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I.  I N T R O D U C T I O N  

Biological membrane systems for the most part are nonequilibrium systems. For 
this reason, the study of membrane potentials in nonequilibrium, dynamic model 
systems should contribute to the basic understanding of in vivo membrane systems 
to an even greater extent than the consideration of Gibbs-Donnan membrane 
potentials. 

The magnitude of the membrane potentials which arise in equilibrium systems, 
as well as in numerous closely related quasi-equilibrium systems, are defined ac- 
cording to the thermodynamic (Gibbs-Donnan) theory of membrane equilibria by 
the concentration of the various species of permeable and impermeable ions in the 
two solutions without reference to any specific mechanism of the restraining action 
of the membrane. Classical thermodynamics, however, is not applicable to dynamic, 
nonequilibrium membrane systems; the understanding of the origin and of the magni- 
tude of dynamic membrane potentials requires a knowledge of the specific molecular 
processes which take place across the membrane. 

Out of the conceivable multitude of dynamic membrane systems (of an electro- 
lytic nature), the systems with membranes of ideal ionic selectivity lend themselves 
particularly well to physicochemical analysis since the only ionic processes which 
can occur across such membranes are either all-anionic or all-cationic. The simplest 
possible systems in this group are those in which the so-called hi-ionic potential 
arises 1. 

The hi-ionic potential, B.I.P., was defined as the dynamic membrane potential 
which arises across a membrane separating the solutions of two electrolytes at the 
same concentrations having different "critical" ions, which are able to exchange 
across the membrane, and the same "noncritical" ion species for which the membrane 
is (ideally) impermeablO. 

The general scheme of a cell in which a B.I.P. arises can be represented in the 
following manner: 

So lu t i on  I <___@___+ So lu t i on  2 
c 1 A + X -  c x B + X 

where A + and B+ represent (univalent) cations, the "critical" ions, which are able 
to exchange freely across the exclusively cation-permeable (electro-negative) mem- 
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brane, i ~ - - ' ~ ' ~  i, and .\~- tile noncritical anions which are unable to p~'m'trat~' 
through it. Systems of this type are unstable and spontaneously degrade toward 
equilibrium; nevertheless they may be investigated in their ori~zinal, css(,utiallv 
undegraded state under suitable experimental conditions 2. 3 

The study of B.I.P. systems can be considered as a first and m'cessary step in 
the quanti tat ive investigation of dynamic membrane systems with membranes of 
ideal or almost ideal ionic selectivity in particular, and thus also (~f the dynamics 
of membrane systems in generaP. 

Bi-ionic potentials have been investigated experimentally only in a limited 
number of instances 2 7. According to the nature of the membrane and the combi- 
nations of critical ions, the B.I.P. may be as high as 15 o mV or more. 

The sign and magnitude of the B.I.P. depend on the relatiw: ease with which 
the two species of critical ions can penetrate across the membranO ,,6. The more' 
readily permeable species of critical ions impresses its sign of charge on tlw other 
solution. 

The magnitude of the B.I.P. is a function of the relative contributions of the 
different species of ions in the system toward the virtual transportation of electricity 
across the membrane, 

Emp =: I I n  ( ] )  
1} TB+ 

where T a+ and TI~+ represent the transference numbers of critical ions A* and B+ 
within the membrane, the sign of the potential value referring to tile charge of 
solution 2. There is no simple correlation between the ratio of the transference 
numbers of the two species of critical ions within the membrane and the ratio of 
their mobilities in free solutionL 

An explanation of the origin of the B.I.P. has been based on a consideration 
of the membrane as ion-exchange bodies according to the fixed charge theoryL 
Membranes of ion-exchange character carry either acidic or basic dissociable groups 
in the microsurfaces of their pore structure, these fixed charged groups on the pore 
walls being an integral, invariable, and immovable part  of the membrane structure. 
The counter ions of the fixed charged groups, the so-called "critical" ions, are dis- 
sociated off into the liquid in the pores where they are freely movable, available for 
diffusion and the transportation of electrical current. In membranes of ideal ionic 
selectivity, ions of the same sign of charge as that  of the fixed charged groups, the 
so-called "noncritical" ions, are prevented by electric repulsion from penetrating 
across the membranes. The only ions which can diffuse and transport  electricity 
across such membranes are the critical ions s. 

In B.I.P. systems two coexisting species of exchangeable (critical) ions compete 
for positions as counter ions of the fixed dissociable groups; in general, as in ion- 
exchange systems, the two competing species of ions are adsorbed to a different 
extent. The sequences of the relative adsorbabilities of the various ions are the two 
Hofmeister series of cations and anions (unless steric hindrance and related effects 
come into play as complicating factors). The relative abundance of the two species 
of critical ions in the pores multiplied by their relative diffusion velocities determine 
their relative contributions toward the virtual transportation of electricity across 
the membrane,  in other words, the ratio of their transference numbers. 

One interesting conclusion can be drawn from this physical picture of the origin 
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of the B.I.P. which previously has not been stated explicitly. From the literature 
on ion exchangers it is known that  the relative adsorbed quantities of two competing 
species of ions of the same sign of charge are in many instances fairly independent 
of the absolute concentration. To the extent that  this holds true with membranes 
one would expect the bi-ionic potential to be independent of the absolute concen- 
tration of the two solutions separated by the membrane. This prediction is of con- 
siderable importance in the further treatment of dynamic membrane potentials in 
all types of polyionic systems with membranes of an extreme degree of ionic se- 
lectivity1,9,10. 

The experimental study of membrane systems in which bi-ionic potentials arise 
has been facilitated in recent years by the availability of the "permselective" col- 
lodion-matrix membranes. These membranes under a wide variety of experimental 
conditions behave as membranes of ideal or almost ideal ionic selectivity. Depending 
on the mode of their preparation they yield B.I.P. 's which, with the same pair of 
critical ions, may differ in magnitude by a factor of two, and have conductances 
which differ by several orders of magnitude 3,11,12. 

