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ustract - Ionophores as components for analytically relevant 
ion selective electrodes have to exhibit a specified lipophi- 
licity and a free energy of activation of < 45-65 kJ mol-l for 
the ligand exchange reaction. The selectivity of membranes may 
be tuned by membrane-technological interventions (dielectric 
constant of membrane phase, ionophore concentration, concen- 
tration of ionic sites confined to membrane phase). Molecular 
modelling techniques can guide the design of ionophores of a 
given inherent selectivity and reduce the number of ionophore 
candidates to be synthesized. The selectivity enhancement 
expected for a covalent link of ionophore subunits is analyzed. 
Significant effects are predicted only if suitable ligand pre- 
organization is realized. 

INTRODUCTION 

Ion carriers as a class of ionophores are lipophilic complexing agents having 
the capability of binding ions reversibly and to transport them across organic 
membranes by carrier translocation (refs. 1, 2). Ideally, selective ion 
carriers render a membrane permeable for one given sort of ion I only. For an 
analytically relevant application of ionophores in solvent polymeric membranes 
for ion selective electrodes (ISE) (ref. 4) or ion selective field effect 
transistors (ISFET) (ref. 5) at least the following four requirements 1) to 4) 
have to be met simultaneously (see also refs. 2,  3). 

DESIGN FEATURES FOR IONOPHORES 

1. Lipophilicity of ionophores 
The lifetime of a chemical sensor based on a carrier doped solvent polymeric 
membrane is limited by substantial and irreversible changes in the membrane 
composition. To assure a reproducible sensor behaviour, all the membrane com- 
ponents have to be confined to the membrane phase over an analytically relevant 
time period. Depending on the geometry of the sensor, the type of sample and 
the technique of sensor use, widely different lipophilicities P (partition 
coefficient between water and octane-1-01] of the ionophores are required (see 
Table 1). A reliable estimate for P may be obtained by thin-layer chromato- 
graphy (ref. 2). Such estimated values log PTLC are given in fig. 1 of ref. 3 
for a series of neutral ionophores. Obviously, most of the ionophores discussed 
there have been designed to exhibit a sufficient lipophilicity for typical 
flow-through analysers even in continuous use in whole blood over a period of 
one month. There are however no relevant ionophores known that meet the 
requirements for an in-vivo use of ISFET’s over time periods of 10 days or more 
(ref. 3). Here a further effort in ionophore design is necessary. 

l) On leave from Hitachi Ltd., Central Research Laboratory, 
Kokubunji, Tokyo 185, Japan 
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TABLE 1. Required l i p o p h i l i c i t y  ( l o g  P )  of n e u t r a l  ionophores  f o r  
a n a l y t i c a l l y  r e l e v a n t  a p p l i c a t i o n s  i n  i o n  senso r s  

a n a l y t i c a l  r e q u i r e d  l i p o p h i l i c i t y  ( l o g  P )  
a p p l i c a t i o n  
(cont inuous use  whole blood o r  aqueous sample 
i n  s t r eaming  f l u i d )  serum sample ( e . g .  u r i n e )  

t y p i c a l  ISFET 15.4 ( r e f .  6 )  5.2 ( r e f .  6 )  
( u s e  over  1 0  days )  

t y p i c a l  f low-through 8 . 4  ( r e f .  7 )  2 . 3  ( r e f .  7) 
( u s e  over  30 days)  

2. lonophore exchange kinetics 
The ionophores  should form r e l a t i v e l y  s t a b l e  complexes wi th  t h e  primary i o n  I 
( i o n  I t o  be sensed  wi th  h igh  s e l e c t i v i t y )  b u t ,  on t h e  o t h e r  hand, t h e  exchange 
r e a c t i o n  of t h e  s e l e c t e d  i o n s  a t  t h e  membrane/solution i n t e r f a c e  must be s u f f i -  
c i e n t l y  r e v e r s i b l e .  Therefore ,  t h e  f r e e  energy of a c t i v a t i o n  of t h e  l i g a n d  ex- 
change r e a c t i o n ,  

I S  t S ’ + I S ’ t  s 

where S and S ‘ a r e  ionophores ,  has  t o  be  r e l a t i v e l y  low. The l i m i t  f o r  t h e  f r e e  
energy of a c t i v a t i o n  of t h e  l i g a n d  exchange r e a c t i o n  i s  probably around 45-65 
k J  mo1-l ( r e f s .  2 ,  3 ) .  

