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DONNAN EXCLUSION CHROMATOGRAPHY 
APPLICATION TO COMPLEX FORMATION STUDIES 

Yuji Tokunaga and Hirohiko Waki 

Department of Chemistry, Faculty of Science, 
Kyushu University 

Hakozaki, Higashiku, Fukuoka, 812 JAPAN 

ABSTRACT 
A new method for hhe evaluation of stability con- 

stants of complex species has been proposed, based on 
the principle of Donnan exclusion chromatography. The 
stability constants for trimetaphosphate complexes of 
magnesium and calcium ions have been evaluated to be 
log 8, = 1.50 and 1.64 (I=l.OO, 2S0f20C), respectively. 

INTRODUCTION 
A remarkable feature of Donnan exclusion chromato- 

graphy may be that ions are separated by utilizing the 
repulsion between a sample ion and the functional groups 
of an ion-exchanger, and that the eluting position of 
the ion depends exclusively on its ionic charge when the 
ionic size is not very large(l,2). By use of this 
principle, the determination of the ionic charge of a 
chemical species present in a solution may become possi- 
ble. In the case of simple ions or inert complex ions, 
this charge determination may be easy, since a simple 
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2170 TOKUNAGA AND WAKI 

linear relationship holds between the distribution 
coefficient and the ionic charge. On the other hand, 
when the ions are present as an equilibrium mixture of 
different dissociated states as in most weak metal 
complexes or moderate weak acids, the situation may 
become more complicated. In this paper, we introduce 
equations for determining ion-pair formation constants 
as well as average charges in equilibrium mixtures, and 
apply them to the trimetaphosphate complexes of magnesi 
um and calcium or to protonated orthophosphate. 

EXPERIMENTAL 
Chemicals. Sodium trimetaphosphate Na3P309*3H20 was 
prepared in our laboratory. Crotonaldehyde t r a n s -  
CH3CH=CHCH0 and sodium salts of orthophosphate NaH2P04- 
2H20 or Na2HP04, phosphonate Na2PH03'5H20 and phosphinate 
NaPH 0 H 0 and all other reagents used were of commer- 
cially available reagent grade. 
Eluents. As eluents, solutions containing tetramethyl- 
ammonium chloride ( abbreviated as Me4NC1 ) and 
magnesium or calcium chloride at various ratios were 
used at an ionic strength of unity. These eluents 
contain a small amount of hydrochloric acid or tetra- 
methylammonium hydroxide for pH adjustment. 
Elution procedure for distribution coefficient deter- 
mination. A dextran-type cation-exchanger, SP-Sephadex 
C-25 ( 40 - 120 pm particle size ) was packed in a 
Pyrex tubing column of 15 mm I.D. ( 169.3 - 152.3 ml ) .  

This column was pre-conditioned by passing the eluent 
through it until the effluent of the same composition 
was obtained. Then, 1 ml of the solution, made by 
dissolving a sample component in the eluent, was applied 
to the top of the column, followed by continuous elution 
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at flow rate of 0.5 ml/min and at room temperature of 25' 

f 2OC. The effluent was collected by a fraction collec- 
tor into fractions of 1 ml or introduced into a flow 
cell of a UV detector. 
Determination of sample components. For all samples, 

phosphorus oxoanion in the effluents was determined 
colorimetrically at 830 nm wavelength with molybdenum(V) 
-molybdenum(VL) reagent. For lower oxoanions of phos- 
phorus, sodium hydrogen sulfite solution was added as 
an oxidizing agent. Crotonaldehyde, used as an elution 
standard, was detected automatically at 2 2 4  nm wave- 
length by a spectrophotometric detector with a flow cell. 
Calculation of distribution coefficient. An elution 
standard which does not interact with an ion-exchanger 
at all was needed to calculate the distribution coeffi- 
cient. Crotonaldehyde does not tend to be adsorbed by 
dextran gel matrix and is not large enough to be steric- 
ally excluded. Therefore, crotonaldehyde is anexcellent 
standard, since it can be determined UV-spectrophoto- 
metrically with high sensitivity. The value of the 
distribution coefficient, KD, was calculated by the 
following relationship, assuming that KD €or a neutral 
species such as crotonaldehyde is unity. 

where Ve is the peak elution volume, VD the net volume 
of the exchanger phase and Vo corresponds to the elution 
volume for an extremely highly charged anion of small 
size (KD=O). 

RESULTS AND DISCUSSION 
It was found in the previous work (1,2) that the 

distribution coefficient of a certain simple anion, 
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2172 TOKUNAGA AND W A K I  

excluded by a cation-exchanger, depends only on its 
charge, irrespective of the chemical structure as far 
as the size is such that a steric exclusion may not 
occur. In this case the distribution coefficient is 
given by 

where x is the ionic charge and R is a constant which 
is dependent only on the concentration of the back- 
ground electrolyte in an eluent and the kind of an ion- 
exchanger used. This equation should fit for any simple 
ions or inert complex ions. 

