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COMPLEX FORMATION OF MONOMERIC PHOSPHORUS OXOACIDS 
W I T H  SODIUM I O N  I N  DONNAN EXCLUSION CHROMATOGRAPHY 

Yuj i  Tokunaga, Yuko Takeuchi and Sh ige ru  Ohashi 

Department of  Chemistry, Facu l ty  of Sc ience ,  
Kyushu Unive r s i ty  

Hakozaki, Higashiku, Fukuoka, 812 JAPAN 

ABSTRACT 

A method f o r  e v a l u a t i o n  o f  s t a b i l i t y  c o n s t a n t s  of 
ve ry  u n s t a b l e  and l a b i l e  complexes h a s  been proposed by 
t h e  use of Donnan exc lus ion  chromatography. The 
s t a b i l i t y  c o n s t a n t s  of  sodium complexes o f  monomeric 
phosphorus oxoacids  have been e v a l u a t e d  t o  be l o g  6 1  = 
-0.04 f o r  phosphinate ,  l o g  f31 = 0.86 and l o g  f32 = 0 . 2 4  
f o r  hydrogen or thophosphate  and l o g  8 1  = 0.61 and l o g  f32 
= 0.16 f o r  phosphonate, r e s p e c t i v e l y ,  a t  I = 1 - 0 0  

(CH3)4NCl, t = 2 5 . 0 °  f 0 . 1 O C .  

INTRODUCTION 

Sodium s a l t  of monomeric phosphorus oxoacid is  a 

l a b i l e  and very u n s t a b l e  complex due t o  a weak i o n i c  

bond. Although it has  been supposed t h a t  monomeric 

phosphorus oxoacid h a r d l y  forms complexes ( o r  ion -pa i r  ) 

wi th  a l k a l i n e  metal i o n ,  t h e  i n f l u e n c e  of m e t a l  i o n  

canno t  be ignored i n  chromatographic s tudy  us ing  m e t a l  
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756 TOKUNAGA, TAKEUCHI, AND OHASHI 

i on  as  an e l u e n t  o r  i n  biochemical r e a c t i o n s  in v i v o . .  
There fo re ,  t h e  magnitude of t h e  m e t a l  i o n  i n f l u e n c e  t o  
monomeric phosphorus oxoacids  must be e s t i m a t e d .  
magnitude may be r e p r e s e n t e d  as the s t a b i l i t y  c o n s t a n t  
t h a t  i s  able to  be measured i n  Donnan e x c l u s i o n  
chromatography, whereas it i s  d i f f i c u l t  t o  d i r e c t l y  
measure the c o n c e n t r a t i o n  of f r e e  m e t a l  i o n  o r  f r e e  anion 
wi th  a n  i o n - s e l e c t i v e  e l e c t r o d e  because t h e  measurement 
must be done i n  a s o l u t i o n  c o n t a i n i n g  cons ide rab ly  
concen t r a t ed  m e t a l  ion.  There are a few i n v e s t i g a t i o n s  
r epor t ed .  Smith and Albe r ty  (1) have i n v e s t i g a t e d  
or thophosphate  complexes wi th  monovalent c a t i o n s  by 
po ten t iome t ry .  Phosphonate complex w i t h  sodium i o n  h a s  
been determined with a c o n d u c t i v i t y  method by F r e i ,  
Podlahov; and Podlaha ( 2 ) .  On t h e  o t h e r  hand, t h e  
secondary o v e r a l l  s t a b i l i t y  c o n s t a n t ,  8, can be  a l s o  
determined i n  Donnan e x c l u s i o n  chromatography. I n  t h e  
p r e s e n t  paper ,  t h e  s t a b i l i t y  c o n s t a n t s  of  sodium complexes 
of  phosphinate ,  PH2(3? , phosphonate,  PHO3 
orthophosphate ,  HP04- are e v a l u a t e d .  