This paper is the first in a planned series of studies on polyionic potentials 
across membranes of extreme ionic selectivity~, TM. After exploring some of the 
theoretical and experimental limitations for the meaningful measurements of B.I.P.'s, 
we present here the results of a potentiometric study of B.I.P. systems with a greater 
variety of electrolytes and permselective membranes than heretofore used, including 
data on the influence of concentration on the magnitude of the B.I.P. 

II.  SOME LIMITATIONS OF THE POTENTIOMETRIC STUDY OF 

DYNAMIC MEMBRANE SYSTEMS 

The potential difference between two solutions separated by a membrane is 
determined by using either specific or nonspecific electrodes to measure the potential 
of the whole cell and then evaluating on the basis of nonthermodynamic assumptions 
the contributions of the electrode systems to this measured value. 

If specific electrodes are used, the potentials at the electrode/solution interfaces 
are calculated by the Nernst equation on the basis of extrathermodynamic assump- 
tions concerning single ion activities. In many instances, as for most of the cells in 
the present study, specific electrodes are lacking and nonspecific electrodes with salt 
bridges must be used. In this case the asymmetry of the liquid junction potentials 
at the two salt bridge/solution interfaces can be calculated by the Planck or Hender- 
son equations, which also involve nonthermodynamic concepts. With such non- 
specific electrodes, e.g. calomel cells with saturated KCl-agar bridges, the asymmetry 
of the two liquid junction potentials in most instances is considered insignificant 
compared to the measured potential of the whole cell and may be ignored. 

The interpretation of the potential across the membrane (obtained by either of 
the above methods) in terms of the ionic processes occurring across the membrane 
also requires nonthermodynamic assumptions concerning the single ion activities in 
the two solutions; these uncertainties are least with dilute solutions la-15. 

The determination and interpretation of membrane potentials is thus restricted 
by the same factors as the determination of liquid junction potentials, of pH, and 
of analogous quantities 18-15. 
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These l imitat ions apply generally, both to equi l ibr ium and dynamic  membrane  
systems. With  the dynamic  membrane  systems some addit ional  factors have to b~ 
considered. 

In the theoretical t r ea tmen t  of the B.I.P. the assumption was made that  th(, 
layers of solut ion immedia te ly  adjacent  to the membrane  have the same composition 
as the bulk solutions ; in other words tha t  the membrane  itself is the entire t rans i t ion  
zone between the two solutions. This, however, is not necessarily the case in experi- 
menta l  systems. Even with the most thorough st irr ing of the hulk solutions, a layer 
of l i q u i d - - t h e  so-called d i f f u s i o n  l a v e r  exists adjacent  to each surface of the 
membrane  through which the removal  of ions from ttle membrane .so lu t ion  interface 
is l imited by  diffusion 16-2°. The layers of solution immediate ly  adjacent  to the 
membrane  contain ions which have exchanged across the membrane.  Thus, they are 
of a composit ion different from tha t  of the bulk solutions. Exp~,rimentally, the 
membrane  plus the two diffusion layers ra ther  than the membrane  alone comprise 

the t rans i t ion  zone. 
If the rates of exchange of ions across the membrane  were high compared to 

tile rates of diffusion across the diffusion layers, then the concentra t ion of exchanged 
ions at the two membrane /so lu t ion  interfaces would be high. Conversely, the concen- 
t ra t ions  of exchanged ions in the layers of solutions immediate ly  adjacent  to the 
membrane  would be low if the rates of exchange of ions across the membrane  were 
small compared with the rates of removal  of those ions by diffusion across the 

diffusion layers. 
Tile rates of the exchange of critical ions across permselective oxidized collodion 

and pro tamine  collodion membranes  are known to be at least qual i ta t ive ly  correlated 
to the reciprocal resistance of these membranes  a*. Accordingly, systems with mem- 
branes of high resistance compared with tha t  of the diffusion layers are the most 
sui table ones for the s tudy of dynamic  membrane  potentials .  

The definition of the B.I .P.  and the molecular theory of its origin out l ined above 
are based on the assumpt ion tha t  a s ta t ionary  slate has been established across the 
membrane  which is ma in t a ined  dur ing  the course of the measurements .  

In order to establish a statiomtry state, sulticient time must elapse after illitia[ contact of 
the membrane with the solutions so that the diffusing i(ms have attained their proper, definite, 
uneven distribution ahmg the axis of the pores, which is characteristic for each system. This 
well-defined, time-invariant, stationary state may best be maintained by continuously flowing 
two solutions of constant composition past the two sides of the l/lenlllrall(! at such rates t ha t  
an increase in the flow rates does not alter in any detectable way the processes taking place 
across the membrane. 

Exper imenta l ly ,  the t ime required to reach a s ta t ionary  state across the mem- 
brane will va ry  with different membranes  and with the na ture  and concentra t ion of 
the various electrolytic solutions. The t ime will also vary with tile na ture  of the 
crit ical ions originally present wi th in  the membrane  u, 24. The lower the resistance of 
the membrane  and the higher the concentra t ions  of the solutions, the shorter will 
be the t ime required to reach the s ta t ionary  state**. 

* This is in agreement with the fact that the quantities ol ions which diffuse across any zone 
of an electrolytic system are closely correlated to the electric conductance of that zone provided 
the mechanism underlying diffusion is the same as that responsible for electrical conductance 21 2a 

"*It might be added that fully meaningful potential measurements in dynamic membrane 
systems can be made under a variety of well-defined conditions other than the stationary state. 
This is true particularly of membranes of ideal ionic selectivity. With such membranes under 
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I n  s u m m i n g  u p  t h i s  d i s c u s s i o n ,  i t  s h o u l d  b e  n o t e d  t h a t  t h e  c o n d i t i o n s  m o s t  

f a v o r a b l e  f o r  t h e  e s t a b l i s h m e n t  o f  t h e  s t a t i o n a r y  s t a t e  w i t h i n  a r e a s o n a b l e  l e n g t h  

o f  t i m e ,  f o r  a m i n i m a l  e f f e c t  o f  t h e  d i f f u s i o n  l a y e r s ,  a n d  fo r  m i n i m a l  u n c e r t a i n t i e s  

d u e  t o  t h e  n o n t h e r m o d y n a m i c  a s s u m p t i o n s  a r e  s o m e w h a t  a n t a g o n i s t i c .  T h e  m o s t  

s u i t a b l e  c o n d i t i o n s  fo r  t h e  s t u d y  o f  d y n a m i c  m e m b r a n e  p o t e n t i a l s  w o u l d  b e  t h o s e  

i n  w h i c h  t h e s e  a n t a g o n i s t i c  r e q u i r e m e n t s  a r e  b a l a n c e d .  

