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Abstract 

A theoretical model has been developed which relates physically accessible parameters to the formation of a membrane potential. 
The description is an extension of a theoretical description presented previously by our group, now including divalent cations and 
ion-pair association. Simulations of the overall membrane potential reveal several factors that may lead to non-Nernstian response 
curves. For monovalent and divalent cations a reduction in the slope of the response curve (sub-Nernstian response) should 
virtually always be expected when ion-pair association takes place in the membrane. Ion-pair association of divalent cations and 
sample anions can lead to a super-Nernstian response. A diffusion potential generally reduces the Nernstian slope of the response 
curve. In addition, several experimental results are described which illustrate and confirm our theoretical model. 

1. Introduction 

For the interpretation of the parameters that influ- 
ence the overall membrane potential of potentiometric 
sensors such as a CHEMFET or ISE a three-segment 
model is often used. The overall membrane potential 
of a membrane separating two aqueous phases is com- 
posed of two boundary and one diffusion potential 
within the membrane. On the basis of this model it is 
possible to calculate the potential of a sensing mem- 
brane. The recent modification by Morf [ll of a theory 
which was first developed by Teorell[2] and Meyer and 
Sievers [3] is such a model. In a contribution of our 
group the model was further refined to include free 
and fixed ligands [4]. One of the assumptions of such a 
theoretical model is the absence of ion-pair formation 
in the sensing membrane. However, very recently Arm- 
strong [5] showed experimentally in a valinomycin based 
potassium-selective electrode, containing tetraphenylb- 
orate as the anionic site, that the association between a 
potassium valinomycin complex and tetraphenylborate 
is strong (70 mol% of the total tetraphenylborate is 
present as an ion-pair). The model presented in this 
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paper is a further extension of our previously devel- 
oped model and can deal with ion-pair formation within 
the sensing membrane. Also, the presence of divalent 
cations in the system was studied theoretically. Finally, 
our recent results of measurements with silver- and 
lead-selective CHEMFETs demonstrate some typical 
features of the predicted theoretical response curves. 

2. Experimental 

Chemically modified ion-selective field effect tran- 
sistors (CHEMFET) were used for the potentiometric 
measurements. These CHEMFETs consist of a hy- 
drophobic sensing membrane on top of a poly-hydroxy- 
ethylmethacrylate (polyHEMA) covered ISFET. The 
detailed structure of the CHEMFET has been de- 
scribed previously [6,7]. PVC-membrane CHEMFETs 
were made by solvent casting a solution of 1:2 wt. 
high-molar-mass PVC (Fluka) and either bis(2-ethyl- 
hexyljsebacate (DOS), bis(2-ethylhexyljphthalate 
(DOP), or 2-nitrophenyl octyl ether (o-NPOE) with 
varying amounts of potassium tetrakis(4-shlorophen- 
yljborate (KTCPB) and heavy metal ion-selective 
calti4larene based ionophores [7]. The selectivity coefa 
ficients were determined by the fixed interference 
method [8]. Corrections for the -activity of ,the salts 
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were calculated by the extended Debye-Hiickel ap- equilibria at those interfaces, as depicted in the next 
proximation given by Meier [9]. section. 

3. Model description 

3.1. System definition 
The sample solution should contain no more than 

two interfering 1: 2 or 1: 1 salts of fiied activity and a 
varying activity of the primary 1: 2 or 1: 1 salt. The 
reference solution will contain no more than three 1: 2 
or 1: 1 salts of fixed activity. The cation activities are 
denoted by a+Jr) and a+&~) for the reference and the 
sample solution respectively. Only one type of anion is 
present with activity a _(r) and a _(s). The anionic (Y) 
and cationic (X) sites are lipophilic species that are 
only present in the membrane phase and have activities 
uv and ax respectively. The ionophore or ligand CL) is 
confined to the membrane and has activity ur_. All 
parameters in the membrane phase, except the mobili- 
ties U, are indicated by a superscript P). 

3.3. Boundary potential 
The two boundary potentials are defined as the 

difference between the potential 4” in the membrane 
phase and 4 in the aqueous phase: 

EB=c#P-4 

In this model description several equilibria and con- 
servation laws are taken into account. 

At the interface, electrochemical equilibrium of the 
permeable ion i exists between the membrane phase 
and the aqueous phase: 

m -Ill 
Pii=P+i 

This can be transformed to eqn. (3): 

p$i + RT In u+~ + z,F4 

In analogy with the ion-selective electrode litera- 
ture, the membrane potential is given by the potential 
of the (inner) reference solution minus the potential of 
the sample solution: 

= ~$2 + RT In uyi + .ziF&“’ (3) 

in which v”+~ is the standard chemical potential of 
cation i. 

E, = 4, - 4, = -Ea( r) - E, + EB( s) (1) 

The overall membrane potential consists of two bound- 
ary (or Donnan) potentials E,(r) and E,(s), and a 
diffusion potential E,. In the next sections the route 
leading to calculation of the diffusion and boundary 
potentials is outlined. 

The standard chemical potential of cation i in the 
membrane phase and the aqueous phase can be com- 
bined with the partition coefficient k+i, the distribu- 
tion of a cation over both phases at zero boundary 
potential: 

(4) 

3.2. Diffusion potential 
The diffusion potential arises from the difference in 

mobility of the charged species within the membrane. 
Analogous to the liquid junction potential the Hender- 
son approximation can be used to calculate this mem- 
brane diffusion potential E,: 

Rearrangement of formula (3) and introduction of 
the boundary potential E, and the partition coefficient 
k+i leads to 

E, = ( RT/ziF) In (k+,u+,/u!$) (5) 

Formula (5) is valid for each cation i and relates for 
example the activities ai1 and a?, via the boundary 
potential E, which is of course identical for cations 1 
and 2. 

E,=4,m-4,m 

E 
D 

= Zlz, Iu+Au~-2:Iz_ lu-Au!!! RT 

~z~u+Au~+~t~u_Aum 7 

For the anion a similar derivation relates the anion 
partition coefficient k_ to the activities of the anion in 
the membrane and the aqueous phase: 

E,=(RT/IziIF) In (a?/k_a_) (6) 

The free cations and the anion in the membrane 
phase can associate with several charged species. In 
Table 1A all possible associates with their association 
constants are given. 

xln 
Zz~u+u~(r) +~Czlu_u~(r) 

~z:u+u’=( s) + Wu_u”(s) (2) 

It is obvious from this formula that Au,” can be de- 
fined either as u?(r) -u,“(s) or ‘vice versa; in the 
computer program the latter definition is used. The 
calculation of ED with this formula needs only relative 
mobilities. The computations of ED require the activi- 
ties of all charged species at both interfaces in the 
membrane. These activities can be calculated from the 

The free cations can also be complexed by the 
neutral ligand: 

Bi 
u~+u~,- @2!$ (7) 

where pi is the complexation constant of the ionophore 
with cation i. 
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TABLE 1. Selected association within the membrane phase 

A, without ionophore B, with ionophore 

Species Association Species Association 
constant constant 

a+ia_ B K- a+i% P 

a+i% 
a 

KY a+,aLa_ a 
KL- 

a+i(ayA K a+iaL(a_), KL-z 

a+iaya_ a K=Z_ a+iaLay 
a 

KLY 

axa_ Kx- a+i&yA K LYZ 
w++y KXY a+iaLaya- a 

KL-Y 

a Only for divalent cations. 

In the associates of free cations and anion men- 
tioned in Table 1A the ionophore can play a role and 
therefore the set in Table 1A is expanded with the 
associates in which the ionophore is involved (see Table 
1B). 

Together with equilibrium equations, a set of con- 
servation laws is needed to solve this system mathemat- 
ically. The following three mass conservation laws can 
be obtained. First of all there will be conservation of 
the total amount of ligand L,,,. The concentration of 
all species containing a ligand (see Table 1B) plus the 
amount of free ligand equals the total concentration of 
ligand L,,,. 

L,,, = c; + zc!$cp + Z( zi - l)c~&T 

+ ~C~iCLm( C’4), + ~( Zi - l)C~iCLmCym 

+ ~C~iC~(Cym)z + ~( Zi - l)C~iC~C~Cm (8) 

Secondly, the concentrations of free and associated 
anionic sites Y add up to the total concentration of 
anionic sites Y,,,. 

Y,,,=C~+~(zi_~)c~ic~+~c$i(c~)z 

+ ~( Zi_l)C’=jC,“C”+ ~( Zi_l)c~ic”cy” 

+ CxmCym + ~C~iCL”( Cym)z 

+ 2( Zi_1)C~iC~C~CY! (9) 

The third conservation law concerns the total amount 
of cationic sites Xtot: 

x,,, = c,” + c,“c” + c,“cy” (10) 

In order to complete the mathematical set of equa- 
tions another approximation is made. Except for the 
space charge regions at the interfaces, electroneutrality 
is assumed in the bulk of the membrane: 

C,” + C”= Cx” + ~ZiC~i + ~( Zi_l)C’;iC’lt 

+ 2( Zi_l)cylCr + 2ZicyicF 

+ ~( Zi_l)C’=iCLmcym (11) 

For calculation of all the concentrations of the mem- 
brane species formulae (5) and (6) can only be used in 
combination with formulae (8)-(U) if we assume a unit 
activity coefficient. The calculated equilibrium concen- 
trations of all species are situated in the membrane at 
the interface, just outside the space charge region. 

The mathematical problem is now unambiguous, but 
because of the numerous equations (containing square 
numbers) only an iterative procedure provides a nu- 
merical solution. This procedure starts with an esti- 
mated value of cy” and cyr. From formulae (5) and (6), 

m 
c+29 cyg, and c!!! are known. Substitution of these 
concentrations and partition constants, charge and the 
association constants in the mass conservation law of 
total ligand L,,, g ives an estimated concentration of 
free ligand cp (formula (8)). These estimated concen- 
trations are combined with the mass conservation law 
of anionic sites Ytot (formula (9)) and the assumption of 
electroneutrality (formula (11)) in the bulk of the mem- 
brane to give a new estimate of c$‘r (and therefore EB) 
and cy”, which completes one iteration. These itera- 
tions are continued until the absolute value of the sum 
of all charges is less than at least 0.01 times the lowest 
concentration. In this way the boundary potential (eqns. 
(5) and (6)) at both interfaces, the concentrations of all 
species (Table 1) and (therefore) the diffusion poten- 
tial (eqn. (2)) can be calculated. By combining these 
three potentials, as stated at the beginning of this 
paragraph, the total membrane potential can be evalu- 
ated for several universal simulations. 

4. Results and discussion 

In order to obtain a better understanding of the 
(theoretical) influence of the above mentioned parame- 
ters on the overall membrane potential, a series of 
simulations was performed. The contribution to the 
membrane potential is divided into its components, the 
boundary and diffusion potentials. In these simulations 
the concentration of the cation in the inner electrolyte 
solution is fixed at 10e2 mol l-‘, unless stated other- 
wise. The concentration of the primary cation c + i(s) in 
the sample solution varies from low6 to 10m2 mol 1-l. 
In all figures the overall membrane potential is de- 
picted. Some representative data of the calculated con- 
centrations of the electroactive species are listed in 
Appendices A-H. 