The 

2 -  and hydrogen 

EXPERIMENTAL 

A d e x t r a n  gel- type cat ion-exchanger ,  SP-Sephadex 
C-25 column of 1 . 0  c m  I.D., w a s  equipped wi th  a c o n s t a n t  
temperature  j a c k e t  c o n t r o l l e d  a t  25.0° 0.1OC. 
E l u e n t s  w e r e  sodium c h l o r i d e  s o l u t i o n s  of v a r i o u s  
c o n c e n t r a t i o n s  ( 0 - 1.00 M ) .  Tetramethylammonium 
c h l o r i d e  w a s  added t o  ma in ta in  i o n i c  s t r e n g t h  a t  u n i t y .  
The e l u e n t s  and t h e  sample s o l u t i o n s  c o n t a i n  a s m a l l  
amount of tetramethylammonium hydroxide t o  a d j u s t  pH t o  
10. A b u f f e r  s o l u t i o n  i s  i n t e n t i o n a l l y  n o t  used t o  
p r e v e n t  a s i d e  r e a c t i o n .  Flow ra te  w a s  0 . 7  ml/min. 
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MONOMERIC PHOSPHOROUS OXOACIDS 75 7 

Sample sodium s a l t s  of orthophosphate N a 2 H P 0 4 ,  

phosphonate Na2PH03.5H20 and phosphinate NaPH202.H20 
w e r e  of commercially ava i l ab le  reagent  grade. 
trimetaphosphate Na3P309-3H20 and l i n e a r  polyphosphate 
( Graham's s a l t ,  average degree of polymerization = 53 ) 

w e r e  prepared i n  our laboratory.  

Sodium 

Af ter  the column was pre-conditioned w i t h  the  
e l u e n t  of a given sodium ion  concentrat ion,  100 p l  of 
sample so lu t ion  ( 1 x M as P atom ) w a s  appl ied t o  
the  column. The e f f l u e n t  w a s  co l l ec t ed  with a f r a c t i o n  
c o l l e c t o r  i n t o  f r a c t i o n s  of 0.5 m l .  The determination 
of sample components and the ca l cu la t ion  of t he  
d i s t r i b u t i o n  c o e f f i c i e n t  are the  s a m e  as descr ibed 
previously ( 3  - 5 ) .  

RESULTS AND DISCUSSION 

The s t a b i l i t y  cons tan ts  of tr imetaphosphate complex 
w i t h  magnesium and calcium have been estimated i n  the 
previous paper ( 4 ) .  These values  a r e  s m a l l  and the order  
30 - 50. Sodium complexes of monomeric phosphorus 
oxoacids have weaker  s t a b i l i t y  constants  than t r imeta-  
phosphate. Although phosphinate i s  taken a s  a spec ies  
t h a t  is hard t o  form an ion-pair ,  w e  found the  e l u t i o n  
pos i t i on  of monomeric phosphorus oxoacids s h i f t s  t o  a 
l a rge  volumes with the increase  of sodium ion concentra- 
t i o n  i n  an e luen t .  I t  is evident  t h a t  monomeric 
phosphorus oxoacid, even phosphinate, forms a complex 
( o r  ion-pair  ) w i t h  sodium ion. 

The cation-exchanger column of 1 . 0  c m  I . D .  w a s  used 
i n  t h i s  work ins tead  of 1 .5  cm I.D. because it inc ludes  
enough of a non-adsorption region for  the r e s u l t i n g  
sodium complexes with a low negat ive charge between zero 
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and two. The t h e o r e t i c a l  b a s i s  was confirmed by 
p l o t t i n g  t h e  logar i thm of  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
a g a i n s t  a n i o n i c  charge.  This  p l o t  i s  found t o  be 
l i n e a r  and t h e  s l o p e  is almost  t h e  same as t h a t  of  a 
1 . 5  c m  I . D .  column ( 0.39 t o  0.38 ) .  I t  can be s a i d  
t h a t  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  is  independent o f  
column s i z e .  

A c o n t r a c t i o n  i n  t h e  bed volume is  caused by t h e  
i n c r e a s e  of sodium i o n  i n  an e l u e n t .  I t  i s  necessary ,  
f o r  t h e  c a l c u l a t i o n  of  t h e  d i s t r i b u t i o n  c o e f f i c i e n t ,  t o  
a c e r t a i n  t h e  cause of  t h e  c o n t r a c t i o n .  Thus, w e  found 
t h a t  t h e  e f f l u e n t  volume between crotonaldehyde and 
long-chained l i n e a r  polyphosphate ( Graham’s s a l t  ) i s  
c o n s t a n t  a t  any sodium i o n  concent ra t ion  i n  an e l u e n t .  
That i s  t o  s a y ,  t h e  c o n t r a c t i o n  i s  due to t h e  decrease  
of t h e  volume of  t h e  e x t e r n a l  i n t e r s t i t i a l  s o l u t i o n  
( cf. r e f .  5 ) .  The d i s t r i b u t i o n  c o e f f i c i e n t  may be 
c a l c u l a t e d  by cons ider ing  t h e  decrease  of  t h e  bed volume 
a t  a given concent ra t ion  of  sodium i o n ,  because t h e  
volume of t h e  Donnan exchanger phase i s  c o n s t a n t .  