III. EXPERIMENTAL TECHNIQUES 

Selectively ca t ion-permeab le  (electronegative) and  select ively  an ion-pe rmeab le  (electro- 
posit ive) permse lec t ive  m e m b r a n e s  were prepared  as descr ibed p rev ious ly  3,12. These  m e m b r a n e s  
h a v e  the  shape  of t es t  tubes ,  are abou t  3 ° # thick,  and  have  an  act ive  surface  of a p p r o x i m a t e l y  
5 ° cm 2. T h e y  were t e s ted  by  our  s t a n d a r d  m e t h o d s  (a) for the i r  electrical res i s tance  (in o.I N KC1) 
as an  indica tor  of t he  ra tes  a t  which ions diffuse across them,  and  (b) for thei r  e l ec t romot ive  
proper t ies  in concen t r a t ion  cells o.I N KC1 I m e m b r a n e ]  o.oi  N KCI as an  indica tor  of the i r  ionic 
selectivitya,  1~. These  potent ia ls ,  corrected for the  a s y m m e t r y  of the  l iquid j unc t i on  potent ia ls ,  
were in t he  range  of 53,6 to 54.8 mV, the  theoret ica l  m a x i m u m  poten t ia l s  being 55.1 mV. 

The  po ten t ia l  m e a s u r e m e n t s  were made  by  the  Poggendorf f  m e t h o d  us ing  two s a t u r a t e d  
calomel  half-cells, t h e  a s y m m e t r y  of which  was t a k e n  into account .  For  each po ten t ia l  measu re -  
men t ,  t he  m e m b r a n e  was filled wi th  one solut ion and  i m m e r s e d  in a vessel  con ta in ing  t he  o ther  
solut ion.  The  whole a s s emb l y  was placed in a t h e r m o s t a t  (25.oo ~ o . Io  ° C); t he  KCl-agar  br idges  
(after first wiping thei r  t ips  wi th  filter paper)  ,~ere inser ted,  and  bo th  so lu t ions  s t i r red wi th  
filtered air. h n m e d i a t e l y  a potent ia l  read ing  was t aken ,  t h e  read ing  be ing  r epea ted  wi th  the  
KCl-agar  br idges  in the  reversed posit ion.  This  whole procedure  took  a p p r o x i m a t e l y  1. 5 minu te s .  
Wi th  di lute  solutions,  t he  po ten t ia l  read ings  were reproducible  w i th in  ± o.3o mV;  wi th  more  
concen t r a t ed  solut ions,  wi th in  ~ o . io  mV. E ach  po ten t ia l  va lue  recorded below is t he  m e a n  of 
a t  least  two such  po ten t i a l  m e a s u r e m e n t s .  M e a s u r e m e n t s  m a d e  wi th in  a few days  of each o ther  
gave  ident ical  resu l t s ;  af ter  severa l  weeks, changes  of up  to ± i .o  mV occurred,  

The  m o s t  desirable  expe r imen ta l  t e chn i que  to es tab l i sh  t he  s t a t i ona ry  s t a t e  across  t he  
m e m b r a n e s  would be to flow one solut ion pa s t  one side of t he  m e m b r a n e  and  the  o ther  solut ion 
pas t  t he  o ther  side unt i l  a t i m e - i n v a r i a n t  po ten t ia l  u n c h a n g e d  by  increased flow ra t e  is ob ta ined .  
I n  ex t ended  rou t ine  expe r imen t s ,  it  is more  prac t ica l  first to immer se  the  m e m b r a n e  for severa l  
days  in a solut ion con ta in ing  the  one or the  o the r  or, preferably ,  a m i x t u r e  of t he  two species 
Of crit ical ions to be s tud ied ;  the rea f te r  the  m e m b r a n e  is filled w i th  t he  one solut ion and  immersed  
in the  o ther ;  bo th  solut ions  are s t i r red and  f r equen t ly  changed  un t i l  a c o n s t a n t  po ten t ia l  is 
r eached .  

Table  I shows t h a t  wi th  a r ep re sen t a t i ve  m e m b r a n e  of m e d i u m  res is tance  a cons tan t ,  
reproducible  po ten t ia l  was  reached  in th is  m a n n e r  wi th in  one hou r  (which did no t  change  even  
af te r  more  prolonged periods t h a n  t hose  shown  in Table  I) i n d e p e n d e n t  of t he  p rev ious  s t a t e  
of equi l ibra t ion  of t he  m e m b r a n e  wi th  KC1, LiC1, or a m i x t u r e  of KC1 and  LiCI***. The  final 
po ten t i a l  is reached  more  quickly  and  is more  precisely reproducible  wi th  t he  more  concen t ra t ed  
so lu t ions .  

E x c e p t  wi th  m e m b r a n e s  of very  h igh  resis tance,  t he  m e a s u r e m e n t s  were rou t ine ly  carr ied 
ou t  a f te r  the  m e m b r a n e  had  been in te rposed  be tween  t he  two solut ions  for a t  least  one hour .  