4.1. Boundary potential 

4.1.1. Monovalent cations 
With the first set of simulations we investigated the 

influence of the association constants (pi and p2) of 
the complexes between both the primary and the inter- 
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Fig. 1. The influence of the association constant P on the potentio- 
metric response of monovalent cations: (a) & = 109 1 mol-‘, c+* = 0 
mol 1-l; (b) & = lo9 I mol-‘, & = lo5 1 mol-‘, c+* = 0.1 mall-‘; 
(c) p1 = 105 1 mol-‘, pz = 10’ 1 mol-‘; (d) & = 1013 I mol-‘, /S2 = 
lo9 1 mol-‘. 

fering cations with the ligand. The starting situation is 
a membrane in which anionic sites <Y,,, = 6 x 10m4 
mol I-‘) and ionophore CL,,, = 1 X low3 mol I-‘) are 
present. The cation c + I and anion (c _> of the sample 
solution have an identical partition (lo-? to the mem- 
brane phase. The cation-ionophore complex (cFcT1) of 
the primary cation has an association constant p1 of 
lo9 1 mol-‘. The ratio of the total amount of ionophore 
L (1 x 10e3 mol 1-l) and anionic site Y (6 X lop4 
mol I-‘) is fixed at a value often used under experi- 
mental conditions *. 

Without interfering ion, a Nernstian response (60 
mV per decade) is predicted over the whole concentra- 
tion range (Fig. l(a)>. This simulation shows that the 
amount of free primary cation in the membrane is 
constant (Appendix A, cT1 = 1.5 x 10e9 mol l-l), 
which leads to the Nernstian response according to 
eqn. (5). The complex concentration (c,“cy,) is con- 
stant and equal to the concentration of anionic sites 
(cf = 6 x 10e4 mol 1-l). Sample anions are hardly 
present at a primary cation concentration c+l of lop6 
mol 1-l (I?!= 6.7 x lo-l6 mol 1-l). However, when the 
cation concentration in the sample solution is in- 
creased, the absolute value of the boundary potential 
rises and this promotes the transfer of free sample 
anions to the membrane phase. Thus, a ten-fold in- 
crease in primary cation in the sample solution causes 

* Theoretically no optimum ratio of anionic site to ionophore con- 
centration is defined in the case of a monovalent cation (ref. 11). 
A Nernstian response towards monovalent cations can of course 
only be expected if the concentration of the anionic site is less 
than the amount of ionophore. A concentration of 60 mol% 
anionic site relative to the ionophore is applicable for a 
potassium-selective CHEMFET (ref. 12). 

a hundred times higher sample anion concentration in 
the membrane. 

The introduction of an interfering cation of concen- 
tration c +2 = 0.1 mol I-’ lowers the slope of the re- 
sponse curve at low concentrations of the primary 
cation (Fig. l(b)). At a primary ion concentration c + 1 
in the sample solution of lop6 mol l-‘, the concentra- 
tion of the complex with the interfering cation (Ap- 
pendix A, cpcy2 = 4.7 x lop4 mol I-‘) is larger than 
the concentration of the complex with the primary 
cation (c,“cy, = 1.1 X 10e4 mol 1-l). In the Nernstian 
region of the simulated curve, the primary cation-ligand 
complex concentration is larger than that of the inter- 
fering cation-ligand complex. In the membrane, the 
concentration of the interfering cation cyz is always 
larger than the concentration of the primary cation cyl 
but not constant. At a change in primary cation c, 1 in 
the aqueous phase, e.g. from c+~ = 10m3 1 mol to c+~ 
= lo-’ 1 mol, the concentration of primary cation in 
the membrane cyl remains the same (CT* = 1.5 x 10e9 
mol I-‘, Appendix A). Therefore, the boundary poten- 
tial E, changes by 58.8 mV and according to formula 
(5) this causes a decrease in the concentration of the 
interfering cation in the membrane cT2 from 1.5 x lo-’ 
mol I-’ (when c1 = 10P3) to 1.5 x 10M8 mol 1-l (when 
c1 = 10P2). The increase in sample anions in the mem- 
brane on changing the primary cation concentration in 
the sample solution is less pronounced (c+~ = low4 
mol I-‘: cE= 7.3 X 10e9 mol 1-l; c+~ = lob2 mol 1-l: 

c- m= 7.4 x lo-’ mol 1-l) because the concentration of 
the anions in the sample solution is fixed via the 
concentration of the interfering salt. The calculated 
potentiometric selectivity coefficient (log K,,j = - 4) 
resembles the ratio of the complexation constants p1 
and p2 (104>. 

The effect of the absolute values of the association 
constants of both the complexes between the interfer- 
ing p2 and the primary p1 cations with the ionophore 
on the theoretical response curve is depicted in Fig. 
l(c) and l(d). If the absolute value of the association 
constants is lowered (pl = lo5 1 mol-‘, p2 = 10 
1 mol-‘, see Fig. l(c)) the selectivity is reduced. The 
lower selectivity is due to the lower and varying amount 
of primary cation-ligand complex cFcyl (Appendix A) 
compared with the case in which the association con- 
stants are higher (Fig. l(b)). So if the association con- 
stant is lowered, the concentration of the primary 
cation-ligand complex decreases and buffering of the 
free cation concentration via the equilibrium between 
complexed and free ionophore is reduced. 

Increasing the two association constants (pl = 1013 
1 mol-‘, p2 = lo9 1 mol-‘, see Fig. l(d)) shows two 
effects. The slope of the response curve is lowered 
from 60 to 43 mV per decade. The high association 
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1 RI = CH,CH,SCH,; R, = H 

2 R, = R, = CH,CH,SCH, 

3 R, = propyl; R, = CH,CH,SCH, 

4 R, = propyl; R, = CH&(O)N(Me), 

5 RI = propyl; R, = CH,CH@CH,C(O)N(Me), 

Scheme 1. 

constant /3r reduces the concentration of the primary 
cation in the membrane and increases the boundary 
potential (eqn. (5)) which promotes the transfer of 
sample anions to the membrane. Even at low primary 
cation concentrations (c+r = 10-5-10-4 mol 1-l) the 
concentration of the free sample anion in the mem- 
brane c? is of the same order of magnitude as the 
concentration of the anionic site CT (Appendix A). 
Therefore the concentration of free cation in the mem- 
brane c:r is not constant and the slope is decreased. 
This is the first example of a mechanism which explains 
the reduction of the slope; the diffusion potential might 
be the second reason in special cases (vide infra). At 
high cation concentrations (c+ 1 = lo-* mol 1-l) the 
slope is reduced to zero and further addition of salt 
leads to an anion response as has been reported earlier 
[4]. Buck et al. [12] reported a valinomycin based 
potassium-selective electrode which showed anion re- 
sponse when lipophilic sample anions were used. 

According to the model calculations performed in 
this paper, the association constant of the cation-iono- 
phore complex will influence the slope of the response 
curve especially at high primary ion concentration. A 
higher association constant will correspond to a lower 
slope. Therefore, CHEMFETs were prepared with sev- 
eral similar ionophores in the PVC membranes that 
covered the polyHEMA hydrogel. The hydrogel was 
conditioned with 0.01 molar silver nitrate (HNO,, pH 
4) prior to membrane deposition. A typical membrane 
consisted of 2 wt.% highly silver-selective [7] 
calix[4]arene 1, 2, or 3 (Scheme 0, 0.8 wt.% KTCPB, 
32.5 wt.% PVC, and 64.7 wt.% DOS. Comparison of 
the response curves of the three cala4larene based 
ionophores measured in 0.1 M Ca(NO,), (Fig. 2) would 
indicate differences in association constants (KAB(l) = 
K&(3) < K4Y2>) *. 

* Membrane transport experiments (SLM) in NPOE as a solvent 
indicate that the association constant of the 1. Ag+ complex is a 
factor of 160 lower than of the 2. Agf complex [15]. 

” 

-6 -5 -4 -3 -2 

log (c Ag+/mol L-9 - 

Fig. 2. Ag+ responses of CHEMFETs containing different 
calti4Iarene ionophores in 0.1 M Ca(NO,),: (a) ionophore 2; (b) 
ionophore 3; (c) ionophore 1. 

The tetrasubstituted 2 exhibits the largest deviation 
from the Nernstian slope and subsequently the 
strongest association with the silver cation. The disub- 
stituted compounds and 3 almost identi- 

However, the crowded calix[4]arene yields 
a linear slope receptor molecule There- 
fore, association constant compound 1 is ex- 
pected to be the lowest. 

A second variation which has been studied theoreti- 
cally is the ion pair association within the membrane 
phase. Armstrong [5] showed experimentally in a vali- 
nomycin based potassium-selective electrode, contain- 
ing tetraphenylborate as the anionic site, that the asso- 
ciation between a potassium valinomycin complex and 
tetraphenylborate is strong (70 mol% of total te- 
traphenylborate is present as an ion pair). Therefore, 

-6 -5 -4 -3 -2 
bg Wmoll? - 

Fig. 3. The influence of ion-pair association in the membrane phase 
on the potentiometric response of monovalent cations: (a) & = 10” 
1 mol-‘, & = lo9 I mol-‘, no association; (b) KYzt = K, = 1015 
1’ mole*; (c) KLYzl = KLYz2 = 10” I3 molW3; (d) KL_z, = K,_,, = 
10” l3 moI-3. Curve (a) is identical with curve (d) from Fig. 1. 



198 P. L.H.M. Cobben et al. / Chemically modijied field effect transistors 

three different associates have to be considered: an 
associate between the cation and the anionic site 
(c$(cF),, KyZ), between the cation, the ionophore, 
and sample anions (c$z,“(c!?),, KL_z), and between 
the cation, the ionophore, and the anionic site 
(c!$c~@!)~, KLYz) (see also Table 1). In order to 
vizualize the effect of these associates, simulations 
were performed starting from the conditions of Fig. 
l(d) (Fig. 3(a)). An association between the free cation 
and the anionic site (c$(c~)~, KYZ) reduces the free 
cation and free anionic site concentrations in the mem- 
brane (Appendix B). At a certain cation concentration 
c + 1 the membrane potential increases and sample an- 
ions are extracted into the membrane. The sample 
anions in the membrane cc!‘) exceed the anionic site 
concentration at all primary cation concentrations in 
the sample and the slope decreases (see Fig. 3, com- 
pare (a) and (b)). The same effect is observed if an 
associate is formed between the cation, ionophore, and 
anionic site <c!$$c~)~, KLYz). The concentration of 
free sample anions in the membrane increases and the 
slope is lowered (see Fig. 3, compare (a) with cc)). 
However, an associate between the free cation, 
ionophore, and sample anions in the membrane 
(c~~c~(c!!),, KL_z) shows a different effect. The asso- 
ciate binds sample anions (cm) and the slope is re- 
stored to over 50 mV per decade (see Fig. 3, compare 
(a) and (cl)). 

