefe a. refers to the bulk
of sample solution, the ion sensor approximates a so-called

Nernstian behavior according to Eq. (10.2a):

RT
E=E° +-— In a. (10.2a)

1 ZiF 1

This practical form of the electrode response function is less

A profound theoretical discussion of the so-called "all-solid-
state” membrane electrodes, which involve a direct membrane/
metal contact in place of the inner reference solution, was
given by Buck [44].
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universal than Eq. (10.2), however. In fact, Eq. (10.2) offers
the basis for an easy understanding of nearly all emf-response
phenomena observed for solid-state ion-selective membrane
electrodes (see below). The basic requirement of rapid ion-ex-
change at the membrane-solution interface, as needed in the
derivation of Eq. (10.1) resp. (10.2), seems to be fulfilled
for the aforementioned electrode systems.

In the following, the implications of theory shall be dis-
cussed extensively for membranes prepared from silver compounds
AgzX. Here the general result for the electrode response ob-

viously reads:

RT

E = EZg * = In a\g (10.3)

If the following convenient membrane cell is applied for the

emf measurements:
Hg, Hg2C12; KCI (satd.) Isalt bridge |sample solution

IAgzX membrane | inner solution . AgCl; Ag (25°0)
(e.g-. 0.1 M AgNO03)

the reference potential term is given by E°" 555 mvV [15, 45].
An alternative description of the emf is obtained by using the

solubility product X
wz 1
LAgzX = aAg ax (10.9

Equation (10.3) can then be rewritten in the form

RT .
E=E°-—-In ax (10.5)
zF
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where

RT

. _ -
Ex " EA5 + o In LA, S

Equation (10.5) could also be deduced directly from Eq. (10.2).
The use of this description of the emf-response of solid-state
membrane electrodes is preferable for test solutions containing
as aniqns only Xz_i It should be recapitulated that the acti-
vity a” detected by the sensor refers again to the boundary
film of sample contacting the membrane, and not to the bulk
solution. This important point deserves further discussion.

10.3. POTENTIAL RESPONSE AND DETECTION LIMIT OF SILVER COMPOUND
MEMBRANES IN UNBUFFERED SOLUTIONS OF THE PRIMARY IONS

The intrinsic lower detection limit, as dictated by the mem-
brane material, is related to the minimal activity ag”™ min
which is established by dissolution processes at the membrane/
solution interface. For a successful rationalization of all
experimental observations [15, 42] at least two such processes
must be taken into account, namely

1) dissolution governed by the solubility product of the salt
forming the active component of the membrane, and

2) leaching out of silver ions originating from coprecipitated
soluble salts or reversibly adsorbed components, or pro-
duced by air oxidation of the membrane material.

In the original work by Morf et al. [42], the leached cations
were assumed to be due to a distribution of silver ions bet-
ween interstitial sites at the membrane surface (defects)

and the contacting solution film. This hypothesis was later
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criticized by Buck [19, 21] who instead stressed and explained
the fatal role of impurities, introduced during the procedure of
membrane preparation, as well as of ions adsorbed at the mem-
brane surface ('chemisorption” [7]). On the other hand, he
clearly advocated the validity of the final theoretical re-
sults which, of course, remain unaffected by the more academic
question of the mechanism of leaching. In the event, the
theory discussed here [42] (see also [24]) was the first ca-
pable of a quantitative interpretation of various response
phenomena, including those that could not be accounted for on
the basis of the classical solubility-equilibrium approaches.

The leached cation activity a at the membrane surface is
found to be roughly constant for a given set of experimental
parameters but may be changed by a different preparation
technique or conditioning of the membrane [15, 42]. In addi-
tion, it is believed to depend on the stirring rate of the
sample [19, 21]. Assuming a constant value of a for a given
silver compound as membrane material, the following relation-
ship is acceptable to describe the deviations in activities
between the boundary (@ and the bulk @ of unbuffered
sample solutions [42]:

*
a

ag = Pag = z(a7: -a) +a 0.7

The left-hand side of this activity balance equation considers
the total amount of silver ions released at the membrane sur-
face, whereas the terms on the right-hand side specify the
contributions due to dissolution (@) and leaching processes
(@. By combining Egs. ((10.7) and (10.4), one obtains the
following expression which holds for sample solutions of a
silver salt that contains no anions interfering with the mem-
brane material (@x =0, e. g. for a AgQNC>3 solution) :
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aA&V\ - aA& (aAg+“) -z AgzX =0 (10.8)

The corresponding result for sample solutions containing only
the anion Xz native to the membrane as well as cations not

interfering with the membrane material (. e. for an =0)
assumes the analogous form:

1
Z+1 1 z
z "z a AgzX

aX ax (ax = 1) Z 0

(10.9)

The last two Iexpressions offerI a mathematical solution for the
activities aAg , respectively g , as maintained in unbuffered
samples near the ion-sensing membrane surface and as detected
by the electrode assembly. The parameters entering into Egs.
(10.8) and (10.9) are the solubility product of the silver
compound forming the membrane and the leached cation activity.
Depending on the magnitude of these parameters, two cases may
be distinguished which will be explored in the following.

a) Membrane_material_A2X__(z=1)__with_~"gX>>0i"

This situation is applicable, for instance, to a AgCl-mem-
brane electrode. Equations (10.3) and (10.8) here lead to a
function for the silver ion response of the electrode which
is in agreement with the equivalent one derived by Buck [36],
Baucke [40], and Havas [41] and is similar to an equation
used by Pungor and Toth [37]:

RT a +Va,2 + 4., ,,
E=E + - in -£2-—-1"2 —————- A2X (10.10)
Ag F 2
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Table 10.1. Thermodynamic values characterizing the reactions of silver compound membranes3

Solubility Stability
_ , product (25°C) constant (25°C)
ComP°und -log LAgzX Complex log R3n
[46] [47]

Ag2S 48.54 Ag(CN)*“ 18.75
Agl 16.08 Ag(S203)2_ 13.2
AgBr 12.30 Ag (SC (NH2)2)2 12b
AgSCN 11.92 Ag(S03)2_ 8.45
AgCl 9.75 Ag(NH3)2 7.2
AgOH (/2 Ag20+1/2 H20) 7.68 Hgl+ 12.87

Hgl2 23.82

Hgl~ 27.60

Hgl~- 29.83

a See also Sections 10.3 - 10.5.

b Value estimated from emf data [15].



According to Egq. (10.10), a so-called Nernstian response

(linear region of the practical response function E vs. log aRg’
see Eq. (10.2a)) is exhibited only at sample activities

aAg>> as shown in Figure 10.1. The detection limit of

the sensor is evidently dictated by the solubility of the

membrane material since it holds that

3ag,mim " I/bfbk\gx a0.11h

An analogous result is obtained for the anion response of
membrane materials such as AgCl:

RT aX + VaY + 4L WY
E=E°-—loin 52215 21 2C (10.12)

X F 2

Figure 10.1 confirms the symmetric response to cations and
anions as demanded by Egs. (10.10) and (10.12).

It should be noted that the mechanism of anion response
of silver compound membranes may be understood as a buffering
of free silver cations near the membrane surface, which ions
are primarily sensed by the electrode. According to the solu-
bility product of AgCl (see Table 10.1), a chloride activity
of 0.1 M would then correspond to a free silver activity of
around 10_9 M. This buffered value of a;g is much lower than
the detection limit predicted by Eq. (10.11) for unbuffered
systems, ) :1.3*10_5 M. This may exemplify the principal
differences between activity measurements in unbuffered and in
buffered samples. When buffer systems are used to establish the
activity level of free ions via superimposed solubility or com-
plexation equilibria, the linear electrode-response function
usually extends over the whole conceivable range of activities
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Figure 10.1. EMF response of a silver chloride membrane elec-
trode to Ag+ and CI* (25°C) [42].

Solid lines: calculated from Eq. (10.10), resp. (10.12).
Experimental points: Ag+ (0)} Cl ().
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Figure 10.2. Wide-range response of a silver chloride membrane
electrode to silver ion activities.

Open circles: AgNOj solutions, 10-1 - 10~-5 M (see Figure 10.1).
Full circles: silver ion buffers (NaCl solutions, 10 ~ - 10 M)
establishing free silver ion activities in the range

1.8-10"6 -"1.8-10“9 M.

Solid line: theoretical response according to Eg. (10.3).
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1
an~ (resp. &) and, ideally, there is quasi no detection limit
observable at all (see Figure 10.2).

z+i
b) Membrane_material A2zX with_a >>LAg x

This situation certainly holds for the nearly insoluble
compound AgjS and probably also for Agl. Here Eqs. (10.3) and
(10.8) lead to the following response to unbuffered silver so-

lutions :
RT
E = EAg + + In (aAg + a) (10.13)

This description is formally different from the former result
(10.10) but yields qualitatively the same curvature of the
calibration plot E vs. log aAg- However, the practical detection
limit of the sensor is in the case of highly insoluble membrane
materials given by the number of leached silver ions, i. e.

ag,min~ 2 (10.14)

Thus, a Nernstian behavior according to Eq. (10.2a) is ob-
served only for a™g>>a (unbuffered samples). The experimental
calibration plots shown in Figures 10.3 and 10.4 indicate that,
in fact, the practical detection limits of Agl- and Ag2S-mem-
brane electrodes may be located at considerably higher acti-
vities than might be guessed from pure solubility conside-
rations. The corresponding values a,,I . estimated from the
solubility products alone would be 9.1»10-9 M for Agl and
8.3"10-2M for Ag2S (see Table 10.1 and Egq. (10.8) with a=0)
whereas the a-values fitting the experimental situation in
Figures 10.3 and 10.4 are 10-® M for Agl and 3.2"10-® M for
Ag2S [42]. The use of buffered test solutions, on the other
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Figure 10.3.
trode to Ag+

Solid lines:

Dashed lines:

Experimental

EMF response of a silver iodide membrane elec-

and 1 (25°C) [42].
calculated from Eg. (10.13),
a=10 MM

calculated with a = 10 M.
points: Ag+ (0); I~ ().
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Figure 10.4.
trode to Ag+
Solid lines:

Dashed lines:

Experimental

EMF response of a silver sulfide membrane elec-
and 5°0) [42].

calculated from Eg. (10.13), resp. (10.15), with
a = 10"5*5 M.

calculated with a = 10~8 M.

points: Ag+ ); 82’ ).
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hand, again permits apparent activity reading far below these
values to be reached. An Ag2S-membrane electrode, for example,
will be capable of responding to solutions having free silver
activities down to 10-25 M in the presence of complexed silver
ion [25, 48] (see Figure 10.5), or free sulfide ion activities
down to 10"17 M or below in the presence of sulfide complexes
[48]- In such cases, however, the electrode does definitely
not respond to these free ion forms, as might be concluded
from earlier statements [48], since the theoretically inferred
least silver ion activity of around 10-2* M (for a 0.1 M sul-
fide solution, see Figure 10.5) is found to correspond to only
1 free ion per 10 litres of sample 1 Although the effects docu-
mented in Figures 10.3 and 10.4 may finally be interpreted as
"spurious experimental artifacts that disappear when buffered
test solutions are used" [19, 21], they seem to be of consi-
derable importance for conventional electrode practice and
should be kept in mind.

In contrast to the findings for AgCl, the anion response
of membrane materials such as Agl and Ag2S becomes more

complex [42]:

a RT a
for a > - E=E"-—-— In @ --)) (10.15a)
X z n zF n z
f a _ 0 RT b
or ay < : E = EAg+ b In @ - zax) (10.15b)

According to Egs. (10.15a) and (10.15b) , a sudden increase in
the emf with decreasing activity av must occur at av «<a/z.

This means, of course, that the emf is less stable in this
region when using unbuffered samples, and this imposes a practi-
cal detection limit (see Figures 10.3 and 10.4). These predic-
ted and experimentally found response functions are at variance
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Figure 10.5. Wide-range response of a silver sulfide membrane electrode to silver ion activi-
ties [48] (for similar plots, see [25, 49]).



with usual expectations. Commonly, deviations from Nernstian
behavior at the detection limit of the sensor occur in the
direction towards a constant potential level, whereas here a
highly super-Nernstian region is obtained. Yet, the anion
response curves given in Figures 10.3 and 10.4 may be con-
veniently interpreted as a titration of leached/adsorbed silver
ions with the respective anions. It was mentioned before (see
also [19, 21]) that the leached cation activity a depends on
the actual experimental parameters. Thus, a selected prepa-
ration technique for Agl membranes and their continuous use

in 1odide solutions will lead to some reduction of a, and the
corresponding emf-response curves may be mimicked by the type
found for AgCl membranes (dashed lines in Figure 10.3). How-
ever, the same idealized behavior can never be fully attained
for Ag-jS-membrane electrodes in unbuffered sulfide solutions.
The unusual (super-Nernstian) response characteristics of this
electrode system at the detection limit, as predicted by
theory and documented in Figure 10.4, was in the meantime con-
firmed by several workers [50-52] although the observed effects
were found to be less pronounced, i. e. the detection limit

was shifted down to activity levels of 1077 to 10 M.

10.3. POTENTIAL RESPONSE OF SILVER HALIDE MEMBRANES TO DIFFE-
RENT CATIONS

Silver halides and especially silver sulfide are widely
used as membrane materials in electrodes selective for Ag+.
An excellent review on the characteristics of the commercially
available sensors is given in Koryta®s book on ion-selective
electrodes [17], for example.

One of the few cations which reacts with silver compound

membrane materials is Hg . The overall reaction with silver
halides AgX may be described as follows:
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Hg2+ + nAgXy— sHgX2 M + nAg+ (10.16)

As a reasonable steady-state approximation, the following
relation holds:

aHg + ~ aHaxn = aHfg (10.17)

I
In similarity to Eq. (10.7), the activity ajp of the silver
ions formed according to reaction (10.16) becomes

aAg = X naHgX + a (10.18)

In Eg- (10.18) it is assumed that the sample solution initially
contains no silver ions (aAg = 0). With the expressions for the
complex formation and membrane solubility at the phase boundary:

&igxn = Ondlg N (10.19)

aAg ay = LAgX (10.20)

one obtains alm implicit function and, therefore, numerical

values for aAg:

, N niBn LAGX//AAQ)
aAg= - - aHg + a (10-21)
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Figure 10.6. EMF response of a silver iodide membrane elec-
trode to Hg2+ (@25°C) [42].
Calculated: solid line.

Experimental: circles.
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Since the weighting factor of aHg in Eq. (10.21) is identical
to the average number n of halide ions coordinated to the
Hg2+ ions at the phase boundary (mean degree of complex for-
mation) , Egs. ((10.3) and (10.21) may be combined:

RT

E = EAg + F In (naHg + a) (10.22)

In Figure 10.6, the computed response (Egs. (10.21) and (10.22)
with a=10 ® M} Table 10.1) of an Agl membrane electrode to
variable activities of Hg2+ is compared to experimental values.
Obviously, there is both experimental and theoretical evi-
dence that the response of such sensors is neither Nernstian
nor linear. This behavior follows from the pronounced acti-
vity-dependence of the selectivity-determining parameter n.

-4 to 10_5 M), the
response curve may very crudely be approximated by a straight
line} the calculated slope, however, is only about 48 mV. At
high activities (above 10 1 M) the slope of the calculated
response curve approximates an asymptotic value of 29.6 mv.
This means, of course, that very careful calibrations are

In the lower activity range of HgZ+ o

required for a competent application of ng+ sensors based
on Agl membranes. For practical purposes, indirect determi-

2+

nation procedures (titration of Hg® with 1 ) are therefore

recommended [53].

10.5. SELECTIVITY OF SILVER HALIDE MEMBRANES TOWARDS DIFFERENT
ANIONS

Membranes consisting of pure silver halides AgX or of AgX
mixed with Ag S [10, 15] may be used for the determination of
anions Y>~ that form sparingly soluble salts AgzY with Ag+.
Such a direct determination of species YZ 1is, in principle,
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possible only if there exists an equilibrium between the boun-
dary of the sample solution and the component AgzY deposited
on the membrane. It is therefore necessary that the surface

of the membrane electrode be covered - at least partly - by a
new phase containing AgzY. Three types of such coatings will
be discussed below. Although additional potentials may deve-
lop between the primary AgX phase and the new boundary phase,
such contributions are neglected in the following treatment.

a) 8iD212_Ekase A2zY_coverin2_completely the AgX phase

Such a phase is formed only when contacting an AgX-membrane
electrode with a sample solution containing anions YZ_ of
sufficiently high activity a, (e. g- a 0.1 M solution). The
silver ion activity a® established near the membrane sur-
face will then be determined exclusively by the solubility
product of the component AgzY:

3Ag aY = LAgzY (10°23)

Equation (10.3) immediately leads to the following emf-response
function:

RT
E=E°-—-—-In a (10.2%)
zF

where, in analogy to Eq. (10.6),

RT
E?= EAg + ~ In LAgzY <10-25>
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Since the selectivity realized for the species YZ relative
to the primary anion X may be characterized by the term

KxyEt as fFeii°ws:

E-ge—n TP ELV2 (10.26)

we obtain the fundamental relationship

r F 1 LAgX
KXY = “ P L" gr @ ° EX}) = —————— a°-2n

It becomes evident that the potentiometric selectivity coeffi-

cients of AgX-membrane electrodes ideally constitute a measure
describing the following ion-exchange equilibria:

z AgX + YZ~ AgzY + z X- (10.28)

The agreement between these theoretical selectivities and

experimental results is perfect (see Figure 10.7 and Refe-
rences 5-7, 15, 37) as long as the above requirements are

met.

b) Mixed_ghase A2X-A2Y

For sample solutions containing both X and Y at activi-

ties a and av well above the detection limits, it is con-

i
ceivable that a mixed phase or mixed adsorption isotherm is
formed on the membrane surface the composition of which
[a (©), av(@)] is in equilibrium with that of the contacting
aqueous solution. Recalling equilibrium (10.28), this acti-

vity relationship is formulated as
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log K™ EXR

Pot
log KXY CALC.

Figure 10.7. Comparison of the experimental and the calculated
anion selectivity of different silver halide membrane elec-
trodes (25°C) [42]. Calculations are based on Eq. (10.27) and
Table 10.1. Experimental values were obtained from emf-measure-

ments on 0.1 M separate solutions.
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————— = KxY — = K - (10.29)
ax (0) ax ax

where the ion-exchange constant may be assumed to be identical
to the ratio of solubility products, as given in Eq. (10.27)
[36, 43]. By following the suggestion of Rothmund and Korn-
feld [54], the ratio of the activities of two counterions on
the surface of a solid ion-exchanger is generally given by

_____ =/ N +N =1 (10.30)

where N are the corresponding mole fractions of counterions
(here the fractions of sites Ag+ in the mixed phase occupied
by the subscripted anions). This has been referred to as
n-type behavior [55] (see also Chapter 13) and has been de-
monstrated to conform to the regular-solution theory of binary
mixtures*) [56]- In addition to Eq. (10.30), we may write:

----- - 'z (10.31)

These expressions allow us to replace the unknown membrane-
activity terms entering into the generalized potential re-
lationship, Eq. (10.1) for i=X, by outside activities. The
) It holds as an approximation that n=I —Wx i/2RT, where
WX_Y is the excess interaction energy of neighboring ions
X- and Y~ [56]. Thus, repulsion between the two counterions
is indicated by values n<l (and not n>l as claimed earlier

55D -
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final result for the emf-response assumes the form:

nRT T, i/
E=E°—— In Hax)l/n + (KXYay)1/n] (10.32)
F

This general result is given here for the first time, but four
limiting cases have been characterized earlier (see also
Figure 10.8):

1D For n*I: ldeal mixed phase or mixed adsorption isotherm
AgX-AgY [36, 42, 43].

2) For n+t0: Strongly hindered formation of a mixed phase,
i. e. rapid conversion from AgX to AgY, or vice
versa, at the point where ax = Kxy ay [10, 36, 42].

3) For ay—>0:Pure phase AgX, see Section 10.3.

4 For a —>0:Pure phase AgY, see paragraph a) of this section.

Since Eq. (10.32) is found to be formally different from the
commonly approved Nicolsky equation:

RT r
E = E° ———p In I_ax + kxyb (app-) a¥J (10.33)

except for n=lI, the apparent selectivity coefficients here-
with obtained for mixed systems are sensitive to experimental
conditions.

©) Two-ghase_gatchwork AgX+AgY

When AgX-membrane electrodes are exposed to solutions of
anions Y of intermediate activities (. g- 10 *" M, it is
often observed that the apparent selectivity between species
Y and X , as determined from Eg. (10.33), is far less than
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Figure 10.8. Calculated EMF-response of a silver chloride membrane electrode to mixed aqueous
solutions of chloride and bromide (left: constant primary ion; right: constant interfering ion).
Different models were used to describe the electrode surface at steady-state:

AgCl-AgBr [36, 42, 43], Eq. (10.32) with n=I; 2: strongly hindered mixed
phase [10, 36, 42], Eq. (10.32) or Eqgqs. (10.40) and (0.41.) with n+0; 3: reversible_two-phase
P§I9?mork AgCl+AgBr, Egs. (10.40) and (10.41) with n=I; 4: the same as for 3 but with n=2;

5: irreversible_two-ghase_patchwork [58], Eq. (10.38) or Egs. (10.40) and (10.41) with n=<



the theoretical value expected from (10.27). This phenomenon
was ascribed to an incomplete covering of the membrane by the
deposited phase AgY, which hypothesis has been underscored by
both experimental [57] and theoretical evidence [58] on solid-
state membrane electrodes. The reaction of AgCl with aqueous
iodide solution, for example, was shown to lead to the growth
of discrete Agl crystals on the membrane surface [57]. By this
reaction of the type (10.28), 1| ions are consumed and, simul-
taneously, Cl ions are liberated into the boundary zone of
the sample solution. The membrane electrode finally senses

the generated Cl rather than the originally present 1 . This
behavior is reflected, typically, by an apparent selectivity
coefficient KM~(app.) on the order of only 10™ [567, 59], in-
stead of the theoretical value of around 106 exhibited for
more ideal situations (Figure 10.7).

A formal interpretation of the apparent selectivity coeffi-
cients of solid-state membrane electrodes was offered first
by Hulanicki and Lewenstam [58]. These authors considered the
case where two solid phases coexist in thermodynamic equili-
brium with ions in solution. Accepting the equilibrium con-
dition for the ﬁgx and AgY phase, which both coexist at the
same value of allg and E, respectively, we obtain:

RT ,
Ex - — In [KxY ay] (10.3%)

r

where Kxy = bpa™/~pony* Accordingly, there exists a well-defined
relationship between the activities a% and ay that are main-
tained near the membrane surface via the solubility equilibria.
Such a relationship is usually not fulfilled for the bulk of

sample solution (activities ax and ay), however. This implies
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that activity gradients build up between the boundary and
the bulk of sample solution which give rise to diffusion of

ions. If the Nernst approximation [60] is used to describe
the ionic fluxes across the diffusion layer (thickness 6%) at
zero-current steady-state, one may write:

DX .

Jx ——ér (ax " ax} (10.35)
dy ,

Jy -—TT G@v " a) (10.36)
6

Jy + 3, =0 (10.37)

Combination of Egs. (10.34) - (10.37) then leads to the
following result for the activity a sensed by the membrane
electrode system:

" DX KXY DY KXY
ax 1 I ax + . " ay (10.38)

Dx KXY + °Y Dx KXY + °Y

This expression, suggested by Hulanicki and Lewenstam, in-
cludes some interesting features. For experimental situations
where the two-phase patchwork on the membrane surface re-
mains intact even in pure solutions of the anions Y , the po-
tentiometric selectivity will be obtained as

K G@mp.)y = —————= N (10.39)
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Accordingly, the intrinsic selectivity value dictated by the
solubility products is approximated only for anions Y discri-
minated by the AgX electrode, whereas in the other extreme an
upper limit of around 1 is predicted for the apparent selec-
tivity coefficient:

4°b(app.) =i1as , for LagX « LSgl (10.39a)
LAgY
~

KX~ @PP*) -7 * for LAgX >> LAgY (10.39b)
DX

Such discrepancies in the observed selectivity coefficients,
as indicated by Egs. (10.27) and (10.39b), were often reported
in the literature (see Table 10.2, Figure 10.8, and Reference
58). Although the anion selectivity sequence is commonly found
the same for all silver compound membranes, i. e.

S™ > 1 >Br SCN >Cl >OH ,

the extent of preference for a given species may highly depend
on the experimental conditions (membrane material, ionic com-
position and concentration of the test solution). This fact is
of considerable practical importance because it becomes
feasible, by select methods of electrode application, to create
an optimum in the ion selectivity behavior of a sensor.

The principal drawback of the diffusion model by Hulanicki
and Lewenstam [58] is that both phases AgX and AgY are claimed
to coexist in comparable quantities on the membrane surface,
irrespective of the composition of the sample solution. Thus,
for membranes equilibrated with pure solutions of X
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(Bg- (10.38) with = 0), it leads to the absurd situation
that the predicted selectivity for the primary ion depends on
parameters of a hypothetical interfering ion. This dilemma
may be overcome if Egs. (10.35) and (10.36) of the former
treatment are replaced by the following ones:

i °oX L .

IX= - o (ax "V oxx (10-35)
Di .

1Y o (@Y " aYs xv (10.362)

where x and xv = I-xv are the fractions of the membrane sur-
face covered by the phase AgX and AgY, respectively. These
corrected expressions for the mean flux densities take into
account that diffusion of a species is restricted to that
surface area of the membrane that is occupied by the correspon-
ding silver salt. By using these equations instead of the
former ones, we arrive at the following generalized result:

. °XKXYXX , °YKXYXY
ax 1 , ax . . aY
dxkxyxx+dyxy dxkxyxx+dyxy

(10.40)

This modified description includes both the normal limiting
cases realized for concentrated solutions of one sort of
anions (for ax = 0 and x» = 0, or ay = 0 and xy = 0) and the
intermediate case discussed by Hulanicki and Lewenstam (for
xx = XY = 0.5). On the other hand, the quantities xx and xy
entering into Eq. (10.40) must be considered as additional
variables that cannot be expressed strictly in terms of out-
side ionic activities. To facilitate the illustration of

the encountered selectivity phenomena, notwithstanding, the
following empirical approximation was introduced which is
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Table 10.2. Calculated and experimental selectivity coefficients of silver halide membrane

electrodes
Electrode system K§9t ”POt(app.) K&?t’ﬂmfs.y
Agx/X", Y according according values Literature data
to Eg.(10.27)a to Eq.(10.39)a determined by compiled by

Hulanicki and Hulanicki and
Lewenstam [58] Lewenstam [58]

AgClzCI™, iv 2.1-106 1.0 86.5b
1.8- 106 (10_1m)C

AgCli/CI™, Br" 3.5-102 1.0 2.1 (10_3w 1.2 - 3.3-102
3.3-102 (10_1Wm)

AgBr/Br', SCN- 0.42 0.28 0.34 (10_3w) 0.20 - 0.65
0.37 (10_1w)

AgBr/Br*, CI* 2.8«10~3 2.810~3 5.6-10_3 (10_3Mm) 1.8=10_3-1.0=l10"2
2.9- 10-3 (10_1wm)

Agl/z1, CI” 4.7«10~7 4.7-10~7 6.6-10-6 b
5.6- 10-7 (10_1M)C
3.7- 1 ¢

a Solubility products according to Table 10.1; Dj/Dg”=1.01, Dgr/DQ”=1.03, DSCN/DBr-0784-
Values given in Ref. 59. c Values given in Figure 10.7. Value given in Refs.5, 7 and 37.



analogous to the formalism applied for mixed phases:

1/n
XY /XXYay\

; (10.41)
rvyv;
Figure 10.8 shows some calculated emf-response curves for
mixed aqueous solutions. It clearly demonstrates that the
formation gf a two-phase patchwork on the membrane surface may
lead to unusual response- and selectivity phenomena? only the
case 0 is found to agree with the corresponding results ob-
tained for a mixed-phase covering of the electrode. The prac-
tical selectivity of such systems will finally be determined
as

N 1
JPot, . 799N Lagx! M7
KXY @PP-) = 1-7) T 2- (10.42)
_"DX *  LAgY

where n is an experimental parameter. For the combination
AgCI/Cl , Br characterized in Figure 10.8 and Table 10.2,
the corresponding "experimental' selectivity coefficients are
obtained as 19 (=) , 7 (n=2) , or even only 1 (=), instead
of the "theoretical” value of 355 (n=0) deduced from solubi-
lity data alone.

10.6. POTENTIAL RESPONSE AND SELECTIVITY OF SILVER HALIDE
MEMBRANES TOWARDS DIFFERENT LIGANDS

In contrast to the previous section, negatively charged
ligands as well as neutral species forming discrete complexes
with Ag+ are considered here. Since subh ligands react with
the membrane material according to:
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nLv + AgX Agl~l nv + X (10.43)

forming X , a detection of these ligands becomes possible
[16]- For a sample solution containing the ligand LV and
possibly anions X at an activity a]i and ay » respectively,
the approximation holds:

aL + 1 naAgL = aL (10>44)

A somewhat more rigorous treatment may be found in the appen-
dix of Ref. 42. For sufficiently high activities a or ail, the
complexed silver ions dominate relative to free Ag+ at the
phase boundary and therefore Eq. (10.7) is applicable in the
form:

z 1

. aAgL’n =ay - g, +a (10.45)

In addition, the solubility product, Eq. (10.20), and the
description of the complex formation:

as T = s ala (10.46)

are used in the following treatment. Since Ag+ generally
forms linear 1:2 complexes (n=2 in Egs. (10.43) - (10.46))
the following quadratic equation in a® may be derived:
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r, n \ 12 ,
432 laAg 2 alL + axj " LAgXj + aAg(aX a LAgX O  (10.47)

This equation may be further simplified for the cases discussed
below.

a) Samgle_solution_containing_ligand_L™ onlY

For ax = 0, Egs. (10.5), (10.20), and (10.47) combine to:

RT 2Ka2

E=E°— 1IN —————————— - (10.48)
F 4KaJ_i+ a+1/4Kal}+a

" - 62La<x (10-49>

The parameter Kk stands for the relative complex formation
constant, defined by reaction (10.43), and is a major factor
determining the selectivity exhibited by the ligand/membrane
combination. In Figure 10.9, the relative emf of a given
sensor (E-E°) is plotted as a function of k for different
activities (for Ag.,S membranes, see later). The surprising-
ly good agreement corroborates the basic assumptions made.
Three major parts are discerned in Figures 10.9a-c.

Region” (right hand side in Figures 10.9a-c): 4k >> 1.
Equation (10.48) simplifies to

RT /1 \
E=Ex -7 In VI ab) (10-50)
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0 5-tog[p2-LAgzXVz]

Figure 10.9. Comparison of the calculated (solid and dashed
lines) and the experimental (circles) EMF response of diffe-
rent ligand/membrane combinations (25°C) [42]. The ligand
activities aT are 10_1,110_2, and 1073 M for A, B, sind C,

respectively. Dashed lines denote silver sulfide membranes.
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The term 1/2 alL is due to the fact that the complexes AgL"
are predominant at the phase boundary and therefore a for-
mation of a]'1 = 1/2 aT (reaction (10.43)) has to be expected.
For such values of k, the emf of the corresponding electro-
chemical cells is independent of k (horizontal lines in Fi-
gures 10.9a -c) and the linear range of the response of the
electrode system to the ligand activity in the sample solution
(e.- g-, aCN~) shows a slope of -59.16 mV (25°C).

2
Region_2 (center part in Figures 10.9a-c): 1 > 4k > (a/ad) .

Equation (10.48) is reduced to

RT
———In (TKcD (10.51)

m
1

In this case, the free ligands LV dominate at the phase boun-
dary} the activity of the anions formed by reaction (10.43)

is, however, larger than the concentration a of leached/ad-
sorbed silver ions. In similarity to region 1, the emf-response
has a slope of -59.16 mV (25°C). In contrast to the previous
case, the emf now depends both on the ligand activity as well
as the complex formation behavior of the ligand. The center
portions of the plots in Figure 10.9, therefore, have a slope
of -59.16 mV, as demanded by Eq. (10.51).

- - - - 2
Region_3 (left hand side in Figures 10.9a-c): 4k << (al/alL) .
Equation (10.48) may be rewritten in the form:

RT RT
E=E°+— Ict-2- In (V7aT) (10.52)
X F F L

In this case, the ligand does not really dissolve the mem-
brane material but may still react with the fraction of
leached or reversibly adsorbed silver ions. Such a behavior
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has to be expected, in general, for extremely insoluble silver
compounds and ligands forming relatively weak complexes with
Ag+. The slope of the electrode response function becomes
-118.32 mV (25°C). Similarly, the emf depends linearly on

log VP with a slope of -118.32 mV (Figure 10.9). For K << 1
this means:

/ ¥ \ / %E N
slope s = -———————- = - (10.53)

b

When using Ag2S membranes, the ligands generally used no
longer dissolve this material to an appreciable extent. A de-
tailed study has shown that Eq. (10.52) is applicable to this
case where:

K = R2LAg2S12 (10-5%)

Hence a straightforward explanation is obtained for the un-
common slope s of -103 mV reported for the emf-response of an
Ag2S membrane to cyanide ions [25]. The theoretical slope
according to Egs. (10.52) and (10.53) takes on the value
-118.32 mV (25°C). The corresponding functions are presented
by dashed lines in Figure 10.9. Since a has been assumed to
be the same for Ag2S and AgX-Ag2S, which were used to obtain
the experimental results [15], the dashed lines coincide with
the solid lines for decreasing K.

Figures 10.9 may be used to assess the practical applica-
bility of different sensor materials in the determination of
the activity of a given ligand. If a point representing a
given combination of sensor material and ligand falls into
one and the same region at different levels of alL, this
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system is theoretically suitable and exhibits a linear emf-
response function.