T h e o r e t i c a l l y  r e l a t e d  i s  t h e  requirement t h a t  a s u f f i c i e n t l y  h i g h  and c o n s t a n t  
c o n c e n t r a t i o n  of ionophore should be p r e s e n t  i n  t h e  membrane phase i n  t h e  
unloaded form. I f  a c a t i o n  ionophore i s  predominantly p r e s e n t  w i t h i n  t h e  
membrane phase i n  t h e  loaded form, an ion -pe rmse lec t iv i ty  i s  induced. These 
f i n d i n g s  a r e  i n  agreement with t h e  experimental  evidence t h a t  t h e  t r a n s p o r t  
r a t e  of ionophores  p a s s e s  a maximum when i n c r e a s i n g  t h e  s t a b i l i t y  c o n s t a n t  of 
t h e  ionophore/ ion i n t e r a c t i o n  ( r e f .  8 )  . 
I n  o r d e r  t o  keep t h e  f r e e  energy of a c t i v a t i o n  of t h e  l i g a n d  exchange r e a c t i o n  
s u f f i c i e n t l y  small ,  w e  have been f o c u s s i n g  our  des  
macrocycl ic  s t r u c t u r e s  (see f i g .  1 i n  r e f ,  3 ) .  

3. Ion selectivity of membranes 
The s e l e c t i v i t y  c o e f f i c i e n t s  K P o t  of i o n  s e l e c t i v e  
d e f i n e d  on t h e  b a s i s  of t h e  Nicolsky e q u a t i o n  (1) 
t h e  EMF-response of t h e  membrane e l e c t r o d e  c e l l  t o  
ions  Izi  and i n t e r f e r i n g  i o n s  Jzj: 

13 

E=Ey+s-log ai+ e(aj)’i’’j ( q  1 

gn of ionophores  on non- 

e l e c t r o d e s  a r e  g e n e r a l l y  
r e f s .  9-11)  which d e s c r i b e s  
samples c o n t a i n i n g  primary 

E i s  t h e  measured c e l l  p o t e n t i a l  (EMF), Eo i s  a s t a n d a r d  p o t e n t i a l  of t h e  ce l l ,  

and a a r e  t h e  sample a c t i v i t i e s  of t h e  s u b s c r i p t e d  i o n s .  Accordingly,  t h e  
c o e f f i c i e n t s  K r F t  c h a r a c t e r i z e  t h e  s e l e c t i v i t y  of a p o t e n t i o m e t r i c  s enso r  f o r  
i n t e r f e r e n t s  r e l a t i v e  t o  t h e  s p e c i e s  of i n t e r e s t .  From t h e o r e t i c a l  considera-  
t i o n s  ( r e f s .  4,11,12) t h e  fo l lowing  r e l a t i o n s h i p  was d e r i v e d  f o r  t h e  selecti-  
v i t y  of l i q u i d  membrane e l e c t r o d e s  based on n e g t r a l  iono h o r e s  S t h a t  form 

s i s  t h e  s l o p e  of t h e  response f u n c t i o n  ( i d e a l l y  a 59.16 mV / z i  a t  25OC), and a i  

? 