4.1.2. Divalent cations 
Most of the simulations with divalent cations show 

the same tendency, but some marked differences ap- 
pear. The partition of the ions (10P6), the complex 
constant of the cations with the ionophore (pi = lo9 
1 mol-r), and the amount of ionophore (L,,, = 1 X lop3 
mol 1-i) are kept identical with the situation for the 
monovalent cations. The amount of anionic site Y,,, is 
raised to 1.6 X 10v3 mol 1-i because one divalent 
cation electrically neutralizes two anionic sites. Re- 
cently, Eugster et al. [lo] reported that at an ionophore 
concentration L,, of 1 x 10e3 mol I-‘, 1.6~ 10e3 
moll-l would be the optimum concentration of an- 
ionic site Y,,, for divalent cations. 

Without interfering cations a Nernstian response of 
30 mV per decade is found over the concentration 
range c+r from 10e6 to lo-* mol 1-l (Fig. 4(a)). Again 
the concentration of the primary cation cyl is constant 
(Appendix C, 4 x low9 mol I-‘) which is responsible 
for the Nernstian slope. Sample anions are excluded at 
low sample cation concentration (c+r = lo+ mol l-‘, 
c!!= 3.2 X lo-l4 mol I-‘). At higher cation concentra- 
tions more sample anions are extracted. In the case of 
divalent cations the increase in sample anions is lo3 
per two decades. The simulation with an interfering 

-6 -5 -4 -3 -2 
log( c/mall-i) - 

Fig. 4. The influence of the association constant /3 on the potentio 
metric response of divalent cations: (a) PI = IO9 1 mol-‘, & = 0.1 
1 mol-‘; (b) & = lo9 1 mol-‘, & = 10’ 1 mol-‘; (c) & = 10’ 1 mol-‘, 
& = IO1 1 mol-‘; (d) & = 10” 1 mol-‘, & = 1013 I mol-I. 

salt (c+* 0.1 mol 1-i) shows a similar effect to that 
observed for monovalent cations. At a low primary 
cation concentration the second cation interferes and 
lowers the slope (Fig. 4(b)). 

At higher concentrations of the primary cation c +r 
the slope is Nernstian (30 mV per decade). The in- 
crease in sample anions in the membrane is again less 
pronounced than when the interfering salt is absent. 
When the association constants are low (& = 10’ 
1 mol-‘, p2 = 10 1 mol-‘, see Fig. 4(c)), the selectivity 
is reduced. The buffering effect of the complexed 
c~c~r and free ionophore ci’J is lowered because of 
the low complexation constant. At higher association 
constants of the cation and the ionophore (& = 101’ 
1 mol-‘, /3* = 1013 1 mol-‘, see Fig. 4(d)), the linear 
part of the slope is lowered to roughly 20 mV per 
decade at intermediate cation concentration in the 
sample solution. A further increase in the cation con- 
centration (c + 1 = lo-* mol I-‘) in the solution intro- 
duces a maximum in the response curve, which was 
already observed for monovalent cations at lower asso- 
ciation constants (compare Fig. 1). 

The number of associates which theoretically can be 
found in the membrane in the case of a divalent cation 
is nine (see Table 1). In order to illustrate the differ- 
ence Fig. 4(d) shows the reference situation. Four 
different associated species without ionophore are 
taken into account (Table 1A): an associate between a 
cation and one sample anion <c!$c?, K_), a cation and 
one anionic site (c~&c?!, KY), a cation and two an- 
ionic sites (Cafe, K,), and a cation and one sam- 
ple anion and one anionic site <c!$$, KY_). All four 
associates reduce the free cation concentration cyl 
compared with the situation without association in the 
membrane (Fig. 5(a)). Consequently, the boundary po- 
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n 1 ‘1 ‘1 c 
-6 -5 -4 -3 -2 

log (c/m01 i-9 - 

Fig. 5. The influence of ion-pair association in the membrane phase 
on the potentiometric response of divalent cations: (a) & = 1017 
I mol-‘, & = lOI3 I mol-‘, no association; (b) K_, = K_, = 1015 
1’ mol-*; (cl KY, = KY, = 1015 I3 molb3; (d) KYzl = KYz2 = 1017 
I3 molV3; (e) KY_, = KY_, = lOI7 l3 molm3. Curve (a) is identical 
with curve (d) from Fig. 4. 

tential is raised (Appendix D> and more sample anions 
are extracted to the membrane phase. This results in a 
decrease in the slope (compare Fig. S(b)-(e) with 5(a)). 

When the ionophore is included in these associates 
there is a different response. One of these associates, 
namely with the ionophore and one anionic site 

(c’=&y”, K,, Fig. 6(b)), also results in a decreased 
slope (compare Fig. 6(a) and (b)). Two other associates, 
either with two sample anions (c~,c,“(c!!Y>,, KL_z, Fig. 
6(c)> or two anionic sites <C~iC~<Cf>,, KLYz, Fig. 6(d)) 
show a slight increase in slope to 21 and 19 mV per 
decade respectively. 

However, the associates with only one sample anion 
(CT&!, K,_, Fig. 7(b)) or one sample anion and 
one anionic site (c$c++!!, KL_Y, Fig. 7(c)) are ex- 

Fig. 6. The influence of ion pair association in the membrane phase 
on the potentiometric response of divalent cations: (a) fir = 1017 
1 mol-‘, pa = 10 l3 1 mol-‘, no association; (b) KLYl = K,,, = 10’5 
I2 mol-‘; (c) K,_,, = K,_,, = 10” I4 mole4; (d) K,,, = K,, = 
lOI7 l4 mole4. Curve (a) is identical with curve (d) from Fig. 4. 

I I II * n 13 
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Fig. 7. The influence of ion-pair association in the membrane phase 
on the potentiometric response of divalent cations: (a) & = lOI7 
1 mol-‘, /3r = 1013 1 mol-‘, no association; (b) K,_, = K,_, = 10” 
l3 molm3; (c) K,_,, = K,_,, = 10 ” l4 mole4. Curve (a) is identical 
with curve (d) from Fig. 4. 

petted to result in super-Nemstian slopes of either 52 
(K,_) or 42 (KL_Y) mV per decade. A regular de- 
crease in free cations (cyr) in the membrane with an 
increase in sample cations (c, i> is responsible for 
these super-Nemstian slopes (appendix F). 

Lindner et al. [14] have reported that a dioxamide 
based ionophore induces selectivity towards lead(B) 
ions in an ion-selective electrode. A selective and 
Nernstian response of around 60 mV per decade was 
found for lead(H) ions in the presence of all interfering 
ions studied. Their explanation of this response of 60 
mV per decade is that a monovalent lead species 
crosses the membrane I sample solution interface. How- 
ever, this is only one of the possible explanations for 
the super-Nernstian behavior. Our model calculations 
reveal that an association between the lead-ionophore 
complex and sample anions in the membrane phase 
may also lead to an increased (30 -+ 60 mV) slope of 
the response. Our calX4larene ionophores 4 and 5 
were incorporated in a PVC/BBPA (bis(butyl- 
pentyljadipate) based CHEMFET. The polyHEMA hy- 
drogel was conditioned in a lead(B) chloride solution 
(0.01 M + 1O-3 M Mg(OAc),/HCl pH 4). Both 
calix[4]arene ionophores 4 and 5 are selective for 
lead(B) ions with respect to calcium, cadmium, and 
copper [7]. Calti4larene 4 gave a slope of around 50 
mV per decade as observed for other oxamide 
ionophores [14]. The other CHEMFETs based on 
calix[4]arene 5 showed a response of 30 mV per decade, 
as expected for a divalent cation. This difference in 
slope, nearly 60 mV of cala4]arene 4 and 30 mV of 
calix[4]arene 5, implies a difference in complexation 
properties. It is possible that calix[4]arene 4 complexes 
a monovalent lead species because the rigidity of the 
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calti4larene framework hinders complete encapsula- 
tion of the divalent lead cation by donor atoms. The 
more flexible functional groups of calix[4]arene 5 are 
able to encapsulate the divalent lead cation completely. 

4.2. Diffusion potential 
A diffusion potential arises from a concentration 

gradient of charged species with different mobility in 
the membrane phase. Our group published 141 a model 
suggesting that a counteracting diffusion potential can 
be expected when an ionophore is covalently attached 
to the polymer membrane, but experimental proof has 
not yet been given for this theory. Model calculations 
[4] revealed that the magnitude of the product of the 
mobility and the concentration of a certain species 
determines its contribution to the diffusion potential. 
In general, lipophilic sample anions and cation-iono- 
phore complexes are expected to provide a major con- 
tribution to the diffusion potential [1,10,12,15]. There- 
fore, a set of simulations was performed in which, at a 
given mobility of the sample anions in the membrane 
(u_= lo*, for other charged species u = l), the parti- 
tion of the sample anion k_ and the magnitude of the 
association constants /3 of the complexes between both 
the primary and interfering cations with the ionophore 
were investigated for monovalent cations. In order to 
obtain a maximum diffusion potential, the concentra- 
tion of the cation in the inner electrolyte solution c+,i 
(r-1 is lowered from lo-* to low3 mall-’ and no 
interfering salt is present in the inner electrolyte solu- 
tion. 

In order to visualize the effect of the diffusion 
potential, the anion partition coefficient k _ was varied 
starting from the conditions given in Fig. l(b). All 
calculated parameters of the outer boundary potential 
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Fig. 8. The influence of the partition coefficient k_ on the diffusion 
potential and the potentiometric response of monovalent cations: (a) 
k_ = lo@, u_ = 10’; (b) k_ = 10-5; (c) k_ = 10-4; (d) k_ = 10-3. 