The lower detection limit for ligands L\)_ is given by ex-
pressions which are similar to those for anions (see Section
10.3). This is reasonable since membrane-active species, such
as CN , exert a thermodynamically predictable effect on the
activity of the primary anions, which is sensed by the elec-
trode. A formal description of the emf in the range of low
activities could be obtained by including the activity of free

silver ions, aan» in Eq. (10.45).
b) Sample_solution_containing_both_ligands_L”~ and_anions_X_

For activities ax>>a, Eq. (10.48) has to be replaced by a
different emf-relationship [42]. The following limiting case
is obtained for k >> 1:

RT 1 1 ¢
E=EXx-— 1in | + - aj (10.55)

and for Kk << 1:

RT r a 4
E=E°-——In a + K- a (10.56)
F L* ax L

Equation (10.55) shows in comparison with (10.50) that the
selectivity of an AgX membrane is the same for separate so-
lutions containing either LV or X and mixed solutions con-
taining both species. This has experimentally been demon-
strated to hold for LV = CN by Pungor and Toth [37] and
Bound, Fleet, von Storp, and Evans [39]. A refined theoreti-
cal model, taking into account the diffusion of CN~ and X-

across the aqueous boundary layer (in analogy to Section
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10.5.c , leads to the following selectivity constant [16, 35,
39, 42]:

Pot = °CN
X"CN ~ 2 Dy

(10.57)

A value of 0.61 is calculated for the cyanide/iodide selecti-
vity which compares favorably with the approximative value of
0.5 derived above as well as with experimental results [5,

37, 39, 61]. An even more complicated theory was called upon
to quote a value of 0.59 [58].

In contrast to ligands being considered as strong complex
formers (kK >>1), those forming weak complexes (k << 1) behave
differently. A comparison of Eq. (10.56) with (10.51) and
(10.52) indicates that the selectivity now highly depends on
the composition of the sample solution. The use of the term
"selectivity constant” is therefore not appropriate. The inter-
ference in the determination of anions by ligands forming
weak complexes with Ag+ may easily be estimated using
Eq. (10.56).

206



REFERENCES

[11
21

31
41

=1
(6l
71

[8]

[©1

[10]

[11]

[12]

[13]

[14]

[15]

[16]
[17]

G. Trumpler, Z. Phys. Chem. 99, 9 (1921).

I. M. Kolthoff and H. L. Sanders, J. Am. Chem. Soc. 59,
416 (1937).

H. J. C. Tendeloo, J. Biol. Chem. 113, 333 (1936).

E. Pungor and E. Hollés-Rokosinyi, Acta Chim. Hung. 27,
63 (1961).

E. Pungor and K. Toth, Pure Appl. Chem. 34, 105 (1973).

E. Pungor and K. Toth, Pure Appl. Chem. 36, 441 (1973).

E. Pungor and K. Toth, in lon-Selective Electrodes in
Analytical Chemistry (H. Freiser, ed.), Plenum Press,

New York, 1978.

M. S. Frant and J. W. Ross, Jr., Science 154, 1553 (1966).
R. A. Durst, ed., lon-Selective Electrodes, National
Bureau of Standards Spec. Publ. 314, Washington, D. C.,
1969.

J. W. Ross, Jr., "Solid-state and liquid membrane ion
selective electrodes”, chapter 2 of ref. [9].

J. N. Butler, "Thermodynamic studies®, chapter 5 of
ref. [9]-

R. P. Buck, paper presented at the International Work-
shop on lon and Enzyme Electrodes in Biology and Me-
dicine, Schloss Reisensburg (near Ulm),Germany, Sep-
tember 15-18, 1974.

A. K. Covington, “Heterogeneous membrane electrodes”,
chapter 3 of ref [9].

G. J. Moody and J. D. R. Thomas, Selective lon Sensitive
Electrodes, Merrow Publishing Co., Watford, 1971.

G. Kahr, Beitrag zum elektromotorischen Verhalten von
ionenselektiven Festkdrpermembranelektroden, Disser-
tation ETH, Juris, Zurich, 1972.

J. Koryta, Anal. Chim. Acta 61, 329 (1972).

J. Koryta, lon-Selective Electrodes, Cambridge Universi-
ty Press, Cambridge, 1975.

207



[18]
[19]
[20]
[21]
[22]
[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]
[34]
[35]

[36]
[37]

R. P. Buck, Anal. Chem. 44, 270R (1972)} 46, 28R (1974).
R. P. Buck, Anal. Chem. 48, 23R (1976).

R. P. Buck, Anal. Chem. 50, 17R (1978).

R. P. Buck, Crit. Rev. Anal. Chem. 5, 323(1975).

R. P. Buck, 1in lon-Selective Electrodes in Analytical
Chemistry (H. Freiser, ed.), Plenum Press, New York,
1978.

K. Cammann, Das Arbeiten mit ionenselektiven Elektroden,
Springer-Verlag, Berlin, 1973.

P. L. Bailey, Analysis with lon-Selective Electrodes,
Heyden International Topics in Science (. C. Thomas,
ed.), Heyden, London, 1976.

J. Vesely, 0. J. Jensen, and B. Nicolaisen, Anal. Chim.
Acta 62, 1 (1972).

J. Vesely, Coll. Czech. Chem. Comm. 36, 3364 (1971).

J. Siemroth, 1. Hennig, and R. Claus, in lon-Selective
Electrodes (E. Pungor, ed.), Akadémiai Kiaddé, Budapest,
1977, p- 185.

H. Hirata, K. Higashiyama, and K. Date, Anal. Chim.
Acta 51, 209 (1970).

H. Hirata and K. Higashiyama, Anal. Chim. Acta 54, 415
1971).

H. Hirata and K. Higashiyama, Z. Anal. Chem. 257, 104
(1971) .8

E. H. Hansen, C. G. Lamm, and J. Ruzicka, Anal. Chim.
Acta 59, 403 (1972).

M. Mascini and A. Liberti, Anal. Chim. Acta 64, 63 (1973).

J. Vesely, Coll. Czech. Chem. Comm. 39, 710 (1974).
K. Téth, Ph. D. Thesis, Veszprém, 1964.

W. Jaenicke, Z. Elektrochem. 55, 648 (1951)} W. Jaenicke
and M. Haase, Z. Elektrochem. 63, 521 (1959).

R. P. Buck, Anal. Chem. 40, 1432 (1968).

E. Pungor and K. Toéth, Analyst 95, 625 (1970)} Hung.
Sei. Instruments 18, 1 (1970).

208



[38]

[39]

[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]
[511

[52]

[53]

[54]

[551

W. E. Morf, D. Ammann, E. Pretsch, and W. Simon, Pure
Appl. Chem. 3., 421 (1973) .

G. P. Bound, B. Fleet, H. von Storp, and D. H. Evans,
Anal. Chem. 45, 788 (1973).

F. G. K. Baucke, Electrochim. Acta 17, 851 (1972).

J. Havas, IUPAC International Symposium on Selective
lon-Sensitive Electrodes, paper 30, Cardiff, 1973.

W. E. Morf, G. Kahr, and W. Simon, Anal. Chem. 46, 538
(1974).

H.-R. Wuhrmann, W. E. Morf, and W. Simon, Helv. Chim.
Acta 56, 1011 (1973).

R. P. Buck, in lon and Enzyme Electrodes in Biology and
Medicine (M. Kessler et al., eds.), Urban & Schwarzenberg
Munich, 1976.

J. Bagg and G. A. Rechnitz, Anal. Chem. 45, 271 (1973).

Handbook of Chemistry and Physics, 52th ed., Chem. Rubber
Publishing Co., Cleveland, Ohio, 1970.

L. R. Sillén and A. E. Martell, Stability Constants of
Metal-lon Complexes, Spec. Publ. No. 17, The Chem. Soc.,
London, 1964.

R. A. Durst, “Analytical techniques and application of
ion selective electrodes®, chapter 11 of ref. [9].

W. Simon, presented at the Euchem Conference on Trace Ana
lysis in Complex Mixtures, Baden bei Wien (Austria),

May 9-11, 1978.

R. A. Durst, private communication.

J. D. R. Thomas, presented at the International Confe-
rence on lon-Selective Electrodes, Budapest, 5-9 Sep-
tember, 1977.

J. Gulens and B. lkeda, Anal. Chem. 50, 782 (1978).

Analytical Methods Guide, 7th ed., Orion Research Inc.,
Cambridge, Mass., 1975.

V. Rothmund and G. Kornfeld, 2. Anorg. Allgem. Chem. 103,
129 (1918).

G. Eisenman, ed., Glass Electrodes for Hydrogen and
Other Cations, Dekker, New York, 1967.

209



[56]

[57]

[58]

[591

[60]
[61]

H. Garfinkel, <"Cation-exchange properties of dry sili-
cate membranes®, in Membranes, Vol. 1 (G. Eisenman, ed.),
Dekker, New York, 1972.

H. A. Klasens and J. Goossen, Anal. Chim. Acta 88, 41
977).

A. Hulanicki and A. Lewenstam, Talanta 23, 661 (1976);
24, 171 (A977).

lon-Selective, Solid-State Electrodes for lodide, Bromide,
Chloride and Cyanide Type IS 550, Philips, Eindhoven.

W. Nernst, Z. Phys. Chem, 47, 52 (1904).

B. Fleet and H. von Storp, Anal. Chem, 43, 1575 (1971).

210



Chapter 11

Liquid-Membrane Electrodes Based on Liquid lon-Exchangers

Porous membranes with fixed, electrically charged ion-ex-
change sites were developed especially in the nineteen twen-
ties and thirties as models for biological membranes (for a
review, see Michaelis [1, 2] and Sollner [3, 4]). Such mem-
branes exhibit a strong tendency towards permselectivity,
which means that they are easily permeable for counterions
(ions attracted by the ion-exchange sites) but poorly per-
meable for the oppositely charged coions (ions repelled by
the ion-exchange sites). The theory of ion transport across
porous membranes was pioneered by Teorell [5-7], Meyer and
Sievers [8, 9], and was later generalized by Schlogl [10-13]
and by Helfferich [13, 14] (see also Chapters 4 and 7). More
recently, a modern theory of the irreversible thermodynamics
of membrane transport has been developed [15-19] that provides
a fundamental background for the physics of porous membranes
(for a review, see [20-23]).

Liquid ion-exchange membranes are homogeneous phases,
formed from water-immiscible organic liquids so as to be de-
void of aqueous pores, and based on mobile ionic or ionogenic
components, such as hydrophobic acids, bases, or salts. Such
systems were First studied systematically in 1933 by Beutner
[24]- In his important work, he already drew the remarkable
conclusion that liquid membranes might respond as electrodes
to changes in external solution conditions. The potential
response was postulated to be due to the phase boundary po-
tentials which reflect the partition equilibria between the
aqueous solutions and the membrane phase. An extension of the
work of Beutner was performed by Kahlweit et al. [25-28] who
applied the fixed-site concepts of the classical Teorell-
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Meyer-Sievers theory to describe the potential response of
liquid ion-exchange membranes, thereby also taking into account

the membrane-internal transport processes. However, this Teorell-
Meyer-Sievers approach of liquid membranes, for evident reasons,
constitutes a correct description only for fortuitous situa-
tions where the basically mobile charged sites can be regarded

as "Fixed", i. e. as trapped and evenly distributed within the
membrane phase. An adequate theoretical formalism that is
applicable to the membrane systems used in analytical devices
became available only in 1967 owing to the remarkable contri-
bution by Sandblom, Eisenman, and Walker [29]. These authors
first developed rigorous relationships for the electrical
properties and transport processes in liquid ion-exchange mem-
branes and also took into account the possibility for association
or complex formation between ionic sites and counterions. Part
of the following discussion will be devoted to the original

theory by Sandblom et al. [29, 30]. We shall demonstrate, how-
ever, that the key results of this theory are all easily de-
ducible from the rather universal formalism of membrane trans-
port elaborated in the preceding part (see also [31, 32]).

11.1. MEMBRANE MATERIALS AND OBSERVED ION SELECTIVITIES

Most of the exciting early work in the field of ion-
exchange membranes was carried out on solid (porous) membranes.
As of the later sixties, when the first ion-selective liquid-
type membranes were introduced [33-41], this class has become
a focus of attention. Whereas the porous membrane is at best
capable of producing permselectivity for a given class of ions
(cations or anions, depending on the charge of the ion-ex-
change sites involved), it is the compact or liquid counter-
part that may exhibit increased selectivity or even speci-
ficity for a given sort of ions. In fact, it follows from
elementary theoretical arguments that the selectivity of the
membrane medium (solvent) in the extraction of counterions
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becomes operative only in the absence of aqueous pores, and
that the ion-binding specificity of the incorporated sites or
ligands can be exploited only if an adequate mobility of
these charge carriers is guaranteed (see also below).

It goes without saying that the development of the first
ion-selective electrodes based on liquid ion-exchangers was
accomplished more or less intuitively. All the same, a number
of these membrane systems (see Table 11.1) have withstood
attempts at displacement by superior formulations and are
still attractive components for potentiometric sensors. Three
groups of liquid ion-exchanger electrodes have attained
special analytical significance:

a) Pi"Yal22bli221822ailiYi_2122brodes_based_on_di alkyl;
PIRaE7aY8a_2i_8iaiYIEilosE~aYes dissolved in appropriate
§21Y2DE£2i Such membrane electrodes with considerable specifi-
city for calcium ions (membrane solvent: dioctylphenylphos-
phonate), respectively with comparable selectivities for cal-
cium and magnesium (solvent: 1-decanol) were introduced in
1967 by Ross [34, 35]. Significant improvements of the calcium
electrode were realized by Moody et al. [562] and particularly
by RuSi6ka et al. [56] (see Table 11.2). A review on the
membrane compositions and reported selectivities of different
calcium electrodes has been given elsewhere [57]. A recently
described electrode [58], which also shows selectivity for
magnesium and calcium ions, is based on different principles.

b) 7toton-sensitiye_electrodes_based_gn_organic_ammonium ions
i8211S8E_aS™ 8bean_[332i_Coetzee_and_Freiser_”"382].i_respecti-
Y8iY_22 2i2aSI2 225E12£28 2F O121s8iiii). SD[LIT22.111)_(Ross
[3522.. Tb® selectivities of such systems among anions depend

to a large extent on the membrane solvent used, on the membrane
preparation [59], and also on the external solution conditions
(see Sections 11.2 - 11.4). The selectivity sequence, however,
is commonly the same and follows the Hofmeister lyophilic
series [33, 60], i. e.
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R >CIO™ > 1~ >NO~ > Br- >CI" > F~

where R symbolizes highly lipophilic organic anions. As a
rule, the discrimination of liquid anion-exchange membranes
between different counterions is less pronounced (when com-
pared, e. g., with the silver compound solid-state membranes),
which makes them appropriate as sensors for various anions,
such as nitrate, chloride, or perchlorate [35, 38, 44, 61].
Because of their lack of ion specificity, these electrodes

can be applied only for analyses of solutions that meet a
number of restrictive criteria.

C) £ation-sensitive_electrodes_based_on_tetra_(£-chlorofhenyl} -
b2rate or_similar_ani2ns_diss2lyed_in_nitroaromatic solvents
JBaum_and_coworkers_[40L_482i_Scholer_and_Simon_H12).i The
selectivity behavior is analogous to that of the anion-ex-
changers summarized above. Thus, the selectivity sequence is

R+ > Cs+ > Rb+ > K+ > Na+ > Li+

Membrane electrodes of this type were introduced as sensors
for potassium ions [40] and have found acceptance in biologi-
cal applications [61-63] although they suffer from an

immense selectivity for large organic cations. Indeed, such
electrodes can be used for the direct potentiometric deter-
mination of acetylcholine [48], tubocurarin [41], and other
lipophilic quaternary ammonium ions [41] in the presence of
ionic backgrounds corresponding to blood serum.

A deeper understanding of the ion-selectivity behavior of
membrane electrodes with liquid ion-exchangers is obtained
from theoretical results which are discussed in the following.
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S5S

Solvent

Table 11.1. Properties of some classical
Membrane composition
Counterion lon-exchange site
(Primary
ion)

Sensors for anions

Not given Lauryl(trialkyl-
methyl)ammonium
ion
(Amberlite LA-2)

NO3 Ni (o-phen) 3+

C10} Fe (o-phen) %;

Cl Dimethyldistearyl-
ammonium ion

Various Methyltricapryl-

anions ammonium ion
(Aliquat 336S)

Various Tetraheptyl-

anions ammonium ion

cic+4 Dodecyloctyl -
methylbenzyl -

ammonium ion

Benzene or
xylene or
nitro-
benzene

Not given
(gtl—z‘ﬁggne?)

Not given
(decanol?)

1-Decanol

Benzene

Nitrobenzene

liquid

ion-exchange membrane electrodes

Selectivity sequence

SCN >>C1 , I >Br

Clo“>1“>NO~>Br->Cl-~F-

CiC4>1 >NC3>Br >Cl1 >F~

SCN >C1C4>1 >NO >Br >C1

Pdcl£ > anI42_>NO__>Br >C1

Reference
33
35, 42,43
35
38, 44
45
42
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(Continued)

I , NO~, Br Tetraalkyl-

ammonium ion
Sulfonates Hexadecyl -
(anionic pyridinium ién
detergents)

Sensors for monovalent cations

H+ Oleate

K+ Tetra(p-chloro-
phenyl)borate

Acetyl- Tetra(p-chloro-

choline phenyl)borate

Various Tetraphenylborate

cations or dipicrylaminate/
thenoyltrifluoro-
acetone

Quaternary Tetraphenylborate

ammonium ions or picrate
K+ Dipicrylaminate

Initially no ions present
in the membrane

Chlorobenzene

Nitrobenzene

Nitrobenzene

3-Nitro-o-

xylene/
p-hexylnitro-
benzene

3-Nitro-o-
xylene

2-Nitro-p-
cymene

Nitrobenzene

Xylene

Dioctyl-
phthalate

46

47
Cs+>Rb+>K+>Na+>Li+ 39
K+>Na+t 40
Acetylcholine > choline 48
R+ >Cs+>Rb+>K+ >Na+>Li+ 41
R+ : organic "onium"™ ions, e.g.

alkaloids, surfactants,etc.
49
50

(C6H13)AN+>(c5h 11}4AN+>(C4Hg) 4N+ 51
> (C3H7)h+>k+>h+



(Continued)
Sensors for divalent cations

Ca2+ Dioctylphosphate or
didecylphosphate

Ca2+ & Mg2+ Dialkylphosphate

Caz2+ Thenoyltrifluoro-
acetone

Heavy Dithizonate or

metal ions 2- (alkylthio)-
acetate

Dioctylphenyl-
phosphonate

1-Decanol

Tributyl-
phosphate

Dipentyl -
phthalate,
xylene, or
other solvents

H+>>Zn2+>Ca""l~Fe2+~Pb2+>Cu2+
>Ni2+>Sr2+~Mg2+~Ba2+>Na+

Zn2+—~Fe2+Cu2+>Ni2fCa2+=Mg2+
~Ba2+>Sr2+>Na+

Ca2+>Mg2+>Na+

Various selectivity sequences

36, 37

35, 53-55



N

2+
Table 11.2. Selectivities of Ca electrodes based on liquid ion-exchangers [56]

i ,,POt . .2t
Selective membrane KcaM “or 10n M
components™S @ oo
Na+ K+ Mg2+ Sr2+ Ba2+ H+ Zn2+
DDP*“/DOPP -3.50C -4.00 -1.85 -1.77 -2.00 8.00d 0.51
DOPP~/DOPP -5.20C -5.70 -3.60 -1.77 -3.60 4.20d -1.22

-4 _.70e

a Reported selectivities as obtained from the separate solution method, except where foot-
notes c-e apply. For a detailed discussion, see Reference 57.

b DDP : didecylphosphate; DOPP : di(p-octylphenyl)phosphate; DOPP: dioctylphenylphosphonate.
€ Fixed interference method, using Ca2+—buffered solutions.
d Fixed primary ion method (varying pH).

e Value estimated from the basic calibration curve in Reference 56.



11.2. IMPLICATIONS OF THE GENERAL MEMBRANE THEORY

In this section we make use of some results of the general
membrane theory, worked out in Chapters 3-7 and summarized In
Chapter 9, that are basic to the rationalization of liquid-
membrane electrodes.

11.2.1. Potential_Resgonse of lon-Exchan2e Membranes_ to Mono”

As the first example we consider a cation-exchange liquid
membrane in contact with aqueous solutions of two cations I+
and J+. The predominant species existing within such a membrane
phase are the free sites S and the free counterions I+ and J+
(case of complete dissociation of ions), respectively electri-
cally neutral complexes of the type IS and JS (case of nearly
complete association). OF these species, only the charged
forms exert a direct influence on the electrical potential,
whereas the neutral complexes have a more or less regulationary
effect on the population of free ions in the membrane. Hence
we may immediately substitute a relationship of the form (9.7)
to describe the membrane-internal diffusion potential for the
present case:

RT  a O + a. O RT  a ©
E = @1 — In— ————— 3——--T— In ——- @1.1)
F a,@ g a-(d F aid)

where:

7= o US a1.2)

As was shown in Chapter 4, this expression is based on the
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primary assumptions of a zero-current steady-state, of electro-
neutrality, and of equal mobilities of comparable ionic forms
within the membrane. The boundary potential contribution can

be formulated, according to Eq. (9.4), as follows:

RT w.k.a". + w.k.a". RT w.k.a" + w.k.a"
E = _ m —+-L-i nna- m JL+xA2-L 2(11.3)
F Wiar (0O)+wjaj @) F wran(d)+Wjan(d)

where w® and w" are appropriate weighting factors (see below).
Assuming conservation of ion-exchange sites within the mem-
brane, we may use the following approximation to eliminate the
unknown quantities ag(@ and ag({ in Eq. (11.1):

as®® + a.s®® + ajs® X = const(x) 11.%

where X denotes the total activity of sites. Combination of
Egs. (11.1) and (11.3) then leads to a straightforward descrip-
tion of the potential response and the ion-selectivity be-
havior of the membrane.

In the case of nearly complete dissociation between sites

and counterions, such as obtains for non-complexing ionic
compounds in comparatively polar membrane media [64], we have

a @ = a_@ = X (11.5)

and as a consequence of the electroneutrality assumption:

ar0) + 220 =ar@ + a, @ (11.6)
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The diffusion potential of membranes that meet the mentioned
requirements therefore approximates zero, as becomes evident
from Eq. (11.1). Finally, one obtains the following expressions
for the membrane potential (see Eq. (11.3) with wi = w = 1),

respectively for the emf E of the membrane electrode assembly:

RT k.a! + Kk .a~
E =—- 1In — k1 a.mn
F K.a" + k d!
11 33
and
RT r n
E=E?2+—- In a + KPot &.. (11.8)
1 F L1 "3 3j
where
KPot - —i 11.9
4 *1

Equation (11.9) demonstrates that the ion selectivity of
dissociated ion-exchanger membrane systems is dictated al-
most exclusively by the extraction properties of the membrane
solvent used-. A convincing example for such a relationship is
given in Figure 11.1. The documented correlation between the
observed selectivity coefficients and the known ratios of
single-ion distribution constants [41, 64] is astounding and
clearly corroborates the basic theoretical results. In addi-
tion, it nicely illustrates the aforementioned marked pre-
ference of corresponding membranes for large, lipophilic
counterions. The differences in the selectivity factors in
Figure 11.1 indeed amount to several orders of magnitude.
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Figure 11.1. Correlation between the potentiometric selectivity
factors, KE%’\:/I, and the ion-exchange equilibrium constants,

ACsM = kM~kCs*™ for a li(Quid membrane electrode based on the
solvent 2-nitro-p-cymene [41]. Tetraphenylborate anions were
incorporated as dissociated exchanger sites for cations M+.
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An easy explanation for such behavior may be obtained through

the definition of the ionic distribution coefficient ké

R. = exp -2-F——- + 1.10)

AG;»r is the free energy of hydration of species J, and AG;,j
is the free energy of solvation for the same species- in the
membrane medium. Since AG;’ 3is normally the decisive energy
term, we conclude that poor hydration of ions favors their
extraction into the liquid membrane and vice versa. In some
cases, It is possible to even get a qualitative correlation
between the logarithms of the selectivity coefficients and
the corresponding hydration energies [44, 64, 65]. Figures
11.2 and 11.3 show such correlations for a cation-selective
electrode based on tetraphenylborate sites, respectively for
anion-sensors based on quaternary ammonium ions. Although in
the latter case association between ion-exchange sites and
counterions may become important, it obviously has little
influence on the ion-selectivity behavior of the system [38,
44, 45, 65-67]. Thus, the selectivity sequence of different
anion-sensitive liquid membrane electrodes is typically the
same and follows the lyophilic series (see Figure 11.3 and
Table 11.1). The range of available ion specificity, on the
other hand, is mainly a function of the membrane solvent used.
A comparatively high discrimination between different counter-
ions is obtained when using nitroaromatic solvents (Figures
11.2 and 11.3 and Table 11.3), whereas modest selectivities
are reported for membranes with decanol which is found appro-
priate for sensors for chloride.

When using nonpolar solvents as membrane liquids and/or

strong complexing agents as incorporated sites, it is possible
to encounter situations where association (ion pair formation
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Figure 11.2. Dependence of the observed selectivities of a
cation-exchange membrane (Figure 11.1) on the free energies of
hydration of cations.

224



Fiqure 11.3. Correlation between the EMF response of anion-
sensitive liquid membrane electrodes to 10_2M solutions of
different anions and the corresponding free energies of hydra-
tion [65]. The membrane contained quaternary ammonium ions in
o-nitrophenyl octyl ether (=), respectively in methyl decyl
ketone (0).-
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or complexation) between sites and counterions becomes almost
complete. The residual small number of free charge carriers in
the membrane, nevertheless, remains decisive for the formation
of the transmembrane potential. Hence Egqs. (11.1) and (11.3)

are still valid. Equation (11.4) leads to the following approxi-
mation for associated ion-exchangers:

ais@ + ajs@©) = ais@ + ajs@ = X (11.11)

or

20 _ K200 a1.12)

as © Kisai (d) + Kjsaj @)

where KIS and st are the stability constants of the respective
complexes in the membrane. Combination of Eq. (11.1) with ex-
pressions of the type (11.3) (inserting Wq = KiS and W] = KBS’
respectively wi = w* = 1) is now easily accomplished. The

final result for membranes with associated cation-exchangers

and monovalent counterions reads:

RT K,al'+ kKk.a R T K.K.a™kK . K .a
EM=(1-T) — In — ———-l] + X - In JsJJ (11.13)
Fooo kg + G Foo Epkgagmiagkas

or, after some reduction:

RT r e 1 RT r ‘
E=E?+ (I-T) — In a"+K,i al + T— In a"+K1 "al (11.14)
1 F 1 J f ~ J
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Table 11.3.

Anion X-

Clo*

NO~
Br

Clu

Selectivities of CION electrodes

ion-exchangers

Electrode in
Fig. 11.3
[65]a

0.0
-1.9
-3.0
-3.9

-5.1

Pot
i0g KC104X

ORION
electrode
[35]b
0.0
-1.9
-3.0
-3.3

-3.7

based on liquid

Theoretical
valuesO

0.0

-1.9

-3.8

a N ,N-dimethyl-N-hexadecyl-N-({-decyloxycarbonyl)ethyl

ammonium salt in o-nitrophenyl octyl ether.

1:3 complexes of iron (IlI) with substituted o-phenan-

throline in nitrobenzene (see Table 11.1).

Values log(kx/kcl0”®) obtained from single-ion extraction

constants k [64] for the system water-nitrobenzene at

25°C.

where the selectivity factors are evidently given by

m km
= -1
J kg
K. K
K"?1 -

4 Kiskl

(11.15)

(11.16)



In contrast to the Nicolsky-type potential function (11.8), as
obtained for the situation with dissociated exchanger sites,
Eq. (11.14) constitutes a three-parameter description of the
electrode response and the involved ion selectivity. The
additional parameters are t, which is the electrical trans-
ference number of the free sites in the membrane (see

Eq- (11.2)), and a second selectivity factor, reflecting the
ion-binding properties of the sites or ligands. The latter
term can be identified with® the equilibrium constant of the

following ion-exchange reaction:
ISM + J+(aq)i=» Js(m) + I+ (@) ai1.17n

By subdividing this reaction into a number of suitable steps,
one may derive an alternative formulation of the site-induced
selectivity (see also Chapter 12):

122 KW k. KW
) =J 2] » « JE (11.18)

2
B KL ks K

K

where the complex stability constants K. and K. refer to
aqueous solution. The selectivity term 12) thugsturns out

to be approximately independent of the membrane solvent since
the distribution coefficients k15 and 53 of the involved neu-
tral, isosteric complexes are presumed to be quite similar.
Inspection of Eq. (11.14) makes clear, however, that the ion
specificity inherent to certain electrically charged com-
plexing agents can never be fully exploited in ion-selective
membrane electrodes. Evidently, the potentiometric selectivity
behavior of such devices usually depends in a rather compli-
cated way on both the membrane solvent and the incorporated
sites. An emf-response function of the familiar type (11.8)
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can be deduced only for situations where T = 0 (i. e. for

fixed sites) or where = K”s (nonspecific sites)*)- How-
ever, under such conditions the sites are seen to be no longer
capable of modifying the membrane®s selectivity betweerr counter-
ions. The desirable condition for an exclusive selectivity
control by the ligand sites would be T = 1 (infinitely mobile
sites) which cannot be fulfilled in reality. This could ex-
plain the fiasco experienced when attempts were made to utilize
negatively charged ionophores, such as nigericin or monensin
[68], as components in highly selective sensors for alkali

ions. In contrast to this, a wide- range of ion specificities

is accessed by the incorporation of electrically neutral iono-
phores into liquid membranes, as will be demonstrated in
Chapter 12.

11.2.2. Potential_Resfonse_of_lon;;Exchange_Mernbranes_to Di-
Y8i8i1)5 Qounterions

The large values of —AG% (>103 kJ/mol) characteristic of
divalent cations make it improbable that these species are
extracted as free ions into liquid ion-exchange membranes
(see Eq. (11.10)). Therefore, it is realistic to assume that
divalent-ion-selective membranes based on negatively charged
ligands predominantly form complexes of the type 1S2 and JS2,
and that the only charge-carrying species to be taken into
account are IS+, JS+, and S . The membrane-internal diffusion
potential will then be determined in a way analogous to
Eq. (1.1) with all the terms referring to free cations being
replaced by the corresponding ones for the cationic 1:1 com-
plexes. Hence we can write:

RT a, (O)+ta. O RT a O
E=QX) - In— ——— A — T— In—- ——- (11.19)
F a.s(d+a.s @) F aB @)

kS
) The latter case seems to be realized In certain anion-
sensitive liquid-membrane electrodes [38, 44, 45, 65-67].

16W. E. Morf 229



where:

T = ——— o (ll - 20)

Recalling the stability constants of the positively charged
1:1 complexes:

K. = --ats@___ - __ais@___ (11.21a)
a; 02 ©® a;@;a @

13 aj(O) a5(0) aj(d) agd)

K = __2ks@® 4 ajs(@ (11.21b)

and adapting Eg. (11.12) to the present case (8155 and Gllss
are the cumulative stability constants of the predominant

electrically neutral 1:2 complexes):

2
V dlj , 6IssV (0L * 8iss V°> Qa2

vV °u eiss ai ld) + Bjss aj<d)

we get the following:

RT K a © + K. a. ©
E = d-1) - In N
F K.sa.(d) + Kjsa.(d)

1 RT B+ a © + B, a,@©
+ (=-)— In 1SS locmmmmm e 11.23)

2 F Rissai (d + ejssaj ©)
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The boundary potential term (Eg- (9.4)) is given for two
divalent cations by

n 1
RT w.k.g. + w.k.al RT w.k.a. + w.k.a.
E, -- In-Uli-—LUJ - _ 1, -ald U-——-U . (4.24,

2F wial (0)+w.a. ) 2F wial (di+w*aj(d)
By using the trivial relationship

1
Eg = (I-1) 2EB + (t--) 2EB (11.25)

and by inserting expressions of the type (11.24) with w = Kig
and Wy = GB , respectively with Wy = 3fss and Wj = 3. ,we
succeed in combining terms for Ep and Eg - Finally we obtain

the following fundamental result that describes the emf-response
of divalent-ion sensors based on liquid ion-exchange membranes:

E=Ex+ (@1 — In a™K™i a\ +(t--) — 1In a!'+10”a” (11.26)

The potentiometrically exhibited selectivity of such electrode
assemblies for ions J2+ relative to the primary ions ?+ is
generally controlled, apart from t, by the following two
selectivity parameters:

K, J - -J2-1 (11.27)
3  Kiskl
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and

K@ _ Bjsskj = Kjss K@D (11.28)
= 8 k) " Ky
The most interesting new aspect of Eq. (11.26), as compared
to the corresponding expression (11.14) valid for monovalent
counterions, 1is its tendency to approximate a conventional
Nicolsky-type response function for realistic situations.
Exactly speaking, it is reasonable to assume that the mobili-
ties in the membrane phase are nearly the same for the free
ligand and its 1:1 complex because both forms are single-charged
and of comparable dimensions. This corresponds to the assump-
tion that T = 0.5, for which case Eq. (11.26) immediately re-
duces to

RT r 4
E=E°+—- 1In a + KR’tal! (11.29)
1 2F L1 13

with
LPot ~ @)
Kij " Kij

K. k. KV k.
-is-1 = [t = 0.5] (11.30)

Kiski Klskis

Equations (11.29) and (11.30) offer for the first time a justi-
fication of the concentration-independence suggested for the
selectivity coefficients of divalent-ion-exchange

membrane electrodes. The applicability of such devices as
"water hardness electrodes™ [35] is evidently due to the
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fortuitous fact that KQ~g = 1 and, correspondingly, K™Mg S 1
(independent of and al™ which enables the total activity

of calcium and magnesium ions to be determined potentiometri-

cally. Another important conclusion may be drawn from Eq. (11.30)
The selectivity of the ion sensors in question among divalent
cations is recognized to be controlled mainly by the formation
reactions of the 1:1 cation/ligand complexes (terms K~s and
&ﬁs in Eg. (11.30)) and by the extraction reactions of these
species (kis and k™3). The distribution coefficients k of the
positively charged complexes involved depend heavily on the
membrane solvent and also on the nature of the cation. There-
fore, again it is expected that the membrane solvent is a
major factor determining the potentiometric selectivity of the
membrane electrode assembly. This indeed agrees with the ex-
perimental facts mentioned in Section 11.1, example a).

