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GEL CHROMATOGRAPHIC BEHAVIOR OF 
INORGANIC LINEAR AND CYCLIC PHOSPHATES 

INFLUENCES OF ELUTING AGENTS 

Tohru Miyajima, Yukiharu Yoshikawa, Norimasa Yoza 
and Sh ige ru  Ohashi 

Department of Chemistry,  F a c u l t y  of S c i e n c e ,  Kyushu U n i v e r s i t y  33 
Hakozaki,  Higashiku,  Fukuoka, 812 JAPAN 

ABSTRACT 

I n o r g a n i c  phospha te s  were chromatographed on a Sephadex G-25 
column us ing  l i t h i u m  c h l o r i d e ,  sodium c h l o r i d e ,  po ta s s ium c h l o r i d e ,  
rubidium c h l o r i d e ,  cesium c h l o r i d e  and tetramethylammonium c h l o r i d e  
a s  a n  e l u t i n g  a g e n t  a t  pH 10. When tetramethylammonium c h l o r i d e  
w a s  used 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  of  a l i n e a r  phosphate  w a s  
a p p a r e n t l y  smaller than  t h a t  o f  t h e  c y c l i c  phosphate  which h a s  t h e  
same number of phosphorus atoms i n  i t s  molecu le .  It w a s  concluded 
t h a t  g e l  chromatographic  b e h a v i o r  of  phosphate  s p e c i e s  i s  g r e a t l y  
i n f l u e n c e d  by t h e  n a t u r e  of c o u n t e r  i o n s  i n  an e l u e n t .  

INTRODUCTION 

A s  w e l l  a s  i n  o r g a n i c  polymer c h e m i s t r y ,  g e l  chromatography 

has  a g r e a t  p o t e n t i a l i t y  i n  c h a r a c t e r i z i n g  i n o r g a n i c  polymers such  

as polyphosphates(1-6)  and p o l y s i l i c a t e s ( 7 ) .  Th i s  t e c h n i q u e  h a s  

been used n o t  o n l y  f o r  s e p a r a t i o n s  of t h e s e  polymers b u t  a l s o  es t i -  

mation of e f f e c t i v e  r a d i i  of t h e s e  a n i o n s ( 2 ) .  It h a s  been  p o i n t e d  

o u t  t h a t  t h e  p l o t s  of K v a l u e s  of l i n e a r  phospha te s  v e r s u s  loga-  

r i t h m s  of  t h e  deg ree  of po lymer i za t ion  g i v e  a s t r a i g h t  l i n e ( 2 , 3 ) .  

I n  a l l  t h e s e  c a s e s  e l e c t r o l y t e  s o l u t i o n  of an a p p r o p r i a t e  concen t r a -  

t i o n  has  been used a s  an e l u e n t  i n  o r d e r  t o  p r e v e n t  t h e  Donnan 

e f f e c t ( 8 ) .  Sodium o r  potassium s a l t  has  u s u a l l y  been used f o r  t h i s  

purpose.  The l i n e a r  and c y c l i c  phosphates  which have t h e  same number 
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74 MIYAJIMA ET AL. 

of phosphorus atoms in a molecule showed almost the same distribution 

coefficient in these electrolyte solutions(3). 

It has recently been recognized that complex formation plays 

an important role on the gel chromatographic behavior of ionic 

solutes(9-13). Since sodium or potassium ions bind some oxoanions 

of phosphorus to form ion-pair, the resulting elution behavior of 

these anions is expected to be greatly dependent on the nature of 

the eluting agent. 

In this study, the elution behavior of orthophosphate(P1), di- 

phosphate(P2), triphosphate(P >, tetraphosphate(P4), trimetaphos- 

phate(P ) and tetrametaphosphate(P ) were examined using 0.1 M 

chloride salts of lithium, sodium, potassium, rubidium, cesium and 

tetramethylammonium ions, because it was expected that the affinity 

of  these cations to phosphate anions is different from each other. 

When tetramethylammonium chloride was used, a linear phosphate was 

eluted faster than the cyclic phosphate which has the same number 

of phosphorus atoms in its molecule. This was attributed to their 

molecular shapes in tetramethylammonium chloride solution. 

3 

3m 4m 

EXPERIMENTAL 

Mutcr4nZs 

Analytical grade disodium monohydrogen orthophosphate dodeca- 

hydrate (Na HP04.12H20) and tetrasodium diphosphate decahydrate 

(Na P 0 .10H 0) were used without further purification. Sodium 

triphosphate hexahydrate (Na P 0 .6H 0) was recrystallized from 

ethanol-water mixed solvent. Hexaammonium tetraphosphate hexa- 

hydrate ((NH ) P 0 -6H 0 )  ( 1 4 ) ,  trisodium trimetaphosphate tri- 

hydrate (Na P 0 '3H20) (15) and tetrasodium tetrametaphosphate tetra- 
hydrate (Na4P4012.4H20) (15) were prepared according to the litera- 

ures. Other reagents were analytical grade. 