TABLE 2. Selectivity data of Agf-selective CHEMFETs containing 
ionophore 5 with different plasticizers: o-NPOE, DOP, DOS 

Entry Plasticizer Interfering ion 

Ca(NO,), KNO, Cd(NO,), Cu(NO,), 

1 o-NPOE -4.0 -3.2 -4.0 -4.0 
(slope/mV) (37) (39) (37) (37) 

2 DOP -3.8 -2.8 -3.7 -3.7 
(slope/mV) (50) (51) (49) (50) 

3 DOS -3.4 - 2.9 -3.3 -3.5 
(slope/mV) (57) (57) (59) (59) 

0.01 M interfering salt concentration. 

are identical (Appendix A Fig. l(b) and Appendix G 
Fig. 8(a)>. The only difference arises from the increase 
in the mobility of the sample anion U_ from 1 to lo*. 
At a sample cation concentration c + i(s) of lo-* mol l- ’ 
the product u-c!!’ (7.3 x 10e5 mol l-‘, Appendix G) 
approaches the product uc~c~i (6.0 X lop4 mol l-‘, 
Appendix G) which results in a small diffusion poten- 
tial of 1.5 mV (Appendix G). Therefore, Fig. 8(a) is 
nearly identical with Fig. l(b). When the anion parti- 
tion coefficient k_ is increased from 1O-6 to 10m5, the 
effect of the diffusion potential at high primary cation 
concentration is more pronounced (Fig. 8(b)). A fur- 
ther increase in the anion partition coefficient to 10e4 
(Fig. 8(c)) or 10m3 (Fig. 8(d)) changes the outer bound- 
ary potential, because at high primary cation concen- 
tration (c+i = lo-* mol 1-l) the concentration of the 
sample anion in the membrane c? is of the same order 
of magnitude as the concentration of the anionic site 
c;t (Appendix G). The diffusion potential (at c, Js) = 
lo-* mol 1-l) is increased from 1.5 mV (k_= 10v6, 
Fig. 8(a)) to 74.3 mV (k_= 10p3, Fig. 8(d)). In general 
the diffusion potential will be nearly zero in the case of 
a perfect Nernstian response (Fig. 8(a)). These simula- 
tions emphasize the importance of the exclusion of 
sample anions from the sensing membrane. Buck et al. 
[12l and Morf et al. 1161 showed theoretically and 
experimentally that addition of tetraphenylborates as 
anionic sites to the membrane phase excludes sample 
anions and thus reduces the diffusion potential. 

We decided to study the influence of the membrane 
composition, in particular of the plasticizer, on the 
potentiometric response because of the expected dif- 
ferences in partition coefficient k_ on the polarity of 
the membrane. For this purpose CHEMFETs were 
used with a PVC membrane deposited onto a poly- 
HEMA hydrogel. The hydrogel was conditioned with 
0.01 molar silver nitrate (HNO,, pH 4) prior to mem- 
brane deposition. A typical membrane consisted of 2 
wt.% tetrasubstituted cala4larene 5, 0.8 wt.% potas- 
sium tetrakis(4-chlorophenyl)borate as anionic site, 32.5 
wt.% PVC and 64.7 wt.% plasticizer. In this study 



-These three CHEMFETs were all selective towards 
silver in the presence of a number of interfering cations 
(Table 2). In all three cases the response resembles an 
S-curve. The interfering cation decreases the slope at 
low primary cation concentration, whereas the sample 
anions influence the slope at high primary cation con- 
centration. A marked difference between the three 
different CHEMFETs is the slope of the response 
curves. The CHEMFET with the plasticizer of highest 
polarity (o-NPOE) (highest k _ compare Fig. 8) showed 
the lowest slope (37 mV per decade) in the linear 
response range. Decreasing the polarity of the plasti- 
cizer to DOP or even lower (DOS), raises the slope to 
50 mV per decade and 58 mV per decade respectively. 
According to our membrane potential model, one (or a 
combination) of the three potentials, two boundary and 
a diffusion potential, may cause this effect. The inner 
boundary potential (membrane-polyHEMA hydrogel 
solution) can only change if during the measurement 
ions are transported through the hydrophobic sensing 
membrane and alter the concentration of ions in the 
polyHEMA hydrogel. Only a small amount of ions has 
to be transported to influence this potential because 
the volume of the hydrogel is small (0.01 ~1). 

After measurements with one CHEMFET, the DOP 
plasticized membranes were mounted in ISEs, which 
have a much larger inner compartment (2 ml>. The 
slopes of the response curves of the CHEMFET and 
this ISE were identical within experimental error (50 + 
1 mV). This indicates that the inner boundary potential 
is stable during the whole measurement of the CHEM- 
FET. So only the outer boundary and the diffusion 
potential can be responsible for the above described 
effects. 

The beginning of anion response at high primary 
cation concentration, according to the model calcula- 
tions, can be caused by the outer boundary potential 
(membrane-sample solution). The association constant 
p1 of the complex formed between the primary cation 
and the ionophore should be extremely high (& = 1013 
1 mol-‘, see Fig. l(d)) to cause such an effect. The 
point of zero slope was found to be in all three experi- 
ments within a narrow range of primary cation concen- 
tration (log c+~ = - 1.9 to -2.2). 

Another explanation for the lowered slope of these 
response curves is a diffusion potential. It is not yet 
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Fig. 9. Agf response of CHEMFETs containing ionophore 2 in (a) 
0.1 M KNO,, (b) 1 M KNO,. 

We have studied experimentally the influence of 
interfering salt concentration of an Ag+-selective 
CHEMFET containing ionophore 2 with potassium 
nitrate as the interfering salt. When the concentration 
of the potassium nitrate was increased from 0.01 to 0.1 
or 1 M the slope of the response curve was lowered 
from 57 (0.01 M) to 54 (0.1 M), or 41 (1 M) mV per 
decade-’ (Fig. 9). In 1 M KNO, not only the slope is 
lower but also some anion response is observed. At 
high silver cation concentration the sensing membrane 
loses its ability to induce either cation or anion re- 
sponse because salt extraction (AgNO,) takes place. In 
our model calculations these effects can be simulated 
only by a change in (outer) boundary potential. Super- 
posed on this potential, a diffusion potential might be 
present but experimental proof is lacking. 

-6 -5 -4 -3 -2 

log (c/mall-‘1 - 
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The influence of the magnitude of the association 
constants p of the complexes between both the pri- 
mary and the interfering cations with the ionophore 
was studied starting from the conditions of Fig. 8(a). If 
the absolute value of the association constant is low- 
ered (Pi = 10’ 1 mol-‘, & = 10 1 mol-‘, see Fig. 10(b)), 
the diffusion potential is reduced. The lower diffusion 
potential is due to the lower concentration of sample 
anions ~‘2 in the membrane (Appendix H) compared 
with the case in which the association constant is 
higher (Fig. 8(a)), Appendix G). Therefore, the overall 
membrane potential will be similar (Fig. 10(a) (the 
same as Fig. l(c)) and Fig. 10(b)), whether U_ is 1 or 
102. 

When the association constant is increased (& = 
1013 1 mol-‘, p2 = lo9 1 mol-‘, see Fig. 10(d)), the 
theoretically expected response is nearly constant. The 
outer boundary potential already causes a sub-Nerns- 
tian slope (43 mV per decade-‘, Fig. 10(c) (the same as 
Fig. l(d))) (vide supra). The diffusion potential further 
diminishes the response (Fig. 10(d) and Appendix H). 

Conclusions 

A model has been developed for the calculation of 
the potential of a membrane which is placed between a 
sample solution and a reference solution. This model is 
a further extension of a theoretical description pre- 
sented previously by our group [4] and can also account 
for divalent cations and ion-pair association in the 
system. Calculations of the membrane potential ac- 
cording to this model revealed several general phe- 
nomena which have been observed experimentally. For 
a Nernstian response of the sensor the value of the 
association between an ionophore and a cation in the 
membrane should be in a restricted range. Theoreti- 
cally, ion-pair association within the membrane phase 
in general reduces the slope of the response curves of 
monovalent cations. In the case of divalent cations an 
ion-pair association in the membrane in which sample 
anions are involved could lead to a super-Nernstian 
response. A diffusion potential is expected when the 

Appendix A 

The influence of the association constant /3 on the 
potentiometric response of monovalent cations. Start- 
ing parameters, L,,, = 1 X 10m3 mol l-‘, Y,,, = 6 X 

product of mobility and concentration of free sample 
anions in the membrane is of the same order of magni- 
tude as the product of mobility and the concentration 
of cation-ionophore complexes. In general the exclu- 
sion of sample anions from the membrane is important 
in order to obtain a Nemstian response of the sensor. 
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10e4 mol l-‘, k = k+2 = k_= 1 x 10m6, c+,(r) = 1 X 

10-2 mol l-l, p:i 1 x lo9 1 mol-‘. All values of c are 
given in moles per liter. 
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Fig. l(a) 

-6 - 188 1.5x 1o-g - 6.0x 1O-4 - 6.7 x lo- l6 4.0 x 1o-4 6.0 x 1O-4 
-5 -129 1.5x 10-g - 6.0x 1O-4 - 6.7 x lo-l4 4.0 x 10-4 6.0 x 1O-4 
-4 - 69.5 1.5 x 10-g - 6.0x 1O-4 - 6.7 x lo- ‘* 4.0 x 10-4 6.0 x 1O-4 
-3 - 10.4 1.5 x 10-g _ 6.0 x 1O-4 _ 6.7 x lo-” 4.0 x 10-4 6.0 x 1O-4 
-2 + 48.7 1.5 x 10-g _ 6.0 x 1O-4 _ 6.7 x 1O-8 4.0 x 10-4 6.0 x 1O-4 

Fig. l(b), parameters as l(a) and c+~ = 1 X 10-l mol I-‘, p2 = 1 X lo5 I mol-’ 

log c+1 EB2/mV CPI CT2 WI1 Cix2 CF CP CT 

-6 -125 1.3 x lo-‘0 1.1 x 10-s 1.1 x 10-4 4.7 x 10-4 7.7 x 10-10 4.1 x 10-4 6.0 x 1O-4 
-5 -110 7.3 x lo-‘0 7.3 x 10-6 3.0 x 10-4 3.0 x 10-4 1.4 x 10-g 4.1 x 10-4 6.0 x 1O-4 
-4 - 66.9 1.4 x 10-g 1.4 x 10-6 5.4 x 10-4 5.4 x 10-5 7.4 x 10-9 4.0 x 10-4 6.0 x 1O-4 
-3 - 10.1 1.5 x 10-9 1.5 x 10-7 5.9 x 10-4 5.9 x 10-6 6.8 x 10-s 4.0 x 10-4 6.0 x 1O-4 
-2 + 48.7 1.5 x 10-9 1.5 x 10-s 6.0 x 1O-4 6.0 x 1O-7 7.3 x 10-7 4.0 x 10-4 6.0 x 1O-4 

Fig. l(c), parameters as l(a) and c+~ = 1 x 10-l mol l-l, p1 = 1 X 10’ 1 mol-‘, f12 = 10 1 mol-’ 

log c+1 h/mV C’=l e2 CLmCTl CX2 CE Ct C? 