Since in our  e x p e r i m e n t s  the  two solut ions  were no t  con t inuous ly  replaced,  t he  s y s t e m s  
a t  the  t ime  of m e a s u r e m e n t  were s l ight ly  degraded,  To ascer ta in  t he  m a g n i t u d e  of the  error 
which  is caused  the reby ,  the  ra tes  were de t e rmined  a t  which  t he  po ten t ia l s  in t he  s y s t e m s  shown  
in Tab le  I decreased when  the  solut ions  were no longer  replaced.  E x t r a p o l a t i n g  back  to zero 
t ime ,  the  error in the  po ten t ia l  measu red  1. 5 m i n u t e s  af ter  t he  solut ions  were changed  was  found  

proper  n o n s t a t i o n a r y  s t a t e  condi t ions ,  po ten t i a l  readings  can  be ob ta ined  which  are prac t ica l ly  
ident ical  wi th  those  obta ined  unde r  the  cor responding  s t a t i ona ry  s t a t e  condi t ions .  (Nons t a t iona ry  
s t a t e  sys t ems ,  however ,  could no t  be used readi ly  for a m e a n i n g f u l  s tudy '  of the  kinet ics  of t he  
e x c h a n g e  of ions across membranes . )  The  s i tua t ion  is ana logous  to t h a t  ar is ing wi th  l iquid 
j u n c t i o n s  which  can  be s tud ied  unde r  var ious  well-defined s t a t e s  o ther  t h a n  the  s t a t i ona ry  s ta te ,  
such  as s t a t e s  wi th  a free diffusion b o u n d a r y  or a c o n s t a n t  m i x t u r e  b o u n d a r y  be tween  two bulk  
solut ions .  In  s imple  cases  t he  m e a s u r e d  l iquid junc t ion  po ten t ia l s  are v i r tua l ly  i ndependen t  of 
the  n a t u r e  of t he  b o u n d a r y  layer.  

* *  Studies  on t he  kinet ics  of the  ra te  of the  exchange  of ions across pe rmse lec t ive  m e m b r a n e s  
which  are cu r r en t ly  carr ied ou t  in th i s  l abora to ry  fu rn i sh  addi t ional ,  i n d e p e n d e n t  proof  t h a t  
s t a t i o n a r y  s t a t e  condi t ions  prevai l  unde r  t he  condi t ions  chosen  for our  work.  
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(7'  : - 5 . o  o.~ ( ' )  

.%,d*I. l q,*]ll 2 
p r c v i . u v h '  A C I  Li (? l  1. 5 l,p 

.~aturah'd w l t k  

eq.ii eq.il  mV 

o. i o A :  K('I o . o2oo  o . o2oo  i 33 ."  
o. l o N  KCI  o . 2 o o  0 . 2 o o  t 38-3 

o. f o N  15('1 o . o z o o  o . o 2 o o  : 4 o . 3  
o. l o . V  l . iCI o . 2 o o  0 . 2 o o  ] 38 .8  

0 . 0 2 0 0  
o .o  5 iN' K C I  
o .o  5 N l . iCl  o . o 2 o o  

m V  

I 4o .4  
I 3% 

4 1 . O  

t 38.7 

.11 inuh 'x  

,'o e,. 

I'.tenlia! 

m V  m V  

i 4z.c) 43 .7  
30 .5  30 .5  

t 2 . 5  i 4 " .~  
• 3 8 . 0  ! 3cL3 

i 37.~ 4 l . °  ! 43.-' i 43 .J 

o . 0 5  N I'~CI 
o . 2 o o  o . 2 o o  t 3 0 . o  ' 39  .I • 39 .4  ~ 30 .4  

o .05  N l,iCI 

121, 2 lo 

m V  

43.~) 
39 ,5  

42..5 
30.-t 

43-2 

m V  

.13.(~ 
30 .5  

4 2 . 5  

39 .3  

4-' .8 

3t*.4 39 .4  

to  b e  less  t h a n -  o .z  t ~  0. 3 m V ,  t h a t  is, less t h a n  o. 5 t o  . o . 7 ' ~ , .  : \  c o r r e c t i o n  for  th is  e f f e c t  
h a s  n o t  been  app l i e d  t o  t h e  dat~L p r e s e n t e d  b e l o w .  

T h e  t h e o r y  o f  t h e  B . I . I ' .  i m p l i c i t l y  a s s u m e s  t h a t  a r e v e r s a l  o f  t h e  p o s i t i o n  ~,f t h e  s o l u t i o n s  
w i t h  respec t  to  the  m e m b r a n e  d o e s  n o t  c h a n g e  the  m a g n i t u d e  of  the  p o t e n t i a l ,  in o t h e r  w o r d s ,  
t h a t  t h e  m e m b r a n e s  a r e  f u n c t i o n a l ] y  s y m m e t r i c a l ,  l ) r e l i m i n a r y  t e s t s  s h o w e d  t h a t  m o s t  p e r m -  
se l ec t ive  c o l l o d i o n - m a t r i x  i n e m b r a n e s  in c o m b i n a t i o n  w i t h  s t r o n g  e l e c t r o l y t e s  h a v i n g  u n i v a l e n t  
cr i t ica l  ions  are  e s s e n t i a l l y  s y m m e t r i c a l .  I n  m o s t  s y s t e m s  p r e s e n t e d  b e l o w  t h e  a s y m m e t r y  w a s  
less  t h a n  0. 5 I n \ ' ;  in s o m e ,  p a r t i c u l a r l y  t h o s e  w i t h  m e m b r a n e s  o f  x e r y  high  r e s i s t a n c e  a n d  w i t h  
c r i t i c a l  i o n s  o f  g r e a t l y  d i f f e r e n t  h y d r a t e d  size,  the  a s y m m e t r y  w a s  a s  m u c h  a s  3 m \ : .  

IV.  E X P E R I M ' E N T . \ L  R E S U I [ r S  

Table II gives representative hi-ionic potentials with various pairs of critical 
ions across cation-permeable oxidized collodion and anion-permeable protamine 
collodion permselective membranes of different standard electrical resistances. 
Columns I and 2 indicate the electrolytes used ; columns 3 to 6 give the corresponding 
B.I.P.'s with four membranes of different resistance. Column 7 gives the ratio of the 
transference numbers within the membrane of column 5 calculated from equation x, 
referred to the K + and C1 ions as unity. In order to 3dsualize more easily the specific 
influence of the membrane on the magnitude of the transference numbers within the 
membrane, column 8 presents the ratio of the mobilities of the critical ions in free 
solution referred also to the K + and CI- ions as unity. 

