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SYNOPSIS 

A method is presented for the determination of stability constants of iron(II1)-ligand com- 
plexes on insoluble polymeric matrices based on a competition chelation reaction for iron(II1) 
of the resin with a soluble chelator. Stability constants ( K )  were calculated for iron(II1)- 
ligand complexes on DFO-Sepharose gel, HMP-Sepharose gel, AHMP-HEMA resin, and 
AHMP-DMAA resin. In these resins, desferrioxamine B (DFO, hexadentate ligand) or the 
3-hydroxy-2-methyl-4( 1H)-pyridinone (HMP, bidentate ligand) was bound on insoluble 
polymeric matrices. The average values (log h") were: 26.6 (DFO-Sepharose); 37.9 (HMP- 
Sepharose); 27.2 (AHMP-HEMA); and 39.9 (AHMP-DMAA). The stability constants of 
the insoluble iron(II1) complexes on the resins were compared with those of the corre- 
sponding soluble iron(II1) complexes. The effect of immobilization on the constants was 
discussed, and it was found that a higher hydrophilicity and stability of a resin resulted in 
an increase of the stability constant, whereas steric hindrance decreased the stability con- 
stant. 0 1995 John Wiley & Sons, Inc. 

INTRODUCTION 

A number of investigators have studied the synthesis 
and properties of iron(II1) chelating polymers, 
chiefly with poly(hydroxamic acid)s and desferriox- 
amine immobilized resins.'-5 More limited consid- 
eration, however, has been given to the measurement 
of stability constants of iron(II1)-ligand complexes 
on insoluble polymeric matrices.&' 

A method of estimating the stability constants 
of insoluble polymer iron(II1) chelates was pro- 
posed by Ramirez and Andrade.6 However, the re- 
sults of that work and also the work of Horowitz, 
Margel, and Shimoni7 are doubtful because an 
incorrect definition of the stability constant was 
used, whereas the influence of Fe(OH)3 forma- 
tion in the equilibrium reaction was not taken into 
account. Furthermore, by using their procedure it 
was difficult to analyze accurately the iron(II1) 
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concentration because of the formation of Fe(OH)3, 
which precipitates easily a t  neutral pH. It has 
been reported that the stability constant of an in- 
soluble chelating resin-metal complex cannot be 
measured directly because of the insolubility of 
the chelating resin'; also, because Fe3+ precipitates 
very readily in the absence of other chelators, a 
strong acid must usually be present to counteract 
the tendency toward Fe(OH)3 formation in solu- 
tions ( K ,  = iO-39).'0 

Recently, the synthesis, characterization, and 
properties of several iron( 111) chelating resins have 
been investigated by usl1-l4 as part of a project to 
study their utilization for iron removal from different 
systems, for bacterial growth inhibition, and for 
treatment of iron overload in blood. Although other 
factors come into play, it is clear that the stability 
constant of an iron(II1)-ligand complex on a resin 
is important in determining which resin will be bet- 
ter in practical use. The stability constants should 
also be very useful in comparing the relative affinity 
among the chelating resins as well as with the cor- 
responding soluble chelators. 
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Generally, the methods of studying the stability 
constants of insoluble complexes are the ligand 
competition method, the metal competition method, 
the proton competition method, and the pH of the 
decomplexing method.15 In the present study, the 
stability constants were determined of iron(II1)-li- 
gand complexes on DFO-Sepharose gel," HMP- 
Sepharose ge1,12 AHMP-HEMA resin,13 and 
AHMP-DMAA resin.14 In these resins, desferriox- 
amine B (DFO, hexadentate ligand) or the 3-hy- 
droxy-2-methyl-4(1H)-pyridinone group (HMP, bi- 
dentate ligand) was bound on insoluble polymeric 
matrices. Because of the extremely high affinity of 
the chelating resins for iron(III), the ligand com- 
petition method was used for the determination of 
the stability constants. 

In addition, because few investigations16 have 
been made concerning the relationship between the 
stability constant of an insoluble metal ion-ligand 
complex and of the corresponding soluble complex, 
the effect of immobilization on the affinity was dis- 
cussed from the viewpoint of the influence of the 
polymeric matrix. 