-6 - 223 5.9 x 10-9 5.9 x 10-4 5.9 x 10-7 5.9 x 10-6 1.7 x lo-” 9.9 x 10-4 6.0 x 1O-4 
-5 - 223 5.9 x 10-s 5.9 x 10-4 5.8 x 10V6 5.8 x 1O-6 1.7 x lo-” 9.9 x 10-4 6.0 x 1O-4 
-4 -221 5.4 x 10-T 5.4 x 10-4 5.1 x 10-s 5.1 x 10-6 1.8 x lo-” 9.4 x 10-4 6.0 x 1O-4 
-3 - 209 4.4 x 10-6 3.4 x 1o-4 2.5 x 1O-4 2.5 x 1O-6 3.0 x lo-” 7.4 x 10-4 6.0 x 1O-4 
-2 - 177 9.7 x 10-6 9.7 x 10;s 4.9 x 10-4 4.9 x 10-7 1.1 x lo-lo 5.1 x 10-4 6.0 x 1O-4 

Fig. l(d), parameters as l(a) and c+~ = 1 x 10-l mol l-l, B, = 1 X 1013 I mol-‘, p2 = 1 x lo9 I mol-’ 

log C,l EB2/mV CYl CT2 CLmCTl CW2 C!!! CP CT 

-6 +110 1.4 x 10-14 1.4 x 10-g 5.5 x 10-5 5.5 x 10-4 7.1 x 10-6 3.9 x 10-4 6.0 x 1O-4 
-5 + 124 7.9 x lo-‘4 7.9 x lo-‘0 3.1 x 10-4 3.1 x 1o-4 1.3 x 10-s 3.9 x 10-4 6.0 x 1O-4 
-4 + 163 1.7 x lo- l3 1.7 x 10-10 6.0 x 1O-4 6.0 x lo-’ 5.7 x 10-5 3.4 x 1o-4 6.0 x 1O-4 
-3 + 198 4.6 x lo-l3 4.6 x 10-l’ 8.1 x 1O-4 8.1 x 1O-6 2.2 x 10-4 1.8 x 1O-4 6.0 x 1O-4 
-2 + 208 3.0 x lo-‘2 3.0 x lo- I1 9.7 x 10-4 9.7 x 10-7 3.7 x 10-4 3.2 x 1O-5 6.0 x 1O-4 

Appendix B 

The influence of association in the membrane phase 
on the potentiometric response of monovalent cations. 
Starting parameters, Ltot = 1 X 10e3 mol l-‘, Y,,, = 6 
x lop4 mol l-l, k+l = k,, = k_= 1 x 10P6, c+l(r) = 1 

Fig. 3(a) 

x lop2 mol l-l, & = 1 X 1Ol3 1 mol-‘, p2 = 1 X lo9 
1 mol-‘, c+~ = 1 x 10-l mol 1-l. All values of c are 
given in moles per liter. 

log C+1 EB,/“‘V CT1 CY2 CLmCTl 
Lm 

C Cc2 CT CLm C? 

-6 +110 1.4 x 10-14 1.4 x 10-9 5.5 x 10-s 5.5 x 10-4 7.1 x 10-6 3.9 x 10-4 6.0 x 1O-4 
-5 + 124 7.9 x lo- l4 7.9 x lo-‘0 3.1 x 10-4 3.1 x 10-4 1.3 x 10-s 3.9 x 10-4 6.0 x 1O-4 
-4 + 163 1.7 x 10-13 1.7 x lo-lo 6.0 x 1O-4 6.0 x 1O-5 5.7 x 10-5 3.4 x 1o-4 6.0 x 1O-4 
-3 + 198 4.6 x lo-l3 4.6 x lo-” 8.1 x 1O-4 8.1 x 10W6 2.2 x 10-4 1.8 x 1O-4 6.0 x 1O-4 
-2 + 208 3.0 x lo- ** 3.0 x lo-” 9.7 x 10-4 9.7 x 10-7 3.7 x 10-4 3.2 x 1O-5 6.0 x 1O-4 

Fig. 3(b), parameters as 3(a) and K,, = KYz2 = 1 x 10” 1 mol-’ 

1% C+I E,,/mV C’=l CT2 4x1 CFe2 C! CF CT cg(dgz c;<cg, 

1 2 

-6 + 177 1.0 x lo-‘5 1.0 x lo-” 9.1 x 10V6 9.1 x lo-’ 1.0 x 1O-4 9.0 x 1O-4 6.0 X lo-’ 6.0 x lo-’ 6.0 x 1O-4 
-5 + 184 7.6 x lo-” 7.6 x lo-” 6.6 x lo-’ 6.6 x 10W5 1.3 x 1O-4 8.7 x 1O-4 7.9 X lo-’ 6.0 x 1O-8 6.0 x 1O-4 
-4 + 204 3.6 x lo-l4 3.6 x lo-” 2.6 x 1O-4 2.6 x lo-’ 2.8 x 1O-4 7.2 x 1O-4 1.7 X 1O-8 6.0 x 1O-7 6.0 x 1O-4 
-3 + 224 1.6 x lo-l3 1.6 x 10-l’ 6.2 x 1O-4 6.2 x 1O-6 6.2 x 1O-4 3.8 x 1O-4 3.7 X 1O-8 5.9 x lo-+’ 5.9 x 1O-4 
-2 +232 1.2 x lo-‘* 1.2 x lo-” 9.2 x 1O-4 9.2 x 1O-7 9.2 x 1O-4 7.7 x 1O-5 4.6 x 1O-8 5.5 x 1O-5 5.5 x 1O-4 
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Fig. 3(c), parameters as 3(a) and K,, = KLYz2 = 1 x 10” I* molp2 

log c+~ EB2/mV 42, C’=2 C3’=1 CD’=2 CT! CE CT c;t;cp<cq,1 CtCp(C& 

-6 + 165 1.6 x lo-l5 1.6 x lo-” 5.6 x 1O-6 5.6 x 10V5 6.1 x 1O-5 3.4 x 1O-4 1.1 x lo-’ 6.0 x lo-’ 6.0 x 1O-4 
-5 + 172 1.3 x lo-l4 1.3 x lo--” 4.0 x lo-’ 4.0 x 1O-5 8.0 x 1O-5 3.2 x 1O-4 1.5 x lo-’ 6.0 x lo-* 6.0 x 1O-4 

-4 + 190 6.2 x lo-l4 6 2 
3:3 

x lo-” 1.5 x 10-4 1.5 x 10-5 1.6 x 1O-4 2.4 x 1O-4 4.1 x lo-’ 6.0 x lo-’ 6.0 x 1O-4 

-3 + 206 3.3 x lo-‘3 x lo-” 3.1 x 10-4 3.1 x 10-6 3.1 x 10-4 9.3 x 10-s 1.9 x 10-6 5.9 x 10-6 5.9 x 10-4 

-2 + 210 2.9 x lo-l2 2.9 x lo-l1 4.0 x 1O-4 4.0 x lo-’ 3.9 x 1O-4 1.4 x lo-’ 1.3 x 1O-5 5.3 x 1O-5 5.3 x 10-4 

Fig. 3(d), parameters as 3(a) and KL_zl = K,_,, = 1 x 10” I2 mol-’ 

log c+1 -%/mV CI Cr;lZ CLmCTl CwF2 C? CT CT c;t;c~w!9,, c~c~kffl),2 

-6 - 67.0 1.4 x lo-” 1.4 x 10W6 5.4 x 1O-5 5.4 x 1O-4 7.4 x lo-’ 4.0 x lo-’ 6.0 x 1O-4 4.0 x lo-’ 4.0 x 1O-4 

-5 -51.7 7.5 x lo-” 7.5 x lo-’ 3.0 x 1O-4 3.0 x 1O-4 1.3 x 10-s 4.0 x lo-’ 6.0 x 1O-4 4.0 x 1O-8 4.0 x 10-4 

-4 -8.0 1.4 x lo-*’ 1.4 x lo-’ 5.5 x 1O-4 5.5 x 1O-5 7.3 x 1O-8 4.0 x lo-’ 6.0 x 1O-4 4.0 x lo-’ 4.0 x 10-4 

-3 + 48.4 1.5 x lo-” 1.5 x 1O-8 6.0 x 1O-4 6.0 x 10V6 6.6 x lo-’ 3.9 x lo-’ 6.0 x 1O-4 4.0 x 10W6 4.0 x 10-h 

-2 + 102 1.9 x lo-” 1.9 x lo-’ 6.1 x 1O-4 6.1 x 1O-7 5.9 x 10W6 3.3 x lo-’ 6.0 x 1O-4 3.6 x 1O-5 3.6 x 1O-3 

Appendix C 

The influence of the association constant p on the 
potentiometric response of divalent cations. Starting 
parameters, L,,, = 1 x 10m3 mol l-l, Ytot = 1.6 x 10m3 

mol l-l, k+I = k+* = k_= 1 X 10P6, c+&r) = 1 X 10e2 
mol l-l, p1 = 1 X lo9 1 mol-‘. All values of c are given 
in moles per liter. 

Fig. 4(a) 

log C+1 EB2/mV Cl=1 C’=2 CLmCYl 4x2 CT CLm CT 

-6 -106 4.0x 10-g 8.0x 1O-4 3.2 x lo- l4 - - 2.0 x 10-4 1.6 x 1O-3 

-5 - 76.9 4.0x 10-g - 8.0 x 1O-4 _ 1.0 x l2 lo- 2.0 x 10-4 1.6 x 1O-3 

-4 - 47.4 4.0x 10-g - 8.0x 1O-4 - 3.2 x 10-l’ 2.0 x 10-4 1.6 x 1O-3 

-3 - 17.8 4.0x 10-g - 8.0x 1O-4 - 1.0 x 10-g 2.0 x 10-4 1.6 x 1O-3 

-2 +11.8 4.0x 10-g - 8.0 x 1O-4 _ 3.2 x 10-s 2.0 x 10-4 1.6 x 1O-3 

Fig. 4(b), parameters as 4(a) and c+~ = 1 X 10-l mol I-‘, p2 = 1 X 10W5 1 mol-’ 

log c+1 &/mV CYl C’=2 C?zl CX2 C’” 

-6 -73.4 3.0 x 10-10 3.1 x 10-5 7.0 x 10-s 7.0 x 10-4 1.2 x 10-s 

-5 - 66.6 1.8 x lo-’ 1.8 x 1O-5 3.9 x 10-4 3.9 x 10-4 1.5 x 10-s 

-4 -45.9 3.6 x lo-’ 3.6 x 10K6 7.2 x 1O-4 7.2 x 1O-5 3.4 x 10-s 

-3 - 17.6 4.0 x 10-g 4.0 x 10-7 7.9 x 10-4 7.9 x 10-6 1.0 x 10-7 

-2 + 11.8 4.0 x 10-g 4.0 x 10-s 8.0 x 1O-4 8.0 x lo-’ 3.5 x 10-7 

Fig. 4(c), parameters as 4(a) and c+~ = 1 X 10-l mol I-‘, & = 1 X lo5 I mol-‘, p2 = 10 1 mol-’ 

log c+1 EB2/mV CT1 CT2 CLmCYl CLmCT2 CY 

-6 - 73.4 3.0 x 10-10 3.1 x 10-5 7.0 x 10-5 7.0 x 10-4 1.2 x 10-s 

-5 - 66.6 1.8 x lo-’ 1.8 x 1O-5 3.9 x 10-4 3.9 x 10-4 1.5 x 10-s 

-4 -45.9 3.6 x lo-’ 3.6 x 1O-6 7.2 x 1O-4 7.2 x 1O-5 3.4 x 10-s 

-3 - 17.6 4.0 x 10-g 4.0 x 10-7 7.9 x 10-4 7.9 x 10-6 1.0 x 10-7 

-2 + 11.8 4.0 x 10-g 4.0 x 10-8 8.0 x 1O-4 8.0 x lo-’ 3.5 x 10-7 

Fig. 4(d), parameters as 4(a) and c +2 = 1 X 10-l mol I-‘, & = 1 X 10” 1 mol-‘, p2 = 1 X 1013 I mol-’ 

log c+1 E,,/mV C’=I C’=Z CwTl 4x2 CY 

-6 + 157 5.0 x lo-‘8 4.6 x lo- l3 7.7 x 10-s 7.7 x 1o-4 9.0 x 1o-5 

-5 + 163 3.0 x 10-l’ 3.0 x 10-13 4.3 x 10-4 4.3 x 10-4 1.2 x 10-4 

-4 + 179 8.8 x 10-l’ 8.8 x lo-‘4 8.2 x 1O-4 8.2 x 1O-5 2.1 x 10-4 

-3 + 191 3.5 x 10-16 3.5 x lo-‘4 9.6 x 1O-4 9.6 x 1O-6 3.4 x 10-4 

-2 + 192 3.1 x lo-‘5 3.1 x lo-‘4 1.0 x 10-3 1.0 x 10-6 3.9 x 10-4 

CLm Cy” 