11.2.3. Mixed_Pgtential_Response_to_Divalent_and_Monovalent
92HSTSEI2D§ i27i2iS_°i_"E°tential Dips")

The formalism applied in the foregoing sections also per-
mits a straightforward description of cation-exchange liquid

2+

membrane electrodes in the presence of divalent ions 1| and

monovalent ions J+. For such systems, Egs. (11.1) and (11.19)
have to be replaced by the following one:

RT a. (0)+a.© RT a ©
E = @D - In— ——— J——-T— In—- ——- (11.31)
F ais(d)+aj @ F a, @

with:

X = cee @1.20)
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The steady-state condition in respect to total ligand leads,

in analogy to Eq. (11.11), to the additional relation:

2 oo (><)+ajS ® =% Ka® @ @2+ K]S 5 g, X

_— 11.32)

or (with B_ = K.
iss

V8X B. a.(xX) + (K. a.(xX))2 - K. a.(x)
a ) = ————mm (11.33)
Biss010

which holds, e. g., for the locations x=0 and x=d inside the
membrane. The last expression allows us to eliminate in

Eq. (11.31) the activities of the free ligand and its com-
plexed form. We then obtain:

KI V8X SIssal(OK(K . (0))2"-K a (0).4K a ©
E = @7 - In . J A It F—
F Vex 8issa.(d)+ (K.saj () - K .sa. (d)+4K.ssa .()

RT V8X 6.,a O+K a @©)2"+ K. a. ©)
+ 17— 1In XSS- Jm -—— (11.3%)

F Vg 8issai ()+(Kjsaj (d)) + Kjsaj @)

Recalling the conditions (3.9a,b) for the interfacial equili-
bria, we may replace in Eq. (11.34) all the ionic activities
referring to the membrane phase by the corresponding products
of outside activities and ionic distribution coefficients,
thereby arriving at a relationship for the total membrane
potential E . Finally, the emf of the membrane electrode

assembly comes out to be
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- on o il e JPEZ e,

+T7 h Vi) S2 tika g2 Nn-H

where the monovalent/divalent ion selectivity terms are de-
fined as

k1" - (-7m) Ky’ (11-36>
- st
kP - _IKisk1)2 (11.37)
D 2 8y kg

These equilibrium parameters are representative for the
following ion-exchange reactions:

K.{J’L): 21S+ @ + 23+ (@) 23+ (M + IS—Z(m) + 12+ (@ (11.38)

k]2): IS2@) + 23+ (ag)™="2IS(m) + 12+ (&) (11.39)

of which the second one is recognized to be controlled to a
large extent by the ion-binding properties of the ligands used
as membrane components. The theoretical emf-response function

(11.35) is clearly at variance with the empirical formalism

(11.40) that is usually preferred to describe the present case:
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RT
E=E°+-- In akRota? 11.
1. o 217 T3 %9 (11-40)

Since it is conceivable that the two basic selectivity factors
K-V and K@ assume widely different values, the gross selec-
tivity coei#icient K-QF determined from (11.40) will generally
show large variations, even for one and the same system of
membrane and counterions. The most interesting consequence of
Eq. (11.35), as compared to (11.40), is that the plot of the
potential response E versus log a’\I at a constant value of aA
may exhibit a minimum. Such "potential dips" are well known

in practice and are characteristic of the pH interference in
calcium-selective electrodes based on liquid ion-exchangers
[30, 35, 56]. Although it might be supposed that such pheno-
mena were due to certain nonidealities in the experimental
procedure, Figure 11.4 unmistakably demonstrates that the ex-
hibited emf-minima are systematic effects of pH interference.
The calculations according to Eq. (11.35) reveal that the con-
ditions for the appearance of "potential dips"™ are T < 0.5

and K<2> >> The latter circumstance is probably due to
the substantial basicity exhibited by the negatively charged
ligand dialkylphosphate in the membrane (see Eq. (11.36)). It
may Ffinally be noted that potential minima of the type in
question cannot be rationalized on the basis of the familiar
Nicolsky equation (11.40), except when negative local values
of the selectivity coefficient Kggﬁ are accepted.

11.3. THEORY OF SANDBLOM, EISENMAN, AND WALKER, AND ITS
EXTENSIONS

The original theory of Sandblom, Eisenman, and Walker [29]

describes with somewhat greater accuracy membrane systems with
ionic sites S , two monovalent counterions I+ and J+, as well
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Figure 11.4. Interference of hydrogen ions in calcium-selective
micro- and macroelectrodes based on dialkylphosphate/dioctyl-
phenylphosphonate. The experimental EMF data obtained for

1mM Ca2+ and a varying pH were taken from Reference 30. The

solid curves were calculated from Eg. (11.35) with K~=10 1,5M ¥
@ .9 O o] cati

KbaHzloy M'x, 1=0.465 and Eca: -5.5 mV (upper curve), respec-
tively x=0.429 and E° = -7 mV (lower curve).
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as their associated forms IS and JS. The principal difference
to the preceding treatment is that the individual diffusion
mobilities of all these particles are explicitly taken into
account. On the other hand, the generalized results of this
theory cannot be simply deduced from the formulas compiled in

Chapter 9 but have to be derived ab initio.

The mass fluxes of the species in the membrane, which is
treated here as an ideal phase, are given by the Nernst-

Planck equation as follows (see also Chapter 4):

dcn do
J.= -RTU.-—- —UcCF-— (11.41)
1 dx 11 dx
dc. dih
J.=-RTu.—-"-uckF- (1.42)
3 3 dx n dx
dc dih
jJ_=-RTu --- +uckF- (11.43)
s S dx S5 ux
dc.
J, = -RTu - - (11.44)
13 13 dx
dc
J. = -RTu --n (11.45)
33 3 dx

where u and c are the mobilities and local concentrations of
the indicated species in the membrane, respectively, and ¢
is the local value of the electrical potential. With the
assumptions of electroneutrality and of a state of local
chemical equilibria, we can use the additional relations:
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CS = q- + cg (11.46)

dc. dc. dc
15 = Kis®1%s ¢ o T Kas 7 Ot KasCe T o @A1.47)
dc. dc. dc
- stcjcs > dx -"Kjs ~dx J J dx 2s + Kjacj

The electrical current density j and the total ligand fiuk
Jgot are defined as follows:

F=a 43, -3 (11.49)

JE0t= Jg + Jpg + L (11.50)

By imposing the conditions of a zero-current steady-state and
of conservation of ligand in the membrane, we can write:

J1 + 33 - JS =0 (11.49a)
‘Js + .JdiS + st =0 (11.50a)

Insertion of Egs. (11.41) - (11.48) into (11.49a) and (11.50a)
and subsequent elimination of the term dcg/dx leads to a fun-
damental relationship between the electrical potential gradient

and the concentration profiles of free cations [29]:
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F db
- - (u +u. K. c.+u. K. c.)(u.c.+u.c.)
RdeLSlS Is 1S 1 11 30

* UgCq Uy gKygCqtuggKgsCy

"d
= (UgruygKygCytugsKsCp Gy U1C1HUF

d

+ U_C_ — Uz K. _C:+U

s”s dx “isTis”i jsstCj (11.51)

Although a numerical evaluation of this general result is
feasible by means of computer simulation [69], explicit so-
lutions for the integrated membrane-internal potential diffe-
rence Ed can be obtained only for the limiting cases discussed

earlier.

The case of dissociated ion-exchangers corresponds here
to the situation:

u,cy >> U'ISK'ISclcS + ujS js JCS<«O (11.52)

Accordingly, Eq. (11.51) may readily be integrated to yield

RT u.c.(0) + u.c.(0)
Eo_ L N (11.53)

F uiCin~  + Ujcj»

and after combination with (11.3) (see also Eq. (9.16)):
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RT uxk.al+ u kK a
E = In -n 4--———- 21 (11.54)

M F uI_Ki.a'.i' + ulJb.B'!

This result is equivalent to Eq. (11.7), which obviously holds
for comparable ionic mobilities, and its implications have al-
ready been discussed exhaustively in Section 11.2.1.

The case of nearly complete association between sites and

counterions is characterized by

Uty << u‘isK‘isclcs + U]SK]schs (11.55)
Here, Eq. (11.51) reduces to
_______ { ( -

RT dx(d_ ul)C +(lf|_ u [?Cg ' is 'i DS DS [9

d T
= GKsCitinsfps ax T TUFD
d

+ uS,(ci+ca) Tx uisKisCi+uDSKDSCD (11.51a)

According to Sandblom, Eisenman, and Walker, this expression
may be transformed into the following one:

F i d
—————— = (1-t) — In (u.+u )c.+(u.+u )c.
RT dx dx [ 1 s i D s dJ
d
+ T T In u'lsK'lsCi+uDSKDSCD (11.56)

241



where the parameter T turns out to be independent of the po-
sition X in the membrane:

u (uU.K, -u.K.)
r- ———S 15 15 3 JS°-————- (11.57)

(uj+tus)uisKis-( us)ujsKjs

Integration of (11.56) is now easily accomplished ana yields:

RT . -(0 . . ©
c s T G g e, 0

= <u.+us)c. (d)+ (u-+us)Cj @

RT u. K. c.(0)+u. k. c.©
+r— N —— - ——— J-— (11.58)

F uisKisci (d)+ujsKjscj @

After combination with expressions of the type (11.3), the
final result reads:

RT (u.+u Hk.al+(u.+u )k.a".
E = @7 - in- "~ _4+1—3 5 31
F (ui+us)kiaj+(uj+us)kjaj

RT u. K. k.al+u. K. k.a".

+ T~ In 11 3s3sJ ] (H.D
F uisKiskiai+tujsKjskjaj

This description of the membrane potential differs from the
former simplified Egs. (11.13) and (11.2) insofar as here the
individual mobilities of all species in the membrane are taken
into account. Nevertheless, it leads to a relationship for
the emf-response of the membrane electrode that is formally
identical to Eq. (11.14) of Section 11.2.1 1 Thus, from the
practical point of view, the Sandblom-Eisenman-Walker forma-
lism offers no advantages except that the selectivity-con-
trolling parameters will be defined in a more general sense,
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namely:

K"1” (11.60)

K@ ="s Kjsk (11.61)

13 Uxs Kiski

us K<» us k{2

B (11.62)
u1+uS K.{nl)—KE) u 1+u s k H—Kﬁ

The last expression implies that - at least hypothetically -

the parameter T may accept values of even >1 or <0, which is

in contrast to the simplified relation (11.2). However, this
definitely does not give rise to abnormities in the emf-response
curves. The calculation of "potential dips™ claimed by Sandblom
and Orme [30] appears to be an artifact (see, however, Fig. 11.4).

It was stated that the basic relations of the theory of
Sandblom et al. 'can easily be extended ho higher valences
and to mixtures of univalent and divalent electrolytes, and
that the conclusions reached for univalent ions will remain
valid for mixtures, but the form of the expressions will be
slightly different” [30]. However, no such extensions were
ever performed explicitly, to the best of our knowledge. A
rigorous description, along the lines of the Sandblom-Eisen-
man-Walker theory, becomes available for divalent-ion-exchangers
only when using the conceptual framework set forth in Sections
11.2.2 and 11.2.3. The basic assumptions were that the membrane
phase contains predominantly uncharged complexes or associates
between exchanger sites and counterions, and that the minori-
ty of charge-carrying species is restricted to single-charged
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forms. This stratagem allows to deduce explicit expressions
for the diffusion potential which are analogous to Eq. (11.58)
[70]. To avoid lengthy derivations, we shall present here the
key results only.

The extension of the Sandblom-Eisenman-Walker theory to
divalent counterions I2+ and .J2+ leads to the following re-

lationship for the diffusion potential:

RT (U- +u )c (O)+(u +u )c. ©
E = @D - In—-"  — N
F gt g @+ (u- +ugdeps @

o 15 1 Uxesxesis O Uiss fiss s @ (11.63)

F U-jsf-isCris (DF u'jss IjSS €35 @

where:

u (u. K. -u. K. )
T= -—————--5"155 J55 Iss————----——- (11.6%)

ujstushtuissKiss “uistustujssKjss

Kiss and Kgs are the equilibrium constants of formation of
the electrically neutral 1:2 complexes from the corresponding
cationic 1l:1 complexes. The steady-state assumption in respect
to total ligand implies that ‘J:LSS+JZJSS = 0, or in terms of
mobilities and concentrations:

UyssCrgs OOtU555Cyss @ = UgggKygsCps COTU5g5K355Ca5 (DICs KO

= (uissBissci (X)+ujss3jsscj X)) (cs (X)) = const®) (11.65)
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Equation (11.65) shares common features with (11.22) used in
Section 11.2.2 and permits rewriting Eq. (11.63) in a form
equivalent to (11.19) or (11.23). Hence the same relation-
ship, Eq. (11.26), will be derived for the emf of the cell,
as was the basis of discussions in Section 11.2.2. The only
difference consists in the definition of the selectivity-
controlling parameters, which are obtained here in the
following form:

u. +u K. k.
K(D = 15— £ js_i (11.66)

_iss 8§ j (11.67)

(2)

uiss Q®isski

t =S — e [N e - (11.68)
Uy U Klthj - Kng) UgstUg Kl(3d)—K1g2)

These expressions are to be compared with Egs. (11.27),

(11.28), and (11.20) in 11.2.2. It may be recognized that
the two theoretical approaches offered become identical in
all their consequences if Uys = Y and Ygg = U

Jss *

The potential difference generated in ion-exchange membranes
by mixtures of. divalent and monovalent counterions, I2+ and
J+, may be described in analogy to Egs. (11.58) and (11.63)

as follows [70]:

-RT , (uis+us)cis(0)+(ui+us)cJ_(0)

E = @T) - in-————fo 22 S
F (uis+us)cis (@ + (uj+us)cj @
+ T 2uiSSKissCiS (e)+U-JX3SCj
F 2uissKisscis(d)+ujsKjscj @(11769)
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_ Ug QujsKiss U 35K 3s)
EE— (11.70)

(UzHtUg)2UpgeK g gg (U g tUgIUgK3g

The former steady-state conditions (11.32) and (11.65) are
here replaced by

2Uu. _C.
iss iss

(69) (11.71)

+ ujscjs(®X) = uissx = const(x)

where X is a measure for the total amount of exchanger sites
(involved as ligands in electrically neutral cation-complexes)
in the membrane. Again, we can apply the same procedure as in
Section 11.2 to derive expressions for the total membrane
potential and the resulting emf-response function. As expec-
ted, the validity of Eg. (11.35) is finally confirmed. The
refinements of the membrane model presented in this section
add up to two slight modifications of the theoretical ion-
selectivity parameters [70]: an additional factor

[“135 (uj,+u(,j)/uj.S (ps.+uS )]2 appears in Eq. (11.36), and
(Ujs/unss)2 in Eq. (11.37). However, these effects are imma-

terial for practical purposes.

11.4_. INTERPRETATION OF THE APPARENT SELECTIVITY BEHAVIOR OF
LIQUID MEMBRANES

It has been shown in the preceding sections that the theo-
retical potential-response functions of liquid ion-exchange
membrane electrodes may differ significantly from the for-
malism (11.72) accepted in practice:
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E=e%+ B a4+ fOL,2VE0
1 13 3

1 sz i

11.72)

These inconsistencies in the mathematical descriptions may

be responsible for considerable variations of the practical
selectivity coefficients POt. However, even in cases where
theory strictly predicts a behavior according to Eq. (11.72),
it is often observed that the apparent selectivity factors
have a tendency to converge on unity with decreasing activi-
ties of the sample solution [44, 71]. A rationalization of
this phenomenon has been given informally by Hulanicki and
Lewandowski [44] and more recently in a semiquantitative
approach by Jyo and Ishibashi [72]. It was recognized that
concentration gradients build up in the electrolyte solutions
("'concentration polarization" [72]) which are a consequence
of the ion-exchange and diffusion processes reaching into the
membrane. Hence the ionic composition of the aqueous Tfilm
adhering to the surface of the membrane electrode is generally
not identical to that of the bulk sample solution. This means
that the activities a! and &, sensed by the ion-selective
electrode may differ to some extent from the intrinsic sample
activities a” and a8 (see also Chapter 10). This gives rise
to characteristic discrepancies between the theoretical ion
selectivity of the membrane material and the apparent ion
selectivity of the measuring system, the latter parameter
being determined in practice from the following relationship:

RT =)
E = E° + In a. + K

ot
i i
sz

Gapp-)aD;i/%§ a1.73)

For extreme situations, the electrode measures the primary
ions eluted from the membrane rather than those coming from

the sample solution, which fact is evinced by an apparent
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selectivity coefficient Po_t (app.) of nearly unity (see be-

low) =

In their treatment of liquid ion-exchange membranes which
takes into account such diffusion effects, Jyo and Ishibashi
[72] made the following simplifying assumptions:

a) Considerations are restricted to monovalent counterions
@ =27 = 1"or -1).

b) The mobilities are assumed the same for the free counter-
ions (W = Uj), as well as for the neutral complexes
(uis = ujs}-

C) Association between exchanger sites and counterions should
be either negligible Kis>Xjs "m0f e. 9- in membranes pre-
pared from tetraphenylborate and nitrobenzene [41, 64]) or
nonspecific e* 9" in certain anion-exchangers
[44, 45, 72]).-

If these requirements are met, the theoretical emf-response

function of the membrane electrode assembly will definitely

assume the familiar form (11.72) (see Sections 11.2.1 and

11.3), and the theoretical ion-selectivity coefficient comes

out to be

(11.9)

For an idealized membrane, this parameter corresponds to the
equilibrium constant of the basic ion-exchange reaction and,
therefore, characterizes the following law of mass action:

a’c. (©®

o , for a membrane with pre- (11.74a)
aj ci™) dominantly free ions,

respectively:
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(11.74b)

K%gt - al cis© for a membrane with pre-
) aj Cis© dominantly associated ions
and Kis = st.

Another consequence of the assumptions &) to c©) is that the

fluxes of counterions will simply obey Fick"s law. This may

be verified using Egs. (11.41) - (11.50a). Thus, the flux of
species | at steady-state may be approximated by

a"-a. c. G6)-c. 0
J, =Dl ———— = D, —————————— [dissociated system] (11.75a)
1 6 1 6
or
J. = -D! ai’al _ -D. cis®)_cis© [associated system] (11.75b)
1 1 6~ 1s 5

where D1 :lu-RT and D = uisRT are the diffusion coefficients

of ionic forms in thei;embrane, D] is the mean diffusion co-
efficient of counterions in the sample solution, 6 is the
thickness of the Nernstian diffusion layer existing inside
the membrane boundary, and 6~ is the corresponding value for
the aqueous diffusion layer. From Eq. (11.75), we obtain the

following relationship:

ai = ai + c&i(Q_xi Q) (11.76)

where x» denotes the fraction of the total concentration of
exchanger sites, X, that is occupied by counterions 1, and

the parameter C is defined as
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C=-— - X or - X 1.77)
di|6 Di 6

An analogous expression is found for the ions J:
aj =aj+CcCor®) - x*O) (11.78)

Since it is assumed that the ion-exchanger was initially pre-
pared in or converted to the form containing the primary ion 1,
it holds that

Xi®) = 1-Xj®6) = 1 (11.79)

The ionic composition of the membrane surface, on the other
hand, is determined by the ion-exchange equilibrium (&.
(11.74)) as follows:

al

X0 =1-x.0 = ———- p-i— (11.80)
1 3 a!i + KFI’Bta!l

Equations (11.76) - (11.80) allow to calculate the unknown
boundary values of the sample activities, a] and aj, in terms
of the given bulk activities a. and a., the theoretical selec-
tivity coefficient K'Ei(.)t, and tPTe basi(,:\ experimental para-
meter C. After lengthy but trivial algebra, one arrives at
the following result for the total ion activity as sensed

by the ion-selective electrode (see Egs. (11.72) and (11.73)
with zl_ = ZD):
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L Lot i A KPot(.a ya
[ |] ¥ 7% i3 PP-Jd

= (@. + KPota. - KPot(Q)
1 13 3 13

+

1 o _KPAN AN -
[, Y(a,+Kpsfa,~KPAC) 2+4KPAC(a +a.) (11.81)

To demonstrate the systematic differences between the

theoretical selectivities KPot and the apparent values KPG“
ij

(app.)Tfwe shall discuss in more detail the limiting cases
obtained for a~*0. These were the cases considered by Jyo
and Ishibashi [72]. Equation (11.81) predicts ideal selec-
tivity behavior towards pure solutions of an interfering
ion J only if the sample activities are sufficiently high,

i. e.:
RT
E=E?2 + ——— In [KP°fa ] , for a >>C and KPota.>>C (11.82)
3 zF n 3 3 D
J

In contrast, an apparent selectivity coefficient of approxi-
mately unity will be found for very diluted sample solutions:

RT
E =E° +-—— In a. , for a.<<C and a.<<K. . C 11.83)
1 ZiF 3 3 3 13

This means, of course, that a region of transient selectivi-
ties must appear at intermediate sample activities. In this
activity range, the experimental calibration curve E vs. log a*
for any ion other than the primary ion will exhibit a non-
linear section. Maximal distortions from a Nernstian response
of the electrode are predicted for a* = C at which position
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the potential value and the slope of the calibration curve

are calculated as follows:

ne _ _ S
E = E° + - In ~kPot-a. a1.84)
1 z.F 13 :J
3
for a,=C
3
dE RT yKPot" +1
=__ 3 (11.85)
dina_ z.F 2
3 3
s

The last expression describes a highly super-Nernstian region
('break') of the response function for ions preferred by the

membrane electrode (i. e. for Pot

>>1), and a region with
half of the theoretical slope for ions discriminated by the
sensor (BRQt<<1)_ These theoretical predictions are in ex-
cellent qualitative agreement with experimental findings.
Figure 11.5 documents the response pattern of anion-selective
liquid-membrane electrodes based on methyltricapryl ammonium
salts (Aliquat 336S). The values on the left represent ex-
perimental data, quoted from tabulated selectivity coeffi-
cients [44], whereas the right-hand curves were drawn accor-
ding to Egq. (11.81). An even better agreement is obtained
when the calculated plots are compared with the original cali-

bration curves given in [44].

It becomes evident that, in practice, liquid-membrane
electrodes often exhibit an ideally linear response function
only for the primary ions. As a rule, the membrane type se-
lected for an electrode application should therefore incor-
porate as counterions essentially the ions to be determined.
This fact is well known to the manufacturers of ion-selective
electrodes who offer various devices based on similar membrane
compositions but with differing primary ions (see Table 11.1).
On the other hand, nearly the same favorable performance can
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Figure 11.5. Response pattern of anion-sensitive liquid mem-
brane electrodes based on quaternary ammonium salts (Aliquat
336S). A: chloride electrode, B: bromide electrode, C: per-
chlorate electrode. The shown functions are related to the
apparent calibration plots for primary ions (dashed lines)
and interfering ions (solid curves, see Eq. (11.73)). Left
traces: illustration of experimental selectivities, as given
in table 1 of Ref. 44. Right traces: corresponding theoreti-
cal curves, calculated from Egs. (11.81) and (11.9) with
C=1.8%10 4M and kclo4: Kj.: k~Q : kBr: kcl = 10000: 400:
25: 7: 1.
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be achieved by simply soaking a given membrane electrode in a
concentrated solution of the ion to be measured, whereby the
liquid ion-exchanger is converted into the appropriate form.
A so-called chloride electrode, for example, can be trans-
formed into a perfect perchlorate sensor if it is exposed to
perchlorate solutions for a sufficiently long time [44].
Figure 11.5 C indicates that the new electrode modification
thus formed will retain its capability of responding to
chloride activities, but the slope of the calibration plot is
drastically reduced and the potentials are shifted relative
to the initial response curve (Figure 11.5 A). A similar
situation may be created unintentionally when a chloride
electrode is in continuous use in blood serum or other bio-
logical samples, containing significant traces of highly ex-
tractable lipophilic interferents. In fact, a clearly sub-
Nernstian response is typical for such biomedical applications
of liquid ion-exchange membrane electrodes (see, e. g.,
figure 9 in [73])-

The variations of the apparent selectivities documented in
Figure 11.5 may elucidate the-reasons for the low precision
or poor reproducibility of selectivity specifications found
in the literature. In addition to the mode of preparation or
pretreatment of the membrane, it is the experimental para-
meter C that is decisive for the extent of ion specificity
exhibited by the electrode at a given activity level of the
sample solution. This parameter includes several experimental
aspects, namely (@ the viscosity of the liquid membrane phase
and the bulkiness of the interdiffusing species, which, accor-
ding to Stokes-Einstein, determines the value of the diffusion
coefficient D, () the shape and dimensions of the electrode
surface and the stirring rate of the aqueous solution, which
is decisive for the film thickness 67", (©) the site concen-
tration X of the membrane, and (d) the parameter 6 which
roughly corresponds to the mean free path of diffusion in
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the membrane. A more rigorous model shows that the last quan-
tity is actually time-dependent and has to be replaced by

6= Viht for 6 << d (see also Chapter 14). Figure 11.5
suggests that a fairly low value of C is required for realizing
in practice the ion specificity dictated by the membrane
material. In this respect, the use of nearly solid PVC membrane
electrodes in flow-through cells (6" of less than 10 “cm,

D on the order of 1072 - 1071° cm?s™! or even lower 174D,

or of conventional liquid-membrane microelectrodes (tip dia-
meter and adhering film (6% of around 10 ~cm, D of about

10“6 cmzs-‘1 in the absence of polymeric components) is
especially attractive. A high value of C, on the other hand,
leads to a near collapse of the apparent ipn selectivity.
This effect may be exploited to some extent, e. g. in sensors
for chloride ions where the interference by more lipophilic
anions could be reduced to a minimum (Figures 11.5 A and
11.6).

The results of this section clearly demonstrate that the
practical ion selectivity, as exhibited by liquid membranes
in well defined potentiometric experiments, must not necessari-
ly be identical to the intrinsic ion specificity of these
sensor materials. One may even come to the unorthodox con-
clusion that most of the modifications or improvements
claimed in the literature for liquid ion-exchange membrane
electrodes did not really involve systematical changes in
ion selectivity, but were largely a consequence of diffusion-
induced artifacts. Figure 11.6 gives some support to this
opinion. Apparently, the selectivity data KeT% reported for
different chloride electrodes and different activities a
can be rationalized perfectly by postulating a single set
of basic selectivity coefficients and assuming individual

values for the experimental parameter a™/C.

It should finally be noted that the variations of apparent
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Figure 11.6. Reported selectivities for different chloride elec-
trodes in comparison with theoretical expectations (Figure
11.5A). 1: liquid membrane electrode (Ffilter paper matrix)

based on dimethyldistearyl ammonium ions [35]. I1l: PVC mem-
brane electrode based on methyltridodecyl ammonium chloride}

@ 10 2, (O 10 solutions [59, 73]. I1ll: PVC membrane
electrode based on methyltricapryl ammonium chloride (Aliquat
336S) ; @ 10 M, (M 10 2, (© 10 ™M solutions [44].
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selectivity coefficients discussed in this section bear re-
semblance to those stated in Chapter 10 although their theo-
retical interpretation differs in some points. Such diffusion
phenomena seem to be common to all types of ion-selective
electrodes but the effects are magnified for solid-state and
liquid ion-exchange membranes having an especially high ion-

exchange capacity.
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Chapter 12

Liguid-Membrane Electrodes Based on Neutral Carriers

Electrically neutral, lipophilic ion-complexing agents of
rather small relative molar mass are known to behave as iono-
phores or ion carriers [1]. They have the capability to -selec-
tively extract ions from aqueous solutions into a hydro-
phobic membrane phase and to transport these ions across such
barriers by carrier translocation (see also Chapter 8). Neutral
carriers are therefore predestined to be incorporated as the
working principle in natural or artificial ion-transport
systems, as well as in ion-selective liquid-membrane electro-
des where the ion specificity inherent to the carriers can be
exploited to a large extent.

Although Moore and Pressman®s discovery of the effect of
naturally occurring neutral carrier antibiotics in biological
membrane systems dates to 1964 [2], their fundamental property,
namely their role as highly selective complexing agents for
alkali metal ions was recognized only two years later by
atefanac and Simon (3]. Some of the molecules studied, such
as valinomycin (@ and the macrotetrolides (26 , see Figure
12.1), show a striking differentiation between Na+ and K+.
This fact led atefanac and Simon to the pioneering idea of
utilizing such neutral ionophores as ion-selective components
in liquid-membrane electrodes. The first specimens of carrier-
baéed electrodes were generally considered to be "exotic
systems'™ [4], but in the meantime the analytical potential
of these ion-selective sensors has been recognized. In the
event, the valinomycin-based membrane electrode [6 - 13] became
one of the most important ion sensors because of its unsur-

passed specificity for potassium ions, the sodium ions being
Pot
KNa
ion-selective properties, although less pronounced, are

discriminated by a factor K of around 10_4. Similar
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R1=R2=R3=CH3 R =ch5 MNACTIN 3
R1=R3=CH, r2=ra=chS5 DINACTN A
R1=CH, R2=R3=RA=C2H TRINNCTIN s
R1=R2=R3=RA=CH5 TETRANACTIN 6

Figure 12.1. Structure of the carriers discussed.
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Figure 12.1. (continued)
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Figure 12.1. (continued)
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mimicked by the synthetic macrocyclic polyethers (crown com-
pounds) pioneered by Pedersen [14]. Some of these compounds
(e- g- 12 in Figure 12.1) have also been considered for elec-
trode applications [15]. The macroheterobicyclic ligands first
synthesized by Lehn [16 - 18] show extremely interesting com-
plexation selectivities for A-cations but, unfortunately, do
not behave as carriers in membranes. This was ascribed to
their low lipophilicity and especially to their slow exchange
kinetics. A wide range of remarkable ion selectivities for
alkali and alkaline earth metal cations may, however, be in-
duced in membranes by nonmacrocyclic synthetic ion carriers

Q ~ 22" 22 ~ 22)= Such molecules were Tfirst introduced in
1972 by Ammann et al. [19]; the synthesis was prompted by
model calculations carried out by Morf and Simon [7, 20 - 22].
Out of several hundred carrier molecules prepared by Simon®s
group, the ligands 8, 1 (or 13), 9, 1£, and 18 (Fig.12.1) are
- so far - the most attractive ones and constitute the active
components of electrodes specific for Ca2+, Na+, Li+, Ba2+, and
UO%+ , respectively [8, 23 - 27].

12.1. CHARACTERISTICS OF NEUTRAL CARRIERS AND REPORTED
SELECTIVITIES FOR MEMBRANE ELECTRODES

In the meantime a large number of macrocyclic and non-
macrocyclic neutral -complexing agents for cations are accessible,
and many of them have been used as carriers in ion-selective
electrode applications (for a review, see References 24 - 33).
The structures of a selection of ligands are given in Figure
12.1. In addition to carriers for group 1A cations (e. g-,

2 -2»2"22 2i> ax™ 2a cations (B, 22" n >22 - 22) > i°no_

phores for transition metals [34], for uranyl [35] (e- g- 18),
and even for a given enantiomer of chiral ammonium ions [36-38]
(19-22, discrimination by chiral recognition) have been intro-

duced. The latter molecules were designed especially in view
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of their use for selective ion separations.

A ligand that behaves as an ionophore for A-cations must

meet the following requirements [21, 22, 33]:

a)

b)

e)

The carrier molecule should be composed of polar and non-
polar groups.

The carrier should be able to assume a stable conformation
that provides a cavity, surrounded by the polar groups,
suitable for the uptake of a cation, while the nonpolar
groups form a lipophilic shell around the coordination
sphere. These groups must ensure sufficiently large lipid-
solubility for ligand and complex. This is one reason why
the classical electrically charged complexing agents such
as EDTA do not behave as carriers in membrane systems.
Among the polar groups of the ligand sphere, there should
be preferably 5-8, but not more than 12 coordinating sites
such as oxygen atoms.

High selectivities are achieved by locking the coordinating
sites into a rigid arrangement around the cavity. Such
rigidity can be enhanced by the presence of bridged struc-
tures, e. g. hydrogen bonds. Within one group of the perio-
dic system, the cation that best fits into the offered ca-
vity 1is preferred. Ideally, all cations should be forced
into accepting the same given number of coordinating groups
Notwithstanding requirement d), the ligand should be
flexible enough to allow a sufficiently fast ion-exchange.
This is possible only with a stepwise substitution of the
solvent molecules by the ligand groups. Thus a compromise
between stability () and exchange rate (e) has to be found
To guarantee adequate mobility, the overall dimensions of
a carrier should be rather small but still compatible with

high lipid-solubility.
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Table 12.1. Neutral carrier liquid-membrane electrodes

lon Epkipgnéizl Membrane material References
Li+ 9 PVC; TEHP 8,24,32,39
Na+ 7 PVC; DBS 8,24
Na+ 13 PVC; o-NPOE or DBS 40

K n filter paper; DPE 5

K+ 1 filter paper; aromatic solvent 6

K+ 1 PVC; DNP 7,8

K+ 1 PVC; DOA 9

K+ 1 SR 10

K+ 1 cellulose acetate; plasticizer 11

K+ 17? collodion 2 12

K+ 1 PBC copolymer 13

K+ 12 PVC; DPP 15
nh4 Y1 filter paper; TEHP 11
NHN2/3 ? collodion ? 42

w 4 /3 cellulose acetate;plasticizer 11
nha Y1 PVC; TEHP 7.8
Ca2+ 8 PVC; o-NPOE 8,24,32,43
Sr2+ U filter paper; ENB 44
Ba2+ 1 filter paper; ENB 45
Ba2+ 11 PVC; DNPE 46
Ba2+ 10 PVC; o0o-NPOE 8,24,47

PVC: polyvinyl chloride; SR: silicone rubber; DOA: dioctyl
adipate; ENB: 4-ethylnitrobenzene; DNPE: di-2-nitrophenyl
ether; TEHP: tris(2-ethylhexyl)phosphate; DBS: dibutyl seba-
cate; DNP: dinonyl phthalate; o-NPOE: o-nitrophenyl octyl
ether; DPE: diphenyl ether; DPP: dipentyl phthalate;

PBC: poly(bisphenol-A carbonate)
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The underlying principles involved in points a) to e) will be

shortly discussed in Section 12.5.