Table II shows that the B.I.P.'s across permselective oxidized collodion and 
protamine collodion membranes differ widely with the nature of the critical ions. 
The B.I.P.'s with the same pair of critical ions differ for different membranes. If 
for each membrane the various cations or anions are arranged (as in Tahle II) in 
the order of their relative electromotive efficacy, the resulting sequence is a Hof- 
meister series. Analogous data obtained with other types of permselective memhranes 
(including polyacrylic acid and sulfonated polystyrene collodion membranes) yielded 

R e / m ' e ~ e s  /5. ,] 5~'. 
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T A B L E  II 

B I - I O N I C  P O T E N T I A L S  W I T H  V A R I O U S  P A I R S  OF C R I T I C A L  IONS ACROSS C A T I O N - P E R M E A B L E  A N D  

A N I O N - P E R M E A B L E  P E R M S E L E C T I V E  M E M B R A N E S  OF D I F F E R E N T  S T A N D A R D  E L E C T R I C A L  R E S I S T A N C E S  

(T = 25.0 ~ o.I ° C) 

a. Oxidized collodion m e m b r a n e s  

1 2 3 4 5 6 7 8 

Resistance in o.1 N KCl 

O C ~  a Q C ~  ~ O Cm ~ Q c m  I ~2 e~¢ z o 
S o l u t i o n  I , So lu t i on  2 16o  320  1 5 5 o  2 1 8 o  1 5 5 o  U B +  
o.0IOO N o . o l o 0  N o 

r B +  U K +  
B i - i o n i c  p o t e n t i a l  - - - -  

V K +  

mV mV mV mV 

KC1 CsC1 - -  7.5 - -  7-7 - -  8.7 - -  8.4 1.41 1-o7 
K I  NH4I  - -  4.7 - -  5-5 - -  6.8 - -  6.8 1.3o I.oo 
KC1 RbC1 - -  4.5 - -  4.8 - -  5.6 - -  5.6 1.25 1.o4 
KCI KC1 ± o.o =• o.o ± o.o ± o.o I.OO 1.oo 
KC1 NaC1 + 25.5 + 29.0 + 35-5 + 37.0 o.25I 0.682 
KC1 LiC1 + 45.0 + 51.2 + 63. 7 + 66. 3 0.084 0.526 
K I  (CH3)4NI + 55.5 + 68.2 + 81.6 + 82. 5 0.042 o.611 

b. P r o t a m i n e  collodion m e m b r a n e s  

Resistance in o.1 N KCl 

S o l u t i o n  z S o l u t i o n  2 1 5 5  5 ° 0  z 2 5 o  54  ° 0  1 2 5 o  U y _  
0 . 0 2 5 0  N 0 . 0 2 5 0  N o 

7:y_ uCl-  
B i- ionie potential 

rCl -  

mV mV nlV mV 

NaC1 NaCNS + 22.2 + 29.5 + 32.o + 36.4 3.48 o.864 
NaC1 N a N O  S + 14. 4 + 21.o + 23.1 + 26.9 2.46 o.937 
NaC1 NaI  + lO.4 + 11.9 + 12.2 + 12.o 1.61 I.OI 
NaC1 N a B r  + 5.3 + 7 .2 + 7 .2 + 7-9 1-32 1.o3 
NaC1 NaC1 + o.o ~ o.o ± o.o ± o.o I.OO I.OO 
NaC1 N a B r O  3 - -  4.0 - -  2.6 - -  2.2 - -  2.2 o.918 0.708 
NaCI N a F o r m a t e  - - I I . 2  - -  9.1 - -  7 .6 - -  5.3 0.744 o.715 
NaC1 N a B e n z o a t e  - - 3 4 - 9  - - 3 9 . 2  - - 3 8 . 6  - - 3 4 . 3  0.222 0.423 
NaC1 N a l O  a - - 3 4 . 7  - - 4 1 . 4  - - 4 5 . 1  - - 4 8 . 5  o.173 o.538 
NaC1 N a A c e t a t e  - - 4 o . 5  - - 4 4 . 2  - - 4 6 . 2  __46.4 o.165 0.536 
NaC1 NaProp ion .  - - 5 1 . 8  - - 5 7 . 1  - - 5 9 . 3  - - 5 8 . 4  0.099 o.469 
NaC1 N a B u t y r a t e  - - 5 7 . 4  - - 6 2 . 5  - - 6 5 . 9  - - 6 3 . 6  o.o77 o.427 

t h e  s a m e  g e n e r a l  r e s u l t .  I n  a l l  t h e s e  r e s p e c t s  t h e  v a r i o u s  t y p e s  o f  p e r m s e l e c t i v e  

m e m b r a n e s  a c t  i n  B . I . P .  s y s t e m s  i n  t h e  s a m e  m a n n e r  a s  o t h e r  m e m b r a n e s  o f  h i g h  

i o n i c  s e l e c t i v i t y 4 - L  

W i t h  a l l  p a i r s  o f  c r i t i c a l  c a t i o n s  a n d  w i t h  t h e  m a j o r i t y  o f  p a i r s  o f  c r i t i c a l  a n i o n s ,  

m e m b r a n e s  o f  h i g h e r  s t a n d a r d  r e s i s t a n c e  y i e l d e d  B . I . P . ' s  o f  h i g h e r  a b s o l u t e  m a g n i -  

t u d e .  I n  t h e  t w o  s y s t e m s  w i t h  t h e  b r o m a t e  a n d  f o r m a t e  a n i o n s ,  t h e  B . I . P .  i s  l o w e r  

w i t h  m e m b r a n e s  o f  h i g h e r  s t a n d a r d  r e s i s t a n c e ;  i n  t h e  t h r e e  s y s t e m s  w i t h  t h e  

b e n z o a t e ,  p r o p i o n a t e ,  a n d  b u t y r a t e  a n i o n s  n o  d e f i n i t e  c o r r e l a t i o n  a p p e a r s .  A c o m p r e -  

R e / e r e n c e s  p .  3 5 2 .  
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h c n s i v e  e x p l a n a t i o n  of t h e s e  r e s u l t s  is o u t s i d e  t h e  scope  of t h i s  t )apcr .  II wou ld  h a v e  

to  be  b a s e d  on  m u c h  m o r e  e x t e n s i v e  d a t a  c o n c e r n i n g  t i le  s t r u c t u r e  of t h e  m e m b r a n e s  

t h a n  a re  a v a i l a b l e  a t  p r e s e n t ,  p a r t i c u l a r l y  on t h e i r  pore-s ize  s p c c t r m n  a n d  c h a r g e  
d e n s i t y * .  