2.3 x 1O-4 1.6 x 1O-3 
2.2 x 10-4 1.6 x 1O-3 

2.0 x 10-4 1.6 x 1O-3 
2.0 x 10-4 1.6 x 1O-3 
2.0 x 10-4 1.6 x 1O-3 

CL” CT 

2.3 x 1O-4 1.6 x 1O-3 
2.2 x 10-4 1.6 x 1O-3 
2.0 x 10-4 1.6 x 1O-3 
2.0 x 10-4 1.6 x 1O-3 
2.0 x 1o-4 1.6 x 1O-3 

CLm CT 

1.6 x 1O-4 1.6 x 1O-3 
1.4 x 1o-4 1.6 x 1O-3 
9.3 x 10-5 1.6 x 1O-3 
2.8 x 1O-5 1.6 x 1O-3 
3.2 x 10W6 1.6 x 1O-3 
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Appendix D 

The influence of association in the membrane phase 
on the potentiometric response of divalent cations. 

lo-* mol l-l, PI = 1 X 1017 mol l-l, p2 = 1 X 1Ol3 
mol l-l, c+* = 10-l mol 1-l. All values of c are given 

Starting parameters, L,,, = 1 x 10e3 mol l-‘, Y,,, = 1.6 
x 10e3 mol l-l, k,, = = k_= 1 x 10P6, c+l(r) = 

moles 

5(a) 

log E,z/mV cT1 C+2 CFC’=l CLmCY2 CL! CE Ct 

-6 + 157 5.0 x 10-1s 4.6 x lo-l3 7.7 x 10-5 7.7 x 10-4 9.0 x 10-s 1.6 x 1O-4 1.6 x 1O-3 

-5 + 163 3.0 x lo-” 3.0 x 10-13 4.3 x 10-4 4.3 x 10-4 1.2 x 10-4 1.4 x 10-4 1.6 x 1O-3 

-4 + 179 8.8 x lo-” 8.8 x 10-14 8.2 x 1O-4 8.2 x 1O-5 2.1 x 10-4 9.3 x 10-s 1.6 1O-3 x 

-3 + 191 3.5 x 10-16 3.5 x 10-14 9.6 x 1O-4 9.6 x lo+ 3.4 x 10-4 2.8 x 1O-5 1.6 x 1O-3 

-2 +192 3.1 x 10-15 3.1 x 10-14 1.0 x 10-3 1.0 x 10-6 3.9 x 10-4 3.2 x 1O-6 1.6 x 1O-3 

Fig. 5(b), parameters as 5(a) and K_, = K_, = 1 X 10” I mol-’ 

log c+l E,,/mV c?l CY2 CLmCTl C?T2 C!! CLm CY cgjc! c~c!!“, 

-6 + 227 2.1 x lo-” 2.1 x lo-l5 2.1 x 1O-6 2.1 x 1O-5 1.4 x 1O-3 9.8 x 1O-4 1.6 x 1O-3 2.9 x ;O-’ 2.9 x 1O-3 
-5 + 227 2.1 x lo-l9 2.1 x lo-l5 2.0 x 1O-5 2.0 x 1O-5 1.4 x 1O-3 9.6 x 1O-4 1.6 x 1O-3 2.9 x lo-’ 2.9 x 1O-3 
-4 + 229 1.9 x lo-” 1.9 x lo-l5 1.5 x 1O-4 1.5 x 1O-5 1.5 x 1O-3 8.3 X 1O-4 1.6 x 1O-3 2.7 x 1O-6 1O-3 2.7 x 
-3 + 234 1.3 x 10-l’ 1.3 x lo-l5 5.5 x 1O-4 5.5 x 1O-6 1.8 x 1O-3 4.4 x 1O-4 1.6 x 1O-3 2.3 x 1O-5 x 1O-3 2.3 

-2 + 239 8.4 x lo-” 8.4 x lo-l6 8.9 x 1O-4 8.9 x lo-’ 2.4 x 1O-3 1.1 x 1O-4 1.6 x 1O-3 2.0 x 1O-4 1O-3 2.0 x 

Fig. 5(c), parameters as 5(a) and K,, = KY2 = 1 X 1015 I mol-’ 

log c+l E,,/mV c?l CT2 CLmCYl CLmCY2 C!!! CLm Cy” Cw& CGCT2 

-6 + 219 3.8 x lo-” 3.8 x lo-l5 3.7 x 1O-6 3.7 x 1O-5 1.0 x 1O-3 9.6 x 1O-4 3.3 x 1O-4 1.3 x lo-’ 1.3 x 1O-3 
-5 + 220 3.7 x lo-‘9 3.7 x lo-‘5 3.4 x 10-5 3.4 x 10-5 1.1 x 10-3 9.3 x 10-4 3.4 x 10-4 1.3 x 10-7 1.3 x 10-3 
-4 + 224 2.7 x lo-” 2.7 x lo-l5 2.1 x 1O-4 2.1 x 1O-5 1.2 x 1O-3 7.7 x 1O-4 4.3 X 1O-4 1.2 x 10K6 1.2 x 1O-3 
-3 +231 1.6 x 10-l’ 1.6 x lo-l5 6.1 x 1O-4 6.1 x 1O-6 1.6 x 1O-3 3.8 x 1O-4 6.1 x 1O-4 9.8 x 10V6 9.8 x 1O-4 
-2 + 235 1.2 x lo-l6 1.2 x lo-l5 9.2 x 1O-4 9.2 x lo-’ 2.0 x 1O-3 7.9 x 1O-5 7.0 x 1O-4 8.2 x 1O-5 8.2 x 1O-4 

Fig. 5(d), parameters as 5(a) and KYzl = K,, = 1 x 10” 1’ mole2 

1 2 

-6 + 188 4.5 x 10-19 4.5 x lo-l4 3.0 x lo-’ 3.0 x 1O-4 3.0 x 1O-4 6.7 x 1O-4 3.7 x 1O-4 6.2 x 1O-9 6.2 x 1O-4 
-5 + 192 3.2 x lo- l8 3.2 x lo-l4 2.0 x 1O-4 2.0 x 1O-4 3.5 x 1O-4 6.1 x 1O-4 4.3 x 1O-4 5.9 x lo-’ 5.9 x 1O-4 
-4 + 204 1.3 x 10-l’ 1.3 x lo-l4 5.3 x 1O-4 5.3 x 1O-5 5.6 x 1O-4 4.1 x 1O-4 6.2 x 1O-4 4.9 x lo-’ 4.9 x 1O-4 
-3 +215 5.5 x 10-l’ 5.5 X lo-l5 8.4 x 1O-4 8.4 x 1O-6 8.6 x 1O-4 1.5 X 1O-4 8.3 X 1O-4 3.8 x 10W6 3.8 x 1O-4 
-2 +218 4.2 x lo-l6 4.2 x lo-l5 9.8 x 1O-4 9.8 x 1O-7 1.1 x 1O-3 2.3 x 1O-5 8.8 x 1O-4 3.3 x 1O-5 3.3 x 1O-4 

Fig. 5(e), parameters as 5(a) and KY__, = KY_, = 1 X 10” l2 mol-’ 

log c+1 J%/mV cYl CYZ C371 C372 CT” CP CT c~c!!?,, c$c!cy2 

-6 + 182 6.7 x lo-l9 6.7 X lo-l4 3.9 x 1O-5 3.9 x 1O-4 2.4 x 1O-4 5.8 x 1O-4 6.1 x 1O-4 9.9 x 1O-9 9.9 x 1O-4 
-5 + 187 4.7 x 10-1s 4.7 x lo-l4 2.4 x 1O-4 2.4 x 1O-4 2.9 x 1O-4 5.2 x 1O-4 6.8 x 1O-4 9.3 x lo-’ 9.3 x 1O-4 
-4 +199 1.8 x 10-l’ 1.8 x lo-l4 6.1 X 1O-4 6.1 x 1O-5 4.7 x 1O-4 3.3 x 1O-4 8.6 x 1O-4 7.4 x lo-’ 7.4 x 1O-4 
-3 +211 7.5 x lo-” 7.5 x lo-l5 8.7 x 1O-4 8.7 x 1O-6 7.4 x 1O-4 1.2 x 1O-4 1.0 x 1O-3 5.7 x 10V6 5.7 x 1O-4 
-2 + 215 5.5 x lo-l6 5.5 x lo-l5 9.8 x 1O-4 9.8 x lo-’ 9.4 x 1O-4 1.8 x 1O-5 1.0 x 1O-3 5.3 x 1O-5 5.3 x 1O-4 
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Appendix E 

The influence of association in the membrane phase 
on the potentiometric response of divalent cations. 
Starting parameters, L,,, = 1 x lop3 mol l-‘, Y,,, = 1.6 
X lOA mol l-l, k+r = k,, = k_= 1 x 10P6, c+Jr) = 1 

x lo-* mol l-l, p, = 1 X 1017 mol I-‘, B2 = 1 X 1013 
mol I-‘, c+~ = 1 x 10-l mol 1-r. All values of c are 
given in moles per liter. 

