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GEL CHROMATOGRAPHIC BEHAVIOR OF LABILE METAL COMPLEXES 

TRIMETA- AND TETRAMETAPHOSPHATE COMPLEXES 
WITH BIVALENT METAL CATIONS 

Tohru Miyajima, Masaaki I b a r a g i ,  Norimasa Yoza 

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 
and Sh ige ru  Ohashi  

Hakozaki,  H igash iku ,  Fukuoka, 812 JAPAN 

ABSTRACT 

The g e l  chromatographic  behav io r  of m e t a l  i o n s  i n  a l a b i l e  com- 
p l e x  fo rma t ion  sys t em was e x p r e s s e d  a s  a f u n c t i o n  of t h e  l i g a n d  
c o n c e n t r a t i o n  i n  an  e l u e n t  and t h e  s t a b i l i t y  c o n s t a n t s  o f  t h e  
complexes.  T r i m e t a -  and t e t r ame taphospha te  complexes w i t h  b i v a l e n t  
metal i o n s  were used a s  examples.  The r e t e n t i o n  volumes o f  t h e  
metal complexes w e r e  found t o  b e  always 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  f r e e  l i g a n d s .  

INTRODUCTION 

Much a t t e n t i o n  h a s  been drawn t o  t h e  g e l  ch romatograph ic  

b e h a v i o r  of m e t a l  complexes.  I n  some c a s e s  i n e r t  complexes have 

been  used a s  samples(1-3) .  L a b i l e  systems have a l s o  been  i n v e s t i -  

g a t e d ,  and i t  was r ecogn ized  t h a t  t h e  complex e q u i l i b r i a  among 

s o l u t e s  p l a y  an  impor t an t  r o l e ( 4 - 8 ) .  

o f  EDTA complexes and monomeric oxoanions o f  phosphorus have been  

found t o  be dependent  on pH o f  an e l u e n t ( 4 , 7 ) .  The mutua l  s e p a r a t i o n  

of t h e s e  oxoanions w e r e  performed by a d j u s t i n g  e l u e n t  pH a t  a d e s i r e d  

v a l u e  (8) . 

The d i s t r i b u t i o n  c o e f f i c i e n t s  
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260 M I Y A J I M A  ET AL. 

I n  a p r e v i o u s  p a p e r ( 5 )  t h e  a u t h o r s  r e p o r t e d  a t h e o r e t i c a l  con- 

s i d e r a t i o n  on t h e  g e l  ch romatograph ic  b e h a v i o r  of l a b i l e  metal com- 

p l e x e s .  It  w a s  shown t h a t  the r e t e n t i o n  volume of magnesium i n  g e l  

chromatography can  b e  e x p r e s s e d  as  a f u n c t i o n  of t e t r a m e t a p h o s p h a t e  

c o n c e n t r a t i o n  i n  an  e l u e n t  and t h e  s L a b i l i t y  c o n s t a n t  of t h e  complex. 

To confirm t h e  v e r s a t i l i t y  of t h i s  t h e o r e t i c a l  approach  t h e  p r e s e n t  

pape r  d e s c r i b e s  t h e  g e l  ch romatograph ic  b e h a v i o r  ,of magnesium, cal- 

cium, s t r o n t i u m ,  n i c k e l  and z i n c  i n  t h e  p r e s e n c e  of t r i m e t a p h o s p h a t e  

(P3m) and t e t r a m e t a p h o s p h a t e ( P  ) .  I t  c a n  b e  e x p e c t e d  from t h e  

p r e v i o u s  work(9, lO) t h a t  o n l y  one-to-one complexes are p redominan t ly  

formed under  t h e  p r e s e n t  e x p e r i m e n t a l  c o n d i t i o n s .  A s o l u t i o n  con- 

t a i n i n g  a l i g a n d  w a s  used as an  e l u e n t  i n  o r d e r  t o  p r e v e n t  d i s s o c i -  

a t i o n  of a complex d u r i n g  e l u t i o n .  

complexes were e s t i m a t e d  and compared w i t h  t h o s e  i n  the  l i t e r a t u r e .  

The r e t e n t i o n  volumes of t h e  metal complexes were found t o  b e  g r e a t e r  

t han  t h o s e  of t h e  c o r r e s p o n d i n g  l i g a n d s .  

4m 

The s t a b i l i t y  c o n s t a n t s  of  meta l  

MATERIALS AND METHODS 

Sodium t r i m e t a p h o s p h a t e  t r i h y d r a t e  and sodium t e t r ame taphos -  

p h a t e  t e t r a h y d r a t e  were p r e p a r e d  a c c o r d i n g  t o  t h e  l i t e r a t u r e ( l l ) ,  

and t h e  p u r i t y  w a s  checked by  pape r  chromatography.  