complexes of t h e  t y p e  MSEm wi th  c a t i o n s  MZm ( I  r e s p .  J E 3 ) :  
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Evident ly ,  t he  c a t i o n  s e l e c t i v i t y  of such sensor  systems depends on var ious  
f a c t o r s  : 

a )  The i n t r i n s i c  s e l e c t i v i t y  behaviour o f  t he  ionophores, which i s  charac te r -  
i z e d  by t h e  complex s t a b i l i t y  c o n s t a n t s  R m S I n  r e f e r r i n g  t o  t h e  l i q u i d  membrane 
phase.  Some recent  a s p e c t s  of s e l e c t i v e  l i g a n d  des ign  w i l l  be d i s c u s s e d  below. 

b) The extract ion propert ies  of t he  membrane solvent  ( p l a s t i c i z e r  of PVC mem- 
b r a n e s ) ,  which a r e  d e c i s i v e  f o r  t h e  magnitude of t h e  i o n i c  d i s t r i b u t i o n  c o e f f i -  
c i e n t s  km. The use  of s u f f i c i e n t l y  p o l a r  s o l v e n t s  (h igh  d i e l e c t r i c  c o n s t a n t )  , 
such a s  n i t r o a r o m a t i c  compounds, g e n e r a l l y  i n c r e a s e s  t h e  s e l e c t i v i t y  f o r  
d i v a l e n t  r e l a t i v e  t o  monovalent c a t i o n s .  

c )  The t o t a l  amount of ionophores incorporated i n t o  the  membrane, which d i r e c t -  
l y  in f luences  t h e  concent ra t ion  cs of uncomplexed l i g a n d s .  Assuming a l l  o t h e r  
parameters i n  equat ions  ( 2 )  and (3)  t o  be c o n s t a n t ,  the  fo l lowing  r e l a t i o n s h i p  
can be found: 

where x i  and 5 .  a r e  t h e  mean degrees  of complexation of t h e  r e s p e c t i v e  ions  i n  
t h e  membrane p i a s e .  I t  appears  t h a t  a r e l a t i v e l y  low l i g a n d  concent ra t ion  f a -  
vours t h e  response t o  d i v a l e n t  c a t i o n s  and t o  c a t i o n s  forming complexes wi th  a 
low s to ich iometry  number n .  

d)  The amount of  anionic or  Lonogenic s i t e s  trapped i n  the membrane phase, 
which d i r e c t l y  determines t h e  t o t a l  c o n c e n t r a t i o n  cr of anions R- i n  t h e  bulk 
membrane. These nega t ive  charges ,  necessary  f o r  inducing c a t i o n  permselec t i -  
v i t y ,  o r i g i n a t e  mainly from i m p u r i t i e s  of t h e  polymeric m a t e r i a l  ( r e f s .  13-15) 
or  from s p e c i f i c  a d d i t i v e s  such a s  t e t r a p h e n y l b o r a t e s  ( r e f s .  4 , 1 1 , 1 2 ) .  If  a l l  
parameters except  c r  a r e  kept  c o n s t a n t ,  t h e  fo l lowing  r e l a t i o n  i s  obtained from 
equat ion ( 2 )  : 

Obviously, a r e l a t i v e l y  h igh  s i t e  c o n c e n t r a t i o n  i n  t h e  membrane favours  t h e  
preference  of d i v a l e n t  over  monovalent c a t i o n s .  

A s  r e p o r t e d  e a r l i e r  ( r e f s .  4 , 1 2 ) ,  however, t h e  anion concent ra t ion  c r  cannot be 
v a r i e d  independent ly  without  i n f l u e n c i n g  another  se lec t iv i ty-de termining  para-  
meter, namely t h e  f r e e  l i g a n d  c o n c e n t r a t i o n  cs. The reason i s  t h a t  an i n c r e a s e  
of c r  l e a d s  t o  t h e  s imultaneous i n c r e a s e  of t h e  concent ra t ion  of c a t i o n i c  com- 
plexes and t h u s  t o  a decrease  of cs.  I f  t h e  equiva len t  of nega t ive  s i tes  i n  t h e  
membrane exceeds t h e  t o t a l  e q u i v a l e n t  of l i g a n d s  a v a i l a b l e  f o r  c a t i o n  binding,  
t h i s  r e s u l t s  i n  a sharp  decrease  of t h e  o v e r a l l  d i s t r i b u t i o n  
parameters  Km (see e q .  (3)  wi th  cs-.O), i . e .  