Procediire f o r  e1.u l i o n  

2 

4 2 7  2 
5 3 1 0  2 

4 6 4 1 3  2 

3 3 9  

Sephadex G-25 columns (15x900 mm or 15x450 mm) were u s e d .  

0.1 M electrolyte solutions whose pH were adjusted to 10 by use of 

NH -NH C1 buffer were used as eluents. The phosphate anions except 3 4  
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INORGANIC LINEAR AND CYCLIC PHOSPHATES 75 

f o r  o r t h o p h o s p h a t e  were c o n s i d e r e d  t o  b e  a l m o s t  comple t e ly  d i s s o c i -  

a t e d  a t  t h i s  pH. Or thophospha te  an ion  was expec ted  t o  be mono- 

p r o t o n a t e d ,  i . e . ,  HP04 , a t  pH 10. 

n o t  r a i s e d  more t h a n  1 0  because  i t  h a s  been  r e p o r t e d  t h a t  a t  pH 

h i g h e r  t h a n  10 t h e  g e l  phase  b e a r s  n e g a t i v e  c h a r g e s  which l e a d s  t o  

abnormal b e h a v i o r  of i o n i c  s p e c i e s ( l 1 ) .  0.5 m l  p o r t i o n s  of sample 

s o l u t i o n s  which c o n t a i n e d  e a c h  phosphate  as w e l l  as a n  e l e c t r o l y t e  

and b u f f e r  a g e n t s  o f  t h e  same c o n c e n t r a t i o n  as t h e  e l u e n t  were 

a p p l i e d  t o  t h e  column. 

phospha te  c o n c e n t r a t i o n  of an  e f f l u e n t  was monitored w i t h  AutoAnalyzer 

II (Techn icon) .  The d e t a i l s  of t h e  a p p l i c a b i l i t y  o f  AutoAnalyzer  

TI as a p o s t  column d e t e c t o r  o f  a l i q u i d  chromatography was d e s c r i b e d  

p r e v i o u s l y ( l 6 ) .  The r e s i d e n c e  t ime i n  t h e  d e t e c t o r  w a s  measured t o  

b e  c a .  1 8  min. I n  o r d e r  t o  d e t e r m i n e  t h e  e l u t i o n  volumes of c ro ton -  

a ldehyde  (CH3CH= CHCHO), a W d e t e c t o r  ( 2 2 4  nm) was used .  

2- 
The pH v a l u e  of a n  e l u e n t  was 

E l u t i o n  f low rate  was 1 . 7  ml/min. T o t a l  

The e l u t i o n  volume o f  t h e  e l u t i n g  a g e n t s  were de t e rmined  u s i n g  

a conduc tomet r i c  d e t e c t o r .  0.5 m l  of water w a s  a p p l i e d  t o  t h e  column 

which w a s  e q u i l i b r a t e d  w i t h  0 . 1  M background e l e c t r o l y t e  and t h e n  

e l u t e d  w i t h  t h e  s o l u t i o n .  The e l u t i o n  p r o f i l e  gave one  n e g a t i v e  

peak.  S i n c e  t h e  c a t i o n s  and a n i o n s  of background e l e c t r o l y t e  s h o u l d  

m i g r a t e  w i t h  t h e  same v e l o c i t y  through t h e  column i n  o r d e r  t o  satis-  

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

peak shows t h e  e l u t i o n  volume of t h e  e l u t i n g  a g e n t .  

CaZcuZation of a distribution coefficient, KaU 
A Kav v a l u e  was c a l c u l a t e d  by t h e  e q u a t i o n  

'e - '0 

V t  - v Kav - 
0 

where V is t h e  t o t a l  column volume, V is t h e  e l u t i o n  volume of t h e  

sample and Vo i s  t h e  v o i d  volume which i s  de te rmined  w i t h  sodium 

phospha te  g l a s s  ( a  m i x t u r e  of long-chain po lyphospha te  whose a v e r a g e  

d e g r e e  o f  p o l y m e r i z a t i o n  i s  e s t i m a t e d  t o  b e  100) o r  w i t h  Blue Dex t ran  

2000 (Pharmacia) . 
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76 M I Y A J I M A  ET AL. 

RESULTS AND DISCUSSION 

EZutior; behavior of elut ing agents 
It  h a s  been  r e p o r t e d  t h a t  t h e  e l u t i o n  volumes of  a n i o n i c  s p e c i e s  

are dependent  on t h e  p e n e t r a b i l i t y  o f  t h e  c o u n t e r  c a t i o n s  i n  t h e  

e l u e n t  i n t o  g e l  p o r e s ( l 7 ) .  I f  t h e  s i z e s  of  c o u n t e r  c a t i o n s  are 

l a r g e r  t han  t h a t  of  o r t h o p h o s p h a t e  a n i o n ,  t h e  p e n e t r a t i o n  of the 

a n i o n  may b e  r e s t r i c t e d .  

