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A 'l'W0 PHASE MODEL FOR THE HINTIING OF CATIONS To LONG-CIIAIN 
POLYPHOSPHATE ANIONS 

TOHRU M I Y A J I M A  and SHIGERU OHASHI  
Department of Chemistry, Facul ty  of Science,  Kyushu Unive r s i ty ,  
Hakozaki , Higashiku, Fukuoka, 812 Japan. 
J A N  C.  T .  KWAK 
Department of Chemistry, Dalhousie Univers i ty ,  Ha l i f ax ,  NS, 
Canada B3H 453. 

Abstract  Binding of mi- and d iva len t  ca t ions  t o  long-chain 
polyphosphate anions was inves t iga t ed  i n  t h e  presence of excess  
uni-univalent sa l t .  It was concluded t h a t  t h e  b inding  occurs  
mainly i n  a " t e r r i t o r i a l  binding" mode, i .e.,  most of t h e  
bound ca t ions  move f r e e l y  wi th in  a s p e c i f i e d  volume around t h e  
polymer. I n t r i n s i c  complex formation ( s i t e  b ind ing)  should be 
expressed a s  an equi l ibr ium i n  t h e  polymer phase. 

INTRODUCTION 

Binding of un iva len t  o r  d iva l en t  ca t ions  t o  nega t ive ly  charged l i n e a r  

polymers i n  so lu t ions  containing excess uni-univalent  sa l t  i s  of  

i n t e r e s t  from both p r a c t i c a l  and t h e o r e t i c a l  viewpoints"'. 

t i c u l a r ,  q u a n t i t a t i v e  i n t e r p r e t a t i o n  of meta l  ion  b inding  t o  polyelec-  

t r o l y t e s  wi th  phosphate groups i s  needed t o  understand metal-induced 

phenomena i n  b i o l o g i c a l  systems. Among s y n t h e t i c  and n a t u r a l l y  occur- 

ing  p o l y e l e c t r o l y t e s ,  long-chain polyphosphate anions,  PP, have unique 

c h a r a c t e r i s t i c s .  PP i s  composed of t h e  phosphate group i t s e l f ;  s i n c e  

t h e  PP molecule does not  have an organic  backbone, t h i s  polymer may 

be regarded as  one of t h e  most hydrophi l ic  p o l y e l e c t r o l y t e s ,  f a c i l i t a t -  

ing  t h e  t h e o r e t i c a l  t rea tment  of t h e  counterion-polyelectrolyte bind- 

ing  . I n  t h i s  i n v e s t i g a t i o n ,  a poten t iomet r ic  s tudy  w a s  c a r r i e d  ou t  

f o r  t h e  systems of IICl/PP/BCl , AgNO /PP/BNO 

(B = L i ,  N a ,  K ,  ( C H  ) N )  at 2 5 O C .  

on t h e  Zn 

I n  par-  

3 

and Cu(N03)$?P/BN03 
3 i 3 '  Also a PNMR s tudy  w a s  c a r r i e d  out 3 4  2+ /PP binding system i n  t h e  presence of ( C H  ) N C 1 .  3 4  
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582 T. MIYAJIMA AND S. OHASHI 

A POTENTIOMETRIC STUDY 
+ + 2+ 

The concentrat ions of f r e e  A,  [ A ] ,  ( A  = H , Ag , Cu ) i n  mixed solu- 

t i o n s  of A ,  PP, and excess B were determined by use  of ion-se lec t ive  

e lec t rodes ,  

number of A ions bound per  one phosphate u n i t ,  vs  l og  [ A ] )  were 

obtained a t  d i f f e r e n t  concentrat ions of  B,  [B] .  From t h e  p l o t s ,  

log [A] values  corresponding t o  a f ixed  8 value were determined f o r  

d i f f e r e n t  l og  [ B ]  values. 

between log [ A ]  and log  [ B ]  f o r  t h e  var ious  8 values .  This empir ica l  

r e l a t ionsh ip  can be expressed as fol lows:  