K,- km f o r  c, > -c, zm t o t  

nm 

where c p t  i s  t h e  t o t a l  l i g a n d  c o n c e n t r a t i o n ,  and nm i s  t h e  s to ich iometry  
number of t h e  p r e f e r e n t i a l  complex formation.  From equat ions  ( 2 )  and (6) it may 
be i n f e r r e d  t h a t  d r a s t i c a l  s e l e c t i v i t y  changes can be induced by t h e  a d d i t i o n  
of a n i o n i c  sites e s p e c i a l l y  when pr imary and i n t e r f e r i n g  ions  d i f f e r  i n  charge 
o r  i n  complex s to ich iometry .  More d e t a i l s  can be found elsewhere ( ref .  1 2 ) .  
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4. lntrinric selectivity of ionophores 
From 3) it becomes obvious that the selectivity of a membrane is characterized 
by the ionophore/ion stability constants only to a limited extent (see 3a)). 
Ideally, the free energy of transfer of the ions of interest from the sample to 
the membrane phase should be consulted for an adequate ionophore design. This 
would imply the calculation of the enthalpy and entropy of all participants in- 
volved in the transfer process. Possibilities exist to estimate reliable inter- 
action energies (and thus enthalpies (see e.g. ref. 16)) but there is no metho- 
dology available for an adequate estimate of all relevant entropy terms in- 
volved. Nevertheless some useful predictions of the complexation by ionophores 
can be made on the basis of interaction energies alone. Corresponding molecular 
modelling tools may help to drastically reduce the number of possible candi- 
dates for ionophores for a given ion that meet the requirements mentioned above 
(1) to 3)). These tools will therefore ultimately help reducing the number of 
molecules to be synthesized. 

MOLECULAR MODELLING OF IONOPHORES 

For this purpose the overall ion-ligand interaction energy EInt is estimated as 
a sum of three types of contributions: 

EInt = EIon-Ligand EConf ormation ELigand-Ligand ( 7 )  

Calcula t ion  of the i n d i v i d u a l  c o n t r i b u t i o n s :  The conformational energy, i.e. 
the energy needed for the ligand to adopt the conformation in the complex, and 
the ligand-ligand interaction energies are calculated by using standard mole- 
cular mechanics procedures (MM2 (ref. 17), in the present version with a 
steepest descent energy minimization). 

The ion-ligand interaction energy is approximated by the following potential 
function : 

Air Bi and Ci are constants fitted on the basis of ab initio interaction 
energies of selected model complexes, ri is the distance between the ligand 
atom i and the ion, qi and qion designate atomic net charges obtained by ab 
initio calculations on the isolated species. Atoms of the same kind in similar 
chemical environments are grouped into the same classes and are forced to have 
the same constants. 

It should be kept in mind that both the molecular mechanics and the pair poten- 
tial techniques can be considered as extrapolation procedures. In both cases 
model parameters are developed on the basis of a limited number of experimental 
data or data from ab initio calculations. Unfortunately, no exact documentation 
of the data base used for the development of molecular mechanics parameters for 
MM2 is available. The user therefore performs calculations somewhat on his own 
risk. The only guarantee he has is the fact that the well reputed program was 
used world-wide successfully in different applications. In order to test the 
reliabilty of the molecular mechanics technique for a case relevant for an 
ionophore design, various calculations were performed on 18-crown-6 (see Table 
2). The results obtained by different molecular mechanics techniques have been 
compared with some ab initio calculations (ref. 22). Although all relative 
conformation energies are in proximity, the sequence of stabilities of the 
different conformations is predicted to be different. The values in Table 2 
indicate that the accuracy of the methods is not better than about f 20 kJ/mol. 
The reliability of the MM2 technique is documented by the comparison of the 
results with corresponding ab initio calculations (last two lines in Table 2). 
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TABLE 2.  Conformation energy of 18-crown-6 ( i n  kJ/mol) i n  t h e  
C1-conformation (Na+-complex) and D3d-COnf ormat ion (K+-complex) 
r e l a t i v e  t o  t h e  Ci-conformation (conformation of t h e  f r e e  l igand)  
obtained by d i f f e r e n t  methods 