T h e  t h e o r y  of t h e  I I . I .P.  p r e d i c t s  i m p l i c i t l y  t h a t  h i - ion ic  p o t e n t i a l s  arc  inde-  

p e n d e n t  of t h e  n a t u r e  of t h e  n o n c r i t i c a l  ions .  In  o r d e r  t o  d e t e r m i n e  t h e  deg ree  to  

w h i c h  t h i s  a s s u m p t i o n  is co r rec t ,  t h e  B . I . P . ' s  were  c o m p a r e d  ac ross  t h e  s a m e  t )e rm-  

s e l e c t i v e  m e m b r a n e  in s e v e r a l  cel ls  w i t h  a p a r t i c u l a r  p a i r  of c r i t i ca l  ions  b u t  w i t h  

e a c h  cel l  h a v i n g  a d i f f e ren t  spec ies  of n o n c r i t i c a l  ions .  D a t a  r e p r e s e n t a t i v e  ~)f n u m e r -  

ous  such  e x p e r i m e n t s ,  g iven  in T a b l e  I I I ,  s h o w  t h a t  t i le  B . I .P .  w i t h i n  t h e  l i m i t s  of 

e x p e r i m e n t a l  e r r o r  is i n d e p e n d e n t  of t h e  n a t u r e  of t h e  n o n c r i t i c a l  ions.  

T.\ 1~,1A'Z I l l  

T H E  L A C K  ( ) F  I N I r L U E N C I , ;  O1 :  I ' I I E  N A T U R E  O F  T H E  N O N C R I T I C A l .  I O N S  O N  T H E  I ~ I - I ( I N I (  I ' O T K N T I A I  S 

A C R O S S  I ' I ' ~ R M S E L E C T I V I , 2  M E M B R A N E S  ( ' / "  : =  2 5 . 0  • O , I  ( ' )  

R c x i s h o t c c  in  o .1  N K C I  I ¢ c ~ G t a n c c  i n  . . ~  : \  K C I  

.qo[~l. I N o l n .  -' (.2 Cm ~ t )  c m  ~ ~-2 c m  z qrdl t ,  i q,d~l.  .' -Q c m  ~' -Q c~t  u -~2 ~.~l a 

~Lo5oo  _\" o . o 5 o ~  .'~' -'ut~ 9.5o I9 . ]~  u.~qor~  .\" ~,.t~5¢.~ : \  I / 5  t ;oo I ](~¢) 

B I  IOtIIC p o t e n t i a l  l J i  I¢)lll'C [~l~[t'll~t',t[ 

KCI LiCI 
KNO 3 LiNO,~ 
KI LiI 
K2S() I gi2s() l 

mV mV mV mV mV m\ 

45.5 
44.4 
44.0 
45.3 

i 59.-' i 04. i KNO:3 K.\c 54.1) t~¢~.t) 73.4 
t 57.5 ! o2.o NaNO a Na:\c 5~).o ~)S.o 74.2 
t 58.0 03.3 LiNO a IA.\c 5o.5 0~';. 3 74.S 
} 59.t ~ cq.t Ba(NOz). ~ I3a(Ac)2 5~).3 07. 3 73.() 

T h e  i n f l u e n c e  of t h e  c o n c e n t r a t i o n  on  t h e  m a g n i t u d e  of t h e  h i - ion ic  p o t e n t i a l  

was  d e t e r m i n e d  b y  c o m p a r i n g  t h e  p o t e n t i a l s  w h i c h  a r i se  ac ross  t h e  s a m e  p e r m -  

s e l e c t i v e  m e m b r a n e  in  s y s t e m s  w i t h  t h e  s a m e  p a i r  of c r i t i c a l  ions  a t  v a r i o u s  c o n c e n -  

t r a t i o n s .  S u c h  e x p e r i m e n t a l  d a t a  o b t a i n e d  w i t h  r e p r e s e n t a t i v e  c a t i o n - p e r m e a b l e  a n d  

a n i o n - p e r m e a b l e  p e r m s e l e c t i v e  m e m b r a n e s  of v a r i o u s  s t a n d a r d  e l ec t r i ca l  r e s i s t a n c e s  

a n d  w i t h  d i f f e r e n t  p a i r s  of c r i t i c a l  ions  a t  c o n c e n t r a t i o n s  f r o m  o .oo roo  N to  o.5oo N 

a re  p r e s e n t e d  in  Figs .  I a n d  2. A t  t h e  h i g h e r  c o n c e n t r a t i o n s ,  t h e  e r r o r  of t h e  p o t e n t i a l  

d e t e r m i n a t i o n s  due  to t h e  a s y m m e t r y  of t h e  l i q u i d  j u n c t i o n  p o t e n t i a l s  m a y  be  as 

m u c h  as  I t o  2 mV.  

T h e  p o t e n t i a l  v e r s u s  c o n c e n t r a t i o n  c u r v e s  of Figs.  I a n d  2 are  c h a r a c t e r i z e d  b y  

l ong  h o r i z o n t a l  or  n e a r l y  h o r i z o n t a l  b r a n c h e s  e x t e n d i n g  f r o m  c o n c e n t r a t i o n s  of a 

- * Ill the case of permselective oxidized collodion membranes of the same degree of oxidation 
lint with ditterent degrees of drying, the cause of the higher B.I .P. 's  with the more thoroughly 
dried membranes  may be surmised to be primarily a steric eltect; the larger critical ions are 
screened out selectively by the narrower pores. For example, a membrane was dried stepwise 
for different periods in air; the s tandard resistance and the B.I.P. were measured after each 
drying. The s tandard membrane resistances (in o.I N KC1) were 125o, 22,5oo, 5o, ooo, aml ioo,ooo 
,Qcm2; the B.I .P. 's  in the system o.o5o0 N KC1 ] <---@ --~ [ o.05o0 N LiCI were ] 0o, } 04, ~ 77, 
and q 79 mV, respectively. 