Fig. 6(a) 

log c+1 -&,/mV CYl CT2 Cc'=, C?I=2 C!? CT CT 

-6 + 157 5.0 x lo- 1s 4.6 x lo-l3 7.7 x 10-s 7.7 x 1o-4 9.0 x 10-s 1.6 x 1O-4 1.6 x 1O-3 
-5 + 163 3.0 x lo- 1’ 3.0 x lo-‘3 4.3 x 10-4 4.3 x 10-4 1.2 x 10-4 1.4 x 10-4 1.6 x 1O-3 
-4 + 179 8.8 x lo- 1’ 8.8 x lo-l4 8.2 x 1O-4 8.2 x lo-’ 2.1 x 10-4 9.3 x 10-s 1.6 x 1O-3 
-3 + 191 3.5 x lo- l6 3.5 x lo- l4 9.6 X 1O-4 9.6 x 10V6 3.4 x 10-4 2.8 x 10V5 1.6 x 1O-3 
-2 + 192 3.1 x 10-1s 3.1 x lo- l4 1.0 x 10-3 1.0 x 1o-6 3.9 x 1o-4 3.2 x 10V6 1.6 x 1O-3 

Fig. 6(b), parameters as 6(a) and K,,, = K,,, = 1 x 10” l2 mole2 

log C+l E,,/mV C!?I CT2 CLmCTl CEY2 C!! Ci? C? c;cycy, c;cfq2 

-6 + 178 9.9 x lo-l9 9.9 x lo-l4 9.8 x 10W6 9.8 x 10V5 2.0 x 1O-4 9.9 x 10-j 8.1 x 1O-4 7.9 x 1O-9 7.9 x 1O-4 
-5 +179 9.0 x lo-l8 9.0 x 1O-‘4 8.5 x 1O-5 8.5 x lo-’ 2.1 x 1O-4 9.5 x 1O-5 8.7 x 1O-4 7.4 x 10-s 7.4 x 1O-4 
-4 + 184 5.9 x 10-l’ 5.9 x lo-l4 4.2 x 1O-4 4.2 x 1O-5 2.6 x 1O-4 7.0 x 1O-5 1.1 x 1O-3 4.7 x lo-’ 4.7 x 1O-4 
-3 + 191 3.3 x lo-l6 3.3 x lo-l4 8.4 x 1O-4 8.4 x 1O-6 3.5 x 1O-4 2.5 x 1O-5 1.5 x 1O-3 1.2 x 1O-6 1.2 x 1O-4 
-2 +192 3.1 x lo-l5 3.1 x lo-l4 9.8 x 1O-4 9.8 x lo-’ 3.9 x 1O-4 3.1 x 1O-6 1.6 x 1O-3 1.6 x 1O-6 1.6 x lo-’ 

Fig. 6(c), parameters as 6(a) and K,_,, = K,_,, = 1 X 1021 l3 mol-3 

log c+~ EB2/mV Cl CT2 CwTl CLmCT2 C! CLm CT c~c~k~"),, cEt;c3crn),2 

-6 + 138 2.1 x lo-” 2.1 x lo-l2 7.5 x 1O-5 7.5 x 1O-4 4.4 x 1O-5 3.6 x lo-’ 1.6 x 1O-3 1.4 x 1O-9 1.4 x 1o-4 
-5 +145 1.2 x lo-l6 1.2 x lo-l2 4.1 x 1O-4 4.1 x 1O-4 5.8 x 1O-5 3.4 x 1O-5 1.6 x 1O-3 1.4 x lo-’ 1.4 x 1o-4 
-4 +164 2.8 x lo-l6 2.8 x lo-l3 7.8 x 1O-4 7.8 x 1O-5 1.2 x 1O-4 2.8 x 1O-5 1.6 x 1O-3 1.1 x lo-’ 1.1 x 1o-4 
-3 +183 6.4 x lo- l6 6.4 x lo-l4 9.2 x 1O-4 9.2 x lo+’ 2.5 x 1O-4 1.4 x 1O-5 1.6 x 1O-3 5.9 x 1O-7 5.9 x 10-s 
-2 +190 3.6 x lo- l5 3.6 x lo-l4 9.8 x 1O-4 9.8 x lo-’ 3.7 x 1O-4 2.7 x 10W6 1.6 x 1O-3 1.3 x 10W6 1.3 x 10-s 

Fig. 6(d), parameters as 6(a) and KLYPl = KLYz2 = 1 x 10” l3 mole3 

log c+1 &,/mV Cl CT2 Ctxl 4x2 C!! CF Cu” crt;c,“ccgzl c;c3cg.2 

-6 +151 7.7 x lo-l8 7.7 x lo-l3 6.9 x 1O-5 6.9 x 1O-4 7.2 x 1O-5 9.1 x 1O-5 1.5 x 1O-3 1.5 x 1O-9 1.5 x 1o-4 
-5 + 160 3.9 x lo-l7 3.9 x lo-l3 4.0 x 1O-4 4.0 x 1O-4 1.0 x 1O-4 1.0 x 1O-4 1.5 x 1O-3 9.2 x 1O-9 9.2 x 1O-5 
-4 + 178 9.4 x 10-l’ 9.4 x lo-l4 8.1 x 1O-4 8.1 x 1O-5 2.1 x 1O-4 8.6 X 1O-5 1.6 x 1O-3 2.0 X 1O-8 2.0 x 10-5 
-3 + 191 3.5 x lo-l6 3.5 x lo-l4 9.6 x 1O-4 9.6 x 1O-6 3.4 x 1O-4 2.8 X 1O-5 1.6 x 1O-3 2.5 x 1O-8 2.5 x 1O-6 
-2 +192 3.1 x lo-‘5 3.1 x lo-l4 1.0 x 1O-3 1.0 x 1O-6 3.9 x 1O-4 3.2 x 10m6 1.6 x 1O-3 2.6 x lo-’ 2.6 x lo-’ 

Appendix F 

The influence of association in the membrane phase 
on the potentiometric response of divalent cations. 
Starting parameters, L,,, = 1 x 10e3 mol l-‘, Y,,, = 1.6 
x 1tF3 mol l-r, k+l = k,, = k_= 1 X 10e6, c+l(r) = 1 

x lo-* mol l-l, PI = 1 X 1017 mol l-‘, p2 = 1 X 1013 
mol l-l, c+* = 1 x 10-l mol 1-l. All values of c are 
given in moles per liter. 

Fig. 7(a) 

log c+1 &/mV CT1 C’=2 4x1 C3T2 CE CF CF! 

-6 + 157 5.0 x lo-l8 4.6 x lo- l3 7.7 x 1o-5 7.7 x 1o-4 9.0 x 10-s 1.6 x 1O-4 1.6 x 1O-3 
-5 + 163 3.0 x lo- l7 3.0 x lo-‘3 4.3 x 1o-4 4.3 x 1o-4 1.2 x 1o-4 1.4 x 1o-4 1.6 x 1O-3 
-4 + 179 8.8 x 10-l’ 8.8 x lo-l4 8.2 x 1O-4 8.2 x 1O-5 2.1 x 1o-4 9.3 x 1o-5 1.6 x 1O-3 
-3 + 191 3.5 x lo- l6 3.5 x lo-l4 9.6 x 1O-4 9.6 x 1O-6 3.4 x 1o-4 2.8 x 1O-5 1.6 x 1O-3 
-2 + 192 3.1 x 10-1s 3.1 x 10-14 1.0 x 10-3 1.0 x 1o-6 3.9 x 1o-4 3.2 x 1O-6 1.6 x 1O-3 
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Fig. 7(b), parameters as 7(a) and K,_, = K,_, = 1 x 1Ol9 I* molm2 

log c+~ E,,/mV cTI CY2 C371 CYT2 C’” C!? Ct cEt;cy”, cgc+:* 

-6 +33.3 7.5 x lo-l4 7.5 x 1O-9 5.5 x 1O-5 5.5 x 1O-4 7.3 x 1O-7 7.3 x 1O-9 1.6 x 1O-3 4.0 x 1O-9 4.0 x 1O-4 
-5 + 48.6 2.3 x lo-l3 2.3 x 1O-9 3.0 x 1O-4 3.0 x 1O-4 1.3 x 1O-6 1.3 x lo-’ 1.6 x 1O-3 4.0 x 1O-8 4.0 x 1O-4 
-4 +91.7 7.9 x lo-l4 7.9 x lo-” 5.5 x 1O-4 5.5 x 1O-5 7.1 x 10W6 7.0 x 1O-8 1.6 x 1O-3 3.9 x 1O-7 3.9 x 1O-4 
-3 + 143 1.5 x lo-l4 1.5 x lo-l2 6.5 x 1O-4 6.5 x lO-‘j 5.3 x 10V5 4.5 x 1O-7 1.6 x 1O-3 3.4 x 1O-6 3.4 x 1O-4 
-2 + 176 1.1 x lo-l4 1.1 x lo-l3 8.1 x 1O-4 8.1 x 1O-7 2.1 x 1O-4 7.4 x lo-’ 1.6 x 1O-3 1.7 x lo-’ 1.7 x 1O-4 

Fig. 7(c), parameters as 7(a) and K,,, = KL_Y2 = 1 X lo*’ I3 molm3 

log c+1 Eu,/mV c’J1 CT2 Ci3'=1 Cix2 C!!! Ci! CY c~c~c~c!Y"l c~c,mc~c!* 

-6 + 86.9 1.2 x lo-l5 1.2 x lo-*’ 5.5 x 1O-5 5.5 x 1O-4 5.9 x 1O-6 4.8 x lo-’ 1.2 x 1O-3 3.9 x 1O-9 3.9 x 10-4 

-5 +102 3.7 x lo-l5 3.7 x 10-l’ 3.1 x 1O-4 3.1 X 1O-4 1.0 x lo-’ 8.4 x lo-’ 1.2 x 1O-3 3.9 x 1O-8 3.9 x 10-4 

-4 +140 1.8 x lo-l5 1.8 x lo-‘* 5.9 x 1O-4 5.9 x lo-’ 4.7 x 1O-5 3.2 x 10V6 1.3 x 1O-3 3.5 x 1O-7 3.5 x 10-4 

-3 +175 1.2 x lo- l5 1.2 x 10-13 7.8 x 1O-4 7.8 x 1O-6 1.8 x 1O-4 6.5 x lO-‘j 1.4 x 1O-3 2.0 x 1O-6 2.0 x 10-d 

-2 +189 4.2 x lo- l5 4.2 x lo-l4 9.4 x 1O-4 9.4 x 1O-7 3.4 x 1O-4 2.3 x 10W6 1.6 x 1O-3 5.0 x 10W6 5.0 x 10-S 

Appendix G 

The influence of the partition coefficient on the 
potentiometric response of monovalent cations. Start- 
ing parameters, L,,, = 1 X lop3 mol l-‘, Ytot = 6 X 

lop3 mol l-l, I?+~ = k,, = k_= 1 x 10P6, c+Jr) = 1 x 

lop3 mol l-l, c+&s) = 0.1 mol l-l, PI = 1 X lo9 
1 mol-‘, p2 = 1 X 10’ 1 mol-l, u = 1, u_= 102. All 
values of c are given in moles per liter. 