For applications in ion-selective electrodes, the carrier
molecules are incorporated into a water-immiscible membrane
and usually interposed between the sample and an inner refe-
rence solution. In the classical approach, the membrane con-
sists simply of the electrically neutral carrier dissolved in
an appropriate organic solvent (e. g., a plasticizer), the
solution being held by a preferably inert matrix (e. g- PVC,
see Table 12.1). Such bulk membranes, as a rule, function as
cation-selective electrodes and often exhibit a nearly Nern-
stian response to the primary ions. The potentiometric selec-
tivity of these sensors among different ions is dictated main-
ly by the complexation specificity of the carrier molecules
involved, but it may also be influenced to some extent by the
membrane solvent and by other parameters (see Sections 12.2 -
12.5).

For a series of relevant membrane electrode systems the
observed selectivity coefficients are compiled in Table 12.2.
The specifications given in Table 12.2 clearly show that the
K" -electrode based on valinomycin _1 and the Ca2+—electrode
based on the synthetic carrier 8 are far superior to the
corresponding sensors based on classical liquid ion-exchangers
(see Section 11.1 and Figure 12.2). The outstanding selecti-
vities realized for these carrier membrane electrodes opened
attractive applications in analytical and clinical chemistry,
such as the measurement of ion activities in blood serum or
whole blood. An extensive review on this subject has been
given elsewhere [25 - 27, 49].

A deeper understanding of the potentialities and the limi-
tations of neutral carrier membrane electrodes can be ob-
tained only by a thorough theoretical treatment. The following
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Table 12.2.
neutral carriers

Reported selectivity factors,

Ligand of the ., n H.

membrane J = Li Na

system

I=Li+

Ligand 9 [39] 0O -1.3 -2.2

I1=Na+

Ligand 7 [8] -1.5 0 -0.3

Ligand 13 [40] 0.5 0O -2.4

1=K+

Ligand 1 [8] - "5.5 0

Ligand 12 [15 -2.3a-2%4" 0
gand 1 [15] 5

i=nh4

Ligand 272 [8] -2.7 -2.7 -0.8

1=Ca2+

Ligand 8 [43] -2.8 -5.00-5.2C
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Figure 12.2_. Comparison of the EMF-response of a neutral carrier PVC membrane electrode [43]
(ligand 8 in Fig. 12.1.) with the published response of other Ca2+—"sensors [48] (liquid ion-
exchangers given in Table 11.2.).

Left: response to metal-buffered aqueous solutions of CaZJr containing 0.1 M Na© .

Right: titration of 0.001 M CaCl2 with EDTA at pH 9 in the presence of 0.1 M Na



sections are meant to give an introduction to the response
mechanism, the potentiometric selectivity behavior, as well

as the molecular aspects of ion selectivity of such systems.

12.2. MECHANISM OF CATION SPECIFICITY (PERMSELECTIVITY) OF
NEUTRAL CARRIER MEMBRANES

The predominant problem of the rationalization of the be-
havior of neutral carrier membrane electrodes is to explain
their permselectivity for cations, as is observable in both
potentiometric and ion-transport studies. Such experiments
generally confirm that a carrier membrane tends to be permeable
for cations only and, accordingly, its electrical properties
are scarcely influenced by sample anions such as chloride. Ex-
perimental evidence for cation permselectivity of all the
analytically relevant neutral-carrier-based liquid membrane

electrodes is given in Table 12.3. Throughout, a cation
transference number of close to 1.0 is found in electrodialy-
sis experiments, which means that practically no anions are
transported across such membranes when an electrical potential
gradient is applied. This agrees perfectly with the nearly
Nernstian slope of the emf-response function observed for the
same membranes (Table 12.3), indicating cation specificity of
these sensors.

In the history of neutral-carrier-based membrane electro-
des, different theories and views were called upon to explain
the origin of cation permselectivity (zero anion Fflux).

a) The classical thin membrane model by Ciani, Eisenman, and
Szab6é [61 - 53] did not stipulate electroneutrality, and
cationic carrier complexes therefore were assumed to be the
only charged species existing within the membrane. Hence,

permselectivity for cations was explained by a complete
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Table 12.3. Transport numbers and slopes of the electrode response of cation-permselective
neutral carrier membranes [50]

Membrane composition Electrolytes electrode
n response in
Cation Ligand} Solvent}0 Matrix} Anode Cathode Transference percent of
studied wt.% wt.% wt . % compartment compartment number for cations theoretical
studied a slope
Ca2+ 15} 3 o-NPOE} 65 PVC} 32 10 _3M CaCl2 10-3M KC1 0.99 + 0.08 M
Ca2+ 15} 3 DBS} 65 PVC} 32 10*“3M CaCl2 10-3M KC1 1.00 + 0.105
2+ c;-14vw =11 -1
Ca 15} 3 o-NPOE} 65 PVC} 32 ° Lati2 10 M KC1 0.99 + 0.08 A
5*%10-4M MgCl2
Ca2+ 15y 3 o0-NPOE} 65 PVC} 32 Bb"10M M CaCl2 10 _3MKC1 0.99 + 0.02
15=10~4M NacCl
Ca2+ 15} 3 o-NPOE} 65 PVC} 32 10 4MCacCl2 10_4M KSCN 0.995 +0.025
Na+ 14} 3 DBS} 65 PVC} 32 10_3M NaCl 10-3M KC1 0.92 + 0.08
Na+ 14+ 3 DMK} 65 PVC} 32 10_3M NaCl 10-3M KC1 0.92 + 0.061
Na+ 14} 3 o-NPOE} 65 PVC} 32 10“3v NacCl 10-3M KC1 0.90 + 0.075 96
Li+ 9}5.8 TEHP} 62.8 PVC}31.4 10-2M LiCl 10-2M KC1 0.97 =+ 0.11 97
Li+ 9“8 TEHP* 62.8 PVC}31.4 10 _3M LicCl 10_3M KC1 1.02 + 0.21 97
Li+ 9}5.8 TEHP} 62.8 PVC}31.4 10_4M LiCl 10_4M KC1 0.98 + 0.10 97
K+ 1} 3 DPP} 67 PVC} 30 10 _2M KC1 10"'2M HC1 1.08 + 0.07
K+ 1} 5 — Silicone 10"2M KC1 10_2M HC1 1.1 + 0.15

rubber}95



XS

Table 12.3. (continued)

K+ 1; 5 —_ Silicone 10_2M KCI 10““2M HCH0. 1.1 + 0.15

rubber ;95
K+ 1; 1 DOA; 66 PVC; 33 9-10_4M KCI Q«10“4M KCI 1.02 + 0.04 100
PEAH+ b 20/21; 1 DOA; 65 PVC; 34 410~3V PEAHC1 410~-3MPEAHC1 0.95 = 0.04 (120)

a Measured on the membrane specified in the region of ohmic behavior of the current-voltage
curve (at low voltage); 95% confidence limits. ™ PEAH+: ™MC-a-phenylethylammonium cation.

c From electrode response in buffered 10 M and 10 M solutions of the ammonium salt; acti-
vity coefficients unknown. ”~ o-NPOE: o-nitrophenyloctyl ether; DBS: dibutyl sebacate;

DMK: decylmethyl ketone; TEHP: tris-(2-ethyl-hexyl)-phosphate; DPP: dipentyl phthalate;
DOA: dioctyl adipate.



exclusion of free hydrophilic anions from the lipid mem-
brane. This theory was extended to thick membranes by
Boles and Buck [29, 54] who still assumed large deviations
from electroneutrality to occur within the membrane
interior.

b) A more recent suggestion made informally by Buck [29] was
that slow anion interfacial kinetics permit near-Nernstian
response to cations.

The remaining theories ¢) to e) of thick electroneutral
carrier membranes may be summarized under the general assump-
tion that the anions present within the membrane are rather
immobile. The reasons for such a behavior may be as follows:

c) The membrane contains permanent anions that are chemically
bound to the supporting material, as was suggested by
Kedem, Perry, and Bloch [55] (see also [54]).

d) The membrane contains permanent anions that are immobilized
because of their poor water-solubility. Lipophilic anions,
such as tetraphenylborate, were intentionally introduced
into certain carrier membranes to improve their response
characteristics (Morf et al. [26, 56, 57]; Seto et al.
58D -

€) The membrane extracts anions from the sample solution but
the integral mobility of these species across the membrane
is low as compared to the cationic complexes. This inter-
pretation of zero anion flux was first given by Wuhrmann
et al. [59] (see also [22, 25, 26, 60 - 62]).

The actual mechanism for permselectivity in thick neutral-

carrier-based membranes was revealed only in 1977. To this

end electrodialytic transport experiments (as well as inter-
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diffusion studies) were carried out on 0.02-cm solvent poly-
meric membranes, using 14C—Iabeled valinomycin and millimolar
aqueous solutions of 2K+ and 36C1 [50]. The concentration
profiles thus deterlnined for ionophore and ions in a stack of
five membrane sections are displayed in Figure 12.3. It is
shown that an ionophore concentration gradient builds up

during electrodialysis which is in agreement with theoretical
predictions [60] (see also Chapter 8). This is unambiguous
proof for carrier translocation accompanying the cation trans-
port and it is a requirement for the back-diffusion of free
carriers to end up in a steady-state [60]. According to Fi-
gure 12.3, cations as well as anions enter the membrane phase.
Although this was expected, it is most remarkable that the
overall concentration of cations K+ exceeds by far (factor 85)
the one of the sample anions Cl . This fact can be explained
only when assuming either dramatic deviations from electro-
neutrality or the presence of anionic species other than CI
within the membrane phase. The rather high cation concentration
level (a@bout 0.5 mmol 1 , see Figure 12.3) as well as the
relatively low electrical resistance of only about 106 0 cm2
found for the same membranes were demonstrated [50] to be at
variance with the space-charge theory a) mentioned above, how-
ever. Therefore, anionic species distinct from ClI must de-
finitely reside in the membrane phase. The uneven distribution
of these species throughout the membrane, which was initially
composed of chemically identical sections, clearly rules out
the predominance of bound anionic sites, as suggested by
hypothesis c). The apparent anion deficiency found in Figure
12.3 is around 0.5 mmol 1 "S such high levels of impurities
(i. e., lipophilic anions corresponding to case d)) are

excluded by select methods of membrane preparation.
It was therefore concluded, and corroborated by further

evidence [50], that the additional anions in the membrane

phase must originate from the aqueous system, which situation

278



m mole H

15-

10
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Figure 12.3. lonophore and ion concentration profiles within a
valinomycin-based liquid membrane (stack) in contact with
aqueous KC1 solutions [50]. Results represent the local con-
centrations of valinomycin, potassium (mainly as complexes),
and chloride immediately after interrupting a steady-state
electrodialysis; the 95% confidence limits are given by verti-
cal bars. The dashed line indicates the concentration level of

valinomycin established under zero-current conditions.
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conforms in principle to theory e). It was suggested that
anionic sites are generated according to the following
carrier-induced ion-exchange reaction, involving water present
in the membrane phase:

K+ (&) + Val(m) + H20 (M) ?=iKVal+ (M + OH~ (M + H+ (@) (12.1)

Because of a possible formation of water clusters involving
the OH formed by reaction (12.]), the mobility of these
anionic sites is likely to be Iew*), as is demanded by hypo-
thesis e). This "constellation” in the end allows a neutral-
carrier-based solvent polymeric membrane to perform as cation-

specific electrode.

Mechanisms of type (12.1), however without the participation
of carriers, may also explain the heretofore unresolved be-
havior of other representatives of liquid membrane electrodes.
Correspondingly, we can understaid why solvent-polymeric mem-
branes without any real ion-exchange sites (e. g., the system
dioctylphthalate/PVC mentioned in Table 11.1) are capable of
a perfect Nernstian response to highly extractable cations
such as quaternary ammonium ions [63]- In a similar way, the
classical cation-exchange liquid membranes may respond to
lipophilic sample anions such as tetraphenylborate or per-
chlorate [64].

A direct electric transference of such sites occurs only
under extreme conditions. In fact, a transference number for
K+ of nearly 1.0 was observed in electrodialysis experiments
up to voltages of about 30 V. This value dropped to 0.77 only
at 70 V, the remaining 23% of the current being contributed
by ions other than CI [50].
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The presented facts [50] lead to the conclusion that, among
the available theories of carrier membranes, the model deve-
loped in Reference 60 (hypothesis e)) gives the most satis-
fying description of the observed electromotive and transport
behavior. This model indeed assumes anions of low mobility to
exist within neutral carrier membranes. To facilitate the
theoretical description, these species were treated as fixed
anionic sites of approximately constant concentration, simi-
larly to the Teorell-Meyer-Sievers concept worked out earlier
[54, 55]. Then one can apply, for example, the following ex-
pression (Eq- (9-10)) to describe the zero-current diffusion
potential produced within valinomycin-based membranes, con-
taining potassium complexes KVal+ and anions CI as mobile
charged species:

Eq -———~ 802X - In oYY Al ) L (12.2)
UKval+UCl F UKValakVal (d)+UClaC 1 (d)

Since it holds that

akKval(@ W akKval{@ * X (12.33)

ad ) « aci(@ (12.3b)

where X is the mean activity of immobile anionic sites,
Eq. (12.2) leads to the approximation

Ed = 0 12.4)
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The boundary potential of the liquid membranes in question
is determined as follows (see Eq. (9.3)):

PT kKa; RT kK a;

E =- In-———--—-— 1In-—— (12.5)
F ak © F aR (@)

where av are the activities of free potassium ions, and k,,

is the distribution coefficient of these species between
aqueous solutions (C resp. ') and membrane (x = 0 resp. d).
The predominant partitioning of cations between the outside
solutions and the respective complexes in the membrane (sta-
bility constant [RVaj) can be characterized by overall distri-
bution coefficients [25, 26, 60] which are defined as

> , KVala

KK~ kK RKvalkKaval () (12.62)
akK 0
av .@
- - A (12.6b)
KK = KK WV Voal

This allows to transform Eq. (12.5) into the following one:

E =- In———— - In ————————- 2.7
F akVvVal (0 F akval (d)

Recalling Egqs. (12.3a) and (12.4) we arrive at the following
result for the total membrane potential, EM = ER + ER:

RT
o KKeK 2.8y

kk 4

Em
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Equation (12.8) demonstrates that neutral carrier membranes
must definitely meet a second requirement, in addition to
cation permselectivity, to bring out an ideal emf-response to

cations (see also Eq. (12.6)). A reduction of Eq. (12.8) to &
Nernstian expression is possible only as long as the activity

of free carrier ligands is constant throughout the membrane,
that is

aVaI(O) = "Nal (d) = aVal (12-9)

respectively:

KK KK KK 12.10)

These conditions are usually fulfilled if no lipophilic anions
are present in the outside solutions; such species would
strongly facilitate the extraction of electrolyte into the
organic membrane, thereby leading to both a loss of cation
permselectivity and a decrease of the free ligand activity
(see Section 12.4).

An alternative theory suited for the description of neutral
carrier membrane electrodes is based on the Planck formalism
evolved in Reference 65. This membrane model, treated in the
Chapters 4-6, does not stipulate ideally fixed anionic
sites. According to Egs. (9.7) and (9.8), Planck"s result for
the diffusion potential of the valinomycin-based membranes
discussed here may be written as*);

U For simplicity the same activity coefficients were used for
all 1ionic species in the membrane (Kval+, OH , CI ). The elec-
troneutrality condition then yields the approximation akya]”™x)=
aQHQ®) + aci (X, which was inserted into Eqs.(12.11) and (12.12).
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= Ukval-ZZUXx™ 1 nakal22- (12.11)

UKval + UX F akval*d)

where
E
~ RT gl’l
[uOHaOH (d)+uciaci (d)] e " [UOHaOH (O)+uciaci (0)]
UX=UKVal* ~ _F
RT
UKValakVal (d) e " UKValaKvVal<0)

12.12)

The findings in this section have shown, however, that the
following relations apply to the present case:

aC I "<<aKVal”™" i,e" uClaC I <<UKvalak V a |1 (2.13)

UOH <<UKVal " i,e“ UOHaOH (xX)<<UKValakVal (X) (12.1%

Hence, the mean mobility u representative for all anions in

the membrane, becomes veryﬂlow as compared to the mobility
UKVal the cat:*ai< species. This conclusion offers for the
first time a clear-cut explanation for the apparently poor
"mobility of sample anions in carrier membranes, as was postu-
lated more intuitively in earlier theoretical approaches [22,
25, 26, 59 - 62]. It follows:

RT |pakval©

F “KvVal*1’

E = (12.15)
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The last expression can easily be combined with Eq. (12.7).
The final result for the membrane potential Ew turns out to
be identical to Eq. (12.8). This implies that the Planck

formalism, assuming low-mobility anionic sites, and the
Teorell-Meyer-Sievers concept of fixed anionic sites consti-

tute equivalent descriptions of neutral carrier membrane
electrodes. Both models are referred to in the following
sections.

12.3. CATION SELECTIVITY OF CARRIER MEMBRANE ELECTRODES

In this section we focus on the potentiometric selectivity
behavior of ideally cation-sensitive liquid membranes based
on neutral carriers. Correspondingly, the following restric-
tions are a priori imposed: a) cation permselectivity, and
b) constant activity of free carriers (see Sections 12.2 and
12.4). The formal discussion, initiated above for the example
of the valinomycin-based membranes, is extended here insofar
as carrier complexes of different cations and of different
stoichiometries (including the 1:0 complexes corresponding
to the minor fraction of free cations) are taken into account.
All these cationic forms have to be considered as separate
permeating species.

The relative population of a given I:n complex between the
cation M*" and ionophores S in the membrane is controlled by

the individual distribution parameter K“ﬁq, defined iIn ana-
logy to Eq- (12.6):

K =K, A --S-———- =8 K al (12.16)
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A z+
where: Bm : stability constant of the complex MSn in the

membrane (for free cations, R so - D

m

- VA
ams,n : actwntx of the complex MSn in the membrane
ag > activity of the free carrier S in the membrane

This parameter evidently constitutes a measure for the fun-
damental equilibrium (12.17):

K
+ e 7+
MZ (aqueous) + n S (membrane) m.N fsc (membrane) (2.17)
An alternative, and very useful, formulation of the distri-
bution coefficient Km n is obtained by breaking down this

reaction into the following steps:

1. Transfer of free ligands from the membrane into the boun-
dary layer of the outside solution:

1/ks
S(membrane) . - S (aqueous) (12.18)

2. Formation of cationic complexes in the aqueous phase:

gw
ms ,n
M (aqueous) + n S(aqueous) T ———- MS™ (aqueous) (12.19)

3. Transfer of complexes into the membrane:
K
A+ et B A+
MS” (aqueous) G———-- MSA (membrane) (12.20)

From this consideration, it follows:

m,n @%s,n “ms,n @g/kHMN @2z.21)
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The advantage of Eq. (12.21), as compared to (12.16), is that
membrane-independent quantities, é%s n, are used to describe

the complexation specificity of the carrier ligands. Equation
(12.21) is also applicable to free cations, which case is

evidently characterized by the values n = 0, éﬁs =1, and

Kms,6 = Km'

12.3.1. Selectiyity Betwsen_Cations_of_the_Same_Charge

In cells containing primary ions IZ+ as well as interfering
ions JZ+, both of the same charge z=I, 2, ...., all the
different 1l:n carrier complexes formed by these species are
involved in the generation of the membrane potential. Re-
calling Egs. (9.16) and (12.16), we therefore obtain the
relationship [25, 26, 65 - 67]:

RT lu K al+ 1l u. K. al
E =—- iIna_\Is"n_Ldl_1 o__ 2x2_ 1 12.22)
M 2F F]u'ls n K'i n E;( * r! l’|3"s,n K3,n a3

In cases where the individual mobilities of cationic forms are
not significantly different, one can use a simplified descrip-

tion:
RT _ 1IK. a.+ K. a.
E =_ Ina_LtH 1 nitn 1 (12.23)
M zF 1K. . ar + 1K. a'l
n-"i1,n 1 njp,n j |

Both expressions are applicable to carrier-modified bilayer
membranes (exclusion of anions) or to bulk membranes (statio-
nary or poorly mobile anions) since no assumption concerning

the mechanism of cation permselectivity is needed for the

derivation of the basic Eq. (9.11). For the emf-response of
such idealized membrane electrode assemblies, an equation of
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the well-known Nicolsky type can readily be derived:

RT

E=E° +— In [a + Krot a"] (12.24)

1 zF 1 N3

The selectivity is given by [25, 26, 33, 66, 67]

kpot ~ nKarn = & Bsan Njsij; @ 76N (12.25)
AK'i,n ! neV is,ﬁ(is,n (a éK Qn

and characterizes the following ion-exchange reaction:

I (complexed, membrane) + J (free, aqueous) -

J (complexed, membrane) + 1| (free, aqueous) (12.26)

It becomes evident that the cation selectivity of carrier-

based ion sensors may depend on various factors:

1.

2.

The selectivity behavior of the carrier Iigands used, which
can be full% characterized b¥ the values Bms n
The activity ag of free ligands in the membrane (given by
the membrane composition), this dependency being expressed

by the relation
——————— =n. -n 12.27)

where n is the mean degree of complexation of the subscripted
ion in the membrane.

The extraction properties of the membrane solvent which

are decisive for the magnitude of the ratios Knsln/kg- The
influence of the membrane solvent on ° may beréstimated
using an electrostatic model (see Section 12.5). According

to such considerations, the free energy of transfer of
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cationic complexes from water into the membrane (as com-
pared to the uncomplexed ligands) is given by

K @z e)2z /1 1\
- RT In =N - e + const (12.28)
ks 2rc 78.

where e is the dielectric constant of the membrane solvent,
z.e is the charge (in electrostatic units) and 2re is the
overall diameter of the cationic forms, and N is Avogadro®s
number .

A very simple relationship can be derived from Eq. (12.25)
for neutral carriers that predominantly form 1:1 complexes
with cations, as is the case for most of the natural iono-
phores known to-date. Here, the selectivity becomes indepen-
dent of the ligand concentration. Since the dimensions and
therefore the distribution coefficient of carrier-complexes
of given charge and stoichiometry are roughly independent of
the nature of the central ion (see Eq. (12.28)), the selec-
tivity behavior can approximately be described as [22, 51 -
53, 59, 60, 68 - 70]

K:Pigt # l% V? (12.29)
is

where the stability constants refer to the respective 1:1
complexes. Accordingly, the selectivity of corresponding
neutral carrier membrane electrodes among ions of the same
charge is scarcely influenced by the ion-selective behavior
of the membrane solvent used but is mainly given by the
complexation properties of the incorporated ligands. This

exclusive ligand control of ion selectivity, unrealizable

289



Figure 12.4. Correlation between theoretical and experimental
selectivity factors for liquid-membrane electrodes based on
the carrier valinomycin (@ in Fig. 12.1) in different membrane

solvents (from Reference 26) .
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for the classical ion-exchangers based on charged ligands, is
nicely demonstrated in Figure 12.4 for a series of liquid
membrane electrodes based on the carrier antibiotic valinomy-
cin. The correlations found attest a good agreement between
the theoretical selectivity factors given in the simplified
form (12.29) and the experimental values (see also [22, 59,
68 - 701). No such simple correlations are obtained, however,
if cation-carrier complexes of different stoichiometries are
involved [67] and/or the central ion remains partly solvated
[59, 70 - 72] (incomplete covering by the ligand shell). Seve-
ral molecular aspects of the ion specificity exhibited by
natural ionophores and synthetic model compounds will be
summarized in Section 12.5.

12.3.2. Monoyalent/Divalent_Cation_Selectivity

It is of some practical importance to also give a descrip-
tion of the selectivity behavior of carrier membrane electrodes
towards cations of different charge, for instance towards a
mixed solution of divalent ions I2+ and monovalent ions J' . A
theoretical approach to this problem has already been worked
out in Part A and is based on a Teorell-Meyer-Sievers concept
of the carrier membrane (fixed anionic sites of activity X).
If the cation-exchange reaction at the phase boundary is the
dominant factor determining the membrane potential, the emf-
response of the corresponding electrode cell is given by
Eq. (9.19):

RT r

E = ET + N In n!af + 7 KMT.afZ + %f; KMT.aéza (12.30)

Since the extraction properties of carrier membranes have
previously been characterized by overall distribution coeffi-
cients Km n* however, we have to reBIace the parameters K
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Fiqure 12.5. Comparison between calculated and measured EMF-
response curves for different Ca2+ -sensitive carrier-?based PVC
membrane electrodes (25°C)[70]. The electrolyte composition is
comparable to blood serum, the Ca2+—level being variable. So-
lid lines: calculated according to Eg. (12.30). Lower dashed
lines: calculated according to Eg. (12.32) where Pot is
assumed to be activity-independent. Upper dashed lines: cal-
culated according to Eg. (9.23) with constant IDOt—values.

Upper traces: ligand _15; lower traces: ligand 11 (Figure 12.1).



occurring in Eq.(9.20). Thus, we obtain the following re-
lationship for the monovalent/divalent ion selectivity of
idealized carrier membranes:

s § '.(g,n—)—z— = (r%,%[s,n—('i'sjn—/l(g-)-—asjp—z‘“ (12-3D
2 Xﬁ K‘i,n 2 XnH Ws,n (kiS,n/kg) ag.

An emf-behavior according to Eq. (12.30) was in fact ob-
served for real ion-sensor systems [70]. Figure 12.5, illustra-
ting the determination of Ca2+ in mixed electrolyte solutions
comparable to blood serum, shows impressively that the one-
parameter equation permits a perfect interpolation of emf-
values over the whole Ca2+—activity range. Obviously, the
common Nicolsky equation (9.21)

RT r 4
E=E°+—- In al + KP°t &2 12.32)
1 2F L1 13 3J

may also be used to give a relatively close fit of experimen-
tal values, which is iIn agreement with usual findings. Thus,
the theoretical selectivity factor KM- corresponds to the
practical I:)Ot—value, as obtained fr%? the separate solution
method:

K*1 .« K Fllgt (12.33)

A discussion of these selectivity parameters is rather in-
volved since Eq. (12.31) obviously cannot be reduced to a
simple form comparable to (12.29). Nevertheless, Eq. (12.31)

reveals some important rules which have to be considered in
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designing ion-selective sensors (see also Section 12.5). First
of all, the selectivity coefficient KM strongly reflects the
complexation behavior of the carriers used. In addition, it

depends again on the free ligand activity, that is
——————— U =2n. - i (12.3%)

Another selectivity-determining factor is the mean activity

of anionic sites in the membrane. This parameter can be varied
systematically by the additional incorporation of permanent
anions into the membrane (Section 12,4.2), which procedure
generally leads to an increased preference for divalent over
monovalent cations. The remaining terms in Eg. (12.31) are

the ratios of distribution coefficients, describing the trans-
fer of charged complexes relative to the transfer of free
ligands. From Eq. (12.28), these ratios are readily seen to
decrease with increasing charge of the cation and decreasing
dielectric constant of the membrane phase. When assuming the
same stoichiometry I:n for all complexes in the membrane, one
may get the following relationship (Egs.- (12.31) and (12.28)):

3 log K’ 2N e2 487
____ 115 - = - (12.35)
3 (We) 2.303 RT = 2rc 2rp (in 8)

Accordingly, the preference of a sensor for monovalent over
divalent cations is efficiently improved when reducing the
polarity of the membrane solvent, and vice versa. Such a
relationship was indeed observed for neutral carrier membranes
in potentiometric measurements (Figure 12.6 and [73, 74]) as
well as in ion transport experiments [74].
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PREFERENCE OF Nat+OVER Ca2+

DIELECTRIC CONSTANT

Figure 12.6. Dependence of the monovalent/divalent ion selec-
tivity on the polarity (as described by the dielectric constant)
of the membrane solvent used (ligand 15). The solvents are: 1:
dibutylsebacate? 2: tris-(2-ethylhexyl)-phosphate? 3: 1-deca-
nol? 4: acetophenone? 5: 2-nitro-p-cymene? 6: p-nitroethylben-
zene? 7: nitrobenzene. The selectivity factors were obtained
from the EMF-values measured on 0.1 M chloride solutions [22].

The curve was calculated from Eq. (12.35) with 2rc = 15 2.



12.4. ANION EFFECTS IN CARRIER MEMBRANE ELECTRODES
12.4.1. Anion_Interference_in_Conventional Carrier_Membranes

Whereas carrier membrane electrodes usually show a nearly
ideal cation sensitivity when exposed to chloride solutions,
the presence of lipophilic anions in the sample may lead to
significant nonidealities in the emf-behavior [25 - 30, 54 -
58, 60 - 62, 64, 75]. Species that are easily soluble iIn the
organic membrane phase, e. g. thiocyanate or perchlorate,
facilitate the extraction of electrolyte according to the
reaction

K
ex

1Z () +zY @ +nS@v- "ISZ M + zY (@M (12.36)

This reaction, competing with the "normal™ process analogous

to (12.1), has a twofold effect. First, the activity of mo-
bile anions in the membrane is increased substantially, which
involves a clear loss of cation permselectivity and consecutive
distortions from a pure cation response of the electrode.
Simultaneously, the activity of free ligands at the membrane-
solution interface decreases; near consumption of free

carriers is signaled by conversion of the electrode response
into a pure anionic function (see below).

The interference in neutral carrier membrane electrodes

by lipophilic sample anions*) was studied by several authors

T S - _ —_ - - -
) The sensitivity to lipophilic, easily extractable ions consti-

tutes a possible limitation of all liquid membrane electrodes.
Such interferences were also reported for the classical ion-ex-
changer electrodes [64, 76]. In the case of neutral carrier
membranes, the observed effects increase with increasing lipo-
philicity of the interfering anions, that is according to the
Hofmeister series Cl <Br <NO3<SCN ~C10”"<R [54, 54a, 56, 61].
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[26, 29, 54, 56 — 58, 60 - 62]. The experimental results
usually show a region of cation-dominant response at low
levels of interfering anions, a maximum in potential, and a
decrease iIn response at high sample activities (Figures 12.7
and 12.8). Different theoretical treatments were offered (see
hypotheses a) to €) in Section 12.2) that succeeded iIn ex-
plaining most of the observable effects. First, Boles and Buck
[29, 54] postulated that space-charge control of potential,

i. e., exclusion of anions from the membrane, occurs at the
low bathing activities and that the maximum arid decrease of
potential appear in an activity region where the membrane be-
comes electroneutral. It was claimed that consumption of free
carriers does not occur because of the presumed small for-
mation constants for ion-carrier complexing and ion pairing
[29]- In the theory proposed by Morf et al. [26, 56, 57, 60],
in agreement with later experimental findings [62] (see also
Figures 12.7 and 12.8), the distinct effects of anion inter-
ference are mainly a consequence of high salt extraction and
the concomitant consumption of free carriers. The assumption
of low anion mobility in electroneutral carrier membranes

was required for rationalizing the region of cation-dominant
potential response. Although there is no a priori reason why
anions should have low mobilities [29], this approach has now
been underpinned by results from the more sophisticated Planck-
type description outlined in Section 12.2. An alternative
description of anion effects, along the lines of the Teorell-
Meyer-Sievers theory, was initiated by Kedem, Perry, and
Bloch [55] and others [54, 56 - 58]. Taking into account the
in-depth information on carrier membranes available in the
meantime, it seems necessary, however, that all the mentioned
theories be revised or completed.

For simplicity, we fo%us first on carrier membrane systems
+ -
where the two species ISn and ¥ are the predominant
permeating species. When choosing a fixed-site model for



Figure 12.7. Correlation between salt extraction and potential
response of a PVC membrane based on the Ca2+—carrier 1B (Figure
12.1) in o-nitrophenyl octyl ether for Ca(SCN)2 solutions as
sample. The percentage of uncomplexed carriers (@-100%) was
obtained from 13C—n.m.r. spectroscopic studies. The solid

lines were calculated according to theory [62].
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Figure 12,6. Correlation between salt extraction and potential
response of a PVC membrane based on nonactin (2 in Fig. 12.1)

in o-nitrophenyl ootyl ether for KSCN solutions as sample [62].
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the carrier membrane, we may apply in principle the former
Egs, (12.2) and (12.7) to describe the diffusion potential

n 2
E =Uis~U/ U In ZUisais© +Vy © 12.37)
zuis+ uy F z2u.sais( + uyay (d)
respectively, the boundary potential
RT K! al aa @
E =- 1In - ———— - (12.38)
B zF K i.n ay a-iS(O)

The parameters entering in Egs. (12.37) and (12.38) are the
individual mobilities u and the local activities a of cationic
forms and sample anions. The ratio of overall distribution
coefficients iIn (12.38), each characterizing the partitioning
of cations at one membrane/solution interface, may be re-
duced as follows, witness Eq. (12.6a,b):

KI.n RBis ki [y °>]n (L( (12.39)

KI,n Ris ki [as (d)]n W dv

This ratio is evidently affected by the extraction of cations
since for carrier-based liquid membrane electrodes the total
activity a™ot of all forms of ligand S trapped within the
membrane is approximately constant (steady-state condition,
replacing the corresponding assumption made in the older
theories [51, 54]:

tot

n aisX) + ag® = ag

(12.40)
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Another relationship follows from the electroneutrality con-
dition and the assumption of fixed anionic sites:

Z ais®® = ay® + X (12.41)

Since the inner solution of membrane electrodes normally con-
tains no lipophilic anions, we get:

X ;a @ =aot - - X (12.42)

Determination of the residual activities a”s(0), ay (©0), and
ag (@ becomes possible after defining the equilibrium constant
for the extraction reaction (12.36):

a.5()[ay (0)r
K., = es_k:k = (2.43)
aV z [as(O)]n

Equations (12.37) - (12.43) offer an implicit but well-de-
fined description of the potential response of carrier mem-
brane electrodes to sample solutions containing interfering
anions. The following limiting cases may be discerned for
conventional membranes having ag >>X (see Figure 12.3).

1. At sufficiently low sample activities, it holds that

tot.n _ 1 _iZ z+1
ex (aS h) as ay << X (12.44)

Here the extraction of lipophilic anions Y into ;he mem-
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brane remains negligible and, therefore, these species
exert no detectable influence on the membrane potential.
A pure cation response is obtained, as described in Sec-
tion 12.2:

RT
E=E? +—- In a" (12.45)
zF 1

2. At intermediate sample activities, i. e

z+1 tot\n

. tot,, z+1
c KK (g

) a;a;z «< @9 (12.46)

the extraction of ions is governed by reaction ((12.36) and
leads to comparable activity levels of cationic complexes

and sample anions in the membrane. However, consumption of
carriers does not yet come into play. In this case, the
emf-response assumes the form (9.26):

Equation (12.47) indicates a loss of cation specificity,
which is observable in Figure 12.8 by the relatively broad
maximum of the response curves.