Method of S t ruc tu re  of t h e  X-ray s t r u c t u r e  (pos i t ion  
computation f u l l y  re laxed of t h e  H-atoms relaxed by 

s y s t e m  MM2 1 

C1 C 1  D3d 

57 1 

WBFF ( r e f .18 )  18.4 32.8 - - 
MM1 ( r e f .  1 9 )  25.5 1 6 . 4  - - 
AMBER ( r e f .  20) 39.3 4 . 6  - - 
AMBER/RIMINI ( r e f .  21) 1 2 . 1  - 9 . 6  - - 
MM2 28.0 - 1 0 . 5  23.9 -20.3 
Ab i n i t i o  15.2 -24.4 - - 

In t h e  de r iva t ion  of t h e  p a i r  p o t e n t i a l  parameters from ab i n i t i o  ca lcu la t ions  
the  root-mean-square of t h e  devia t ions  between i n t e r a c t i o n  energ ies  ca lcu la ted  
by ab i n i t i o  and p a i r  p o t e n t i a l  techniques i s  obtained a s  well. This i s  typ i -  
c a l l y  around 5-10 kJ/mol ( re fs .  23-26). The unce r t a in t i e s  increase  with increa-  
s ing  d i s s i m i l a r i t y  between molecules used f o r  t h e  de r iva t ion  of t h e  po ten t i a l s  
and t h e  molecules f o r  which they a r e  appl ied .  

A s  a test of i n t e r e s t ,  r e s u l t s  of i n t e r a c t i o n  energy ca l cu la t ions  obtained with 
both t h e  p a i r  p o t e n t i a l  technique and t h e  ab i n i t i o  approach a r e  presented f o r  
18-crown-6 i n  Table 3. The r e s u l t s  i n d i c a t e  t h a t  t h e  devia t ions  a r e  i n  t h e  
range of 0-30 kJ/mol. Since seve ra l  e t h e r s  were used f o r  t h e  de r iva t ion  of p a i r  
po ten t i a l s ,  including l12-dimethoxy ethane ( r e f .  261, t h i s  case i s  a r e l a t i v e l y  
favourable one. 

In t h e  present  study s imi l a r  unce r t a in t i e s  r e s u l t  f o r  t h e  conformation energy 
and f o r  t h e  ion-ligand i n t e r a c t i o n  energy es t imates .  Both unce r t a in t i e s  a r e  
around 20  kJ/rnol. Thus t h e  model i s  d e f i n i t e l y  unsui tab le  t o  p red ic t  r e l i a b l e  
ion s e l e c t i v i t i e s  but should be capable of p red ic t ing  t h e  a b i l i t y  of a l igand  
t o  complex ions .  

TABLE 3 .  Comparison of t h e  i n t e r a c t i o n  energ ies  ( i n  kJ/mol) 
obtained by t h e  p a i r  p o t e n t i a l  model on complexes of 18-crown-6 
with those obtained by ab i n i t i o  computations 