A l i q u i d  chromatograph w i t h  an  a tomic  a b s o r p t i o n  d e t e c t o r  

(Perkin-Elmer 403) p r e v i o u s l y  d e s c r i b e d  i n  d e t a i l  (12-14) w a s  u sed .  

A Sephadex G-15  column (8x650 mm) w a s  equipped w i t h  a c o n s t a n t  

t empera tu re  j a c k e t  c o n t r o l l e d  a t  2 5 ° C .  A f low r a t e  w a s  m a i n t a i n e d  

a t  1 . 7  mllmin. 

An e l u e n t  c o n t a i n e d  sodium s a l t  of  P o r  P of a d e s i r e d  con- 3m 4m 
c e n t r a t i o n ,  ca .  M h y d r o c h l o r i c  a c i d  and 0 . 1  M sodium c h l o r i d e  

as background e l e c t r o l y t e s ( p 8  3 . 4 ) .  H y d r o c h l o r i c  a c i d  was added 

t o  t h e  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  a d s o r p t i o n  of  some k i n d s  of 

b i v a l e n t  metal i o n s  t o  a Sephadex g e l ( 1 5 ) .  In t h i s  e l u e n t  P and 

P4m a c i d s  are a lmos t  comple t e ly  d i s s o c i a t e d .  

which c o n t a i n  sodium s a l t  of  P o r  P sodium c h l o r i d e  and hydro- 

c h l o r i c  a c i d  of  t h e  same compos i t ion  as t h a t  of t h e  e l u e n t  were 

3m 
Sample s o l u t i o n s  

3m 4m’ 
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LABILE METAL COMPLEXES 261 

prepa red  so  a s  t o  c o n t a i n  b i v a l e n t  m e t a l  i o n  of s p e c i f i c  concne t r a -  

t i o n s ,  i . e . ,  2x10 M f o r  magnesium and z i n c  and 1x10 M f o r  c a l -  

cium, s t r o n t i u m  and n i c k e l .  A f t e r  t h e  column was s u f f i c i e n t l y  equi-  

l i b r a t e d  w i t h  t h e  e l u e n t ,  one m l  of sample s o l u t i o n  w a s  a p p l i e d  t o  

t h e  column. 

-5 -4 

RESULTS AND DISCUSSION 

R e p r e s e n t a t i v e  e l u t i o n  p a t t e r n s  are shown i n  Fig.  1. I t  is  

e v i d e n t  t h a t  t h e  r e t e n t i o n  volume of a m e t a l  i s  g r e a t l y  dependent  

on t h e  l i g a n d  c o n c e n t r a t i o n  of  an e l u e n t .  I n  o r d e r  t o  d e s c r i b e  

t h e  change i n  t h e  appa ren t  r e t e n t i o n  volume of a metal ,  VM, w i t h  

l i g a n d  c o n c e n t r a t i o n  i n  an e l u e n t ,  a one-to-one complex fo rma t ion  

r e a c t i o n  i s  cons ide red  

- 

M +  L z  ML (1) 
where M, L and ML r e p r e s e n t  m e t a l  i o n ,  l i g a n d  i o n  and complex, 

r e s p e c t i v e l y .  The s t a b i l i t y  c o n s t a n t  of ML i s  expres sed  as f o l l o w s  

where s u b s c r i p t  m r e p r e s e n t s  a mobile  phase .  - 
The appa ren t  d i s t i b u t i o n  c o e f f i c i e n t  of M ,  Kd,  c an  b e  ex- 

p res sed  by eq . (3 )  

- [ M I s  + [mIs 
K =  d [MIm + [MLI, 

- 
where s u b s c r i p t  s r e p r e s e n t s  a s t a t i o n a r y  phase.  

p r e s s e d  u s i n g  the volume of t h e  mobile  phase ,  Vm, and t h a t  of  t h e  

VM can b e  ex- 

(3)  

d '  s t a t i o n a r y  phase i n  a g i v e n  column, Vs,  and K 
- 

+ K V  ( 4 )  'M = "m d s  

Equa t ion  ( 4 )  can b e  r e a r r a n g e d  t o  e q . ( 5 )  u s i n g  eq.(2) and e q . ( 3 ) ,  and 

V and V 
ML' M 

where V is t h e  r e t e n t i o n  volume of t h e  f r e e  m e t a l ,  and V i s  t h a t  M ML 
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0 5 1 0  1 5  20 

Re ten t ion  t ime (min) 

FIGURE 1. 