3. At comparatively high sample activities,

, tot, z+1 ~ _ , tot.n =,z (12.48)
as ) << Rex(as j ai ay
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the activity of ionic forms residing inside the membrane
boundary exceeds by far that of free ligands. Since the ac-
tivity of cationic complexes (and that of counterions) is
limited by the total ligand available, Eg. (12.43) predicts
proportionality between [a,,(0)I and I/a™a <= Inserting
this dependency into Eq. (12.38) we can derive a Nerrnstian
response to anions:

RT
E=E°— In a (12.49)

Here the cationic complexes of fixed activity evidently
behave as anion-exchangers. Exactly the same situation
holds for certain anion-selective membrane electrodes
using metal complexes as ion-exchange sites (e. g., com-
plexes of transition metal cations with neutral ligands

of the phenanthroline type, see Table 11.1). However, these
systems cannot attain a cation-response region at low
sample activities because of the extremely high stability
of the involved metal complexes. It may be recognized that
neutral ligands must be sufficiently weak complex formers
in order to realize ionophoric behavior.

The experimental results presented in Figures 12.7 -
12.10 (see also [54, 54a, 56 - 58, 60 - 62]) illustrate
that the emf-response to cations in solutions containing
lipophilic anions may be far from the nearly Nernstian be-
havior obtained for chloride soTutions. The observable
effects of anion interference are in agreement with the
theoretical predictions. For sensors responsive to mono-
valent cations, these nonidealities may be nearly elimi-
nated by employing membrane components of low dielectric
constant [57, 77] (Figures 12.9 and 12.10), thereby re-
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Figure 12.9. EMF response of valinomycin-based PVC membrane
electrodes to K+ in samples containing different anions (25°C).
Left: a highly polar solvent (2-nitro-p-cymene) was used as
membrane component. Right: a rather nonpolar solvent (dioctyl
sebacate) was incorporated.
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Figure 12.10. EMF response of PVC membrane electrodes based on
the neutral carrier 14 (Fig. 12.1) to Na+ in samples con-
taining different anions (25°C) [57]- Left: o-nitrophenyl
octyl ether was used as membrane solvent. Right: dibenzyl
ether was used as membrane solvent.
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ducing the value of the extraction constant Kgx. Polar mem-

brane solvents, such as nitrobenzene and the higher homologs

[6, 54, 75], are a rather poor choice in this respect. In contrast,
these polar solvents cannot be replaced in carrier membrane
electrodes selective for divalent cations, as has been ex-

plained in Section 12.3.2. An alternative method for improving

the cation specificity is discussed later.

A more elegant description of anion effects in neutral
carrier membrane electrodes, including those discussed in the
next section, 1is based on the extended Planck formalism.
Adapting the general result, Egs. (9.27) - (9-29), to the

present case, we can immediately write the following solution
for the membrane potential:

u. RT al u RT K a"+k a"
EM= — N e In e _ in
M 1 .- s " s ti
zu,is+uy F a’is zu_is+uy F Kya}j-k Ia r
(12.50)

u._ .. RT k1 al u RT K a“"+Kk a"
=—T7u__ In e Xem——— nA Y..NE
2uis+uy F Kl,nal ZUis+ay F kyay+krar

The mean mobility u” of anions in the membrane is influenced
by both the sample anions Y and the primary anionic sites,

denoted here as R

F £
(UKa0+ukane o M—(.uka'+uka)
yy rrr yvy r
- T e (12.51)
Yy _h g

All the activities appearing in these expressions refer to

the aqueous boundaries that are in equilibrium with the ad-
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joining membrane surfaces. For the conventional carrier mem-
brane electrodes it holds that up» 0 and Ky "<<kra'} (i.e...
ay (d)«ar (d), see Section 12.2). Case 1 of the preceding

treatment corresponds here to the situation where

Kya;<<kra} resp. uy 0 (12.52)

Cases 2 and 3 result again from an increased anion permeabi-
lity, i. e.,

Kyay>>krar K ao resp. My(<My (12.53)

Evidently, the two theoretical models developed for carrier
membranes lead to basically the same results. The choice bet-
ween these two approaches depends on the more academic
question whether the anionic sites existing in the membrane
phase are to be considered as fixed or as immobile.

For many carrier membrane systems, especially those pre-
pared with rather nonpolar membrane solvents, the effects of
ionic association (ion pairing) are not to be overlooked [26,
54, 62]. Thus the formation of associates of the type 'SnYz
is predominant in media of low dielectric constant. Since
these species are electrically neutral, however, they have no
direct influence on the diffusion potential. Accordingly, the
emf of associated membrane systems is still described by
Egs. (12.50) and (12.51) as far as the ions IS+, Y , and R
are the only charge-carrying species. The only difference
exists in the formal result obtained for the position of the
emf-maximum separating cases 1 and 3 [26, 62]. In striking
contrast, the formation of charged associates may give rise
to entirely new response characteristics. In certain sensors
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for divalent cations, for example, it is conceivable that

the single-charged species IS?y'T is the predominant permeating
ion besides the nearly immobile sites R . The membrane elec-
trode will then approximate a Nernstian response to these
permeating species, as may be inferred from Eq. (12.50) using

Uy=0, z=1, and the subscript isy instead of is:

= ° — - 12.54
E EiSy ++ In Ay (¢ )

Taking into account the expressions for ion-carrier complexing

and ion pairing, we obtain:

RT RT

E = const + — 1In [Id al] + - In & (12.55)
r 1»n 1 \% Yy

Equation (12.55) reveals that anion interference here causes
an over-Nernstian region of the emf-response curve, the actual
slope being up to four times larger than the expected value

of 29.6 mV (25°C) which is otherwise characteristic of di-
valent-ion sensors. A slope of about 100 mV was in fact ob-
served for different carrier membrane electrodes when ex-
posed to BafSCN)”™ or Ca(SCN)2 solutions [78]. It has been
verified that both the divalent cation and the monovalent
anion give a contribution of around 50 mV, which value rough-
ly corresponds to the Nernstian slope for a monovalent cation.
The reason is that both species are part of the permeating
complex which indeed represents a monovalent cation. A simi-
lar situation was found for uranyl-selective electrodes [35].
These sensors give a highly selective, linear response to UO%+
ions with a slope of around 60 mV when the aqueous solution is
buffered at pH 3. Here, the membrane evidently forms carrier
complexes with ion pairs of the type U>20H+, the activity

of OH 1ions iIn the sample being kept constant.
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12.4.2. Progerties_of_Carrier-Based_Liguid_Membranes_with

The preceding treatment has shown that a relatively high
number of anionic sites immobilized within the bulk membrane
phase is required for rendering a carrier membrane perm-
selective and cation-specific. In 1973, Kedem, Perry, and
Bloch [55] first reported on this subject and advocated the
use of polymeric membrane matrices with fixed negative charges
to improve the response characteristics of valinomycin-based
membranes. The introduction of such chemically bound sites
into the commonly used supporting materials PVC and silicone
rubber, however, seems questionable. This led Morf et al.

[56, 57] to the intentional creation of mobile anionic sites
in carrier membranes, accomplished by the addition of ex-
tremely lipophilic anions, such as tetraphenylborate, to the
membrane phase. These species are expected to be virtually
trapped within the organic phase because of their poor water-
solubility} rather than compete with the neutral carriers in
complexing the cations they should dislodge the sample anions
from the membrane, thereby reducing or even eliminating the
effects of anion permeation. In the meantime, this modified
membrane type has replaced the conventional carrier membrane
in practically all sensors for divalent cations and has led
to significant improvements (see below). The incorporation

of ionic components into carrier membranes has also proved
beneficial in that the membrane resistance can be lowered
considerably, which point became crucial for the development
of workable microelectrodes based on neutral carriers [79 -
83].

For a theoretical description of carrier-based ion-ex-

changer membranes (see also [26, 56, 57]) one can directly
apply the former Egs. (12.50) and (12.51) which account for
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any type of mobile anionic sites R . In contrast to the near-
ly immobile OH groups prevailing in the conventional carrier
membranes, the tetraphenylborate or related exchanger ions
introduced here can move easily but are confined to the mem-,
brane phase because of their high lipophilicity. This means
that, ideally, the steady-state flux of mobile ions R be-
comes J = 0, resulting in a Boltzmann distribution of such

components across the membrane. Hence:

- e {12.56)

where &, and a. are the activity levels maintained in the
aqueous boundaries by interfacial equilibrium. By matching
the number of anionic sites in the membrane to that of

cation-complexing carriers, it is possible to create situa-
tions where

z

ar(X) = X « - as0t (12.57)
n
respectively:
K a a © kK a a @
—1=-l-— »0 = — £ =-X— =0 (12.58)
kK., a O K .ay a @

The membrane potential is then found from Egs. (12.50) and
(12.56) to obey the simple relation:
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RT K a RT a RT a (©
EM=—- In -iiS— - =— In - +n - In— — (12.59)
M zF K:"; av  ZF & F a @

,nh 1
A rigorous solution for the residual activities of free

carriers can be deduced from Egs. (12.40) - (12.43); details
are given elsewhere [26].

Equation (12.59) clearly demonstrates that the additional
incorporation of permanent anions into carrier membranes
allows to realize a perfect Nernstian emf-response to cations:

RT
E=E°+—- 1In a (12.60)
1 zF 1

as long as

resp. a O = a @ (12.61)

Here, any interference by sample anions can be successfully
eliminated; the unfavorable region of high anion permeability
found earlier (case 2 in Section 12.4.1) does evidently not
appear because interfering anions are virtually excluded from
the liquid cation-exchanger phase. Transition of the emf-
response into an anionic function is obtained only when com-
plete consumption of free carriers occurs, in analogy to the
former case 3:

E=E --—In a (12.62)
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for

Kk i < K;(' £ resp. a O =0 (12.63a)

However, a detailed study [26] shows that such a degeneration
of the response behavior of carrier-based electrodes proceeds

only at comparatively high levels of interfering anions, that

is for
tot.—1 1 _iz . tot .Z-n
Kex (aS ) ai.ay >>(aS --X) (12.63b)

Among other terms, the charge z and stoichiometry n of the
predominant cationic complexes are surprisingly found to be
the decisive parameters. It may be recognized that the per-
manent incorporation of anionic components such as tetra-
phenylborate X man0t, see E3 (12.57)) is attractive for
carrier membrane systems having n=z, and especially for n>z
where distortions from the ideal cation response can be eli-
minated completely. These theoretical expectations were en-
tirely confirmed by experiment. For liquid ion-exchanger
membrane electrodes with carriers for K+ (1:1 complexes),
Ca2+ (1:2 complexes), and Na* (1:2 complexes), the observed
emf-response was found to be in perfect agreement with the
predicted function (see Figures 12.11 and 12.12 and Refe-
rences 56 and 57). These results clearly encourage the use of
the modified carrier-membrane type, especially in sensors for
divalent cations which require the presence of polar, highly
solvating membrane media.

Through the addition of anionic components to carrier
membranes, the selectivity behavior among cations is also
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Figure 12.11. EMF response of neutral carrier electrodes to
Ca2+ m samples containing different anions (25°C) [56]-
Left: conventional membrane type. Right: membrane with tetra-
phenylborate (equivalent to 100 mol-% of the ligand concen-
tration) ; solid curves according to theory [26, 56]. Carrier:

15 (Fig- 12.1); membrane solvent: o-nitrophenyl octyl ether.
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Figure 12.12. EMF response of neutral carrier electrodes to
Na+ in samples containing different anions (25°C) [57]. Left:
conventional membrane. Right: membrane with tetraphenylborate
(equivalent to 50 mol-% of the ligand concentration); solid
line according to Eq. (12.60). Carrier 14 (Fig. 12.1); membrane
solvent: o-nitrophenyl octyl ether.
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changed to some extent. By this treatment the activity X of
ionic charges in the membrane phase is directly increased and,
simultaneously, the activity ag of free ligands is reduced.

It is readily seen from Egs. (12.31) and (12.34) (assuming

n. = n.) that the preference of divalent over monovalent
cations is thereby increased substantially, whereas the selec-
tivity between metal ions of the same charge remains unaffec-
ted. A pronounced reduction of the selectivity coefficient is
expected for hydrogen ions because the OH groups residing in
the conventional membranes are replaced here by tetraphenyl-
borate or similar ions, having much lower basicity. These theo-
retical results compare favorably with the observed effects.
For example, Table 12.4 demonstrates that the introduction of
negatively charged membrane components leads to a perfection
of Ca2+—selective electrodes based on neutral carriers. In
sensors for monovalent cations, similar improvements of

nearly all response characteristics can be realized by the

use of relatively nonpolar membrane materials.

12.5. MOLECULAF ASPECTS OF CATION-SELFCTIVE CARRIERS
12.5.1. Molecular_Basis_cf_lon_Selectivity

In the end of the sixties, the known number of electrically
neutral ionophores was still restricted to a few naturally
occurring antibiotics and to the class of macrocyclic poly-
ethers (crown compounds). Further attempts at imitating by
chance the structural principle of natural ionophores were
not successful [85]. Progress on the design of synthetic ion-
carriers was primarily due to the development of molecular-
level theories and models [16 - 18, 20 - 23, 33, 86, 87]. The
theory worked out by Morf and Simon [20 - 22] was successful
at reconstructing the observed selectivities of a variety of
antibiotics and model compounds, as well as ionic hydration
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Table 12.4. Effect of the membrane component tetraphenyl-
borate on the selectivity of Ca2+—carrier membrane electrodes

Selectivity factors, log n
Membrane composition3 , ,
M = Na+ K+ Mg2+ H+
ETH 1001 1%
0-NPOE 66% -4.6 -4.6 -5.21.2

PVC 33%

ETH 1001 1%

NaTPB 0.5%

-5.0 -5.2 -5.1 0.0
0-NPOE 64%
PVC 34.5%

a ETH 1001: carrier 8 in Figure 12.1; o-NPOE: o-nitrophenyl
octyl ether; NaTPB: sodium tetraphenylborate.

- - - 4
v Determined by the fixed interference method (Na+ , K 21.0 M;

Mg2+: 0.33 M; H+: pH 2) [84]-
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energies, and was capable of predicting molecular requirements
for electrically neutral ionophores. The selectivity behavior
of carrier membranes was interpreted on the basis of specific
effects on the free energies of transfer of cations:

- RT In (@/\{S s ) = AG°(transfer) = AGI‘_’i - AG; (12.64)

where: AGE: free energy for transfer of a cation from the gas
phase into the cavity formed by the ligand (in a
given membrane medium)

AG;: free energy of hydration, i. e., for transfer of a
cation from the gas phase to water

Each of these free energies reflects the following contri-
butions [20 - 22]:

a) Disengagement of the coordinating sites in the ligand or in
water .

b) Electrostatic, dispersion, and repulsive interactions bet-
ween the cation and the coordinating shell of ligand or
water.

c) Polarization of the surrounding solvent medium by the
charged complex.

d) Changes in the volume of solvent induced by the cation.

e) Correction for relating calculated quantities to standard
states.

) Adoption of a conformation of the ligand suitable for
cation coordination.

g) Additional deformation of the ligand to optimally fit a
given cation by the coordinating sites.

h) A statistical term depending on the number of coordinating
sites in the ligand.
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Among the various interactions existing between hard
cations and electrically neutral ligands [20 - 22], the
electrostatic bonds built up between the ionic charge and
ligand dipoles are. primarily responsible for the formation of
stable complexes. For cations coordinated by n binding sites,

these iInteractions are calculated as

zep p 2
-E=Nen—-—-N b — (12.65)
r r
where: - E: absolute energy value of ion-dipole interactions

(first term) and dipole-dipole interactions (se-
cond term), per mol of complex

ze: 1ionic charge, in electrostatic units

p: permanent dipole moment, in electrostatic units

r: distance between the centers of ion and dipole

b: numerical factor depending on the coordination
geometry [20]

N: Avogadro®s number

Calculated interaction energies are given in Figure 12.13 for
idealized complexes of different cations. The data indicate
that an increase in the dipole moment of the ligand sites ge-
nerally increases the stability of the complexes. The effect
is especially large for small and multiply charged cations.
Therefore polar binding sites, such as amide groups, have to
be introduced iIn carriers to compete with water molecules in
the complexation of the small ions Ca2+, Li+, and Nalb (see
Section 12.5.2). High selectivities between different cations
are to be expected for polydentate ligands that offer a pre-
determined coordination sphere. A coordination number of
about eight is especially attractive for complexing Ca2+, as

shown in Figure 12.13.
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Figure 12.13. Energy
sites (van der Waals
from Eq. (12.65) for
Ba2+ (1.43 2). Left:

of the electrostatic interactions between cation and coordinating

radius 1.40 2;

ligand

varying dipole moment). The values -E were calculated

complexes of Nar (ionic radius 0.98 2), K+ (1.33 2), Ca2+ (1.06 2), and

octahedral coordination. Right: cubic coordination.



The salient characteristic of most carriers, the ability to
distinguish among the cations of one group of the periodic
system, is largely due to intra-ligand steric interactions.
First, the mutual repulsion of the n coordinating atoms a

priori precludes their contact with cations smaller than a

certain critical radius. This minimal cavity radius is deter-
mined as 0.6 and 1.0 £ for coordination spheres of six (octa-
hedral) and eight (cubic) oxygen atoms, respectively [20 - 22].
Accordingly, an eight coordination can hardly be realized for
Li* or M92+- Second, the reduced flexibility of the ligand
skeleton often entails a somewhat larger cavity which, as a
rule, also increases with increasing number of coordinating
sites [16, 21, 22]. The cation which best fits into the offered
cavity is fTinally preferred since the complexation of any other
ion involves an increase in conformational energy. A con-
trasting view on the selectivity of carrier antibiotics was
suggested by Krasne and Eisenman [87] who came to the con-
clusion that carbonyl groups make for a selectivity sequence
K+>Rb+>Cs+>Na+>Li+ . However, such binding sites are found in

a wealth of synthetic carriers, the selectivities being quite
different.

Another important contribution to the stability of carrier
complexes in membranes results from the electrostatic inter-
action between the charged complexes and the surrounding mem-
brane solvent. If the membrane medium is approximated by a
structureless dielectric, one can apply the Born equation to
describe the polarization induced by the complex ions (see
also Eq. (12.28)):

(z e)2 1
6, = N & —————- (1--- (12.66)
2 rc
rC = rlon + 3
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DIEHECTRIC CONSTANT

Figure 12.14. Free energy of the electrostatic interactions
between cationic complex and membrane solvent. The values —AGB
were estimated for two metal ions of nearly the same size but
of different charge, for two values of the ligand shell thick-
ness s, and for a varying dielectric constant of the membrane
medium (see Eg. (12.66)).
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where: -AGH : absolute value of free energy for transfer of a
complex from the gas phase into the membrane
e: dielectric constant of the membrane phase
2 r™: overall diameter of the complex
r > ionic radius

s: average thickness of the ligand layer

Figure 12.14 shows AGg-values calculated for a varying e: so-
dium- and calcium-complexes having diameters of 10 and 14 8
were studied. The theoretical curves illustrate the point:
the stratagem for enhancing the preference of divalent over
monovalent cations of the same radius (e. g-, Ca2+ over Na+)
involves a reduction of the ligand layer separating the central
ion from the external medium. The effect is magnified in sol-
vents of high dielectric constant. Correspondingly, nitro-
aromatic solvents were used as polar membrane components in
all carrier-based sensors for divalent cations (see Figure
12.6 and Tables 12.1 and 12.3).

12.5.2. Design_Features_of Membrane-Active Complexin2_AZents

The effects of the more important design parameters may
nicely be demonstrated by discussing the development of iono-
phore 8 (Figure 12.1): this carrier shows extremely high selec-
tivity for Ca2+ ions in membrane systems [8, 43, 84, 88].

Such 3,6-dioxaoctanedioic diamides form 1:2 Ca2+—carrier
complexes [56, 67, 89, 90]. As expected from theoretical con-
siderations [20, 21, 33] calcium is coordinated by eight

oxygen atoms (two ether groups and two amide groups per li-
gand) [89, 90]; the ester carbonyl groups of the side chains

do not participate in the coordination of the cation [90, 91].
The arrangement of the four coordinating atoms in each ligand
allows the formation of five-membered chelate rings in the
complex. The high polarity of the amide carbonyl coordinating
sites ensures sufficient strength of interaction of the I"igands
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Figure 12.15. Influence of the average thickness of the ligand
layer around the metal cation on the ion selectivity of liquid
membrane electrodes.
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with the cation. Simultaneously, highly polar binding sites
lead to a preference of divalent over monovalent cations of
the same size; they also enhance the complex stability for
small relative to large cations of the same charge (see Figure
12.13). The nearly perfect fit of the nonsolvated Ca ion

in the cavity defined by two 3,6-dioxaoctanedioic diamides,
which was confirmed by a X-ray analysis [90], gives rise to

an extremely high selectivity for calcium over magnesium and
other divalent cations.

As the complexes of the ligands discussed are electrically
charged, effects arising from the thickness s of the ligand
shell around the cation become important (Eq. (12.66) and
Figure 12.14). An increase of this parameter in the highly
Ca2+—selective ligand 8 causes a clear loss in the Ca2+ selec-
tivity iIn respect to the monovalent ions (see Figure 12.15).
As expected the selectivities among ions of the same charge
are only slightly influenced (Figure 12.15). The significant
difference in the bulkiness between the complexes of calcium-
specific ligands and those of the potassium-selective carrier
antibiotic valinomycin are clearly demonstrated by CPK models

[33].

To ensure a long life of liquid membrane electrodes, the
distribution of complex and ligand between aqueous solution
and organic membrane phase should be iIn favor of the membrane.
A rough estimate of the distribution of the ligand may be
obtained by using the lipophilicity increments for various
structural fragments as described by Hansch and coworkers [92].
This allows to calculate the partition coefficient P of a com-
pound in the system 1—octanol—water*) (see Table 12.5 and Re-
ferences 16, 33, and 92). It was shown that there is indeed)

kS
) The parameter P is identical to kg for membranes prepared
from 1-octanol.
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Table 12.5. Lipophilicities
carriers

Ligand (Figure 12.1)

10

11

12

13

valinomycin
nonactin
ETH 157
ETH 1001
ETH 149
ETH 231

nony Iphenoxy-
polyethyleneglycol

dimethyldibenzo-
30-crown-10

ETH 227

(log P) calculated for various

Lipophilicity, log P a

-0n"3
7.8
8.3
8.5
4.6
6.7

6.9

4.6

6.4

Calculated from the increments given in table 6 of Refe-
rence 33.

bThe actual

lipophilicity of valinomycin is probably much

higher because the polar ligand groups take part in intra-

molecular hydrogen bonds which force the macrocyclic ligand
into a highly lipophilic conformation [95].

22\W. E. Morf
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a correlation between the lipophilicity of a carrier, charac-
terized by log P, and the observed lifetime of the correspon-
ding PVC liquid membrane electrodes [93]. For the investigated
types of electrically neutral ligands, high lifetime of the
membrane electrodes was achieved by using carrier molecules
having log P values above about 4 (Table 12.5). Some compounds
with extremely high lipophilicity (log P$<15), obtained by
simply increasing the length of the hydrocarbon side chains in
3,6-dioxaoctanedioic diamide-type ligands, did no longer induce
cation selectivity in membrane electrodes [94]. As- these li-
gands and highly selective carriers show similar complexing
and ion-extracting properties, the lack of ion selectivity in
membranes 1is probably caused by Kinetic effects [94]. The ob-
served loss of ionophoric behavior and the resulting irrever-
sibility of the membrane electrode action may be ascribed to
substantial kinetic limitations in the interfacial reaction
(12.18).

The design of a series of further ligands selective for
Li , Na , and Ba2+ was achieved by a stepwise optimization of
the ligand structure. Correlations of the type given in Figure
12.16 can be applied to this end. Unfortunately, every change
of constitution of the ligand affects several molecular para-
meters simultaneously, such as dipole moment and polarizability
of the ligand groups, conformation of the molecule, and ligand
thickness. In Figure 12.16 selectivity factors for a number of
compounds are plotted in the order of decreasing polarity (de-
creasing with the expected polar substituent constant) of the
substituents attached to the carbon atoms carrying the two
ether oxygen atoms [88]. According to model calculations, an

increase of the dipole moment of the ligand groups is expected)
**) This holds only for a given complex stoichiometry. It might
be expected that the basicities of the ether oxygen atoms of the

compounds shown in Figure 12.16 would increase from left to
right [88].
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Pot

-log K
9 Cam

Figure 12.16. Influence of the constitution of ligands on the
selectivity of the corresponding liquid membrane electrodes
[88]- The ligand denoted here as 3B is identical to 8 in
Figure 12.1.
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to result in a selectivity enhancement for divalent relative

to monovalent cations when the two are of the same radius
2+, Na+) and for small relative to large cations of

the same charge (e. g., Ca2+, Ba2+); these trends are ob-

. g-, Ca

vious from Figure 12.16.

Figure 12.16 demonstrates clearly that even slight changes
in the constitution of the ligand can shift the ion selectivi-
ties by orders of magnitude. One carrier in Figure 12.16, which
has a bulky phenylene substituent close to the coordination
sphere, and at the same time low dipole moments centered on
the ether oxygen atoms, shows good selectivity for sodium
over calcium. The additional systematic variation of the amide
substituents led to one of the most successful neutral sodium
carriers described so far, in Figure 12.1 [8, 24].

N,N,N" ,N*-Tetraphenyl-3,6-dioxaoctanedioic diamide induces
barium selectivity in membrane electrodes. An improvement of
this barium selectivity (ligand _10) was achieved by increasing
the number of ethylene oxide units between the diphenylamide
groups (increase of the number of coordinating sites per li-

gand, see Figure 12.17).

Lithium-selective ligands were obtained by increasing the
chain length between the ether groups of 15 by one carbon
atom. The most promising representative of these 3,7-dioxa-
nonanedioic diamides is 9 This ligand forms only a 1:1 complex
with lithium with ethyl alcohol as solvent [39]. The reason
for the somewhat surprising lithium ion selectivity may re-
side in the more favorable arrangement of the four coordinating
oxygen atoms around the small lithium ion.

Carrier 13, which is based on the skeleton of the lithium-

selective ligands but contains two more potential coordinating

sites, shows an especially strong discrimination of large al-
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Figure 12.17. Influence of the number of ethyleneoxide units
between the diphenylamide groups on the ion selectivity of
the corresponding liquid membrane electrodes.
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kali metal cations K+, Cs+, Rb+). Although this ligand is
still slightly lithium-selective, it is a strong candidate
for clinical applications in sodium-selective electrodes

(e. g., blood serum measurements) [27, 40].

Although the present state of the art of ligand design is
encouraging as such, advances are to a large extent a trial-
and-error procedure. For the ideal tailoring of carrier
molecules of a given selectivity an all-encompassing funda-
mental calculation of the free energy of interaction bet-
ween host (ionophore) and guest (ion) molecules is necessary.
Models based on ab initio computations have become available
recently for calculating interactions between large molecules
[96 - 98]. Such computations will probably bring a more de-
tailed understanding of the factors affecting ion selectivity
and will lead to more direct, computer-aided ligand design.
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Chapter 13

Glass Electrodes

13.1. [INTRODUCTION

In 1902 Bernstein [1] founded a modern membrane theory on
the bioelectrical phenomena of cells and tissues. His in-
genious hypotheses gave much impetus to research on model
systems, based on various types of compact or porous mem-
branes. Only a few years later, Cremer [2] experimented with
electrochemical cells using interposed thin glass layers. He
then observed an electrical potential difference which was
very sensitive to changes in the acidity of the aqueous so-
lutions. The discovery of the pH-glass electrode was completed by
Haber and Klemensiewicz [3] who demonstrated more systemati-
cally the hydrogen-ion response of glass membrane electrode
assemblies. The commercial production of pH glasses, however,
was started only around 1930 when the Tfirst comparative stu-
dies of different glass compositions were terminated [4, 5].
Maclnnes and Dole [5] recommended the composition 22% Na20-
6% CaO-72% Si02, which was brought into production by Corning
Glass Works under the code number 015. During the next decade,
the superiority of lithia glasses for pH measurements was
discovered [6], and further improvements were achieved by the
introduction of additional glass-modifying components, such
as Ba0 [7], Cs™0, and La202 [8] (see also Table 13.1).

The significance of glass composition in respect to the
ion sensitivity, the electrical resistivity, and the chemical
durability of glass electrodes was soon recognized. Some of
the earliest studies [4, 10-12] already indicated the existence
of a glass electrode response to species other than hydrogen

ions. Thus the introduction of A12°3 or B2°3 into a glass was
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Table 13.1. Glass compositions recommended for pH- and cation-selective glass electrodes [9]

fon to be Glass composition (in mol%) Selectivity References
determined
H+ Li20, Cs20, La203, Si02, CaO, BaO falo 13 6-8
°0 Li+ 15% Li-D, 25% Al-D.,, 60% SiOg K7%Na0-3; K(733<10~3
Na+ 11% Na20, 18% A1~ , 71% Si02 asio"3 15-17
K+ 27% Na.D, Sh AI_ZOﬁ, 68% Si0,, kna »10_1 15-17

Ag+ 11% Na20, 18% A1203, 71% Si02 KN°"g«103



found to cause a considerable loss of H+-specificity, respec-
tively an increased sensitivity towards Na+ and other alkali
ions. These observations were confirmed and extended by
Lengyel and Blum [13], Nicolsky and Tolmacheva [14], and
Eisenman et al. [15]. Eisenman was primarily interested in

the development of analytically useful glass electrodes for
the measurement of Na+ and K+, respectively. Glass composition
with optimized selectivities for Na+ or K+ ions were then
realized by a systematic study of ternary glasses of the type
Na20-Al1202-SiC>2 [15] (see also Table 13.1).

A comprehensive introduction into the principles and the
practice of glass electrodes is given in the book "Glass
Electrodes for Hydrogen and Other Cations™, edited by
G. Eisenman [16], as well as in the references found therein.
The fundamental contributions by Isard [17] and by Nicolsky
and his colleagues [18] cover in great detail the historical
developments and the chemical (structural) aspects of glass
electrodes. Therefore, we shall focus here on the theoretical
aspects and the underlying principles of these Systems.

Since the nineteen thirties, a considerable number of
different theories was devoted to the interpretation of glass
membrane potentials (for a review, see also [16 - 19]). These
approaches may be classified, according to their conceptual
features, iInto the following categories:

a) Simple ion-exchange theories, assuming homogeneous proper-

ties and idealized behavior of the glass membrane [20-22].
b) Modifications correcting for the nonideality of the glass

phase [15, 23-28], preferably by invoking an n-type descrip-

tion of ion activities [15, 29].
¢) Solid-state approaches that account for multiple cation-ex-

change sites of different bonding strengths (heterogeneous-

site glasses) [19, 30].
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d) Theories related to the concepts for liquid membranes,
treating anionic sites (vacancies) as discrete ligands for
cations [31-33].

To elucidate the parallels as well as the discrepancies
between specific models, a unified description of the glass
membrane potential has been attempted [34]. Nearly all of the
ion-exchange theories or solid-state approaches cited under
a)-c) Tollow from this derivation and essentially correspond
to special cases (see Section 13.2). A different extension of
glass electrode theory can be obtained on the basis of a
liquid-membrane approach (see d) and Section 13.5). Both,
solid-state and liquid-membrane, approaches are realistic for
glass electrodes and lead to rather universal formulae for the
emf-response of these devices.

13.2. [1ON-EXCHANGE THEORIES AND n-TYPE DESCRIPTIONS OF GLASS
MEMBRANE POTENTIALS

The ion-specific behavior of glass electrodes is largely
determined by the cation-exchange equilibria established bet-
ween the sites of the glass phase (. g., (Si0O™M)0 or
(Al10. 1) ) and the external solution. Here we focus on the

selectivity between hydrogen ions H+ and metal ions M+, which
is governed by equilibria of the type (13-1)*9 )

) The theoretical formalism evolved in this chapter can be
applied to any pair of monovalent cations by simply in-
serting the corresponding symbols instead of H+ and M+.
For simplicity, the subscript HM to the ion-exchange
constant has been omitted.
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K
HR” (membrane)+M+ (solution)v * *MR*(membrane)+H+ (solution) (3.D)

By following the suggestion of Rothmund and Kornfeld [29], which
was referred to as n-type behavior of solid ion-exchangers [15,
16, 25-27] and was corroborated by empirical [15, 16, 24] and
theoretical studies on glass membranes [23], we obtain the
following expression for the law of mass action:

aH «1M)HNIM

Ko = ———oo——— (13.2)
1 "m_ "N iH
aM NiH
where ah and a& are the activities of H+ and M+ in the exter-
nal solution (sample), NIn and N?m the mole fractions of sites

in the glass surface occupied by ions H and M , respectively.