The binding isotherms ( p l o t s  of 0 , i . e .  , t h e  average 

A good l i n e a r  r e l a t i o n s h i p  w a s  obtained 

log [ A ]  = s ( 6 )  log  [B] + log  k ( 8 )  (1) 

where s ( 8 )  and log  k ( 8 )  represent  t h e  s lopes and t h e  i n t e r c e p t s  of 

t h e  s t r a i g h t  l i n e s ,  r e spec t ive ly ,  

was l a r g e ,  s ( 8 )  values  were almost constant  and t h e  l i m i t i n g  va lues  

f o r  s(8) a t  0=0 were 1 f o r  t h e  H/L i  and Ag/Li systems and 2 f o r  t h e  

Cu/Li system. This i nd ica t e s  t h a t  t h e  binding of ca t ions  t o  PP anions 

can be t r e a t e d  a s  t h e  ca t ion  exchange r eac t ion  of an A i on  and B ion 

between t h e  polymer phase and t h e  bulk so lu t ion  phase , i . e . ,  t h e  

binding of one A ion r e l e a s e s  Z un iva len t  counter ions from t h e  

polymer phase (F ig .  1). If s ( e )  i s  equal  t o  Z ,  then  k ( 8 )  equals :  

Even though t h e  v a r i a t i o n  i n  k ( 8 )  

4 
Z+ 

1 [Ti1 

A [ E l Z  Kex B 

A where t h e  ba r  above A o r  B represents  t h e  exchanger phase and K Zex B 
i s  a s e l e c t i v i t y  c o e f f i c i e n t ,  def ined as K 

[ X I  and [g ]  can be expressed a s  i n  eqns(3)  and ( 4 )  by t h e  use of 8 ,  

t h e  t o t a l  capac i ty  of PP exchanger, n , and t h e  polymer phase 

= [ A 1  [ B l z / [ A l  [ E l  . A 
ex B 

volume, : p03 
vP 

( 3 )  

-1 
vP [ E l  = (1 - ze) npo 

3 
(4) 
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Combining eqns(2), ( 3 ) ,  and ( b ) ,  k ( 8 )  can be expressed as 

1 e . (5) z-l 

k ( 8 )  = 

A (1 - ze)z Kex B 3 

( 5 )  

When Z=1, i.e., A is a univalent cation, the volume term, V /n P PO , 
vanishes and the selectivity coefficient can be evaluated by use 3 

of the corresponding k ( 8 )  value as, 

Plots of K 

The constancy of the K 
substantial variation in k ( 8 )  value also supports the model proposed 

here. 

A 31P NMR STUDY 

A and k ( 8 )  vs 8 for Ag/Li system are shown in Fig. 2. ex B 
A values in this 8 range in spite of the 

ex B 

The two phase model indicates the difficulty of a straightforward 

characterization of the intrinsic complex formation on PP anions 
in the thermodynamic study. Combination of thermodynamic data with 

spectroscopic information may give additional insight in this problem. 

Since it has been shown that the 31P NMR chemical shift (6) of the 
middle phosphate group on the PP molecule is sensitive to the nature 

5 of countercations , a 31P NMR study has been combined with a thermo- 
dynamic binding study in the system of Zn/PP. The binding isotherms 

were determined by means of a dye spectrophotometric technique , which 
determines the free Zn concentration directly in the polyelectrolyte 
solution, The value of 6 was determined as a function of 8 in a 

solution containing (CH ) NC1 and (CH3)4 -PP-(0.02 monomole/L) (Fig. 3 
The plots obtained at different ionic strengths are reduced to the 

same curve in Fig. 3, indicating that the shift depends only on the 
value of 8,not on the ratio of the total amount of Zn to PP present . 
The plots show a downfield shift at low 8 values followed by an 

upfield shift at higher 8 value ( 8  2 - 0 . 2 5 ) .  

6 

+ 
3 4  

5 
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FIGURE 1 
phase and t h e  bulk s o l u t i o n  phase. 

Cation exchange r eac t ion  between t h e  PP polymer 

0 

FIGURE 2 S e l e c t i v i t y  c o e f f i c i e n t  of  
t h e  Ag/Li exchange on t h e  PP polymer. -21,s 

0 0 , l  0.2 0,3 0,4 0 ,s  
9 

FIGURE 3 
P l o t s  of 6 vs 9. 
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