A one-to-one sodium complex of  phosphinate  i s  
e l u t e d  a t  t h e  p o s i t i o n  between monovalent and n e u t r a l  
s p e c i e s .  The d i s t r i b u t i o n  c o e f f i c i e n t  i n c r e a s e s  with an 
i n c r e a s e  i n  t h e  sodium i o n  c o n c e n t r a t i o n  ( TABLE 1 ) .  

The s t a b i l i t y  c o n s t a n t ,  8 , ,  f o r  Na+ + PH20Z N a P H 2 0 2  

i s  obta ined  by e x t r a p o l a t i n g  [ N a  ] t o  zero concent ra t ion .  + 

where D i s  t h e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  sample an ion ,  
KD is  t h e  c h a r a c t e r i s t 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  of 

t h e  components and “a ] i s  t h e  concent ra t ion  of sodium + 
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MONOMERIC PHOSPHOROUS OXOACIDS 759 

TABLE 1 
Experimental  D a t a  f o r  Phosphinate 

“a+] (M) 0.4 0.5 0.6 0.7 0.8 0.9 

D 0.554 0.571 0.578 0.601 0.604 0.629 

n 0.241 0.270 0.281 0.321 0.326 0.369 
0 0.794 0.741 0.654 0.676 0.607 0.650 

- 

i o n  i n  a n  e l u e n t .  The r a t io  o f  t h e  amount of bound 
sodium i o n s  i n  moles t o  t h e  t o t a l  amount of t h e  l i g a n d  
ion ,  n ,  should n o t  be c l o s e  t o  an i n t e g r a l  va lue ,  because 
an enormous e r r o r  r e s u l t s  as can be seen from eqn. (1). 

The I#I i s  c a l c u l a t e d  a t  t h e  concen t r a t ion  o f  sodium i o n  
so t h a t  the r a t i o  is  between 0 . 1  and 0 . 9 .  The 0 i s  
p l o t t e d  a g a i n s t  t h e  c o n c e n t r a t i o n  o f  sodium i o n  i n  an 
e l u e n t  ( Fig.  1 ) .  The s t a b i l i t y  c o n s t a n t  of  sodium 
phosphinate  i s  found t o  be on ly  0 . 9 1  ( l o g  B, = -0.04 ) .  

This  means t h a t  about  8.4 % of phosphinate  i o n  forms 
sodium complex even i n  0 . 1  M sodium c h l o r i d e  s o l u t i o n .  
Th i s  i s  a s t r i k i n g  method t h a t  t h e  s t a b i l i t y  c o n s t a n t  
can be eva lua ted  so f a r  as i t  i s  nea r  u n i t y  a t  I = 1.00. 

- 

Sodium complexes of  hydrogen or thophosphate  and 
phosphonate were s i m i l a r l y  examined. For these 
complexes, t h e  secondary o v e r a l l  s t a b i l i t y  c o n s t a n t ,  
can be a l s o  ob ta ined  because disodium complex i s  n o t  
s t i l l  a c a t i o n i c  s p e c i e s  adsorbed on to  f i x e d  groups of 

a cation-exchanger.  To e v a l u a t e  t h e  s t a b i l i t y  c o n s t a n t ,  
t h e  fo l lowing  equa t ion  w a s  de r ived  

B 2  
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FIGURE 1 

Evaluat ion of s t a b i l i t y  c o n s t a n t  of  sodium phosphinate  
complex ( I = 1.00, 25.0’ f 0.1OC 1 .  