The coefficients nlﬁ'and n were associated with the inter-

change energy and the coora?hation numbers of the cations [23];
in the original work by Rothmund and Kornfeld [29] they were
assumed to be identical which corresponds to a regular-solution
approach to the glass phase [35, 36] (see also Chapter 10).
Equation (13.2) implies that the activities of exchangeable

ions from sites R™ can be generally formulated as

niH niM
aiH= aiH QNik> » aiM= “iM (NiM} as=dy

whereas the concentrations of the same species are obviously
given by

CiH = NiH C ’ CiM = NiM C (13.4)
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BiH + NiM = NI ™ <13-5)

The activity coefficients and coM characterize the bon-
ding strength for the given cations in the ionogenic groups,
C is the total concentration of all ion-exchange sites residing
in the glass. Assuming equilibrium-distribution of'"free cations

across the membrane/solution interface, the activities aiH and
a.,, are related to the external activities aA and aM as

follows:
= kM.> (3.6)
aiH kH aH

where kﬂ'and kM are the ionic distribution coefficients charac-
teristic of the "solvated" rather than the bound cations

within the glass. In contrast to the ratio kM/kH, the ion-ex-
change constant evidently includes terms for both ionic
distribution and ion binding since we find from Egqs. (13.2) ,
(13.3), and (13.6) that

Kt = — — — (13.7)
KH “iM

Combination of Egs. (13.3) and (13.5)-(13.7) leads to the
following relationship which, in principle, allows to deter-
mine all the individual ion activities established in the sur-
face layer of the glass membrane:

1/n u 1/n.M

(ral 4 iH aH 7 = Not <13-9
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In general cases, glass mixtures may contain N different
sorts of ionogenic groups R. each of which exhibits a diffe-
rent bonding strength for H+ ions and other cations, M . This
inhomogeneity of ion binding in the glass was Tfirst treated
quantitatively in one version of Nicolsky"s theories, published
in 1953 [30], It was assumed that the total activities au
and aM of ions H+ and M+ in the glass boundary are the snm of
the partial activities a™H and a”™, respectively, as contri-
buted by each ionogenic group:

aiH * al = A aiM (13.9)

These total ion activities are related to the interfacial
electrical potential difference 0", according to Eq. (3.6a)
or (9.3), as follows:

oo - B g KEH_ R, KM

F o aH R A

(13.10)

where ¢ and a refer to the external solution (sample), ¢
and a refer to the membrane boundary (@t x=0). The system of
Egs. (13.8) and (13.10) offers a general theoretical solu-
tion for the phase-boundary potential which is presumed to

be the dominant contribution to the glass electrode potential.
This description encompasses a series of apparently different
approaches that were developed by several pioneers of the
glass electrode. Some of the corresponding special cases are
briefly discussed below.

First, we consider a glass phase that contains only one
type of ionogenic site and which approximates ideal behavior,

i. e. nH=nM = 1. In this case, Eq. (13.8) reduces to
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bi [+ kU = NtOt = 1 (13.11)
‘H aH

Insertion into Eg. (13.10) yields:

RT K RT r
®-0"=—- In- +— In a +Ka" (13.12)
F “H F J

IT the phase-boundary potential difference between the glass
electrode and the sample solution is the only variable con-
tribution to the cell potential E:

E=¢- " + const (13.13)

we immediately obtain

/RT kH \ RT r
E=f- In—- + const) + - In a"+ K aM
"F CH / F L J
respectively:
RT r _ e
EmES+7 In [*i+ K'Y \ (13-14)

Equation (13.14) offers a rough description, for example, of
the "alkali error” (interference by alkali ions) observed for
pH-glass electrodes. Expressions of this type were introduced
in 1931-37 by Lark-Horovitz [20], Dole [21], and Nicolsky
[22] in their pioneering thermodynamic or statistical treat-
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ments of the glass electrode potential, and later found gene-
ral acceptance in the daily routine of electrode applications
[37]- However, the so-called Nicolsky equation, when applied
to glass electrodes, often does not agree quantitatively with
experimental results. The major discrepancy between this
simple theory and experiment is observed in the region of the
emf-response function intermediate between the pure H+
function (for a™ >> and the M+ function (for a”<< Kvhan) =
One possibility to overcome the problem is to impose an n-type
description of membrane activities (see below). A different
correction for activity coefficients was proposed by Lengyel
et al. [28].

"In the work by Landqgvist [23] and by Schwabe and Dahms
[24], considerations were still restricted to glasses with
one ionogenic group. However, the nonideality of these phases
was taken into account, either theoretically [23] or empiri-
cally [24], by introducing individual coefficients n™ and n".
Equation (13.8) then retains its general form (for i=1):

i/nH 1/nM «41/nM

© '© (Kfr) 1 (13.15)

4 mn/

A relationship between the term ag/aff and the electrical po-
tential is obtained from Egs. (13.10) and (13.13):

_a'-l = t‘f_a_-l exp r_ E (Q) - Q).)
aH aH KT
r F 1
=a exp-—-—--E - E) (13.16)
H L RT H J
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This leads to an implicit solution for the observable emf E:

1/nH I F
@)  exp----—— € - E?)
L ,,,,RT »J
1/nM r F
+ K adn exp-———— € - E°) =1 (13.17)
L Ny RT

Landgvist [23] gave his basic result for the deviation of the
glass-electrode potential from that expected ideally for the
hydrogen half-cell:

RT
IE=E- (B°+—- 1In a") .
H F H
Hence:
/ FAE \ ra == =1/ FAE\lI/n’v|
exp 1- ___——): 1 - K — exp (— ———] (13-183)
\ nH RT/ L a, V. RT/

An equivalent expression appears in an article by Schwabe and
Dahms [24]. Accordingly, Eq. (13.17) may be rewritten as

ApH + nM log (@ - 0 -JipH/nH) = log (K D (13.18b)
aH
where
F
fpH = —---—- AE
2.3 RT

346



It was shown that Egs. (13.18a) and (13.18b) permit a
very close fit to the experimental data obtained for diffe-
rent glass compositions [23, 24]. On the other hand, such
transcendental equations are difficult to wield. A more con-
venient - and nevertheless successful - description of the
emf-response of glass electrodes is based on the assumption
that

nH=.. =n (13.19)

In this case, Eq. (13.17) reduces simply to

n RT 1/n 1/n
E=EH +—- - In [(a) + K ad 1 (13.20)

An analogous result was obtained previously for solid-state
membrane electrodes where K is identical to the ratio of
solubility products for the given species (see Chapter 10,

Eq. (10.32)). If formation of a mixed solid phase is hindered
it holds that n=0, whereas an ideal mixed phase or adsorption
isotherm corresponds to n=l. For glass membranes it is very
often found that n>l. Equation (13.20) then predicts a
smoother transition from the H+ function to the M+ function
of the electrode than the unmodified Nicolsky equation (13.14)
does (see Figure 13.1).

Equation (13.20) was extended by Eisenman et al. [15, 16,
25-27] who also took into account the internal diffusion
potential of the membrane. The theory is based on the Nernst-
Planck equation (13.21a,b), describing the ion fluxes Jn and
JM in the membrane phase:
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EMF

Figure 13.1.

The pH-response of a sodium-selective glass electrode in the presence of different
alkali metal

ions (0.1M solutions) [38]. The solid lines are drawn according to Eq.
resp. (13.26) [38]. The experimental points for the larger alkali
towards a stepwise response function.

(13.20)
ions indicate some tendency



d

- UHcH — [RT In aH + K¥]
dx

JH

IM

- uMcM [RT In aM + Id]
dx

Assuming a constant ratio of cation mobilities,

recalling Egs. (13.3), (13.4), and (13.19),

-d F dfi-
je -u,CNRT — (N)+NH
H H [dx H % RT dx
d /u \ u Fdp
J =-uCnNnRT - —-— NM +— NM-——--——
dx \u,ri / U n RT dx

At zero-current conditions, it holds that Jﬁ'+ ‘JM

(13.21a).

(13.21b)

um/Zuh * and

one can write:

(13.22a)

(13.22b)

0. Hence:

which, upon integration over the membrane interior from

x=0 to x=d, yields the diffusion potential:

um

n RT N © + NM (O)

E =¢@ - 0@ = - In — ————— ag----—-

D F N @ +-—"N @
H UH M

(13.23)

The two phase-boundary potentials are given by expressions

of the type (13.10):

RT Kk a RT K a"
P@ - ¢ =—- In-2-2- ; 0@ - ¢ = -iln -2-2-
F aH O Fr aH @
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Correspondingly, the boundary potential difference assumes
the form (see also Eq. (13.3)):

EB=¢" - 0@ + 0O - ¢

nRT @)™ o
=~ In -, N (13.24)

The total membrane potential E” is finally obtained by simply
adding Egs. (13.23) and (13.24), making use of (13.2):

i l/n N
n RT (aH) + M (kK aw
EM ~ ~ "In - - T H (13.25)
"aH) Ur G aM5

For membrane electrodes having a constant internal solution,
the emf-response function reduces to

n RT r 1/n 1/n-
E=E°+ -—- 1In + (K~an) (13.26)

where = (/uu)n K. As Eisenman®s equation (13.26) turns
out to be formally identical to the former result (13.20),
addition of the diffusion potential according to (13.23) has
no obvious effect on the shape of the emf-response curve*) ,

M This is no longer true if a more sophisticated model is
used to describe the diffusion potential (see Sections
13.4 and 13.5).

D
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except for a more general definition of the potentiometric
selectivity factor. These findings are in favor of the afore-
mentioned pure ion-exchange concepts of glass membrane elec-
trodes, an approach which indeed shows good agreement with
experiment [15, 18, 23, 24, 30, 31]. Nevertheless, Eisenman®s
equation has probably become the most widely used formula in
the field of glass electrodes. It is worthy of note that the
ideal form of (13.26) (for n=1, but including the mobility
ratio) was published as early as in 1931 [20]1

All the theories discussed so far account for situations
where the selectivity behavior of the glass electrode is
dictated by the properties of one ionogenic group. In typi-
cal pH-glasses, it is the strongly basic group (SiO~"™0
that is selectivity-determining, whereas glasses selective
for sodium or other cations contain a relatively high con-
centration of weakly basic groups such as (AIO™M) e The
glass compositions of commercially available electrodes have
been optimized and their response can approximately be described
on the basis of Eq. (13.20) resp. (13.26) (see also Figure
13.1). For more general cases, however, glasses must be con-
sidered to contain a variety of anionic sites (G = 1,2,...N)
of different bonding strengths. All these groupings contri-
bute to the ion-exchange properties of the membranes. The
potentiometric behavior of typical heterogeneous-site glasses
is characterized by a stepwise response in mixed electrolytes
(varying pH at constant pM). A formal description of such be-
havior was initiated by Nicolsky [18, 30]. His solution
corresponds to Egs. (13.8)-(13.10) of the present generalized
ion-exchange theory when the ideality assumption
is used. Thus, one finds in analogy to (13.11):

- [+ Kil = NEOt (13.27)
“iH L aH -
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and hence:

61 aH
Z aiH  Z (13.28)

where = aifd NMot

Nicolsky®s result for the emf-response function is then readi-
ly obtained from Egs. (13.10), (13.13), and (13.28):

RT RT .
E=E°+- Il 2 et-- In X ————%—r (13.29)

F i F i aH + Ki av

This theory has been shown to permit a nearly perfect fit of
several "normal”™ potential vs. pH curves [30]. The most im-
portant consequence, however, is its capability to produce a
stepwise response to a® at constant &‘, consisting of regions
with Nernstian or near-Nernstian slopes separated by shoulders
[18, 30]. Formation of such step-curves requires the presence
of at least two sorts of competing ion-exchange sites, having
significantly different binding properties (e. g., B1 and

82 > 0 and << K2 in Eqg. (13.29)). Since the theoretical
curves according to (13.29) did not compare well with all of
the experimental data, Nicolsky and Shults [18, 31] later
developed a second version of "generalized" theory, which

led to somewhat different results (see Section 13.4).

The aim of the treatment above was to give a unified deri-
vation of earlier approaches to the theory of glass electro-
des. In view of general practical applications, it would be
of prime interest to arrive at a closed formula incorporating
Eisenman®s familiar n-type description, Eq. (13.20) resp.
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(13.26), and Nicolsky"s heterogeneous-site theory, Eg. (13.29).
Such an all-encompassing formula could be found more intuitively,
but here it follows strictly from the previous Egs. (13.8)-
(13.10). For simplicity, we make use of (13.13) and (13.19):

il = nq (13.19)

Then the following relations can be written, in analogy to
(13.8) and (13.28):

1/ni , I/nL
1 +/K. “7n = N~ot (13.30)
and
Bi aH

aH- 1 »iH - Z [, “,/r.i + K ,ejl/nijni ,13°311

1 1 H 1 w
where:
h - “iH <r |M

This leads to the final result:

RT RT 8.
E=E°+—- In Y B.—1In Y —, ifF———- y 5i— —
i 1 F " [@H)L/ni+  KiaM)1/ni]ni

(13.32)
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This generalized formula combines the advantages of Eisen-
man®s equation (variable coefficients n) with those of
Nicolsky"s result (various sites i). For evident reasons,
Eq. (13.32) is successful in reconstructing all the response
functions that could be obtained from either of these theo-
ries. Beyond that, it affords a quantitative description of
experimental data in cases where the mentioned theories fail
and where other, basically different, models had to be con-
structed (see below).

13.3. POTENTIAL RESPONSES OF Na20-Al1203-Si02 GLASSES

Figure 13.2 illustrates the pH response for a series of
sodium aluminosilicate glasses , Na20-Al.,02-Si02, of varying

alumina contents [18, 31]. The potentiometric behavior of

these glasses can be interpreted on the basis of Eq. (13.32)
if w0 terms are taken with << K™. The term with i=l
corresponds to the silica sites and gives rise to the sodium
error at high pH values, whereas the intermediate step in
response arises from the term with i=2, corresponding to the
alumina sites. For simplicity, the same values of n”"=5 and
nj=1 were used throughout. Hence, the following simplified
form of Eq. (13.32) was applied for all calculations, in-

volving only three adjustable selectivity-parameters:

RT RT r B
E=E°+- In (B+1)— In ———— - ————— - -
F F [re» + (K~)0°2]51
1
+ - r (13.32a)
aH + K2aM J
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GGE

Figure 13.2. Computed pH-response of different sodium aluminosilicate glasses at constant so-
dium background (cMa=3M, a”a=2.14M). Circles: values obtained from Eq. (13.32a), using the para-
meters given in Table 13.2. Solid lines: values expected from Buck®"s theory (&g- (13.34) and
Table 13.2). Both sets of curves are in agreement with experimental data [187% 19, 31]. For con-
venience, some of the curves were shifted vertically, as indicated by the values obtained for
pH=I. The glass numbers denote mol -% of Na and Al: NAS 22-0 is a 22% Na20 -78% Si0O2 glass,

NAS 22-1 corresponds to 22% Na20 - 1% A12C8 - 77% Si02, etc.



with

B = B1/R2

In Figure 13.2 computed emf-values according to Eq. (13.32a)
are compared with curves given by Buck [19] on the basis of a
more involved theory (see Table 13.2 and Section 13.4). The
latter were shown to nearly coincide with the experimental
data [18, 19, 31], except for the glasses with 4 and 7 mol %
A1203 where the present theory seems preferable. For glasses
in the high alumina regime, Buck"s theory predicts spurious
local maxima of the potential vs. pH curves [19] (see also
Figure 13.2) which do not appear in experiment [18, 31].
Nevertheless, the agreement between the new Eq. (13.32),
respectively (13.32a), and Eq. (13.34) suggested by Buck is
excellent - in spite of the formal differences. For the five
Na20-A1203-Si02 glasses in Figure 13.2, the mean deviation
between the two approaches is less than 2 mV. An even better
agreement between single curves, especially for the system
22% Na20- 78% Si02, could be achieved by optimizing the para-
meter n™ for each glass composition, instead of inserting an
average value of nl1=5.

These results clearly demonstrate the equivalence of

Eq. (13.32a) and Buck®"s theory. The advantages of the present

treatment are:

a) The compactness and clarity of the basic formula, Eq. (13.32),
which is a logical extension of more familiar expressions.

b) The comparatively small number of parameters involved
(Table 13.2).

C) The systematic variation of these parameters with varying
glass composition.

Table 13.2 shows that the selectivity coefficient K2, charac-
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r_1,>_(;OI\JS

Table 13.2.

mol

A12C38 (ion-exchange (ion-exchange
on alumina

N~ AN DN RO

N~ M DN DNPR O

Fundamental

parameters obtained from data fit

(Na20-A1203“Si02 glasses? varying pH at 3M sodium levels) [34]

KX

on silica
sites)

Values from Eq.

4.7%10-12
2.0*10-10
2.8-10-9
1.1*10-8

2.2-10-8

(2.2*10~8)a

Values from Eq.

2.5%10~9
6.7-10-8
9.7-10-7
3.9-10-8
5.5-10-10
2.2*10_11

K2

sites)

(13.32a)

0.40
0.29
0.12
0.10
0.10

(13.34),

0.40

0.29
0.12
0.10
0.12

kM/kH

ions)

according to Buck

(ion-exchange
for solvated

KH/M

(mobility and
defect
generation

ratio)

[19]
7.8%10~3
1.9-10-3
2.4+10~3
3.5-10-2
3.3-10-1
5.7-10-1

oo

1.45*10~4
1.9 *10“5
4 *10~6
5.5 -10"7
(10_7)a

6.7 *1075
6.7 *10"6
~0
~0
~0

E® @)

110
103

97
110
117
118

~115
103
97
110
117
114



8¢

(continued)

Values from Eq.

4.1-10-13
1 4_7-1Cf13
10-11
2.2 10-11
4 10-11
7 10-11

(13.35),

0.47
0.1
0.1
0.1
0.1

Different combinations of

For simplicity, the same values

according to Nicolsky and Shults [18, 31]

4.6
0.47
0.1
0.1
0.1
0.1

-10-10

~=0
10 1
10-4
10"7
10-9
10"'10

and 8 values led to nearly the same results.
and K2 were used as for 4% A1203.

no

104
124
118
118
118



teristic of the alumina sites, remains roughly independent

of the membrane composition. In contrast, R is, by definition,
a direct measure of the heterogeneity, and the selectivity
coefficient for silica sites also shows a pronounced varia-
tion. The last effect is probably caused by the formation of
some mixed-type sites, the population of which should in-
crease with decreasing R. In fact, the following relation-
ship was established empirically:

Kx = 4.7 X 10-12 + 3.0 X 10_14/R

Estimated and observed values of agree within a factor of
N 2.5 for glasses with 0-4% A~0~, although varies over
a range of 104. No such correlation is found for the para-
meter used by Buck (see Table 13.2).

Prior to the present or Buck®"s approach, only the "second
variant ion-exchange theory” of Nicolsky and Shults [18, 31]
was capable of fitting part of the curves iIn Figure 13.2.
Calculations by Nicolsky and Shults gave a surprisingly good
fit of data from 2 to 7% A12°3 by varying only one parameter
(Section 13.4), but they failed in the crucial case with 1%
Al2C3, where maximal deviations from experiment exceeded
50 mV. Therefore, the use of the present extension of
Nicolsky®s theory for ternary glasses is to be encouraged.

13.4. ALTERNATIVE APPROACHES TO HETEROGENEOUS-SITE GLASSES

The alternative solid-state approach by Buck [19] does not
use n-type nonideality corrections, but includes a diffusion
potential term. The assumption was made that only the fraction
of interstitial cations iIn the glass is mobile and contributes
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to the diffusion potential. These defects are generated accor-

ding to:
(lattice) + interstitial site ;=tH+ (interstitial) + (13.33a)

+ M-
(lattice) + interstitial siteF*M (interstitial) + (13.33b)

oL - - H M -
Although the distinction between vacancies and v for H

and M+ ions, respectively, may be questionable (memory effect
of lattice sites), the theory offers some interesting new
features. Unfortunately, Buck®"s derivation is cast in terms
of lumped parameters, which makes comparison with other theo-

ries difficult. A detailed examination reveals, however, that

his basic equation 29 [19] can be transformed into

RT RT I R 1
E=E°+ In (R+1)———In —3-m—oee- + = ————— -
F

F Bt Kl B ot e,

RT @)1L/2 + KH/M(KIaM)1/2
+— In—S& - e (13.3%9)

F K +Klaw

Evidently, this result corresponds to Nicolsky®"s interfacial
potential, Eq. (13.29) for N=2, plus an additional term
describing the diffusion potential. The parameter [ in
Eq. (13.34) stands for Buck"s quantity T~/a, and kKH/M=T3a
represents a new selectivity term, characterizing the ratio

172

of defect generation and mobility of interstitial cations.
The parameters are summarized in Table 13.2. For pure silicate
glasses containing only type 1 sites (), Eq. (13.34) re-

duces to an expression different from Eisenman®s equation
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(13.20) or (13.26), and hence gives another meaning to n-type
behavior [19, 39]. However, n-type nonideality was first ob-
served for purely interfacial phenomena on solid ion-ex-
changers [29] where diffusion potentials do not come into

play.

A liquid-state approach of heterogeneous-site glasses was
initiated by Nicolsky and Shults [18, 31]. The authors used
a formalism analogous to ordinary solution theory to describe
complexation between anionic sites or vacancies and solvated
cations in the glass phase. Accordingly, the ion-exchange
constant for sites i includes the ratio of complex-formation
constants (term in Nicolsky®s work) and the ratio of
free-cation distribution coefficients, kM/kH in our termino-
logy (Nicolsky: Kuv) . The following result is obtained when
using the assumptions of nearly complete association, zero
diffusion potential, and ideal behavior (for consistency with
Egs. (13.32a) and (13.34), the subscript 1 is used for silica
sites and 2 for alumina sites):

RT RT r H
E=E°+T—- In (3+1) + (&-t) - In a™ + (M/kH) an
RT r 8 I -1
-T— In ———————— + ————————— (13.35)
e La; + Kia; a; + K2a;j
with t = 0.5

The numerical parameters of Eq. (13.35) for the system
Na20-A1203-Si02 are also included in Table 13.2. Constancy of
selectivity coefficients for glasses with 2-7% AI™N is
most remarkable, but values for 1% Al12C8 are based on a very
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poor fit of experimental data, and an enormous decrease of
kM/kH (by a factor of 109) is required for rationalizing the
pH-response of pure silicate glasses. More recently, Shults
and coworkers [32, 33] extended the theory of homogeneous-site
glasses by accounting for the diffusion potential. For cases
where either cations move iIn the glass by an interstitialcy
mechanism ('solvated” ions), or cation transport is coupled
with a countertransport of negative vacancies, a description
analogous to the Sandblom-Eisenman-Walker theory [40] (Chap-
ter 11) of liquid ion-exchange membranes is obtained. This
demonstrates the parallels between the second variant theory
of Nicolsky and Shults and the usual concepts of liquid mem-
branes. An extension of these theories to heterogeneous-site
ion exchangers, allowing for contributions from the diffusion
potential (i. e., variable values of t, see Section 13.5),
offers more insight into the parameters of Eq. (13.35) and
into the basic mechanisms for ion selectivity.

13.5. FURTHER DEVELOPMENT OF GLASS ELECTRODE THEORY (LIQUID-
MEMBRANE CONCEPTS)

It is well known that pH- or cation-sensitive glasses,
upon exposure to aqueous solutions or humid atmospheres, are
subject to continuous corrosion. This slow process is accom-
panied by absorption of water and concomitant ion-exchange
reactions in the glass surface, and it gives rise to the for-
mation of surface layers of differing compositions. The exi-
stence of such hydrated layers is essential to the functioning
of glass membranes as ion sensors, that is, as reversible
cation-exchangers.

In the past decade, the structural aspects (e. g., the ion

concentration profiles) and the ion-transport behavior of the
hydrated glass layers were investigated to considerable de-
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tail. Notable work in this field was done by Baucke and Bach
[41-43], Boksay, Csakvari et al.[44-47], Wikby [48-50], and
others [51-54]. An excellent report on the cation-exchange
properties of dry, non-hydrated silicate membranes, on the
other hand, was contributed by Garfinkel [36]. For glass
membranes conditioned in aqueous solutions of relatively low
pH, two major regions of the surface domain were distinguished
[41-43, 45]. The outer part of the surface was termed "leached"
or "protonated” layer because nearly all the alkali ions of
the original host network are replaced here by hydrogen ions.
The adjacent "transition”™ layer shows a state of continuous
change from the intact glass to the leached-layer structure.
This mixture region is the origin of membrane-internal diffu-
sion potentials. The low proton mobility (local interdiffusion
coefficients as low as 10“18 cm2 s“l were reported [41]) pro-
tects the glass from being leached in depth during measurable
periods, but leads to a pronounced maximum in electrical
resistivity for this region [41, 47, 49]. For the migration of
cations within the hydrated glass layer, interstitialcy
mechanisms (see also Section 13.4) as well as vacancy mecha-
nisms were called upon [19, 32, 33, 46-48, 55]. Stephanova
and Shults [32] were the first to offer a glass electrode
theory accounting for both transport mechanisms. A simplified
rederivation and extension of their theory is given below.

The transport of interstitial ('solvated') cations M+ in
the glass proceeds according to the following mechanism:

+ K/ X
M () + interstitial site (tAX) ———->
M+ (x+AX) + interstitial site ) (13.36)
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Hence, the transport rate according to the theory of reaction
rates is given by

kM kM exp (I'Ad/RT)
JM = Tix u (69) C| 5. (X+NX) —==—————— i cM%x+Ax) c I_S-(X)

5-1Inh cm %i.s — -~ t o o I <13-37>

where C,, and cT ,, are the concentrations of free ions and of
interstitial sites, respectively, and kM iIs a rate constant
characteristic of the interstitial transport process. Since

c ,, 1is nearly invariant with space and time, Equation
(13.37) can be transformed into a Flux equation of the
Nernst-Planck type:

(13.38a)

kM CI.S.

U= g

An analogous expression is applicable to the electrodiffusion
of other free cations, e. g. for H+:

- UHCH F o (13.38b)
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In contrast, a vacancy mechanism has to be invoked to allow
for transport processes that directly involve the fraction of
lattice- (“'bound’™) cations, 1. e.:

MR 0 + R Od) FIRIAC MR oedd + R (D (13.39)

The flux of complexed cations according to this mechanism is
formulated as follows:

KMR K exp (FAc>/RT)
IMR = — CMR Q) CR (X+AX)-———-————- y v CMRQOHAX) CR QO
fd In c Fd& dinc*"
—_— - — ———— — e *
= kMR CMR CR I X + BT Ox =~ 3% 3 <13*40>
respectively:
J CR dpM
JMR UMRCMR CI$°t i
°R I- dcm daF
= - UMRKMR EK LRT ~ax + CM F ij (13“41a)
where
r tot
kMR °R . CMR
UWR = — ———  ; KMR = ————-
RT M CR
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Analogously, one can write

- CR dpH
HR UHRCHR ot g
cl r dc &
= - UHRKHR < RT —4, +CHF - (13<41b)

where uRR is the mobility and KRR the association constant
for hydrogen ions in lattice positions of the glass. The flux
equations (13.41a,b) are comparable but not identical to the
familiar Nernst-Planck formalism. The validity of such re-
lations was implicitly postulated by Stephanova and Shults
[32] in their description of the cation transport numbers t

W + R 1 (tH + tHR)

. _* WROWRCR/CR _____ . @

UHCH +UMCM + (WHRCHR + UMRCMR} CR/CR

These transport numbers can be used to formulate the membrane-
internal potential gradient under zero-current conditions,
that is for JH + JM + JHR + JMR =

dop rr [ d Inc d Inc
x-TF W -yt VW - e 3D
~ These authors used the mobility symbols u”~S* and in-

stead of the present uM and uMR, whereas the basic para-

meter uyV”~~uMR/cROt obviously does not have the same di-
mension.
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A significant reduction of Eg. (13.42) can be obtained when
imposing the assumptions of electroneutrality, of nearly com-
plete association between sites and counterions, and of iden-
tical mobilities for all interstitial cations and for all

vacancies, respectively. Thus:

CR=CH+ CM (13-44)
CR = CHR + OMR = (KHRCH + KMRCM} CR (13.45)
UH = UM 3}UHR = UMR UR (13.46)

which leads to

C18.47)

€ et = lo@ +t ye W _OM . _UR___KyRon

V UR CH+CM V  UR KHRCH+KMRCM

After insertion of Eq. (13.47), integration of (13.43) 1is now
easily accomplished. The diffusion potential, as established
predominantly within the hydrated surface layer of a glass
membrane electrode (constant internal solution and constant
bulk of the membrane), is then determined as

_ UM RT
E15 = const + = In [c,'_(0)+ q,_M(O)]
Uv+UR F
u RT
+ — "I In [KHRCH(0) + KMRCM(0)](13-48)
V UR F
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Combination with Eq. (13.10) yields the final result for the
emf:

RT
E=EH+ (-1) — In [aH + KHM aM]
F
RT
* £ _F 1>) [*; * <i3—" >

This expression is formally identical to the result given by
Sandblom, Eisenman, and Walker [40] for liquid ion-exchange
membranes (see Chapter 11), and the selectivity parameters
involved have basically the same meaning:

c - . «E’-bb ,

kH KHRk H UM+UR

Accordingly, the potentiometric selectivity of i1on-exchange
membranes generally reflects the ion affinity of the charged
ligand sites or vacancies only if a transport of these species
becomes operative, that is for uR >> u®. In the other limit,
UM >> u , the selectivity depends merely on the distribution
ratio of the free, '"solvated" counterions. This important
point was made explicitly for glass electrodes only recently
[33].-Stephanova and Shults [32] succeeded in deriving an

even more general result for the potential of homogeneous-
site glass membranes, allowing for an individual choice of
cation mobilities. Based on Egs. (13.42) - (13.45) an expli-
cit solution was obtained for systems with KRR >> K™R, which
has exactly the same form as Eq. (13.49) but involves slightly
modified parameters:
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rng UM+UHR KM $m2) UM£UMR  KMRKM UHR
KHM - — — 5 KHM=——— IJT oo (13.51)

UH+UHR kH UM+UHR KHRKH UM+UHR

These selectivity terms prove to be nearly identical to the

parameters of the Sandblom-Eisenman-Walker theory.

So far, no attempt has been made to extend Eq. (13.49) to
solid or liquid ion-exchangers containing multiple cation-
specific ligands R*. Such a generalization indeed turns out
to be nearly impracticable when a rigorous solution is sought
for. However, a reasonable first-order approximation can be de-
duced straightforwardly along the lines of Eos. (13.42) -
(13.49). To this end, the same mobilities uM and uR have to be
used for all uncomplexed cations and for all vacant ligands
in the membrane phase, respectively. The total transport
number for cations M+ will then be given, in analogy to
Eq. (13.47), as follows:

+ E®BR. = —————————— + o E —————v - (13-52)

with cR*" = ————— 2
KHREICH + KMRiCM

Such expressions can be inserted into Eq. (13.43) to yield

RT um  d urR d
- = _ = In [c+¢c ] —————-——— Iin [1 cR ]
dx F  uM+uD dx u,,+u,, dx 1
M R M R (13.53)
RT T uMm d Ur d r 4 0t 9
= ———————E-——1In [cH+cM] ———— S———In | ——————
F LUM+UR dX UM+UR dX L1 KHRiCH+KMRiCM J.
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Upon integration and combination with equations of the type
(13.10), the result for the emf assumes the form:

RT RT 3 K
E=E°+T- WU I+ @1 - In [@+ - aj
F 1 F L %P J
RT 1.
- 77— In £ ——=——7r (13.549)
F ] aH + Kf aM
where
KMR{ KM
K_ D e ——
KHE+ kH
tot 1 utot
o] L =1i_
i tot

L CRzx *HR+x *HR+:

This new formula is consistent with a liquid-membrane
approach and may be applied to both heterogeneous-site glasses
and liquid membranes containing different negatively charged
ligands. In contrast, the earlier universal relationship,

Eq. (13.32), was based on solid-state principles and is there-
fore valid for glass or solid-state membranes. Both approaches
are equally suited for a general and nearly exact characteri-
zation of glass electrodes} the choice between the two de-
scriptions depends on which structural model of glasses is
believed to be more realistic. The present liquid-membrane
concept takes account of the diffusion potential, but
corrections for the nonideality of the membrane phase could
not be phrased in simple terms. The universal character of

Eq. (13.54) is clearly demonstrated by the fact that it in-
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corporates all versions of ion-exchange theories developed

so far by Nicolsky, Shults, and coworkers [18, 22, 30-32].

The "first variant theory" corresponds to the situation where
T = 1, which means that charge transfer in the glass be per-
formed exclusively by the fraction of bound cations via a
vacancy mechanism. The selectivity-determining ion-binding
parameters a entering in the former Eq. (13.7) are here re-
placed consistently by the reciprocals of association con-
stants. The ''second variant theory' is identical to the limi-
ting case realized for T = 0.5, which implies that the diffu-
sion potential becomes negligible. Here the overall ion-selec-
tivity reflects the energy levels for both complexed and free
cations in the glass phase. For x = 0, Equation (13.54) simply
reduces to an expression of the classical Nicolsky type
(13.14), the selectivity being dictated by the ion-exchange
equilibrium for the purely solvated cations, however. Finally,
the behavior of homogeneous-site glasses is, of course, still
characterized by the simplified theory of Stephanova and
Shults, Eqg. (13.49).

It can be concluded that the new theory of glass membrane
potentials is of like import as the alternative description
presented previously in Section 13.2. Both approaches evi-
dently bridge the gap that heretofore existed between the
earlier, more specific treatments. It has been established
that glass electrodes share the features with crystal mem-
brane sensors, on the one hand, and liquid-membrane electrodes,
on the other. For that reason, these more recent ion-sensor
systems have already been treated in the Chapters 10 and 11.
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Chapter 14

Dynamic Response Behavior of lon-Selective Electrodes

One of the critical limiting factors in the use of ion-
selective electrodes, especially in routine analysis, is their
so-called response time. Extensive studies of the dynamic be-
havior of ion sensors were initiated mainly by research groups
working on the development of continuous monitoring systems
[1 - 6]- Most of these authors were also engaged in the ela-
boration of appropriate theories [3, 5, 7 - 10] some of which
were reviewed recently [10 - 14].

The current theories have proved more or less successful
in describing the usual time course of the electrode potential
after a step-change in the sample activity (@° &) . Excep-
tions aside [15, 16] they predict a monotonic and asymptotic
transition of the emf from the initial value at t 0:

E©O =E? + s log a° 4.0

to the final value at t =

E®) = E° + s log a 14.2)

The formal descriptions of the intermediate values E(t) may
be widely dissimilar, depending on the model assumptions made
in respect to the rate-determining process. Theoretical and
experimental studies on ion-selective electrodes and related
membrane systems suggest that there are generally several
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time-dependent processes and associated time constants T . The
following semi-empirical sum formula was proposed by Shatkay
[14] for the potential vs. time response to an activity step
on one side of the membrane:

-t/xn
E(t) "E(O) + rl] 'D'En a-e ) 4.3

where AE™ is the contribution by the n-th process t6 the final
emf change:

E@ - EQ© = JE = rz] I'IEn 4.9

Equation (14.3) is valid only in the linear regime where [E
is proportional to the activity step a™-a?:

VMEI<<1s/2.303 1= |RT/z F]|

_____ K (14.5)

Furthermore, some of the slowest processes, those involving
diffusion of ions within liquid membranes or dissolution of
solid membrane materials to establish interfacial equilibrium,
can hardly be represented by a single exponential-type term;

a series of exponentials adding to a different time depen-
dence is more appropriate (see below). Nevertheless, Eq. (14.3)
nicely shows that the earliest stage of transient response
usually does not bear much distinctive information because it
is largely given by the sum of equilibration steps. Only a
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few processes, ideally but the slowest one, dominate in the
last stage. The possible time constants and basic processes
determining the "response time" of different ion-selective

electrodes are examined and catalogued below.