Fig. 8(a) 

log c+1 E,z/mV E,/mV c’=, CT2 CLmCI=I CX2 CT Ci? CT 

-6 - 125 0 1.3 x lo- lo 1.1 x 10-5 1.1 x 10-4 4.7 x 10-d 7.7 x lo- I0 4.1 x 10-4 6.0 x 1O-4 

-5 -110 0 7.3 x lo- lo 7.3 x 10-6 3.0 x 10-4 3.0 x 10-4 1.4 x 10-9 4.1 x 10-4 6.0 x 1O-4 

-4 - 66.9 + 0.01 1.4 x 10-9 1.4 x low6 5.4 x 1o-4 5.4 x 10-5 7.4 x 10-9 4.0 x 10-4 6.0 x 1O-4 

-3 - 10.1 +0.14 1.5 x 10-9 1.5 x 10-7 5.9 x 10-4 5.9 x 10-6 6.8 x 10-s 4.0 x 10-4 6.0 x 1O-4 

-2 + 48.7 +1.5 1.5 x 10-9 1.5 x 10-s 6.0 x 1O-4 6.0 x 1O-7 7.3 x 10-7 4.0 x 1o-4 6.0 x 1O-4 

Reference solution E,, = - 10.4 1.5 x 10-9 - 6.0x 1O-4 - 6.7 lo- x lo 4.0 x 10-4 6.0 x 1O-4 

Fig. 8(b), parameters as 8(a) and k_= lo-’ 

log c+1 ‘%,/mV Eo/mV c?1 CY2 4x1 C;3CY2 C" C? Ct 

-6 - 125 0 1.3 x lo-‘0 1.1 x 10-s 1.1 x 10-4 4.7 x 10-4 7.7 x 10-9 4.1 x 10-4 6.0 x 1O-4 

-5 -110 + 0.01 7.3 x lo-‘0 7.3 x 10-6 3.0 x 10-4 3.0 x 10-4 1.4 x 10-s 4.1 x 10-4 6.0 x 1O-4 

-4 -67 +0.14 1.4 x 10-9 1.4 x 10-6 5.4 x 10-d 5.4 x 10-s 7.4 x 10-s 4.0 x 10-4 6.0 x 1O-4 

-3 - 10.2 + 1.38 1.5 x 10-9 1.5 x 10-7 6.0 x 1O-4 6.0 x 1O-6 6.8 x 10-7 4.0 x 10-4 6.0 x 1O-4 

-2 + 48.0 + 11.8 1.5 x 10-9 1.5 x 1o-8 6.1 x 1O-4 6.1 x 1O-7 7.1 x 10-6 3.9 x 10-4 6.0 x 1O-4 

Reference solution E,, = - 10.4 1.5x 10-9 - 6.0x 1O-4 - 6.7 x 1O-9 4.0 x 10-4 6.0 x 1O-4 

Fig. 8(c), parameters as 8(a) and k_= 10m4 

log c+1 E,,/mV E,/mV c?, C'=2 Cixl CTCT2 C!!! Ci? CT 

-6 -125 + 0.02 1.3 x 10-10 1.1 x 10-5 1.1 x 10-4 4.7 x 10-4 7.7 x 10-s 4.1 x 10-4 6.0 x 1O-4 

-5 - 110 +0.15 7.3 x 10-10 7.3 x 1o-6 3.0 x 1o-4 3.0 x 10-4 1.4 x 10-T 4.1 x 1o-4 6.0 x 1O-4 

-4 -67 +1.4 1.4 x 10-9 1.4 x 1o-6 5.5 x 10-4 5.5 x 10-s 7.4 x 10-7 4.0 x 10-4 6.0 x 1O-4 

-3 - 10.9 +11 1.5 x 10-9 1.5 x 10-7 6.0 x 1O-4 6.0 x 1O-6 6.6 x 10-6 3.9 x 10-4 6.0 x 1O-4 

-2 + 42.4 + 44.2 1.9 x 10-9 1.9 x 10-s 6.6 x 10-4 6.6 x 10-7 5.7 x 10-s 3.4 x 10-4 6.0 x 1O-4 

Reference solution E,, = - 10.4 1.5 x 10-9 - 6.0x 1O-4 - 6.7 x lo-’ 4.0 x 1o-4 6.0 x 1O-4 
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Fig. 8(d), parameters as 8(a) and k_= 10m3 

log c+1 E,,/mV E,/mV Cl CT2 CiKl WY2 CT CF C? 

-6 - 125 + 0.21 1.3 x lo-‘0 1.1 x 10-s 1.1 x 10-4 4.7 x 10-4 7.7 x 10-7 4.1 x 10-4 6.0 x 1O-4 
-5 - 110 + 1.37 7.3 x 10-10 7.3 x 10-6 3.0 x 10-4 3.0 x 10-4 1.4 x 10-6 4.1 x 10-4 6.0 x 1O-4 
-4 - 67.7 + 10.5 1.4 x 10-9 1.4 x 10-6 5.5 x 10-4 5.5 x 10-5 7.2 x 10-6 3.9 x 10-4 6.0 x 1O-4 
-3 - 16.1 +41.7 1.9 x 10-9 1.9 x 10-7 6.5 x 1O-4 6.5 x 1O-6 5.4 x 10-s 3.5 x 10-4 6.0 x 1O-4 
-2 + 18.8 + 74.3 4.8 x 10-9 4.8 x 10-s 8.3 x 1O-4 8.3 x 1O-7 2.3 x 1O-4 1.7 x 10-4 6.0 x 1O-4 
Reference solution E,, = - 10.4 1.5x 10-9 - 6.0x 1O-4 - 6.7 x lo-’ 4.0 x 10-4 6.0 x 1O-4 

Appendix H 

The influence of the association constant /3 on the 10V3 mol l-l, c+&) = 0.1 mol l-l, PI = 1 X lo5 
potentiometric response of monovalent cations. Start- lmol-l,&=lX1O1lmol-‘,u=u_=l.Allvaluesof 
ing parameters, L,,, = 1 X lop3 mol l-‘, Ytot = 6 X c are given in moles per liter. 
low4 mol l-‘, k +1 = k+2 = k_= 1 x 10e6, c+l(r) = 1 X 

Fig. 10(a) 

log c+1 hd-“V CYl CY2 CLmCTl CtCY2 C!!! CLm Ct 

-6 - 223 5.9 x 10-9 5.9 x 10-4 5.9 x 10-7 5.9 x 10-6 1.7 x lo-” 9.9 x 10-4 6.0 x 1O-4 
-5 - 223 5.9 x 10-s 5.9 x 10-4 5.8 x 1O-6 5.8 x lO-‘j 1.7 x lo-” 9.9 x 10-4 6.0 x 1O-4 
-4 -221 5.4 x 10-7 5.4 x 10-4 5.1 x 10-5 5.1 x 10-6 1.8 x lo-” 9.4 x 10-4 6.0 x 1O-4 
-3 - 209 4.4 x 10-6 3.4 x 10-4 2.5 x 1O-4 2.5 x 1O-6 3.0 x lo-” 7.4 x 10-4 6.0 x 1O-4 
-2 - 177 9.7 x 10-6 9.7 x 10-5 4.9 x 10-4 4.9 x 10-7 1.1 x 10-10 5.1 x 10-4 6.0 x 1O-4 

Fig. 10(b), parameters as lo(a) and u_= lo* 

log c+1 -h,/mV -h/mV CYl CT2 431 CLmCT2 C!!! Cif Ct 

-6 - 223 0 5.9 x 10-9 5.9 x 10-4 5.9 x 10-7 5.9 x 10-6 1.7 x 10-11 9.9 x 10-4 6.0 x lo-” 
-5 - 223 0 5.9 x 10-s 5.9 x 10-4 5.8 x 10-6 5.8 x 10-6 1.7 x lo-” 9.9 x 10-4 6.0 x 1O-4 
-4 - 221 0 5.4 x 10-7 5.4 x 10-4 5.1 x 10-s 5.1 x 10-6 1.8 x lo-” 9.4 x 10-4 6.0 x 1O-4 
-3 - 209 0 4.4 x 10-6 3.4 x 10-4 2.5 x 1O-4 2.5 x 1O-6 3.0 x lo-” 7.4 x 10-4 6.0 x 1O-4 
-2 - 177 0 9.7 x 10-6 9.7 x 10-s 4.9 x 10-4 4.9 x 10-7 1.1 x lo-‘0 5.1 x 10-4 6.0 x 1O-4 
Reference solution E,, = - 245 1.4x 10-s - 5.9x 10-4 - 7.1 x 10-14 4.1 x 10-4 6.0 x 1O-4 

Fig. 10(c), parameters as 10(a) and @I = 1013 I mol-‘, & = lo9 1 mol-’ 

log C+1 -h,/=‘V CT1 CY2 CLmCYl C3T2 C!!! CF CT 

-6 +110 1.4 x lo-‘4 1.4 x 10-9 5.5 x 10-s 5.5 x 10-4 7.1 x 10-6 3.9 x 10-4 6.0 x 1O-4 
-5 + 124 7.9 x 10-14 7.9 x 10-10 3.1 x 10-4 3.1 x 10-4 1.3 x 10-5 3.9 x 10-4 6.0 x 1O-4 
-4 + 163 1.7 x lo-‘3 1.7 x 10-10 6.0 x 1O-4 6.0 x 1O-5 5.7 x 10-5 3.4 x 10-4 6.0 x 1O-4 
-3 +198 4.6 x lo- l3 4.6 x 10-l’ 8.1 x 10-4 8.1 x 1O-6 2.2 x 10-4 1.8 x 1O-4 6.0 x 1O-4 
-2 + 208 3.0 x lo- l2 3.0 x 10-11 9.7 x 10-4 9.7 x 10-7 3.7 x 10-4 3.2 x 1O-5 6.0 x 1O-4 

Fig. 10(d), parameters as lo(c) and u_= lo* 

log Cc1 -h,/mV -%/“‘V CYl CY2 Cwfl CLmCY2 CT CL CT 

-6 +110 + 0.85 1.4 x 10-14 1.4 x 10-9 5.5 x 10-5 5.5 x 10-4 7.1 x 10-6 3.9 x 10-4 6.0 x 1O-4 
-5 + 124 + 7.3 7.9 x 10-14 7.9 x 10-10 3.1 x 10-4 3.1 x 10-4 1.3 x 10-s 3.9 x 10-4 6.0 x 1O-4 
-4 + 163 +33.4 1.7 x lo-‘3 1.7 x lo-‘0 6.0 x 1O-4 6.0 x 1O-5 5.7 x 10-5 3.4 x 10-4 6.0 x 1O-4 
-3 + 198 +64 4.6 x - ‘10 l3 4.6 X lo-” 8.1 x 1O-4 8.1 x 10W6 2.2 x 10-4 1.8 x 10-4 6.0 x 1O-4 
-2 + 208 + 76.2 3.0 x 10-12 3.0 x 10-11 9.7 x 10-4 9.7 x 10-7 3.7 x 10-4 3.2 x lo-’ 6.0 x 1O-4 
Reference solution EBl = +225 1.5 x lo-‘3 - 6.1x 1O-4 - 6.5 x 1O-6 3.9 x 10-4 6.0 x 1O-4 