Cation S t ruc tu re  Experimental ion Optimized ion pos i t ions  
pos i t i ons  by t h e  p a i r  p o t e n t i a l  

ab i n i t i o  p a i r  po t .  
approach 

Li+ Li+-complex -317 -317 -317 

Na+ Na+-complex -343 -34 9 
K+-complex -288 -303 

-355 
-303 

K+ K+-complex -263 -294 -294 

Combination of t h e  p a i r  p o t e n t i a l  approach w i t h  molecu lar  mechanics computa- 
t i o n s :  The p a i r  p o t e n t i a l s  f o r  ion-ligand i n t e r a c t i o n  energy ca l cu la t ions  have 
been introduced i n t o  t h e  MM2 program package. The opt imizat ion rout ine  has been 
modified and i s  now working with a steepest descent a lgori thm as  an add i t iona l  
minimization procedure. The capab i l i t y  of t h i s  program t o  optimize t h e  
s t ruc tu re  of complexes i s  demonstrated i n  a study on t h e  K+-complexation of 
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18-crown-6. The X-ray s t r u c t u r e  of the  uncomplexed 18-crown-6 molecule has  
Ci-symmetry. I n  t h i s  conformation no s t a b l e  complex formation i s  p o s s i b l e  ( r e f .  
2 7 ) .  I n  s e v e r a l  complexes, i n c l u d i n g  t h e  K+-complex, a D3d conformation of t h e  
l i g a n d  has  been observed where t h e  s i x  oxygen atoms form a c a v i t y  around the 
c a t i o n  ( r e f .  2 8 ) .  I f  a K+-ion i s  in t roduced  i n t o  t h e  c e n t e r  of t h e  free l i g a n d  
(Ci-conformation) ,  t h e  p r e s e n t  program a u t o m a t i c a l l y  f i n d s  an opt imal  s t r u c t u r e  
which i s  ve ry  c l o s e  t o  t h e  one observed expe r imen ta l ly ,  The formal r e a c t i o n  
pathway s t a r t s  w i t h  a symmetr ical  s t r u c t u r e  ( C i ) ,  pa s ses  over  a c h i r a l  i n t e r -  
mediate and f i n a l l y  r eaches  a s t r u c t u r e  very c l o s e  t o  t h e  expected Dgd 
conformation. 

SO-CALLED CHELATE EFFECT/LIGAND PREORGANIZATION 

I n  t h e  p a s t  yea r s ,  many e f f o r t s  were c o n c e n t r a t e d  on t h e  s y n t h e s i s  of s o - c a l l e d  
b i s ( c rown)  compounds and on t h e i r  a p p l i c a t i o n  a s  c a t i o n  s e l e c t i v e  ionophores i n  
membrane e l e c t r o d e s  ( r e f s .  29-33).  I n  t h e s e  w e l l  p r a i s e d  l i g a n d s  two crown 
ether u n i t s  a r e  l i n k e d  by hydrocarbon o r  o t h e r  b r i d g e s .  Apparently,  t h e  aim i s  
t o  i n c r e a s e  the p r o b a b i l i t y  ( i . e .  the s t a b i l i t y )  of complex formation wi th  
s p e c i f i c  c a t i o n s  t h a t  y i e l d  1 : 2  complexes wi th  t h e  nonbridged l i g a n d  s u b u n i t s .  
This would correspond t o  a c h e l a t e  e f f e c t  i n  a g e n e r a l  s e n s e  and may be expec- 
t e d  t o  have some i n f l u e n c e  on t h e  i o n  s e l e c t i v i t y  behaviour  of t h e  r e s u l t i n g  
membrane e l e c t r o d e s .  A more d e t a i l e d  a n a l y s i s  of t h e  expec ted  magnitude of such 
s e l e c t i v i t y - m o d i f y i n g  e f f e c t s  i s  g iven  elsewhere ( r e f .  3 3 ) .  I t  was shown e a r -  
l i e r  ( r e f .  34-36) t h a t  a c o n s i d e r a b l e  p a r t  o f  t h e  c l a s s i c a l  c h e l a t e  e f f e c t  re- 
p r e s e n t s  only an appa ren t  e x t r a - s t a b i l i t y  which d i sappea r s  w i th  t h e  a p p r o p r i a t e  
choice of s t a n d a r d  s t a t e s .  This  p o i n t  was stressed by F r a d s t o  da S i l v a  ( ref .  
36) who suggested a r e d e f i n i t i o n  of a t r u e  c h e l a t e  e f f e c t .  The recommended 
q u a n t i t y  C . E .  d e s c r i b e s  t o  which e x t e n t  complexes of t h e  t y p e  MS' would be 
formed r e l a t i v e  t o  competing p r o d u c t s  MSn i f  p o l y d e n t a t e  l i g a n d s  S '  and uniden- 
t a t e  l i g a n d s  S were o f f e r e d  s imul t aneous ly  t o  t h e  metal  i o n s  M i n  s o l u t i o n :  