14.1. ELECTRICAL RELAXATION PROCESSES

In a series of reviews, Buck [11 - 13] gave a profound
description of the electrical relaxation processes contribu-
ting to the time response of ion-selective electrodes. The
treatment leaned on the impedance theory of Macdonald [17 -
19]. Accordingly, the RC time constants associated with the
following steps should be important for ion-selective elec-
trodes.

a) £harginz2_of_the_external_space-charge_surface_regions
£21IEIRIL.]J-2 =128 _aS_bulk; ;electrode_resistancei

The corresponding time constant is given by

(14.6)

Cg is the geometric capacitance of the membrane, and R™ is
the high-frequency resistance, depending on the concentrations
and mobilities of ionic charges in the electroneutral system.
This time constant is independent of the membrane thickness
and area. Values between 0.3 ms and 0.2 s have been measured
for solid-state and glass electrode membranes [20].

b) 8low_surface_rates_coupled_to_the_ relaxed_capacitance_ of
2a2li_iQ22ife2i

For slow exchange kinetics at the surfaces of thick mem-

branes, another time constant may be observed:
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T = RECo.p = M REC, A4.7)

Rg is the linearized surface resistance, being inversely
proportional to the total exchange current density, and

M = d/2LD is half the number of Debye lengths (lp) across the
membrane. It should be noted that the time constant X does
not appear when surface processes are rapid and reversible,
which is consistent with high exchange current densities.

C©) Concentration_polarization_of char28 carriers_within_the
membrane”
The longest time constant is associated with the Warburg
finite-diffusion process. This requires the presence of at
least two charge-carrying species within the membrane phase.
Typical examples for Warburg behavior are liquid, mobile-site
membranes, especially when interfering ions are present on one
side (see also Section 14.4). Diffusion processes in the mem-
brane interior then lead to a t 42 dependence of E(t) over
a range of relatively short times, whereas the long-time
term is of the form (14.3) but with a single time constant:

Jf - d?
N 14.8)
W 553" 5 p

is a measure for the time that is required to adjust the
steady-state concentration profiles throughout the membrane.
A more detailed discussion is given in Section 14.4.

The equivalent-circuit description of the measuring cell
becomes more complicated when electrode membranes of extreme-
ly high internal resistances are involved. The corresponding
RC time constants should become limiting for certain micro-
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electrodes which have a relatively low concentration of charge-
carrying species and a membrane area of only around 10 8 cm2

[10, 21].

Although different processes contribute to the dynamic be-
havior of ion-selective electrodes, the overall response is
commonly dominated by the slowest step [5, 10 - 14], while the
other (faster) relaxation steps may give rise to an apparent
response delay at short times. Hence, it is often convenient
to use the following first-order approximation, based on
Egq. (14.3):

-t/fi
E®® sEC® - [E~ e , for t>T1 4.9

Several theoretical models that corroborate such expressions,
as well as some contrasting cases characterized by different
time dependences are summarized below. Some of these approaches
are equivalent or related to the former cases a - ©) obtained
from impedance theory.

14.2. KINETICS OF INTERFACIAL REACTIONS

The early theories by Rechnitz and Hameka [7] and by
Johansson and Norberg [22] were devoted to the dynamic response
of glass electrodes. They used an energy-barrier concept for
the membrane/solution interface together with a capacitor
model for the adjoining membrane section (see also Section
14.1.b and [12, 14]). This approach leads to exponential
time-relationships analogous to Eq. (14.9). The time constant
was found to depend on the external activities a" and a? [22].
A similar behavior is expected from Eq. (14.7) where the ex-
change current density entering in the term Rg is also acti-
vity-dependent.
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A somewhat different description was obtained by Toth and
Pungor [9] who assumed rate control by an ion transfer reaction
of first-order Kkinetics. The reaction rate may generally be
formulated as

d
- fa,® -kfAart)]L (14.10)
dt

where n is the reaction order, K is the rate constant, and
Aan(t) is the difference between the actual activity &, as
sensed by the electrode, and the final equilibrium value

Aai (® = la] (© - ai (14.11)

By solving the differential equation (14.10) for n=1, one gets
the following result for the measured activity [3, 8]:

a[ = ax - (& - a°) e_kt (4.12)
Hence
i
E(t) = E@) + s log 2 (14.13)
ai
q
ECD) = Eo) + s log |1 - (1--21y¢ (14.14)
ai
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For sufficiently small activity steps, this expression can be
linearized according to Eq. ((14.5) and approximates the
"classical" form (14.9). Here the time constant is evidently

given by the reciprocal of the reaction rate constant k.

Buffle and Parthasarathy [23, 24] studied the dissolution
of crystalline membrane materials (e. g-, AgCl in diluted
chloride solutions) that is a prerequisite for reaching inter-
facial equilibrium. They found ample evidence for a second-
order reaction, i. e., n=2 in Eq. (14.10). This leads to the

solution

& = ag - (@ - &) ————j-————5F--—- (14.15)

For reversible electrodes, a" is the measured activity of the
primary ions (e. g., of silver ions in the case of AgCl mem-
branes) . From this the emf is obtained in the linearized form

1 Kt
E® =EQC®) - AE ———- =E@ + AE--—-———- (14.16a)
Kt + 1 Kt + 1
K= Jag - afl x
respectively
1
E® = EC)-————- (14.16b)
At+B
F F a
A=- kKka. } B-—-—"--u-—o
RT 1 RT la. - a2l
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The first expression is Muller™s equation [25] which was in-
troduced in discussions of ion-selective electrodes by Mertens
et al. [26]; the second formulation was proposed by Buffle and
Parthasarathy [23, 24]. Potential vs. time functions of this
type were observed for solid-state fluoride- [23, 24, 26] and
chloride-sensitive electrodes [24]. Among other aspects, the
fundamental dependence of the rate parameter A on the primary
ion activity a® (at equilibrium) was verified experimentally
[24]. The fastest response was indeed obtained in concentrated
fluoride solutions and in diluted chloride solutions, provi-

ding for high values of ap and afag = ~gac]Yacl" tespectively.

14.3. DIFFUSION THROUGH A STAGNANT LAYER

In the theories by Markovié and Osburn [5] and by Morf et

al. [8, 10] (see also 14.1.c) it was recognized that diffusion
processes are crucial for the response time of many membrane
electrode systems. One such process is the diffusion of sample
ions through the unstirred film adhering to the ion-sensing
membrane surface (Nernstian diffusion layer, see Figure 14.1).
If this is the rate-determining step, one gets the approximation
[5, 8, 10, 14]

a? 4 , 1
E® =EC® +slog 1- Q-- )-e¢e T
A ag r *
o (
=TE®)+slog 1- Q-- )e a4.17)
L A J

which gives nearly perfect results for t~0.Sx" [10]. The
1
time constant T depends on the thickness 6 of the diffusion

layer and on the ionic diffusion coefficient d ":
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BUK OF UNSTIRRED MEMBRANE INTERNAL
SAVPLE SOLUTION  BOUNDARY LAYER OF CONSTANT — SOLUTION
QOVPOSITION

(\O DIFFBION)

Figure 14.1. Dynamic model proposed for nondiffusive membrane
electrodes [8].-

Relaxation of concentration polarization in the Nernstian boun-
dary layer at the electrode surface is assumed to be rate-
controlling. The time course of the activity profile after a
step change a™»a* at t=0 and x=-6 is shown schematically.

T =1 —7 % —oeem r (14.18)

Equation (14.17) seems to be appropriate for fast-responding
membrane electrodes based on charged sites as long as no inter-
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fering species are present (Section 14.4). Expressions of the
same type may be applied to describe 1) the sluggish response
behavior of glass electrodes, as arising from mass transport
through thick surface films of protonated and hydrolized glass
[15, 27, 28], 2) the dynamic characteristics of gas-sensing
electrodes where the gas-permeable membrane represents the
external diffusion layer (see Chapter 15), and 3) the time-
response of enzyme electrodes in the analytically useful range
(Chapter 15). According to Egs. (4.17) and (14.18), one of the
parameters affecting the dynamic response characteristics of
membrane electrodes is the thickness of the aqueous diffusion
layer which can be drastically reduced by stirring; besides,
it depends on shape and condition of the electrode surface and
on the composition of the sample solution [29]. The other
major factor is the direction of the activity change in the
sample solution. It is clearly evident from Figure 14.2 and
Table 14.1 that the response time must be expected to increase
considerably when changing from a high activity a° to a low
activity a", as compared to a change in the opposite direction.
Moreover, the response time values should be independent of
absolute activity levels. These theoretical predictions are

in agreement with usual findings (Table 14.2 and [2 - 4, 9]).-
Discrepancies may be expected for electrodes giving a slow
response which is due to other than diffusional limitations.

14.4. DIFFUSION WITHIN THE ION-SENSING MEMBRANE

A certain increase of the response time has to be endured
if ionic diffusion within the membrane phase cannot be ex-
cluded (see Fig. 14.3). The reason is that, usually, the
membrane-internal steady-state is attained rather slowly as
compared to the outside equilibration. Hence the response
time, which mainly reflects the slowest equilibration process,
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EMF

Figure 14.2. Theoretical EMF-response vs. time profiles for
ion-exchange membrane electrodes, calculated according to
Eg- (4.17).
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Table 14.1. Theoretical response time values for membrane electrodes with diffusion control

Response time
parameter

T
for 10-fold
1o;.- activity
increase
t99
T
h for 10-fold
tgg activity

decrease
tg9 5

Values [s] calculated from Egs.

0

(14.17) and (14.22)

—————————————————————————————————————————————————————————— ® 1mlm ——

0.46

0.17
0.45
0.69

0.52
2.35

4.61

1.67
4.54

6.90

6.18

0.02
5.44

604

T = 1ms
T" = 0.1s T" = Is
0.07 0.57
0.30 2.53
6.18 7.21
0.20 1.77
5.44 6.79
604 604



Table 14.2. Experimental response time values for a Ca?*
ion-exchanger membrane electrode [4]

Activity change tgs [s] cachlaEgg from
Eq. (14.17)
10-4 > 10_3M 2.3 £ 0.2 0.98 + 0.08
10~-3 10_2M 2.2 £ 0.2 0.93 = 0.08
102 10_1M 2.2 £0.1 0.93 £ 0.04
10 4 4 10_3M 2.3 £ 0.2 0.98 = 0.08

is then to a large degree determined by the dynamic behavior
of the membrane itself. As pointed out in Section 14.1.C,
time-dependent variations of the membrane composition are of
general importance if two or more sorts of sample ions are
participating in the interfacial equilibrium. In the case of
neutral carrier membranes, for example, these are the cations
(primary ions) and the anions (interfering ions) offered by
the sample solution. A theoretical model developed by Morf
et al. [8], which was later refined [10], led to the following
approximation for the time response of thick carrier membrane
electrodes:

r 2 i 7

E@® = EC) + s log 1 - (1---i ) — (14.19
an Nt/T + 1

This result is strikingly different from the exponential time-
relationships found before. The new time constant,

387



BULK OF UNSTIRRED MEMBRANE INTERNAL
SAVPLE SOLUTION  BOUNDARY OF VARIABLE SOLUTION
LAYER QOVPCSITION

Figure 14.3. Diffusion model suited for neutral carrier membrane
electrodes [8, 10].- The establishment of steady-state concen-
tration profiles for t > 0 is assumed to be rate-controlling.

T=-—-or t"- K, (14.20)

is not only affected by the parameters 6 and D referring to
the aqueous boundary layer but also depends on the salt diffu-
sion coefficient D and on a salt distribution parameter K for
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the carrier membrane [8, 10]. Expressions of this type can
directly be deduced from the flux equations

T
a. - a.
J ®O=D - —. (14.21a)
6
1 0 t o
cC. - C. a. — a.
J~M) =D 1 1= DK X- 1 (14.21b)
Y ¥ Dt Yy ¥ Dt

where Egq. (14.21a) is the Nernstian approximation for the ion
flux across the unstirred solution film, and Eq. ((14.21b) is
the well known description for the diffusion into an infinite
layer after a concentration step change c? » c® at the boun-
dary. In a more rigorous theoretical analysis of the diffu-
sion problem illustrated in Figure 14.3 [10] the steady-state
assumption (14.21a) is no longer upheld. Thus the following
combined expression gives the best fit of the exact theory
for t > T

E(t) =E? + s log a.-(a.-a?) (---- + - e_t"T) 14.22)
L1 11 \YyA7T® T /.

This means that the specific influence of membrane-internal
diffusion becomes dominant only in the later period where the
outside equilibration is nearly completed.

As a consequence of the square-root time dependence, the
practical response time of diffusion-type membranes is usually
somewhat increased (see Table 14.1). On the other hand, the
qualitative influence of the direction of the sample-activity
change on the rate of response is clearly the same as shown
before in Figure 14.2_. One may generally expect a considerably
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EMF C

Figure 14.4. EMF-response vs. time profiles of valinomycin-
based PVC membrane electrodes after a step change in KCl acti-
vity corresponding to = 4mV change in final emf [8].

(A Effect of the direction of sample activity change.

®) Effect of the membrane composition (see also Table 14.3).
© Effect of the stirring rate.

Points are experimental; curves are calculated from Eq. (14.19)
with T = 0.02 s (nonpolar membrane, fast stirring, activity
increase or decrease), T = 0.45 s (nonpolar membrane, slow
stirring), and T = 6 s (polar membrane, fast stirring),
respectively.
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Figure 14.4. (continued)



faster response to a sample if the membrane has been condi-
tioned beforehand with a more diluted solution or, ideally,
with a very similar solution where a®&a”. In contrast to the
traits found for membranes without internal diffusion (& = 0),
the dynamic response characteristics of carrier membranes and
related systems are shown to be highly dependent on membrane
properties such as the extraction capacity and the resistance
to diffusion. For a substantial reduction of t, which is
equivalent to a reduction of the response time, the following
requirements have to be considered [8, 10] (Figure 14.4 and
Table 14.3).

a) Reduction of _salt extraction_into_the _carrier membrane

T~e membrane components used, i. e. mem-
brane solvent and matrix, should be as nonpolar as possible.
The sample solution should contain no highly extractable lipo-
philic anions. Membranes with incorporated anionic components,
such as tetraphenylborate, are preferable in view of an effi-
cient coion exclusion.

b) Reduction_of diffusion_within_the_membrane__(reduction_of D)"i
The membrane phase should be highly viscous, which can readily
be realized by specifying a high percentage of the polymeric
component.

©) Reduction_of <51 The sample solution has to be thoroughly
stirred or a flow-through cell must be used. A minimization
of the membrane surface (use of microelectrodes) is to be
preferred.

In addition, a moderate reduction of the membrane thickness
may be advantageous [8, 10].

The response of liquid i1on-exchange membranes, based on
charged sites of a fixed concentration X, is usually rather
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Table 14.3. Experimental time constants for different K -selective electrodes in KC1l solutions

Valinomycin

33 %
3.3 %
2.2 %

2.4 %

4._76%

a Abbreviations:

.66

Tetraphenyl-
borate

%

0-NPOE:
phthalate,

Membrane composition3

Solvent

66.7%
66.7%
70.2%

70.5%

0-NPOE
DPP
DBP

DBP

Time constants*3

Matrix
(residual percentage) T T
PVC 6s 81
PVC 0.02 s - 81
PVC 0.02 s - [§]]
PVC KCI : 0.0035 s - 6l
KSCN: 0.01 s
SR ~0 0.225s[6l

o-nitrophenyl octyl ether, DPP: dipentyl phthalate, DBP: dibutyl
PVC: polyvinylchloride, SR: silicon rubber.

~ All measurements were performed at high stirring frequencies [8] or high flow rates [6].



fast and determined by Eq. (14.17). However, considerable
slowing effects of the type (14.22) are induced by interfering
ions that encroach upon the membrane composition. Then ionic
diffusion or interdiffusion in the membrane phase can no longer
be neglected. For a system with primary and interfering ions

of the same charge, concentration polarization at the inter-
face may be approximated by

D6 , >

al<«a.--————- (c.-c.) - (@.-a°) e T (4.23)
1 1 D"VIDt 11 11
where:

C a 8 ao

i ) < i~ )

? ? ? ?

CitCn  *K§:d. O aitKa}

An analogous expression holds for a.. IT the cell potential
follows a simple Nicolsky-type behavior at any time t>>0, the
approximation to the final steady-state must occur according
to the function

E@® =E@ +s log A- (A e W7 _p__L. (14.24)
Vt/T
with
a.+K..a.
= h1 (14.25)
K
%1%
1-K.. / a a° \
B = —oomide mmmmimmmmmmmes i (14.26)

394



D (X/2)262
T= “72

wD

14.27)

Equations (14.24) - (14.27) are excellently suited to rationa-
lize the observed response of liquid membrane electrodes. A
typical example is given in Figure 14.5 where the experimental
emf vs. time profiles of the Orion ca’ -electrode in the
presence of Mg2+ ions [4] are TfTitted by computed values. The
agreement between theory and experiment is surprising, SO

much the more since the same values of KCaKg/ t ", and T were
used for all calculations.

One interesting feature of Eq. (14.24) is its capacity to
simulate transient responses or potential overshoots. Such
phenomena were observed for the mentioned electrode system
when magnesium ions were added to samples having a constant
background of calcium ions [30]. Indeed, the condition for
Eq. (14.24) to predict anomalous response to increasing acti-
vities is B<<0, respectively a”/a°>>al/a° for K~<1l. Hence
transient emf-excursions are usually found for those kinds of
interfering ions which on the other hand induce sluggish
response in solutions of the primary ion (B>>0 resp. a™/a?>>
3j/a°, see Figure 14.5). Alternative theories on the origin
of transient response phenomena were presented earlier. Stover
and Buck [16] demonstrated by computer simulation of liquid
ion-exchange membranes that internal equilibration processes
may give rise to non-monotonic variations of the diffusion
potential. The requirement to produce an overshoot in poten-
tial-time response was low mobility of the entering ions, re-
lative to the mobility of the ions already in the membrane
[16]. Exactly the same argument was used intuitively by Rech-
nitz and Kugler [1] to explain the observed transient response
of glass electrodes to sudden changes in the activity of in-
terferents. Belijustin et al. [31] reported on similar
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Figure 14.5. EMF-response vs. time profiles of a calcium-selec-
tive liquid membrane electrode (Orion 92-20) after an activity
step 10_4M + 10_3M Caz+ in the presence of various activities
of Mg 2

The experimental curves are taken from fig. 2 in Ref. 4

(s = 25.5 mV). The points were computed from Egqs. (14.24) -

(14.26) with KMJNCJ = 0.011, x* = 0.8s, and T = 6.25*10~6 M2s.

396



results. Finally, transient response or sluggish response of
diffusive membrane electrodes was ascribed to possible inhomo-
geneities of the membrane phase [15]. It was shown that the
initial emf-excursion reflects the selectivity behavior of the
membrane surface, while the long-time response is dominated

by the bulk membrane properties.

The preceding short review on available theories makes it
clear that the definition of a meaningful and universally
acceptable response-time parameter remains problematic [32].
In fact, the speed and mode of electrode response depend not
only on the membrane type used but also on the composition of
the sample solution and on various other parameters. It is
even conceivable that different points on an electrode sur-
face exhibit different time courses of potential-generating
processes [3]. Therefore, the ingenious flow-analyzer tech-
nique proposed by RUSi6ka et al. [33], which actually measures
the potential E(t) after a constant and relatively short
interval t instead of the final value E &), may be ill-suited
for analytical work of high reproducibility. In cases where
waiting for the final steady-state is inacceptable, it should
rather be attempted to extrapolate the values E &) from the
available response curve sections E(tl) ...... E(t2).

Figure 14.6 illustrates the application of such procedures
[10] which may find use as practical aids.

397



Figure 14.6. Determination of the steady-state EMF of a vali-
nomycin-based membrane electrode (slowly stirred sample) using
different extrapolation procedures [10]. Nonlinear regression:
curve fit by Eq. (14.19). Linear regression: curve fit based
on the linearized version E® =E(®) - C t ~ Point by point
extrapolation: early stage estimation inserting E(*?) =

3.414 E(t) - 2.414 E(t/2).
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Chapter 15

Special Arrangements: Gas-Sensing Electrodes and Enzyme

Electrodes

A new field of analytical applications was opened with the
design of compound electrodes in which an ion-selective elec-
trode is combined with a specific chemical reaction or a se-
paration step. In gas-sensing electrodes a conventional ion
sensor is contacted with a thin film of reagent solution. A
gas-permeable membrane is interposed between this electro-
chemical cell and the sample under test. The gas to be deter-
mined diffuses through the separation layer until an equilibrium
is established in the internal electrolyte film. The dissolved
gas and the reagent of the internal electrolyte constitute a
buffering system, the activity of the buffered ion being sensed
by the ion-selective electrode.

Enzyme electrodes usually consist of an "active" membrane,
containing an immobilized enzyme, coupled to an ion-selective
electrode or a gas sensor. Such systems operate by converting
a substrate to a species that can be sensed potentiometrically.

Gas-sensing probes and enzyme electrodes represent rather
ingenious applications of conventional electrochemical sen-
sors. Their intriguing feature is that they combine a highly
specific reaction with a selective detection of the products
formed. Such compound electrodes have become a valuable tool
in analytical chemistry and they certainly have a promising

future.
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15.1. GAS-SENSING ELECTRODES

In 1956, Clark [1] had the pioneering idea to couple a gas-
permeable membrane with an electrochemical sensor. He developed
an oxygen electrode, consisting of a membrane and a platinum
electrode, separated by a thin layer of indifferent electrolyte
An amperometric method was used to detect the oxygen diffusing
through the membrane. The principle of the Clark electrode is
still applied in modern oxygen sensors [2 - 6]. A similar con-
struction was introduced by Severinghaus [7] for the measure-
ment of carbon dioxide. However, in his CO2-sensor the gas-
permeable membrane was combined with a complete ion-selective
electrode cell of the type

reference electrode | NaHCO™fag) | pH-electrode (15.1)

Carbon dioxide, entering through the membrane into the inter-
nal electrolyte, participates iIn the equilibrium

KCe2
CO2 + H20 Q. AHCO~ + H+ (15.2)

Since the bicarbonate activity is kept constant Gicuz = a),
the sensed pH is directly related to the amount of CO2 dissolved
in the internal solution:

* Kee?2 .
aH = g " aco2 a3

When equilibrium is established throughout the membrane, the
activity of internal CO2 has approximated that of the gas in
the sample, a”™”™- Hence the response of the gas-sensing probe
is Nernstian and is a direct measure of the COj level in the
sample.
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The original idea of Severinghaus was not followed up until
the early seventies when an ammonia-sensing electrode and sub-
sequently a series of other gas sensors were developed (for a
review, see [8]). In the NH,-electrode, the following electro-

chemical cell is applied [8]

AgCl reference electrode | 0.01M NH~CI | pH-electrode (5.9

Hence the detection of ammonia is based on the equilibrium

+ 1/Knh4”™  +
NH3 + H "~ ———— — nh4 (15.5)

- knh4 10"2u /"™ W3 (15-6)

Again a Nernstian response is obtained, but here the slope is
-59 mV instead of the +59 mV found above for the acid species.
The calibration curve of an ammonia-sensing electrode using
the cell (15.4) is shown in Figure 15.1. The experimental curve
can be nicely rationalized from theory. Evidently, the linear
range of the response function lies between 10 and 10

NH~. Deviations from linearity occurring at higher levels are
largely a consequence of the interference of NHM with the
AgCl reference electrode, as treated theoretically in Chapter
10. The lower detection limit of the gas”sensing electrode is
due to the fact that the basic equilibrium (15.5) obtains
even in absence of external gas. Accordingly, a small amount
of NH3 is generated which only slowly diffuses out of the in-
ternal electrolyte (see below) )

kS
) The reference electrode directly measures the chloride
level of the electrolyte? no liquid junction is required.
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Figure 15.1. Calibration curve for an ammonia-sensing elec-

trode based on cell (15.4).

Solid line: experimental working curve of the electrode [8].-
Circles: calculated values [9]} comment is found in the text.
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A critical factor in the use of gas-sensing electrodes is
their response time. An adequate theoretical analysis was pre-
sented by Ross et al. [8]. Their results show that the time
course of equilibration between the internal and the external
solution is given by a function (written for the NH"-electrode)

“t/X
AH3 - (@H3 " e 5.7

-
o

X = —mmmm (15.8)

The activity a™H sensed at the time t obviously depends on
both the initial activity a®H and the final (sample) activity
a”™ , as well as on a time constant x. The latter parameter
includes contributions by the volume V of the internal elec-
trolyte, the thickness d and the active area A of the gas-
permeable membrane, as well as the diffusion coefficient D and
the partition coefficient kK characteristic of the neutral
species in the membrane. As a rule of thumb, a 99% response
time of about 2 min (tenfold activity increase) was reported
for ammonia- and related gas-sensing electrodes [8]. This
would correspond to a time constant on the order of 30 s. In-
deed a value of x = 31.5 s was obtained from the data fit in
Figure 15.1 where the practical limit of detection was de-
fined as the activity lexel indicated by the electrode for

a~ =0, aH = 10 ,and t = 5 min [8].

Equation (15.8) reveals that different factors may contri-
bute to a reduction of the time constant x, which means a re-
duction of the response time. First, the geometric parameters
d and V/A should be kept®as small as possible; the latter
parameter may be identified with the thickness of the internal
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solution film [8]. Second, the values of D and kK must be suffi-
ciently high. The best choice in this respect is a membrane
consisting essentially of an air layer. Such systems were
realized by using microporous membranes that are not wetted

by contact with aqueous solutions [8] or by creating a complete
air gap between the internal solution film and the sample [10,
11]. Homogeneous, nonporous plastic membranes were found to be
less suited because diffusion coefficients in such condensed
phases are typically 104 times smaller than in air. Efforts
aimed at a fundamental understanding of gas-sensing electrodes
[81 have Tinally led to significant improvements and very ele-
gant new constructions. At present, useful sensors for NH3,
a2, 2, NOX/ H2S ™ HCN*™ other gaseous compounds are
commercially available (for a review, see [8, 12, 13]). These
systems offer a high specificity for the species to be deter-

mined.

15.2. ENZYME ELECTRODES

The First enzyme-coupled electrochemical sensor was intro-
duced in 1962 by Clark and Lyons [14]. They designed a glucose
sensor based on immobilized glucose oxidase\ the hydrogen
peroxide generated by the enzymatic reaction was determined
amperometrically. Guilbault and coworkers [15 - 18] followed
up this idea by constructing a urea-sensitive electrode,
using an acrylamide gel membrane with trapped urease, coupled
to an ion-selective electrode. The original version [15, 16]
consisted of a coated cation-selective glass electrode,
responding to the ionic product of the enzymatic reaction

CO(NH2)2 + 2 H30+ —~"eaSe> 2 NH* + C02 + H20 (15.9)
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In a more recent version, the glass electrode has been replaced
by a NHM-selective electrode using the carrier nonactin [17,
18]. An alternative construction [19] uses a gas-sensing elec-
trode for monitoring the CO2 formed by reaction (15.9).

During the past decade, the Tield of enzyme-coupled electro-
chemical sensors expanded rapidly. There are several compre-
hensive reviews relating enzymes to electrodes [12, 13, 20 -
25]. The scope of this section is to simply give a short in-
troduction into the principles of potentiometric enzyme elec-
trodes.

The specific reaction of a substrate S with an enzyme E,
leading to a ionic product I, is usually modeled kinetically
by a Michaelis-Menten mechanism:

kl
S +E - —SE ——k—2» E+nl+e . (15.10)

-1

At steady-state, the rate of the enzymatic reaction is then
determined as

/3aS\ _ k2 ~ aS (15.11)

"3t/@ KM+ §0

N H-o, (15.12)
/e e

where a” denotes the activity of substrate available in the
reaction system, af is the total enzyme activity, and KM is

the Michaelis constant (mol/l1) characteristic of the enzyme-
substrate reaction:
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In the context of enzyme electrodes, the activities ad and af
refer to the enzyme layer contacting the ion sensor. Exchange
of substrate and product species between the ion-selective
electrode and the external solution (a_,a ) occurs by diffu-
sion. The rate of diffusional uptake into the enzyme membrane,
respectively release from the membrane, may be formulated by
the following approximation which is correct for limiting

cases [9]:
— ) =K @ -a”) (15.13)
\?V/ d d s s
/3a"™\
— 4=k @ -a") (15.14)
\ at d 1 1
2D
with Kd = —T1 . D is the mean diffusion coefficient and % the

thickness o°f the diffusion layer (defined by the enzyme mem-
brane and additional electrode coatings). The assumption of a
steady-state requires that

- N) e (D) ., (15.15)
at \3t/e \at/d

L. ur), . (15.16)
at \atﬂ? a
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Combination of Egs. (15.11) - (15.16) leads to the following
solution:

R 7 25 (15.17)
kd km +as
ai—al+n @*“a) (15.18)

The first expression constitutes a quadratic equation which
can easily be solved to yield a”. Subsequently, aj is deter-
mined from the second expression. The electrode response is
finally given by

E=E +s log |}q + f 3 a; 1 J]
=E + s log [n (ag - a£) + aqQ] (15.19)
z /z
where ap=a + | Kfjl' aj’ is the total activity of the

ionic background in the sample, as sensed by the ion-selective
electrode in the absence of substrate.

Figure 15.2 illustrates calibration plots of urea-sensitive
electrodes. Equations (15.17) - (15.19) were used to fit the
experimental data [16] obtained for different enzyme activi-
ties. The same kinetic parameters were used for all calcula-
tions which, nevertheless, show good agreement with experiment.
Three major regions, corresponding to different limiting
cases, are discerned for each response curve in Figure 15.2.
These are discussed in the following.

For high substrate activities, i. e. a" and ag>>K""
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EMF

Figure 15.2. Calibration curves for different urea-sensitive
electrodes based on the enzyme urease.

Points: experimental results obtained for 233, 140, and 8 mg
urease per ml of membrane gel, respectively [16].

Solid lines: calculated response from Egs. (15.17) - (15.19)
with km = ©-015 mol 1_1/ k2aE/kdKM = 1*786 x 10~4 x ~ (in
gl1l), and f? = 2 x 10-6 mol_l—l- ® a = 233 g 11; ©
ag =140 g1 ; (© a =8g 1 . Note: the same curves are

obtained when using approximation (15.21) with
Pot

KIS nk2aE”" (k2aE+kdkKM+kdaS) =
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Eq. (15.11) predicts a pseudo first-order reaction, the reac-
tion rate depending only on the enzyme activity. Accordingly,
the emf-response of the enzyme electrode becomes independent
of the substrate activity (see Figure 15.2):

E=£eX+s log I-n K2 | 40 (15.20)

- kd 4

This generally imposes an upper limit (as~KM) on the detec-
tion of a substrate by an enzyme-coupled electrochemical sen-
sor. However, this working range may be attractive for the
study of inhibitors [26, 27] that reversibly affect the acti-
vity of the enzyme.

At lower activities, ag and a”<<Km, a second-order reaction
results, which fact is observable in Figure 15.2 by a linear
response of the enzyme electrode to the substrate activity.
Equations (15.17) - (15.19) here lead to the simplified re-
lationship

E =E° + s log \K\°b as + aQ (15.21)

k2*E + kdKM

It may be recognized that a high enzyme activity is required
for the electrode to show optimized selectivity for substrate
relative to interfering species. An additional improvement in
this respect could be achieved by a moderate reduction of the
diffusion rate constant k”, involving a reduction of diffusion
coefficients D in the electrode coating and/or an increase of
the diffusion layer thickness 6. However, one then has to
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endure a certain slowing of the electrode response since diffu-
sional relaxation is characterized by a time constant [28]

T" = « i/kd (15.22)

The fact of diffusion control of reactants and products through
coated electrodes was treated theoretically by Racine and Mindt
[29], Tran -Minh and Broun [30], Blaedel [37], and more recently
by Carr [28] who presented a rigorous analysis of the response
vs. time behavior of enzyme electrodes.

For values of K?gt ag<<a0O, enzyme electrodes become insen-
sitive to the substrate activity. The existence of such a
lower limit of detection is clearly demonstrated by Eg. (15.21)
and Figure 15.2. Two points are essential for an extension of
the linear response range towards lower levels of a,. First,

a high enzyme activity must be applied in order to increase
the fraction of substrate reacting in the active layer of the
electrode (increase of Kﬁat). This leads to an upward shift

of the calibration curves, as is indicated in Figure 15.2.
Second, the electrochemical sensor should be highly specific
for the product of the enzymatic reaction, and the intrinsic
detection limit of the sensor must be low, which ensures a

low background activity aQ. Unfortunately, some of the attrac-
tive ion-selective electrodes, especially the ammonium ion
sensors, are severely limited in this respect. The lack of
specificity of the detection step can, of course, neutralize
the specificity offered by the enzymatic reaction. The parti-
cular problem of interfering ions may be eliminated by the

use of gas-sensing probes (e. g., NH3 electrodes [31 - 33]
which allow a more specific detection of the reaction products.

At present, there still seem to be no dipping-type enzyme
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electrodes commercially available - in spite of the anticipated
simplicity of operation of such devices. Instead, the manu-
facturers have chosen to separate the enzyme and sensor func-
tions (for a review, see [25]). This has the advantage that
the conditions for both the reaction and the detection step
can be optimized individually. The enzymes can be immobilized
more stably in reactors [25, 27, 34 - 36], the lifetime of the
catalysts thereby being increased considerably. Such enzyme
reactors have become an important tool in various branches of
chemistry. For analytical purposes, they may be coupled to
potentiometric sensing units or to amperometric, spectrophoto-
metric, or thermal detectors [25].