+ 
By p l o t t i n g  a g a i n s t  (KD,Na2p  - D) “a I / ( K D , N a p  - D ) ,  B, 
and B 2  can be ob ta ined  from t h e  i n t e r c e p t  and t h e  s l o p e ,  

r e s p e c t i v e l y .  The experimental  data f o r  hydrogen 
or thophosphate  and phosphonate are t a b u l a t e d  i n  TABLE 2 

and shown i n  F i g .  2 .  The s t a b i l i t y  c o n s t a n t s  ( 6, and 

B 2  ) are e v a l u a t e d  t o  be 7 . 2 3  and 1 . 7 4  ( log B1 = 0.86 
and l o g  6, = 0 . 2 4  ) f o r  hydrogen or thophosphate ,  and 

4 . 1 2  and 1 . 4 3  ( log B1 = 0 . 6 1  and l o g  6, = 0.16 ) f o r  

phosphonate, r e s p e c t i v e l y ,  a t  I = 1.00 ( C H 3 ) 4 N C 1 ,  t = 

25.0° f 0.1OC. The va lues  are very s m a l l  and l i e  i n  
t h e  range where it i s  d i f f i c u l t  t o  measure the i o n i c  

c o n c e n t r a t i o n  w i t h  an i o n - s e l e c t i v e  e l c t r o d e .  The 
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TABLE 2 

76 1 

Experimental Data for Hydrogen Orthophosphate and 
Phosphona t e  

Hydrogen Orthophosphate 

[Na+](M) 0.030 0 .035  0.040 0 .100  0.150 0.200 

D 0 . 2 1 3  0 .220  0 .225  0 .279  0 .309  0 . 3 3 1  

n 0 .18  0 . 2 1  0 . 2 3  0 .45  0 .57  0.67 
A 0 .118  0 .142  0 .165  0.540 1 . 0 0  1 . 6 6  

B 7.34 7 .63  7 .45  8 .22  9 .03  10 .1  

- 

Phosphona te  

[Na+](M) 0.030 0 .035  0.040 0.100 0.150 0.200 

D 0 .196 0 . 2 0 2  0 . 2 0 5  0.249 0.275 0 . 3 0 1  

n 0 . 1 1  0.14 0 .15  0 . 3 3  0.44 0.54 

A 0 .112  0 .132  0.153 0.460 0 . 7 9 1  1 . 2 6  

B 4 . 1 4  4 .33  4.40 4 .91  5 .14  5 - 9 3  

- 

A =  

B =  

- D  KD,  NaP 

D 1 “a+] 

f i r s t  o v e r a l l  s t a b i l i t y  c o n s t a n t ,  B,, has been found t o  
be l o g  B1 = 0.60 ( I = 0.2 ( C 3 H 7 l 4 N C 1 ,  t = 25OC 1 f o r  
hydrogen orthophosphate by potent iometry (l), and log B1 
= 1 . 0 5  ( I = 0 ,  t = 2OoC ) f o r  phosphonate by 

c o n d u c t i v i t y  ( 2 ) .  I t  seems t h a t  these va lues  have t h e  
same o r d e r  a s  ours  i f  w e  t a k e  i n t o  account t h e  d i f f e r e n c e  

of c o n d i t i o n s  employed. 
These r e s u l t s  i n d i c a t e ,  apparent ly ,  t h a t  t h e  

s t a b i l i t y  c o n s t a n t  of a very uns tab le  and i o n i c  bonded 
complex can be eva lua ted  a s  w e l l  a s  t h a t  of a s t a b l e  and 

c o v a l e n t  bonded complex, because of t h e  simple procedure 
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+ 1 o . c  
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\ - 
a 
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I 

0 - 

0 

B1 = 7 . 2 3  ( log B1 = 0.86 ) 
,PO:- 

B1 = 4.12 ( log B1 = 0.61 ) 

B2 = 1 . 4 3  ( log B 2  = 0.16 ) 

PH0;- 

I I I 

0.5 1.0 1.5 ( M ) 

FIGURE 2 

Eva lua t ion  of  s t a b i l i t y  c o n s t a n t s  of sodium hydrogen 
or thophosphate  and sodium phosphonate complexes ( I = 
1 - 0 0 ,  25.0 '  f 0.1OC 1 .  

t h a t  sets m e t a l  i o n  c o n c e n t r a t i o n  around t h e  r e c i p r o c a l  
of t h e  s t a b i l i t y  cons t an t .  I t  i s  one of t h e  most 
advantageous methods f o r  measuring t h e  s t a b i l i t y  

c o n s t a n t .  An u n s t a b l e  and l a b i l e  complex such as  a 
sodium s a l t  of: monomeric phosphorus oxoacid i s  very 
i n t e r e s t i n g  n o t  only i n  s o l u t i o n  chemistry b u t  a l so  i n  
biochemical s t u d i e s  d e a l i n g  wi th  non-high-energy 
phosphate.  
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