In another  experiment, permselective oxidized collodion membranes differing in their prepa- 
rat ion only by ditferences in drying time had s tandard electrical resistances of t5o, 156o, :_,,80o, 
and 20.5,000 ,Qcm 2 and gave B.I.P. 's in the system 0.0500 N K2SO 4 I <----'~ :* I 0'0500 ~Xr Na2S()4 
of 126.o, }-35.o, t 42.6 , and 4 47.4 inV. In the system o.05o0N K2SO 4l~-  c~, -~ i ° ' °5°°  N 
l,i2SOj, the B.I.P. 's  were 544.7, +63.5, ~ 80.2, and q 89.9 inV. 

lCe/ere,ces p. 3%'. 
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few hundred ths  normal  up to half normal  and a more or less sharp downward curva- 

ture at the lower concentra-  =, 
tions. In  most instances there +60 

is a very flat m a x i m u m  in the 
region of 0.05 to o.I N. +40 

The decrease in potent ia l  
from the m a x i m u m  in the range 
of low concentra t ions  is most m y  

pronounced with the membranes  +eo 

of low resistance and may  be 
as much as 20 millivolts in , 6 o - -  
o.ooi N solution. This effect is 
due to the above-discussed in- 
fluence of diffusion layers. In  +~o 
this region one of the basic as- 
sumpt ions  concerning the na ture  ÷,c 
of B.I .P.  systems is not  fulfilled, 
namely,  iden t i ty  of the bulk 
concentra t ion  in the two solu- 
t ions with the concentra t ion of 
the two l iquid layers in contact  
with the membrane.  

The long horizontal  or vir- 
tua l ly  horizontal  par ts  of the 
curves indicate tha t  the B.I .P. ' s  ~, 
across the various permselective60 

membranes  (in the concentra-  I 
t ion range where an influence-,o I 
of diffusion layers is absent) is / 
near ly  cons tant  up to concen-_2o: 
t ra t ions  of at least o.5 N. At 
this concentra t ion  the poten-  
tials are about  I to 6 mill ivolts  
lower t han  at the respective 
maxima.  This la t ter  effect is 
approximate ly  the same for the 
systems with un iva len t  as with 
b iva lent  noncri t ical  ions. Since 
it is known tha t  the leak of 
b iva lent  noncri t ical  ions even in 
0.5 N solutions is insignif icantly 
small, the decrement  in poten-  
t ia l  cannot  be a t t r ibu ted  to 
the higher leak of noncri t ical  
ions at the higher concentra-  
tions3,S, ~2, 25. The probable cause 
of the decrement  in potent ia l  at 

References p. 352. 
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Fig. ]. The variation with concentration of the bi-ionic 
potential across representative cation-permeable perm- 
selective membranes (T = 25.o ::[- o.i o C). Ox. Coll. = 
Oxidized collodion membrane; SPS = Sulfonated poly- 
styrene collodion membrane; PAA = Polyacrylic acid 

collodion membrane. 
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Fig. 2. The variation with concentration of the bi-ionic 
potential across representative anion-permeable perm- 
selective protamine collodion membranes (T = 25.o 

± o.~° C). 
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the higher concentra t ions  is discussed below. 
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V. I)ISC USSI()N 

The demarcation of the experimental conditions under which lg.I.P.s can 1)(, 
measured in a fully meaningful manner and with a high degree of accuracy was 
presented explicitly in this paper because the same basic factors must 1)e considered 
in any quanti tat ive study of dynamic membrane systems in general. 

The identity of the regularities in the magnitude of the l{.l.P.'s with different 
pairs of critical ions across the various types of t)ermselective collodion-matrix 
membranes and across other previously investigated types of membranes of high 
ionic selectivity indicates that  a great variety of membranes can l)e expected to act 
essentially in the same manner. The well defined, fast reacting pernlselectivc men> 
branes can, therefore, be utilized for the investigation of the B.I.P. and related 
phenomena without the danger that  their specific character plays a disturbing role. 

The importance to biology of the 13. I.P. stems to a large extent from the physical 
meaning of the ratio of the transference numbers in the membrane, z ~. r/~4 as a 
quanti tat ive measure of intrinsic ionic specificity in permeal)ility, a fact which 
becomes fully clear in the study of dynamic systems with more than two st)ecies 
of critical ions 9,1°. In this connection it is worth while noting that minor changes 
in the mode of preparation of permselective membranes have a profound effect on 
the ratio of the transference numbers in the membrane. The slight changes brought 
about in the membrane by drying at lower humidities can be presumed to bring 
about reductions in the diameter of the pores and a somewhat denser packing ()f 
dissociable groups. Similarly, seemingly minor changes in living inembranes due to 
minor changes in molecular arrangement of their undoubtedly highly organized 
structure (caused, for instance, by changes in pH, the release of strongly adst)rbable 
ions, etc.) might bring about great changes in the relative permeabili ty of competing 
species of ions. 

The observation that  the bi-ionic potential is fairly constant over a wide range 
of concentration confirms the theoretical prediction and is, as was indicated above, 
an important  factor in the development of the theory of polyionic t)otentials '~, ~0 

The observed slight decline of the B.I.P. at the higher concentrations is readily 
understood on the following basis: The B.I.P. 's  were measured between solutions of 
equal concentrations of the critical ions rather than between solutions of equal 
activities as would be required by a physico-chemically more appropriate definition 
of the B.I.P. At concentrations below o.o 5 N the ratio of the activities of the critical 
ions is practically unity. At higher concentrations this ratio tends to deviate signifi- 
cantly from unity depending on the particular pair of electrolytes under consideration. 
For example, in the systems presented in Fig. I, where the decline of the B.I.P. at 
higher concentrations is fairly conspicuous, the ratio of the activities of the critical 
ions in solution ~ to that  of solution 2 is significantly less than unity; this deviation 
becomes greater as the concentration increases. Thus, the observed decline of the 
B.I .P. 's  at higher concentrations is accounted for at least qualitatively. The quanti- 
tat ive evaluation of this effect involves the theory of the polyionic potentials which 
we plan to present in detail at a later date 9, u) 