As can be s e e n  from Tab le  1, t h e  K v a l u e s  of t h e  e l u t i n g  a v  
a g e n t s  are  always g r e a t e r  t h a n  t h o s e  of o r t h o p h o s p h a t e s ,  which 

e x c l u d e s  t h e  i d e a  t h a t  t h e  p e n e t r a t i o n  of  o r t h o p h o s p h a t e  a n i o n  

i n t o  g e l  p o r e s  w a s  p r e v e n t e d  by  t h e  c a t i o n s  of  s u p p o r t i n g  e l e c t r o -  

l y t e s .  

Ef fec t  of s a l t  concentration of an eluent 

I t  h a s  been s t r e s s e d  t h a t  e l e c t r o l y t e  s o l u t i o n  of a n  a p p r o p r i -  

a t e  c o n c e n t r a t i o n  s h o u l d  be  used  as a n  e l u e n t  i n  o r d e r  t o  p r e v e n t  

t h e  Donnan e f f e c t ( 8 ) .  The e f f e c t  of t h e  c o n c e n t r a t i o n  of  t h e  

e l e c t r o l y t e  on  t h e  e l u t i o n  b e h a v i o r  of phospha te  a n i o n s  h a s  been  

examined. The Kav v a l u e s  of o r t h o p h o s p h a t e  (HPO ) ,  t r ime taphos -  

p h a t e  and t e t r a m e t a p h o s p h a t e  o b t a i n e d  by e l u t i o n  w i t h  t e t r a m e t h y l -  

ammonium c h l o r i d e  as an e l u t i n g  a g e n t  d i d  n o t  change when t h e  

e l e c t r o l y t e  c o n c e n t r a t i o n  w a s  between 0.02 and 0.2 M ( F i g .  1). 

I t  c a n  be  concluded t h a t  t h e  Donnan e f f e c t  can  be s u f f i c i e n t l y  

s u p p r e s s e d  by u s e  of a 0.02 M e l e c t r o l y t e  s o l u t i o n  as a n  e l u e n t .  

However, when sodium c h l o r i d e  was used  as an  e l u t i n g  a g e n t ,  

v a l u e s  i n c r e a s e d  g r a d u a l l y  w i t h  an i n c r e a s e  i n  t h e  c o n c e n t r a t i o n .  

No c o n s t a n c y  of t h e  K v a l u e s  may m i s l e a d  t h e  c o n c l u s i o n  t h a t  t h e  

Donnan e f f e c t  i s  n o t  s u f f i c i e n t l y  s u p p r e s s e d  even i n  s u c h  a h i g h  

e l e c t r o l y t e  c o n c e n t r a t i o n  as 0 . 5  M ( F i g .  2 ) .  The i n c r e a s e  i n  K 

v a l u e s  i n  t h e  sodium c h l o r i d e  sys t em s h o u l d  b e  e x p l a i n e d  by a n  

a l t e r a t i o n  of t h e  s o l u t e  s p e c i e s  due t o  i o n - p a i r  f o r m a t i o n  between 

sodium i o n  and phospha te  a n i o n s .  

H ighe r  c o n c e n t r a t i o n  of  tetramethylammonium c h l o r i d e  s o l u t i o n  

2- 
4 

Kav 

a v  

a v  

t h a n  0.2 M l e a d s  t o  a g r e a t  i n c r e a s e  i n  t h e  K v a l u e s  ( F i g .  1). 

T h i s  phenomenon may b e  a t t r i b u t e d  t o  t h e  s o l v o p h o b i c  e f f e c t .  
av 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
4
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



INORGANIC LINEAR AND CYCLIC PHOSPHATES 77 

TABLE 1 
Kav Values of Inorganic Phosphates, 

Crotonaldehyde and Eluting Agents 

LiCl NaCl KC1 RbCl CsCl 

0.54 0.58 0.65 0.60 0.60 
0.41 0.41 0.50 0.52 0.48 
0.30 0.31 0.40 0.39 0.39 

0.30 0.33 0.39 0.40 0.37 

0.25 0.26 0.33 0.34 0.34 

0.25 0.27 0.33 0.32 0.32 

p1 

p2 

p3 

3m 

p4 
4m 

(CH3) 4NC1 

0.45 

0.20 

0.14 
0.23 

0.10 
0.15 

0.71 0.71 0.71 0.72 0.73 0.73 Croton- 
aldehyde 

H20 0.68 0.70 0.74 0.73 0.74 0.64 

Column size was 15x900 mm. Phosphate concentrations of each sample 

were kept to be ca. M as P. Concentrations of crotonaldehyde 

were ca. 5 ppm. Concentrations of eluting agents were 0.1 M. 