In the case of an equilibrium mixture with different 
charge states, such as labile metal complexes or poly- 
basic acids, however, the situation becomes more 
complicated. When a sample complex solution is applied 
to the column which has been pre-conditioned with eluent 
containing an appropriate concentration of metal ions, 
the anionic complex is excluded electrostatically by 
fixed groups of a cation-exchanger and carried down the 
column more quickly than neutral species with holding 
the equilibrium of complex formation. Excess free metal 
ions or other cations in the sample solution are adsorbed 
at the top of the column so that they cannot affect the 
equilibrium. Consequently the complex is eluted at the 
position according to its average charge. Let us 
consider a M+L system with a cation-exchanger. The 
distribution coefficient of sample anion L at excess 
cation M can be written as 

= K ~ , ~ a ~  + K ~ , ~ ~ " ~ ~  + K ~ , ~  L ~ M ~ L  + * . . *  ( 3 )  
2 

assuming that any cationic M%L complexes do not form 
under the conditions studied here. 
characteristic distribution coefficient of component 

The XD,MjL is the 
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M.L, and i t s  mole f r a c t i o n .  When a l l  t h e  a ' s  are 
c a l c u l a b l e  dy known s t a b i l i t y  c o n s t a n t s ,  D can be pre-  
d i c t e d .  Conversely,  with a series of D observed a t  
d i f f e r e n t  M concen t r a t ions ,  eqn ( 3 )  can be solved € o r  
each s t a b i l i t y  c o n s t a n t .  

3 

I n  t h e  case of a b ina ry  system (Mj-lL * M . L ) ,  a 
3 

simple r e l a t i o n  i s  obtained between D and average charge 
of t h e  equ i l ib r ium mixture ,  

which i s  de r ived  from eqn ( 3 )  and us ing  a d e f i n i t i o n  o f  
average charge 

[M L] + i [M.Ll M L j-1 M.L 7 i 
j-1 3 - i =  ( 5 )  

where i ' s  are anion charges of subsc r ibed  M%L complex. 

Eqn ( 4 )  means t h a t  t h e  D % I  p l o t  should f a l l  i n t o  t h e  
s t r a i g h t  l i n e  binding p o i n t  (iM, - lL, KD,Mj-lL ) and 

of he mixture .  This  r e l a t i o n  i s  confirmed by t h e  
chromatographic D measurements on orthophosphate (M=H, 

L=P04) w i th  varying pH (Fig.  1). 

f3 can e a s i l y  be eva lua ted  from eqns (1) and ( 3 ) .  

) when D i s  p l o t t e a  a g a i n s t  average charge (iM2L KD , M  j L  

For t h e  equ i l ib r ium L == ML ( j = l ) ,  s t a b i l i t y  c o n s t a n t  

1 

1 D - K  1 ve - VL - D,L - - -. 8, - - -  
KD,ML- [MI VML- Ve 

For a t e r n a r y  system which c o n s i s t s  of L ,  ML and MZL, 

t h e  fol lowing equa t ions  are de r ived  f o r  a n a l y s i s .  
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- pH 2.15 

I I I 

0 -1 -2 -3  

Average a n i o n i c  charge 

FIGURE 1 

The relationship between distribution coefficient and 
average anionic charge. e: orthophosphate at described 
p H .  0: standard species. 

- D) [MI/ (KDIML -D) , B1 D,M2L 
By plotting 4 against (K 
and P 2  can be determined from the intercept and the 
slope, respectively, providing that M2L is not a cationic 
species. 
by extrapolating [MI to zero concentration. 

If only M L is a cation, 8, can be evaluated 2 

lim 0 = B1 
[MI 4 

The elution behavior of trimetaphosphate with 
aqueous eluents of magnesium and calcium chlorides are 
shown in Figs. 2 and 3 .  In both cases, the elution 
positions continuously shift to larger volumes with 
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p30;- 

0 10 20 3 0  

ve - vo ( ml ) 

F I G U R E  2 
Elution behavior of trimetaphosphate with the tetra- 
methylammonium chloride eluent containing magnesium ions 
(I=l.OO). Column: SP-Sephadex C-25, 15mm I.D.. Sample: 
1.7 x lom3 M Na3P3O9-3H20; 1 ml. 

increasing eluent metal concentrations, as expected from 
the decrease in the equilibrium average charge. The 
plot of eqn (8) gives a continuous increase of 0, 
indicating the presence of cationic M L complexes in 
solution (Fig. 4). By extrapolation, we can get the 
first stability constants log 8, = 1.50 and 1.64 ( I = 

1.00 with Me4NC1, t = 25' f 2OC at room temperature 1 
for magnesium and calcium complexes of trimetaphosphates, 
respectively. 

2 

Although the stability constant of trimetaphosphate 
complex with alkaline earth metal ions has been studied 
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FIGURE 3 

Elution behavior of trimetaphosphate with the tetra- 
methylammonium chloride eluent containing calcium ions 
(I=l.OO). Column: SP-Sephadex C-25, 15mm I.D.. Sample: 
1.7 x M Na3P309'3H20; 1 ml. 

by different methods and at various conditions (3-7), 
trimetaphosphate complex in the medium where ionic 
strength is unity is so unstable that few measurements 
have been reported. The difference in the volume arises 
from the conditions in temperature, ionic strength, type 
of medium and so on. The conditions reported by Watters 
et al. (51, with a calcium-selective liquid ion-exchange 
membrane electrode are as same as ours in ionic strength 
and medium; hence the value of the stability constant 
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loot 

2177 

'I 0 8 . .  calcium 

o * * *  magnesium 

I I I 

0 0.01 0.02 0.03 M 
Metal concentration 

F I G U R E  4 

Evaluation of stability constants of magnesium and 
calcium trimetaphosphate complexes (I=l.OO, 25'+2OC) 
by graphic extrapolation. Error bar indicates an 
experimental error of f0.5 ml in elution volume. 

agrees completely with ours. Other values have a similar 
tendency that the stability constant decreases with an 
increase in ionic strength. The feature of Donnan 
exclusion chromatography is that the approximate charges 
of complexes are directly observable from the elution 
position with good reproducibility ( f 0.5 ml in 
effluent volume 1; this can thus avoid an erronious 
conclusion occasionally drawn for unstable complexes. 
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