R e p r e s e n t a t i v e  e l u t i o n  p a t t e r n s  f o r  t h e  Ca-P sys t em.  
The compos i t ions  of t h e  e l u e n t s :  

(A) 0 . 1  M N a C l  + ~ a . l O - ~  M H C 1  

(B)  0 . 1  M N a C l  + ~ a . l O - ~  M H C 1  + ~ X I O - ~  M Na4P4012 

(C) 0 . 1  M N a C l  + ~ a . l O - ~  M H C 1  + 7x10-3 M Na4P4012 

4m 

of t h e  metal  complex f o r  t h e  h y p o t h e t i c a l  sys t em,  i n  which t h e  com- 

p l e x  i s  p r e s e n t  and t h e  f r e e  metal  i s  a b s e n t .  It can  b e  concluded 

t h a t  t h e  a p p a r e n t  r e t e n t i o n  volume of t h e  metal  i s  e x p r e s s e d  i n  

terms of 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  i n  t h e  m o b i l e , p h a s e  and t h e  

s t a b i l i t y  c o n s t a n t  of  t h e  complex i n  t h e  mob i l e  phase .  This e n a b l e s  

u s  t o  treat  t h e  g e l  ch romatograph ic  b e h a v i o r  of  t h e  l a b i l e  complex 

by t h e  t h e o r y  s imi la r  t o  one a p p l i e d  i n  e l e c t r o p h o r e s i s  i n  which 

s o l u t e s  m i g r a t e  i n  a s i n g l e  phase (16 ,17 ) .  

V w a s  de t e rmined  by t h e  e l u t i o n  of  metal  i o n  w i t h  0 .1  M 

sodium c h l o r i d e  and ca.10 M h y d r o c h l o r i c  a c i d  s o l u t i o n .  E q u a t i o n  -3 M 

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



LABILE METAL COMPLEXES 263 

(5) is valid only when VM and Vm are constant under these experi- 

mental conditions. In order to check the constancy of V 
concentration dependence of V was examined (Fig. 2). It is clear 

that V values of magnesium, calcium, strontium, zinc and nickel 

sample M’ 
M 

M 

Mg 

Ca 

S r  

N i  

cu  

Zn 

2 5  

24 

26 

25 

26 

25 

25 

24 

30 

29 

26 

25 
1 

- 0  0 

0 1 . 0  2.0 
x1~-4M 

S amp 1 e conc en t r a t  i on 

FIGURE 2. 

Sample concentration dependence of VM. 
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264 MIYAJIMA Er AL. 

do not  vary with s a m p l e  c o n c e n t r a t i o n s .  A V v a l u e  of  copper 

decreases  with t h e  i n c r e a s e  i n  sample c o n c e n t r a t i o n s ,  which may be 

a t t r i b u t e d  t o  t h e  adsorp t ion  o f  copper i o n s  t o  the  g e l  mat r ix .  

M 

Equation (5) can be rearranged t o  eq .  ( 6 ) .  

When the  metal  concent ra t ion  i n  a sample i s  much smal le r  than t h e  

t o t a l  l igand  concent ra t ion ,  [L], can be rep laced  by t h e  t o t a l  

l igand  concent ra t ion .  

v s .  (V - v )/[L] f o r  t h e  calcium-trimetaphos- M M  m 
pha te  and calcium-tetrametaphosphate s y s t e m s  a r e  shown i n  Pig.  3. 

The p l o t s  of V 

0 5 1.0 1 5  x 1 0 2  

- 1 7 . 6  

0 5 1 0  1 5  

FIGURE 3.  

Pl.ots of vs .  (\r -v ) / [ I , ]  M M M  m f o r  t h e  Ca-P3, and Ca-PLm systems. 
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LABILE METAL COMPLEXES 265 

The l i n e a r  r e l a t i o n s h i p s  thus  obtained i n d i c a t e  t h e  v a l i d i t y  of t h e  

theory  mentioned above inc luding  t h e  constancy of V and V 

y - i n t e r c e p t s  gave the  r e t e n t i o n  volumes of  t h e  complexes(V ) ,  

and from t h e i r  s l o p e s ,  the  s t a b i l i t y  constants(K) were obta ined .  

The experimental  u n c e r t a i n t y  g r e a t l y  i n f l u e n c e s  t h e  v a l u e  of 

(VM - VM)/[LIm, when t h e  d i f f e r e n c e  between VM and V, is  s m a l l .  