In principle another approach to the study of B.I.P. systems is also of interest, 
namely, the independent determination of the mobilities and adsorbed quantities of 
the critical ions within the membranes of B.I.P. systems and the correlation of these 

Re/erem:es p. 35". 
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quantities to the magnitude of the B.I.P. 1. However, a meaningful quantitative 
correlation can be expected only if the membranes are closely similar in the geo- 
metrical and electrical structure to the idealized theoretical membrane. The available 
membranes show great heterogeneities in their electrical and geometrical structure; 
their permeability and electromotive properties depend primarily on those portions 
of the pathways across the membrane which by virtue of small diameter and presence 
of charged groups determine the quality and the intensity of the ionic processes 
which occur 1,~6,2~. Investigations of the above-indicated nature will become more 
worth-while and meaningful as membranes of a higher degree of structural regularity 
will become available. 

At present a more fruitful test of the theory of the B.I.P., particularly of the 
basic concept of transference numbers, is the study of the kinetics of the exchange 
of two or more species of critical ions across permselective membranes, a topic which 
is actively pursued in this laboratory. 

S U M M A R Y  

i.  The  theore t ica l  and  expe r i men t a l  l imi ta t ions  are d iscussed of t he  m e a s u r e m e n t  of t he  
d y n a m i c  bi-ionic m e m b r a n e  potent ia l ,  B . I .P . ,  which  arises across  a m e m b r a n e  s epa ra t i ng  the  
so lu t ions  of two elect rolytes  a t  t he  same  concen t r a t ion  h a v i n g  different  "cr i t ica l"  ions which  
are  able to e x c h a n g e  across t he  m e m b r a n e  and  the  s ame  "noncr i t i ca l "  ion species for which 
t he  m e m b r a n e  is impermeab le .  Pa r t i cu la r  a t t e n t i o n  is g iven  to t he  inf luence of t he  "dif fus ion 
l aye r s"  a d j a c e n t  to each sur face  of t he  m e m b r a n e .  

2. The  B . I .P . ' s  wi th  a va r i e ty  of pai rs  of cri t ical  ions across severa l  t y p e s  of cat ion-select ive  
and  anion-se lec t ive  permse lec t ive  co l lod ion-mat r ix  m e m b r a n e s  show t h a t  t he  e lec t romot ive  
efficacy of t he  var ious  ca t ions  and  an ions  cor responds  to the i r  pos i t ion  in t he  Hofme i s t e r  series. 
The  abso lu te  m a g n i t u d e  of t he  bi-ionic po ten t ia l s  depends  on minor  differences in t he  mode  of 
p r epa ra t i on  of t he  pe rmse lec t ive  m e m b r a n e s .  

3. The  B. I .P .  wi th  a g iven  pair  of cri t ical  ions across a g iven  m e m b r a n e  is i n d e p e n d e n t  of 
the  n a t u r e  of t he  noncr i t ica l  ions. 

4. The  ]3.I.P. w i th  a g iven  pair  of cri t ical  ions  is nea r ly  c o n s t a n t  w i th in  t he  r ange  of concen-  
t r a t i on  in wh ich  t he  diffusion layers  do no t  p l ay  a d i s tu rb ing  role. 

5. Some p rob lems  of m e m b r a n e  specificity and  the i r  biological impl ica t ions  are briefly 
discussed.  

RI~SUMt~ 

I. Les  a u t e u r s  d i s cu t en t  les l imi ta t ions  th6or iques  et  exp6r imen ta les  ~ la m e s u r e  du potent ie l  
b i - ionique d y n a m i q u e  de m e m b r a n e ,  t3.I.P.,  qu i  p rend  na issance  A t r ave r s  une  m e m b r a n e  s6pa ran t  
les so lu t ions  de denx  61ectrolytes A la m 6 m e  concen t r a t ion  a y a n t  des ions " c r i t i ques"  diff6rents 
qui  p e u v e n t  s ' 6changer  ~ t r ave r s  la m e m b r a n e  et  la m 6 m e  esp~ce d ' ions  " n o n  c r i t iques" ,  anxque l s  
la m e m b r a n e  est  imperm6able .  L ' inf luence  des "couches  de di f fus ion"  ad j acen te s  g c h a q u e  face 
de la m e m b r a n e  es t  pa r t i cu l i~ rement  mise  en lumi~re. 

2. Les  B. I .P .  ob t enus  avec u n  cer ta in  n o m b r e  de paires  d ' ions  cr i t iques  ~ t r ave r s  divers  
t ypes  de m e m b r a n e  A s u p p o r t  de collodion, permos61ectives pour  les ca t ions  ou pou r  les anions,  
m o n t r e n t  que  l 'efficacit6 61ectromotrice des diff6rents ca t ions  et  an ions  cor respond  Aleu r  pos i t ion  
d a n s  les s6ries de HOFMEISTER. L a  va leur  absolue  des po ten t ie l s  b i - ioniques  d6pend  de pe t i tes  
di t i6rences d a n s  le mode  de p r6pa ra t ion  des  m e m b r a n e s  permos~lect ives .  

3. Le B. I .P .  o b t e n u . p o u r  une  pai re  d ' ions  cr i t iques  donn6e et  pour  une  m e m b r a n e  donn6e 
es t  i n d ~ p e n d a n t  de la n a t u r e  des  ions non  cri t iques.  

4. Le B. I .P .  pour  une  pai re  d ' ions  cr i t iques  donn~e est  p r a t i q u e m e n t  c o n s t a n t  dans  le 
d o m a i n e  de concen t r a t ion  ~ l ' in t6r ieur  duque l  les courbes  de diffusion n ' occas ionnen t  pas  de 
pe r t u rba t i ons .  

5- Que lques  probl~mes  pos6s pa r  la sp6cificit6 des m e m b r a n e s  et  leurs  cons6quences  bio- 
log iques  son t  b r i~vemen t  discut6s.  
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