There is no doubt that the technology of enzyme electrodes
will be much improved in future. Considerable efforts are
concentrated on new developments and more in-depth investi-
gations in this field. Since there exist several thousands of
enzymes and specific substrates, the marriage of enzyme-cata-
lyzed reactions and electrochemical sensors will certainly
bring forth a rapid increase in attractive analytical appli-
cations.
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SUBJECT INDEX

Acetylcholine sensor, 214, 216
Activation barrier, see Barrier
Active or coupled transport, 28, 90
Activity coefficients, aqueous solution, 13-20
membrane phase, 32, 48, 88, 95, 99, 190,
341
Activity ratio measurement, 73
Air gap membrane, 27, 406
Aliquat 336S, 215, 252-254, 257
Alkali error, 344, 354
AU-solid-state electrode, 2, 169
Alumina group, 351, 354
ion-exchange on, 357
Aluminosilicate glasses, 337-339
response behavior, 354-359
Ammonia, interference with silver chloride elec-
trodes, 403
Ammonia sensor, 403-405
Ammonium electrode, 270
selectivity, 149, 272
Ammonium ions, organic, used as membrane
components, 213-216, 225, 227, 253, 254,
257
quaternary, electrodes for, 214, 216
selectivity, 222-224
Amperometric detection, 402, 406
Anion-selective electrodes, liquid-membrane,
213-216, 225, 227, 252-257
solid-state, 165-166, 175-183, 186-206
Anions, lipophilic,
interference in anion-exchanger membranes,

255

in cation-exchanger membranes, 280

in neutral carrier membranes, 111,
296-315

elimination or reduction  of,
303-305, 309-314

transport across bilayer membranes, 135
Antibiotics, structures of, 114, 265
Association between ionic sites and counterions,

glass membranes, 361, 367-371

liquid ion-exchangers, 223-236, 241-246,

249
neutral carrier membranes, 307-309

425

Back-diffusion of carriers, 125, 134, 146, 278
Barium electrodes, 270
selectivity, 272, 329
Barrier, interfacial. 123, 130, 379
multi-, 118, 121-123, 129, 137
rectangular, 120
sharp, 120, 131-134
trapezoidal, 115-120, 128-130, 136
Behn’s transport equation, 98
Bilayer lipid membranes, comparison with bulk
membranes, 143-149
ion transport across, 113—149
Bis(p-chlorophenyl)propanedion,
based on, 106
Blood serum, applicability of sensors in, 214,
255, 271, 292, 330
Boltzmann distribution, 46, 310
Born equation, 320
Boundary potential, definition, 30
general formulation, 35-42
general result for reversible membrane elec-
trodes, 40
of glass membranes, 343, 350
of liquid ion-exchanger membranes, 220,
231
of neutral carrier membranes, 282, 300
summary, 153
Bromide electrodes, liquid-membrane, 216, 254
solid-state, 197
Buck’s theory of glass electrodes, 356-361
Buffered samples, measurement in, 175-183,
218, 273,401
Bulk membranes, comparison with bilyaer lipid
membranes, 143-149
ion transport across, 91-111
Butler-Volmer equation, 38

membrane

Calcium electrodes, based on liquid ion-ex-
changers, 213, 217
calibration curves, 273
pH-interference, 237
response vs. time behavior, 387, 396
selectivity, 218
titration curves, 273



Calcium electrodes, (cont.)
based on neutral carriers, 270, 329
anion interference, 111, 298, 313
calibration curve, 273, 275
comparison of theoretical and measured
potential response curves, 292
improvement of response characteristics
by incorporation of tetraphenylborate,
313-316
precision, 7
selectivity, 272, 329
study of selectivity-determining parameters,
295, 323, 327, 329
titration curve, 273
Calcium fluoride electrode, 165
Calcium transport, across bilayer lipid mem-
branes, 140
across bulk membranes, 106, 108, 275
Carbon dioxide sensor, 402
Cation-selective electrodes, glass, 337—339
liquid ion-exchanger, 213-218
neutral carrier, 268-273
solid-state, 165-167, 182-186
Cavity radius, 320
Cell, organization of, with liquid junction, 2, 3,
170
without liquid junction, 13, 71, 402, 403
Cell potential (emf), 2-8
Charge transfer reactions, 37-39, 123-125
Charged carriers, 28, 106, 229
Chemical potential, 35
Chemisorption, 172
Chiral recognition, 105, 268
Chloride electrodes, based on liquid ion-ex-
changers, 214, 215
calibration plots for interfering ions, 253
precision, 7
selectivity, 257
based on silver chloride,
application as reference electrodes, 403
calibration curve, 176
detection limit, 175
response vs. time behavior, 381
selectivity, 189, 197
Ciani -Eisenmann-Krasne
134-143
Clark electrode, 402
Coions and counterions, definition, 56
Complex formation, and potentiometric selec-
tivity, 289-291
between mercuric and halide ions, 183-186
between metal ions and neutral carriers,
123,286
between silver ions and different ligands,
198-206
mean degree of, 186, 288

values of stability constants, 174, 290

bilayer ~ model

Complexing agents, membrane-active,
Charged carriers and
Neutral carriers

Concentration- or activity change, direction of,
effect on response time, 384-387, 390

Concentration polarization, 247, 378, 383, 394

Concentration profiles, time course of, 383, 388
in valinomycin membranes, 279

Constant field approximation, 55, 88 92 117
122, 5

see

Consumption of free carriers, effects of
296-315
Coordinating ligand sites, number of 269

318-320, 328
Copper sulfide electrode, 167
Countertransport, 106
Crowm compounds, enantiomer-selective, 105,

potassium-selective, 268, 272
Current density, electrical, 38, 46, 131-135
Current-voltage characteristics, of bilayer lipid
membranes, 133-135, 138-140
of bulk membranes, 93, 146
correlations between theoretical and mea-
sured curves, 135,139,140
Cyanide electrode, 201-206

Debye-Hiickel, convention, 16-19, 32
theory, results from 14, 16, 65, 99
Decomplexation reaction, kinetic limitation by,
134, 142
rate of, 124, 134
Defect mechanisms,
360-365
in solid-state membranes, 166
Detection limit, definition, 6
of enzyme electrodes, 410-412
of gas-sensing probes, 403-405
of silver compound membrane electrodes,
171-183
Dialkyl- and diarylphosphates,
based on, 213, 217, 218
Diaphragm, 4, 64
Dielectric constant of membrane solvent, 289,
294-295,320-322
Diffusion, definition, 29
into membrane, time dependence, 256, 378,
384-397
mean free path of, 255
through boundary layer,
249, 382-384, 388
Diffusion coefficient, definition, 45, 88
Diffusion layer, thickness of, 194, 249,
382-384, 408. 411

in glass membranes,

membranes

194-196, 205,



Diffusion model, foi
408
for gas-sensing electrodes, 405
for liquid ion-exchanger membrane elec-
trodes, 248
for membranes of constant composition,
383
for neutral
388
for solid-state membrane electrodes, 195
Diffusion potential, definition, 30
general formulation, 44-50
general results, 47, 49
practical solutions, 50-61
Goldman, 55
Henderson, 60
ideally homogeneous membranes, 56
ideally selective membranes, 75
» Lewis and Sargent, 55
Nernst, extension, 51
permselective membranes, 50, 56
Planck, 52
Schldgl, 58
Teorell, 56, 109
special results for
glass membranes, 349, 360. 367. 369
liquid ion-exchanger membranes, 219,
229, 233, 240, 242, 244, 245
neutral carrier membranes, 281, 284,
300
summary, 154
Dimensions of cation/carrier complexes, effect
on selectivity, 289, 320-323
Dinactin, 114, 265
Dioxaoctanedioic diamides, structure-selectivity
relationships, 322-328
Dipole moment of ligand sites. 318, 326
Dissociated ion-exchangers, 219-223,240-241,
249
Dissolution processes at solid membrane/solu-
tion interfaces, 171, 362, 381
Distribution of ions at equilibrium,
across membranes, 310
between two phases, 36-38, 124
within a phase, 46
Distribution coefficient, kinetic definition, 38
thermodynamic definition, 36, 223
overall, 282, 285
Divalent-ion sensors, 213, 217
Donnén exclusion (coion exclusion), failure of,
81-83
Donnén potential, 41, 77, 83, 154, 167
Drain current, 9
Driving forces, 28-30, 46
Dynamic response behavior, 375-398
enzyme electrodes, 384, 412
gas sensors, 405

enzyme electrodes,

carrier membrane electrodes,

glass electrodes, 379, 384

ion-exchanger ~ membrane electrodes,
382-387, 394-396

microelectrodes, 378

neutral  carrier membrane electrodes,
387-393, 398

solid-state membrane electrodes, 381-382

Eisenman equation, 6, 147, 156, 350

Electrical conductivity, 29; see also Membrane
conductance and Resistance

Electrical current, 28, 29; see also Current den-

sity
Electrical potential, local, 30, 35
Electrical transference number, see Transfer-
ence number
Electrodes, commercially available, 10
Electrodialysis, 29, 102-111, 274-280
Electrodialytic separation, 29
Electrodiffusion, 29, 88, 94
Electroneutrality, deviations from, 113, 277,
287
Electroosmosis, 48
Electrostatic model, 288, 317-322
EMF response, basic aspects, 2-8
experimental curves,
aluminosilicate glasses, 355
ammonia sensor, 404
anion-selective  liquid-membrane
trodes, 225, 253
calcium electrodes,
liquid ion-exchanger, 237, 273
neutral carrier, 111, 273, 292, 298,
313
potassium electrodes, 299, 304
silver bromide electrode, 201
silver chloride electrode, 176, 177, 201
silver iodide electrode, 179, 185, 201
silver sulfide electrode, 180, 182, 201
slopes of, 275
sodium electrodes, 305, 314, 348
urea electrode, 410
general formulation,
special results for
enzyme electrodes, 409-412
gas sensors, 402-405
glass electrodes, 340-371
ideally selective electrodes, 40, 76
liquid ion-exchanger membrane elec-
trodes, 219—258
neutral carrier membrane electrodes,
281-315
permselective membranes, 77-83
silver compound membrane electrodes,
170-206
solid-state membrane electrodes, 76, 169

elec-

75-85
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EMF response, (cont.)
summary, 156-159
\s. time profiles, 385, 390, 396, 398; see
also Dynamic response behavior and Re-
sponse time
Enantiomer-selective electrodes, 268
selectivity, 105
Energy barrier, see Barrier
Enzymatic reaction, 406
Enzyme electrodes, 406-413
Enzyme reactors, 413
Equilibrium assumption, 30, 36-39, 92, 124
Equilibrium domain, 138, 141, 145, 149
Eauitransferent solution, 67-70
Equivalent-circuit description, 378
Equivalent ionic conductivity, definition, 45,
55
values for aqueous solutions, 67
Exchange-current density, 38, 166, 378
Extraction, and potential response, 298, 299
and selectivity, 222, 227
reactions for neutral
270,296
Eyring formalism, 37, 87, 120-124, 137

carrier membranes,

FCCP (a proton carrier), 106
Fixed-site membranes, see Permselective mem-
branes
Flow-analyzer technique, 397
Flow-through cell, advantage of, 256, 392
Flow velocity, 44
Fluoride electrode, 165-167
dynamic response behavior, 382
selectivity, 165
Flux equations,
for charge transfer across an interface, 37,

123
for electrodialysis across a membrane,
Behn, 98
bilayer membrane, cation-carrier, 138,
139

Ciani-Eisenman-Krasne, 136
Goldman-Hodgkin-Katz, 89
Lauger-Stark, 132
Schlégl, 94, 97-101
Ussing, 90

for electrodiffusion within a phase,
Eyring, 121
glass membrane, 349, 364-366
Goldman, 89, 120, 146
Nernst-Planck, 44-46, 88, 116
Nernstian approximation, 194, 249, 389
symmetrical bulk membrane, 93, 146
time-dependent, 389

general formulations, 44-46, 94, 116, 121,
123, 130

summary, 159-161

Friction coefficient, 45
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Gas-permeable membranes, 406
Gas-sensitive electrodes, 401 -406
application in enzyme electrodes, 407, 412
dynamic response behavior, 405
geometric parameters, 405
Geometric capacitance, 377
Glass electrodes, 337-371
application in compound electrodes, 402,
403, 406
dynamic response behavior, 379, 384
glass compositions, 337-339
selectivities, 338
theories, classification of, 339
liquid-state approaches, 361-371
solid-state approaches, 340-361
unified description, 352-359, 369-371
Glucose sensor, 406
Goldman equation, diffusion potential, 55
ion flux, 89, 96, 120, 146
Goldman-Hodgkin-Katz theory, 88-91

Henderson equation, 60
use for calculation of liquid-junction poten-
tials, 64-73
Heterogeneous-site glasses, 351-362, 369-371
Heterogeneous solid-state membranes, 165, 167
Hofmeister lyophilic series, 213, 223, 296
Homogeneous membranes, 56, 76, 93, 168
Homogeneous-site glasses, 343-351, 366-369
Horovitz equation, 156, 344
Hulanicki-Lewenstam theory, 193-198
Hydrated glass layer, 362, 384
Hydration energies, correlation with selec-
tivities, 223-225
Hydration number, 15
Hydration theory, 14-18
Hydrogen bonds, effect on selectivity of neutral
carriers, 269
Hyperbolic current-voltage curve, 133, 138

Image force, 116

Immobile anions in neutral carrier membranes,
277-280

Impedance theory, 377

Indicator electrode, 2

Inhibitors, 411

Interactions, attractive and repulsive, for cat-
ion-carrier complexes, 318-322

Interface, membrane/solution, model of,
29-32, 35-39, 93, 123
Interfacial kinetics, 37-39, 123, 138, 142,

377-382
Interfacial potential, see Boundary potential
Interstitial ions, 171, 360, 363
lodide electrode, calibration curve, 179
detection limit, 183
precipitate-based, 165
selectivity, 189, 197, 206



lon-exchange, constants, 222, 227, 357
equilibria, 188, 228, 235, 248, 280, 288,
341

lon-exchanger membranes,
dynamic response behavior,
392-396
expressions for potential and selectivity, 50,
57, 77-83,154-157
ion-transport behavior, 96-102, 107, 109
liquid, 211-258, 309-315, 361-371
requirements for electrode application, 166
solid, 190, 340-361
lon pumping, 28, 104
lon transport, see Membrane transport
lonic strength, 14
lonogenic groups in glass, 351
lonophores, see Charged carriers and
Neutral carriers
Irreversible behavior of electrodes, 38, 192, 326
Irreversible thermodynamics, 47, 87, 211
ISFET (ion-selective field effect transistor), 9
Isosteric complexes, 145, 228
Isothermal transport, 29

379-387,

Jyo-Ishibashi theory, 247-254

Kinetic domain, 138, 142

Kinetic parameter, 142-144

Kinetics, of enzyme-substrate reactions, 407
of interfacial reactions, 37-39, 123,
377-382

Lanthanum fluoride electrode, 165-167
Lauger-Stark bilayer model, 131-134
Leached ions, 6, 172, 178, 183, 203, 363
Lewis-Sargent equation, 55, 68
Lifetime of liquid-membrane

324-326
Ligand thickness, 321-323
Ligands, forming complexes with cations, see

Charged carriers and Neutral carriers

forming complexes with silver ion, 198-206
Lipids, see Bilayer lipid membranes
Lipophilicity of neutral carriers, 324-326
Liquid-junction potential see also Diffusion

potential,

calculations, 64-73

definition, 4

measured values, 66, 69

possibilities for minimization, 68-73
Liquid-membrane electrodes, based on liquid

electrodes,

ion-exchangers, 211-258; see also lon-
exchanger membranes

dynamic response behavior, 382-387,
394-396

membrane materials and observed selec-
tivities, 212-218

theories, apparent selectivity behavior,
246-258
potential  response and  selectivity,
219-236

Sandblom-Eisenman -Walker theory and
its extensions, 236-246
Liquid-membrane electrodes based on neutral
carriers, see Neutral carrier membrane elec-
trodes
Lithia glasses, 337
Lithium electrodes, based on glass membrane,
338
selectivity, 338
based on neutral carriers, 270
precision, 7
selectivity, 272
slope of calibration curve, 275
transference numbers for, 275
Loligo axon, 91

Maclnnes convention, 15, 32
Macroheterobicyclic ligands, 268
Macrotetrolide antibiotics, 114, 265
Magnesium ions, interference in calcium elec-
trodes, 218, 272, 396
sensor for, 213. 217
selectivity, 233
transport across bulk membranes, 106
Mechanism, of carrier-mediated ion transport
through membranes, 125
of cation transport in glass membranes,
363-366
of dissolution of solid-state membrane mate-
rials, 171,381
enzyme-substrate reactions, 407
of permselectivity in neutral carrier mem-
branes, 274-285
Membranes, definition of, 27
model assumptions for, 30-33
phenomena on, 27-29
Membrane conductance, ohmic, 102
zero-current, 132, 141
Membrane materials for
enzyme electrodes, 406
gas sensor, 406
glass electrodes, 337-339
liquid ion-exchanger membrane electrodes,
212-218
neutral  carrier
268-274
solid-sate membrane electrodes, 166-168
summary, 8 13
Membrane potential, zero-current, definition,
2-4, 29, 30

membrane  electrodes,
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Membrane potential, zero current icont.)
general result, 110
practical solutions, 75-85
Ciani-Eisenman-Krasne, 141
Eisenman, 350
Goldman-Hodgkin-Katz, 91
ideally selective membranes, 4, 76
permselective membranes, 77-83,147
from Planck’s theory, 84
Teorell-Meyer-Sievers, 82
special results for
bilayer lipid membranes, 141
glass membranes, 350
liquid ion-exchanger membranes, 221,
226,241,242
neutral carrier membranes,
306, 311
solid-state membranes, 168
summary, 156-159
Membrane transport; see also Flux equation
across bilayer membranes, free and carrier-
mediates, 113—49
comparison  with
143-149
general formulation, 115-131
model by Ciani, Eisenman, and Krasne,
134-143
model by Lauger and Stark, 131-134
across bulk membranes, 91-111
electrical properties and transport selec-
tivity, 101-111
electrodialytic transport across neutral
carrier membranes, 274-280
transport mechanisms in glass mem-
branes, 363-366
classical concepts of, 87-111
basic flux equation, 87
Goldman-Hodgkin—Katz
tion, 88-91
Schlégl’s theory and its applications,
94-101

282, 287,

bulk  membranes,

approxima-

for symmetrical membrane cells, 91-94
summary, 159-161
Mercuric ions, response of silver halide elec-
trodes to, 183-186
Michaelis constant, 407
Michaelis-Menten mechanism, 407
Microelectrodes, several aspects of, 237, 256,
309, 378, 392
Microporous membranes, 406
Miniaturization of ion sensors, 9
Mixed adsorption isotherm, 188-192, 347
Mixed solution method, 8, 192
Mobile-site membranes, see Liquid membrane
electrodes
Mobilities, definition of parameters, 45

in glass membranes, 364-366
mean, characteristic of valency classes,
53-54, 57, 84,155,158, 284, 306
values for aqueous solutions, 67
Molecular basis of ion selectivity, 313-320
Monactin, 114, 139, 263
Monensin, 229
Monovalent/divalent ion selectivity, 79-81,
107, 235, 291-295, 315-323, 326-328
Morf-Wuhrmann-Simon  bulk  membrane
model, 91-94, 143-149
Muller’s equation, 382

n-Type description of activities, 190, 341
Nernst-Einstein relation, 83
Nernst-Planck description of ion transport,
87-120
Nernst’s solution for the diffusion potential, 51
Nernstian diffusion layer, 194, 249, 382
Nernstian response, 5, 76
deviations from, 173-186, 204, 251—255,
296-315, 346, 352, 403-405
Nerve cell, electrical behavior of, 89—91
Neutral carriers, structures, 114, 265-267
for alkali metal ions, 114, 139, 264, 268
for alkaline-earth metalions, 106. 114, 140,
268
with chiral recognition, 105, 268
design features, 322—330
lipophilicity, 325
molecular basis of ion selectivity, 315-322
nm.r-studies of the extraction behavior,
298, 299
requirements for ionophoric behavior, 143,
269, 303
selectivities observed for bilayer membranes,
correlation with bulk-membrane selec-
tivities, 149
correlation with kinetic parameters, 144
selectivities observed for bulk membranes,
correlation between potentiometric and
transport selectivities, 104-108
correlation with complex stabilities, 290
influence of the membrane solvent, 290,
295
influence of molecular parameters, 323,
327,329
simulation of active or coupled transport,
28,106
theory of carrier-mediated ion transport
across bilayer
membranes, 113-149
for transition metal ions, 268
for uranyl ion, 268

Neutral carrier membrane electrodes, 26,4—330

application in enzyme electrodes, 407
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dynamic response behavior, 387—393, 398
with incorporated ion-exchangers, 309-316
membrane materials, 270
reported selectivities, 272, 316
theories and fundamentals,
anion effects in neutral carrier mem-
brane electrodes, 296-315
cation selectivity, 285-295
mechanism of permselectivity, 274-285
molecular aspects, 315-330
Nicolsky, “first variant ion-exchange theory”,
351
Nicolsky and Shults, “second variant ion-ex-
change theory”, 361
Nicolsky equation, 8, 77, 79, 147, 191, 221,
232, 247, 288, 293, 344

deviations from, 79, 191-193, 228,
235-237,291-293,345-362
Nigericin, 229

Nitrate electrodes, 214-216
Nonactin, 114, 144, 149, 265, 299

Ohmic behavior, 93, 146, 276
Osmotic coefficient, 18
Oxygen electrode, 402
Overpotential, 38, 124, 128

Passive transport, 28, 90

Patchwork coating, 191-198

Perchlorate electrodes, 214-216
calibration plots for interfering ions, 254
selectivity, 227, 254

Permeability, 90, 140, 160

Permeability ratios, definition, 141-143,147
observed values 91,144,149

Permeability selectivity, 27

Permselective membranes, boundary potential,
41
diffusion potential, 50, 56-60
membrane potential, emf, and selectivity.

76-83

transport behavior, 91-101, 107, 143-149

Permselectivity, loss of, 83, 109, 296
measure of, 82, 107
mechanism of in neutral carrier membranes,

274-285

requirements for, 83

pH-convention, 16

pH-electrodes, 337-338
alkali error, 344
selectivity, 338

pH-gradient as driving force for cation counter-
transport, 106

pH-interference in different electrodes, 218,
237,272,316, 348

pH-response of sodium aluminosilicate glasses,
355

431

Phase boundary, see Interface
o-Phenanthroline, substituted, membranes based
on iron(ll)- and nickel(ll)-complexes of,
213-215, 227
Phenomenological coefficients, 87
Phenylethylammonium sensors,
selectivity between (R) and (S) enantiomer,
105
transference number and slope, 276
Planck theory and its applications,
diffusion potential, 52-56
membrane potential, 85-86
numerical values of liquid-junction poten-
tials, 64-72
response of neutral
283-285, 306-313
Plasticizers and polymers used for liquid mem-
brane electrodes, 269
Porous membranes, 42, 81, 211; seealso Perm-
selective membranes
Potassium electrodes, glass membrane, 338
liquid ion-exchanger membrane, 214
neutral carrier membrane, 270, 290
anion interference, 304
dynamic behavior, 390-393, 398
precision, 7
selectivity, 272, 290
slope of calibration curve, 275-276
theory of potential response, 281—285
transference number for, 275-276
Potassium transport, across bilayer membranes,
139
across  solvent
278-280
Potential, chemical, 35, 46
chemical standard, 35-36, 116
electrochemical, 35, 45
electrostatic, 30, 35, 116
Potential dips, 233-237, 243
Precipitate-based membranes, 165, 167
Precision of emf-measurements on ion-selective
electrode cells, 5, 7
Pressed-pellet membranes, 167
Proton carrier, 106

carrier membranes,

polymeric  membranes,

Rate constants, diffusional, 408, 412
of enzymatic reactions, 407
of interfacial transfer reactions, 37, 124,
131,380
of membrane-internal translocation,
131,145
RC time constants, 377-379
Reactions; see also Dissolution processes and
lon-exchange equilibria
in enzyme membranes, 406, 407
in gas sensors, 402, 403
Reaction order, 380, 411

119,



Reaction-rate theory, 37, 87, 121, 123
Rectification, 131
Redu2<:ed electrical potential differences, 117,
124
Reduced free energy function, 116
Reduced mass transference number, 47
Reference electrode, 2-3, 64, 71—73, 403
Reference electrolyte, 2-3, 64
Reference potential, 4
Regular-solution theory, 190, 341
Relaxation, diffusional, of concentration polari-
zation, 383, 412
electrical, 377-379
Resistances, electrical, of bilayer membranes,
132
of glass membranes, 363
of neutral carrier membranes, 278, 309
of solid-state membranes, 166
in theoretical descriptions of electrical relax-
ation, 377-379
Response time; see also Dynamic response be-
havior and Time constants
reduction of, 384, 392, 405
values, 386, 387, 393, 405

Salt bridge, 2, 4, 64
electrolytes, 66-72
Sandblom-Eisenman-Walker theory, 236-243
extensions, 243-246, 368-371
Saturation of current, 131, 134, 138, 146
Schldgl’s theory, 58-60, 94-96
applications, 72, 96-101

Selectivities, of bilayer lipid membranes,
141-143
correlation with bulk-membrane selec-
tivities, 149

correlation with kinetic parameters, 144

of enzyme electrodes, 410-412

of glass electrodes, 344-362, 368-371
reported selectivity coefficients, 338
selectivity parameters of sodium alu-

minosilicate glasses, 357

of liquid ion-exchanger membrane elec-
trodes, 221-258
apparent selectivity behavior, 253
correlation with hydration energies, 224,

225
correlation with ion-exchange constants,

222, 227
reported selectivity coefficients, 218,
222,227,257
of neutral carrier membrane electrodes,

285-295

correlation with complex stabilities, 290

effect of incorporated ion-exchange
sites, 316

432

influence of membrane solvent,
290,295

influence of molecular parameters, 323,
327, 329

reported selectivity coefficients, 272

of solid-state membrane electrodes (silver
halides), 186-206
apparent selectivity behavior, 197

reported selectivity coefficients, 165,
189, 197,206
of transport across bulk membranes,
101-111,147
correlation with potentiometric selectivi-
ties, 104-108

Selectivity coefficients, definition according to
IUPAC, 8
apparent, 191-198, 246-258
general formulation, 78-81, 147
summary, 156-159
Selectivity sequences, 12,
214-217, 225
Separate solution method, 8
Separation of ions, 29, 103, 106, 269, 275
Silica group, 351, 354
ion-exchange on, 357
Silicate glass, pH-response of, 355
Silver complexes, stability constants, 174
Silver compound membranes, 165-206
Silver electrodes, glass, 338
solid-state, 173-183
Single-crystal membranes, 165-167
Sintered membranes, 167
Site activity or concentration, 41, 57, 93-96,
145
Slope of emf-response function, 5, 204, 252,
275
Sluggish response, 384, 394-397
Sodium electrodes, based on glass membrane,
338
selectivity, 338
based on neutral carriers, 270
anion interference, 305, 314
precision, 7
selectivity, 272
slope of calibration curve and transfer-
ence number, 275
Sodium ions, interference in different elec-
trodes, 218, 222, 272, 273, 338, 355
transport across bulk membranes, 104
Solid contact, replacing the internal solution, 2,
166,169
Solid-state membrane electrodes, 165—206
application in gas sensors, 403
dynamic response behavior, 381
membrane materials, 166-168
reported selectivities, 165, 189, 197, 206
response curves, 176-185

106, 195, 201,



theoretical treatment of stiver compound
membranes, basic aspects, 168-171
anion selectivity, 186—198
potential response and detection limit,
171-183
response to different cations, 183-186
response to different ligands, 198-206
Solubility products of silver salts, 174
Solvent polymeric membranes, 113, 124, 149,
277, 279; see also Bulk membranes and
Liquid-membrane electrodes
Sol\éers)t used in liquid membranes, 215-217
7
influence on the ion selectivity, 221-225
233, 288-290, 294, 303-305, 320-322
influence on the response time, 391-393
Space-charge regions, 377
Space-charge theory of permselectivity, 144,
278,297
Standard potential of electrode cells, 5, 169,
357
Steady-state assumption, 52, 89, 115, 126, 238,
299, 309, 407; see also Nernstian diffusion
layer
Steady-state potential, extrapolation of, 398
Stephanova and Shults, ion-exchange theory,
366-369
Stepwise response, 351-362
Steric contributions to ion selectivity, 320
Stirring rate, effects of, 172, 255, 384, 391,
392
Stokes—Robinson-Bates convention, 16-19
Streaming potential, 48
Strontium electrode, 270
selectivity, 272
Structure-selectivity relationships, 315-330
Sulfide electrode, 180-183
response to cyanide, 204

Summary of fundamental relationships, 153 —

161
of membrane materials and selectivity-deter-
mining principles, 8-13
Surface concentrations, 126, 131
Surface layers, 187-198, 362-363
Surface potentials of lipid bilayers, 124, 133
Symmetrical membrane cells,
electrical properties, 102-109, 131-134,
138, 146
simple theoretical model, 91-94
Synthetic carriers, 114, 265-268; see also Neu-
tral carriers

Teorell equation, 57, 109
Teorell-Meyer-Sievers theory,
281-283, 291, 297-306
Tetranactin, 114, 144, 149, 265
Tetraphenylborate and substituted homologs,

use as membrane components, 214, 216,
222-224, 309-316, 392, 393
Thin membranes or Thick membranes, see Bi-
layer lipid membranes or Bulk membranes
Time constants of sensors, 376-396, 405, 412
Time-dependence, exponential, 376-380, 382,
405,412
different type, 381
square-root, 378, 387-389, 394, 398
Titration, 186, 273
Transfer, coefficient, 37, 124
Transfer, free energy of, 288, 317, 322
Transference numbers or transport numbers,
definition, 28, 47
experimental, 104, 105, 108, 275, 280
formulation, 103-111, 228, 366-369
integral, 53, 86
reduced, 47
Transient response, 395, 397
Transmembrane potential, 127, 141
Transport, see Membrane transport
Transport equation, see Flux equation
Transport phenomena, 28
Trinactin, 114, 144, 149, 265
Tubocurarin sensor, 214

27, 81-83,

Uphill transport, 28
Uranyl electrode, 268
response mechanism, 308
Urea sensors, 406
calibration curves, 410
Ussing’s flux equation, 90

Vacancies, 360, 365

Valency classes, 50, 94

Valinomycin, 105, 114, 139, 147-149, 265,
278-285, 290, 304, 390-393, 398
homolog of, 144

Viscosity of membrane phase, role of, 255, 392

Warburg finite-diffusion process, 378

Water, effects in liquid or glass membranes,
280,362

Water hardness electrode, 232












	Preface
	Part A: Theory of Membrane Potentials and Membrane Transport
	Part B: Ion-selective Eletrodes
	Author index
	Subject index
	Oldalszámok
	_1
	_2
	_3
	_4
	_5
	_6
	_7
	_8
	_9
	_10
	_11
	_12
	_13
	_14
	_15
	_16
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10
	11
	12
	13
	14
	15
	16
	17
	18
	19
	20
	21
	22
	23
	24
	25
	26
	27
	28
	29
	30
	31
	32
	33
	34
	35
	36
	37
	38
	39
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
	50
	51
	52
	53
	54
	55
	56
	57
	58
	59
	60
	61
	62
	63
	64
	65
	66
	67
	68
	69
	70
	71
	72
	73
	74
	75
	76
	77
	78
	79
	80
	81
	82
	83
	84
	85
	86
	87
	88
	89
	90
	91
	92
	93
	94
	95
	96
	97
	98
	99
	100
	101
	102
	103
	104
	105
	106
	107
	108
	109
	110
	111
	112
	113
	114
	115
	116
	117
	118
	119
	120
	121
	122
	123
	124
	125
	126
	127
	128
	129
	130
	131
	132
	133
	134
	135
	136
	137
	138
	139
	140
	141
	142
	143
	144
	145
	146
	147
	148
	149
	150
	151
	152
	153
	154
	155
	156
	157
	158
	159
	160
	161
	162
	163
	164
	165
	166
	167
	168
	169
	170
	171
	172
	173
	174
	175
	176
	177
	178
	179
	180
	181
	182
	183
	184
	185
	186
	187
	188
	189
	190
	191
	192
	193
	194
	195
	196
	197
	198
	199
	200
	201
	202
	203
	204
	205
	206
	207
	208
	209
	210
	211
	212
	213
	214
	215
	216
	217
	218
	219
	220
	221
	222
	223
	224
	225
	226
	227
	228
	229
	230
	231
	232
	233
	234
	235
	236
	237
	238
	239
	240
	241
	242
	243
	244
	245
	246
	247
	248
	249
	250
	251
	252
	253
	254
	255
	256
	257
	258
	259
	260
	261
	262
	263
	264
	265
	266
	267
	268
	269
	270
	271
	272
	273
	274
	275
	276
	277
	278
	279
	280
	281
	282
	283
	284
	285
	286
	287
	288
	289
	290
	291
	292
	293
	294
	295
	296
	297
	298
	299
	300
	301
	302
	303
	304
	305
	306
	307
	308
	309
	310
	311
	312
	313
	314
	315
	316
	317
	318
	319
	320
	321
	322
	323
	324
	325
	326
	327
	328
	329
	330
	331
	332
	333
	334
	335
	336
	337
	338
	339
	340
	341
	342
	343
	344
	345
	346
	347
	348
	349
	350
	351
	352
	353
	354
	355
	356
	357
	358
	359
	360
	361
	362
	363
	364
	365
	366
	367
	368
	369
	370
	371
	372
	373
	374
	375
	376
	377
	378
	379
	380
	381
	382
	383
	384
	385
	386
	387
	388
	389
	390
	391
	392
	393
	394
	395
	396
	397
	398
	399
	400
	401
	402
	403
	404
	405
	406
	407
	408
	409
	410
	411
	412
	413
	414
	415
	416
	417
	418
	419
	420
	421
	422
	423
	424
	425
	426
	427
	428
	429
	430
	431
	432
	433
	434
	435
	436