Equation (5)  can a l s o  be  a l t e r e d  t o  eq.(7), i n  which 8, can be  

expressed as a f u n c t i o n  of log[L] . A s i m i l a r  equat ion  has  been 
m 

employed i n  t h e  a n a l y s i s  of e l e c t r o p h o r e t i c  mobi l i ty  d a t a  of i n e t e r  

a c t i n g  sys tems( l6 ,17) .  

The ML' 

ML 

M 

- 2 . 3 0 3  

'M = 
tanh-(-logK - log[L]  1 (7) 'M - 'MI. 

2 2 2 

v + v m  
m + M 

K and Vm were obtained by t h e  least  squares  method. I n  Fig.4,  

26  

2 4  

2 2  

2 0  

1 8  

- 4  -3 -2  -1 

logCLIm 
FIGURE 4 .  

P l o t s  of VN v s .  log[LIm f o r  t h e  Ca-P 3m and Ca-P 4m systems.  

The s o l i d  l i n e  r e f e r  t o  t h e  c a l c u l a t e d  curves  based on e q u a t i o n ( 7 ) .  

- 
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l o g f L ]  f o r  t h e  calcium-tr imetaphosphate  and m t h e  p l o t s  of v v s .  

calcium-tetrametaphosphate systems are shown. I n  Tab le  1 t h e  

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

r e p o r t e d  v a l u e s  ob ta ined  by o t h e r  methods.  Even though t h e  methods 

a r e  based on q u i t e  d i f f e r e n t  p r i n c i p l e s  t h e  v a l u e s  are w e l l  cons i s -  

t e n t  w i t h  each o t h e r ,  which s u p p o r t s  t h e  theo ry  mentioned above. 

I n  Table  2,  K v a l u e s  of  t h e  me ta l  complexes and t h e  l i g a n d s  a v  
are shown. I t  i s  noteworthy t h a t  t h e  K v a l u e s  of t h e  complexes 

are always g r e a t e r  t han  t h o s e  of t h e  co r re spond ing  l i g a n d s .  A 

s i m i l a r  phenomenon w a s  observed €o r  EDTA complexes(20).  The confor-  

ma t iona l  change i n  t h e s e  l i g a n d s  by c h e l a t e  fo rma t ion  a n d / o r  t h e  

dehydra t ion  of  t h e  l i g a n d s  accompanying w i t h  t h e  complexat ion may 

be  t h e  main r e a s o n s .  

av 

I t  has  been p o i n t e d  o u t  t h a t  i on -pa i r  fo rma t ion  shou ld  b e  

taken i n t o  account  when e l u t i o n  behav io r  of i o n i c  s p e c i e s  i s  exam- 

ined  i n  g e l  chromatography(3) .  The Kav v a l u e s  of t r ime taphospha te  

TABLE 2 

K Values of Trimeta- and Tetrametaphosphate  and T h e i r  Complexes 
a v  

complexes 

Mg C a  S r  N i  Zn 
f r e e  l i g a n d  

0.14 0.27 0.28 0.30 0 .28  0 .31  

0.11 0.19 0 . 2 1  0.18 0.22 0.20 

3m 

'4m 

KaV=(Vr - Vo)/(V - V 1 ;  V i s  t h e  r e t e n t i o n  volume, V i s  t h e  

t o t a l  bed volume and Vo is t h e  vo id  volume determined w i t h  Blue 

Dextran 2000. 

t o r  t 

and te t rametaphosphate  ob ta ined  i n  t h i s  work w i t h  0 . 1  M sodium chlo-  

r i d e  s o l u t i o n  may be a f f e c t e d  by t h e  i o n - p a i r i n g  w i t h  sodium i o n s .  

In  o r d e r  t o  c o r r e l a t e  t h e  g e l  chromatographic  b e h a v i o r s  of phospho- 

r u s  oxoanions w i t h  t h e i r  complexat ion r e a c t i o n s ,  more p r e c i s e  

s tudy  is  now i n  p r o g r e s s  i n  ou r  l a b o r a t o r y .  
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TABLE 1-1 

Stability Constants o f  Trimetaphosphate Complexes 

This work Other works 
Ionic Temp. Ref. 
Strength ("C) logK a) logK Method b, Medium 

Mg 2.51 1.80 A NMe4C1 0.1 25 (18) 
Ca 2.11 1.64 A NMe4N03 1.0 25 (18) 

2.50 B NaCl 0.15 37 (19) 

2.06 B NaCl 0.1 20 (9) 
Sr 2.23 1.91 A NMe4NC1 0.1 25 (18) 

1.95 B NaCl 0.15 20 (19) 

2.03 B NaCl 0.23 20 (9) 
Ni 2.29 1.82 A NMe4N03 0.1 25 (18) 
Zn 2.29 2.00 A NMe4N03 0.1 25 (18) 

1.94 B NaCIOL 0.23 20 ( 9 )  

TABLE 1-2 

Stability Constants of Tetrametaphosphate Complexes 

This work Other works 
Ionic Temp. Ref. b 

logK logK Method Medium (ocl 
v~~ . I 

_ _ ~  ~~~ 

Mg 3.39 3.47 A NMe4NC1 0.1 25 (18) 