Effect of cations i n  the e luent  
The Kav values of inorganic phosphates obtained in various 

eluents are summarized in Table 1. When a 0.1 M tetramethylammonium 
chloride solution was used as an eluent, a linear triphosphate, 

was eluted faster than a cyclic trimetaphosphate, P3m, with the 

same number of phosphorus atoms in a molecule. Similar elution 

behavior was also observed for a pair of tetrameric phosphates, P4 

and P4m. 

between the K values of linear and cyclic phosphates with the 

same number of phosphorus atoms in a molecule, when 0.1 M alkali 
metal chloride solution was used as an eluent. 

p3’ 

On the other hand, no marked difference was observed 

av 

It is believed that the tetramethylammonium cation has little 
tendency toward complex formation with phosphate anions. The 

surface charge of linear phosphate is not likely to be shielded 

by complexation with tetramethylammonium cations. Due to the 

mutual repulsion among charged phosphate groups, linear phosphate 

anions tend to form somewhat extended structures. Hence the 
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FIGURE 3 .  

E f f e c t  of tetramethylammonium c h l o r i d e  c o n c e n t r a t i o n  on t h e  Kav 
v a l u e s  of i n o r g a n i c  phosphates .  

Column s i z e  was 15x450 mm. 

e f f e c t i v e  s i z e s  of  l i n e a r  phosphate  become g r e a t e r  t h a n  t h o s e  of 

t h e  co r re spond ing  c y c l i c  phospha te s .  A l k a l i  m e t a l  c a t i o n s  have 

g r e a t e r  a s s o c i a t i n g  a b i l i t y  t o  phosphate  a n i o n s  t h a n  t e t r a m e t h y l -  

ammonium i o n .  They are cons ide red  t o  b ind  p r e f e r e n t i a l l y  end phos- 

pha te  groups of l i n e a r  phospha te s .  

phosphate  groups t h e  mutual  r e p u l s i o n  of  t h e  end phosphate  g roups  

are deduced, which l e a d s  t o  somewhat c o i l e d  s t r u c t u r e s .  The e f f e c -  

t i v e  s i z e  of a l i n e a r  phosphate  may be  similar t o  t h a t  of  t h e  c o r r e -  

sponding c y c l i c  phosphate  i n  0 . 1  M a l k a l i  metal c h l o r i d e  s o l u t i o n .  

Owing t o  t h e  s h i e l d i n g  of  end 

It i s  c l e a r  t h a t  d i s t r i b u t i o n  c o e f f i c i e n t s  f o r  a phospha te  

ob ta ined  i n  v a r i o u s  a l k a l i  metal c h l o r i d e  s o l u t i o n s  are g r e a t l y  

d i f f e r e n t  from each  o t h e r .  Th i s  behav io r  is c o n t r a s t  t o  t h e  e l u t i o n  

b e h a v i o r  of  n e u t r a l  s o l u t e  ( c ro tona ldehyde)  whose K v a l u e s  are 

a lmos t  unchanged. Though a s a t i s f a c t o r i c a l  e x p l a n a t i o n  can n o t  be  

made a t  t h e  p r e s e n t  s t a g e ,  i t  shou ld  b e  p o i n t e d  o u t  t h a t  t h e  g r e a t e r  

av 
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INORGANIC LINEAR AND CYCLIC PHOSPHATES 79 
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IoqlNaCl I 

FIGURE 2. 

E f f e c t  of sodium c h l o r i d e  c o n c e n t r a t i o n  on t h e  K v a l u e s  of 
i n o r g a n i c  phosphates .  

Column s i z e  was 15x450 mm. 

a v  

t h e  Kav v a l u e  of e l u t i n g  a g e n t  i s ,  t h e  g r e a t e r  t h e  K 

phosphate  an ion  i s .  
v a l u e  of av 

I n  c o n c l u s i o n ,  g e l  chromatographic  b e h a v i o r  of i n o r g a n i c  phos- 

p h a t e  a n i o n s  i s  g r e a t l y  dependent  on t h e  n a t u r e  of t h e  c a t i o n s  of 

background e l e c t r o l y t e s .  Complexation w i t h  t h e s e  c a t i o n s  shou ld  be  

t aken  i n t o  accoun t .  S ince  t h e  s i t u a t i o n  i s  q u i t e  d i f f e r e n t  from 

t h a t  of  t h e  n e u t r a l  s o l u t e s  such  as d e x t r a n s ( l 8 ) ,  e s t i m a t i o n  of 

s i z e s  of t h e  i o n i c  s o l u t e s  by g e l  chromatography seems t o  need 

f u r t h e r  p r e c i s e  s t u d y .  
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