The remaining d i f f e r e n c e  i n  complexation en tha lpy  (term Crep i n  equa t ion  (10)) 
between u n i d e n t a t e  and p o l y d e n t a t e  l i g a n d s  i s  due t o  t h e  f a c t  t h a t ,  i n  t he  
l a t t e r  molecules ,  e l e c t r o s t a t i c  and s ter ic  r e p u l s i o n  between t h e  c o o r d i n a t i n g  
groups ( i n c l u d i n g  conformational  energy) may a l r eady  be b u i l t  i n  t o  some e x t e n t  
( l i g a n d  p r e o r g a n i z a t i o n ,  see a l s o  r e f s .  37,38) and may t h e r e f o r e  i n c r e a s e  t h e  
en tha lpy  of t h e  free l i g a n d s .  This  r e s u l t s  i n  a favoured complex formation of 
po lyden ta t e  r e l a t i v e  t o  u n i d e n t a t e  l i g a n d s .  I f  bo th  l i g a n d s  a r e  added i n  excess  
and wi th  t h e  same t o t a l  m o l a r i t i e s  of donor atoms, one o b t a i n s  f o r  t h e  i d e a l  
ca se  with cs = n c s '  r e s p .  xs = n x s '  ( x :  mole f r a c t i o n s )  ( r e f .  33) : 

For t h e  p r e s e n t  d i s c u s s i o n ,  t h e  comparison between membrane systems wi th  non- 
b r idged  and b r i d g e d  ionophores (n=2) i s  of s p e c i a l  i n t e r e s t .  According t o  
equa t ions  ( 2 ) ,  ( 3 ) ,  and ( 9 ) ,  t h e  s e l e c t i v i t y  i n c r e a s e  f o r  t h e  primary ions  re- 
l a t i v e  t o  i n t e r f e r e n t s  of t h e  same charge,  r e s u l t i n g  from c o v a l e n t l y  l i n k i n g  
two l i g a n d  s u b u n i t s ,  may be d e s c r i b e d  by: 

l o g  e ( S ) -  l o g  e ( S  ')zC. E . (i)-C . E . ( j )  

Obviously, t h e  b r i d g e d  l i g a n d s  o f f e r  no s i g n i f i c a n t  g a i n  i n  i o n  s e l e c t i v i t y  a s  
l ong  a s  primary and i n t e r f e r i n g  i o n s  form complexes of e x a c t l y  t h e  same 
s t o i c h i o m e t r i e s  i n  t h e  r e s p e c t i v e  membranes. A c o n t r a s t i n g  behaviour  i s  expec- 
ted only when t h e  i n t e r f e r i n g  s p e c i e s  a r e  predominantly uncomplexed ( i . e .  pure- 
l y  s o l v a t e d )  o r  when t h e y  predominantly form 1:l complexes wi th  t h e  n e a r l y  
i d e n t i c a l  l i g a n d  u n i t s  i n  bo th  membrane systems: 
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l oge (S) - log$ l ' ; t (S  ')=C .E. (i) (for C .E. (])a 0) (12) 

Since the ionophore concentration in typical membrane compositions for ion 
selective electrodes corresponds to a mole fraction of around a selecti- 
vity improvement for the primary ions by about two orders of magnitude is pre- 
dicted for this case. In practice, however, such ideal discrimination of inter- 
ferents by the bridged ligands, although often claimed, is usually not ob- 
served. The realized effects are considerably smaller than predicted or even 
insignificant (see also ref. 33) . 
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