Ca 3.39 3.04 A NMe4N03 1.0 25 (18) 

3.36 B NaCl 0.15 37 (19) 
3.28 B NaCl 0.1 20 (9) 

Sr 3.18 2.80 B NaCl 0.15 20 (19) 
2.70 B NaCl 0.23 20 (9) 

Ni 3.15 3.38 A NMe4N03 0.1 25 (18) 

Zn 3.37 3.63 A NMe4N03 0.1 25 (18) 

2.86 B NaC104 0.23 20 (9) 

a) I = 0.10 % 0.38 , b) A:potentiometry(ion-selective electrode) 
B:ion-exchange method, c) I = 0.10 % 0.18 

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



268 M I Y A J I M A  ET AL. 

ACKNOWLEDGEMENTS 

The p r e s e n t  work was p a r t i a l l y  suppor t ed  by a Grant-in-Aid 

f o r  S c i e n t i f i c  Research No. A11707 f o r  t h e  M i n i s t r y  o f  Educat ion,  

Sc ience  and C u l t u r e .  

REFERENCES 

1. M .  Yamamoto and Y .  Yamamoto, Anal. Chim. Ac ta ,  87, 375(1976).  

2 .  K.  Sa i toh  and N .  Suzuki ,  B u l l .  Chem. SOC. Jpn. ,  s, 116(1978).  

3. M .  S i n i b a l d i  and 0 .  C o r r a d i n i ,  J .  Chromatogr. ,  148, 553(1978).  

4 .  T.  Deguchi, J. Chromatogr., 120, 159(1976).  

5. T .  Miyajima, N .  Yoza and S. Ohashi ,  Anal .  L e t t . ,  lo, 709(1977). 

6 .  T .  Miyajima and S. Ohashi ,  B u l l .  Chem. SOC. J p n . ,  z, 2543 
(1978) .  

7. K .  Ujimoto, T .  Yoshimura, I. Ando and H.  Kur iha ra ,  
J.  Chromatogr., 174, 123(1979) .  

8 .  K. Ujimoto, I. Ando, T. Yoshimura, K .  Suzuki and H.  Kur iha ra ,  
J.  Chromatogr., 190, 161(1980).  

9 .  G.  Kura, S .  Ohashi and S .  Kura, J.  I n o r g .  Nucl.  Chem., 36, 
1605(1974).  

10. G. Kura and S .  Ohashi,  J .  Inorg.  Nucl.  Chem., 2, 1151(1976).  

11. G. Brauer ,  "Handbuch d e r  P r a p a r a t i v e n  Anorganischen Chemie", 
Ferdinand Enke Ver l ag ,  S t u t t g a r t ,  1960, p.495. 

1 2 .  N .  Yoza and S .  Ohashi,  Anal .  L e t t . ,  6, 595(1973).  

13.  K .  Kouchiyama, N .  Yoza and S .  Ohashi,  J.  Chromatogr. ,  147, 
271(1978). 

14 .  N. Yoza, K.  Kouchiyama and S. Ohashi ,  A t .  Absorp t ion  N e w s l e t t . ,  
- 18, 3 9 0 9 7 9 ) .  

15. N. Yoza and S. Ohashi,  J. Chromatogr., 2, 429(1969).  

16.  Y .  Kiso and E .  Fa lk ,  J. Chromatogr., 2, 401(1971).  

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



LABILE mTAL COMPLEXES 269 

17.  Y .  Kiso,  M. Kobayashi,  Y .  K i t aoka ,  K .  Kawamoto and J. Takada, 
J.  Chromatogr. ,  36, 215(1968).  

18 .  S. Y .  K a l l i n e y ,  i n  "Topics i n  Phosphorus Chemistry",  vo l  7, 
E .  3 .  G r i f f i t h  and M. Grayson, Eds. ,  I n t e r s c i e n c e ,  New York 
(1967) p.294. 

19 .  R.  E .  G o s s e l i n  and E. R. Coghlan, Arch. Biochem. Biophys. ,  
- 4 5 ,  301(1953).  

20. N. Yoza, T .  Ogata ,  Y .  Ueno and S .  Ohashi ,  B u l l .  Chem. SOC. J p n . ,  
4 1 ,  2550(1968).  - 

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