In the present paper, a method is described to 
estimate the stability constants of the insoluble 
iron(II1)-ligand complexes. The stability constants 
of the iron(II1) chelating resins were determined; 
the values are discussed, as well as the effect of im- 
mobilization on the affinity of the ligands. 

CALCULATION OF STABILITY CONSTANTS 

The ligand competition method is usually applied 
for the determination of stability constants of sol- 
uble iron( 111)-ligand c~mplexes.'~ Winston and 
Kirchner reported the stability constants for several 
iron( 111) poly(hydroxamic acid)s complexes mea- 
sured by competition experiments between iron(III), 
the polymer, and ethylenediamine tetraacetic acid 
(EDTA).18 In our study, a competitive chelation of 
an insoluble chelating resin and a water-soluble 
chelator for iron(II1) was used to determine the sta- 
bility constants of iron( 111)-ligand complexes on in- 
soluble polymeric matrices. Although immobiliza- 
tion of a ligand on a polymeric matrix might lead to 
a change in the affinity of the ligand or of the com- 
position of the metal ion-ligand complex, it was as- 
sumed that the ligand competition method could also 
be used for the insoluble iron( 111)-ligand complexes. 
The fundamental point of the method is the distri- 
bution of iron(II1) between a soluble chelator and 
an insoluble chelating resin. When equilibrium is 
established, a definite relationship should exist be- 

tween the stability constants of the soluble iron(II1) 
complex and the insoluble iron(II1) complex. 

In practical measurements, the competition re- 
action can be performed either by addition of the 
resin to a solution of the soluble complex or by add- 
ing the soluble chelator to the insoluble resin- 
iron(II1) complex. A suitable soluble chelator must 
be chosen to obtain a convenient distribution of iron 
between the resin and the soluble chelator. Com- 
petition by EDTA was used to determine the sta- 
bility constants for DFO-Sepharose gel and AHMP- 
HEMA resin, whereas for HMP-Sepharose gel and 
AHMP-DMAA resin, l-ethyl-3-hydroxy-2-methyl- 
4(1H)-pyridinone (EHMP) was used as the com- 
petitive chelator. 

Soluble hexadentate ligands such as DFO form a 
1 : 1 iron(II1)-ligand c~mplex. '~ Assuming also a 
1 : 1 iron(II1)-ligand complex on the DFO-Sepha- 
rose gel, competition with EDTA will give rise to 
two chelation reactions: 

where L is the soluble ligand and L' the immobilized 
ligand on the resin. For the sake of brevity, all 
charges have been omitted. In the equilibrium sit- 
uation, the system can be represented in the follow- 
ing way: 

FeL + L' S FeL' + L 

(3) 
[FeL'][L] - [FeL'] [Fe][L] - K' -- x--- 
[FeL] [ L ]  [Fe] [L'] [FeL] K 

Kq = 

It is then possible to calculate the stability con- 
stant K', when the constant K and Kq are known. 
The value of K for EDTA is known?' and for the 
determination of Kq, the following equations can be 
applied 

[Fe], = [FeL] + [FeL'] (4) 

[L], = [FeL] + Z[HiL] = [FeL] + [EDTA4-] 

X (1 + Kl[H+] + KIK2[H'l2 + K1K2K3[H'l3 

+ KiK2K3K4[H'14) ( 5 )  
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[L'], = [FeL'] + Z[HiL'] = [FeL'] + [DF03-] 

X (1 + K;[H+] + K'lKk[H']2 

+ K;K;Kh[H'l3) (6) 

where [Fe],, [L],, and [L'], are total concentrations 
of iron(III), L, and L', respectively. Z[HiL] and 
Z[HiL'] are the sum of the concentrations of con- 
secutive protonated species of L and L', respectively. 
K,, K,, K3, and K4 are the first, second, third, and 
fourth protonation constants for EDTA4-, which can 
be found in literature.'l K;, K 2 ,  and K i  are the first, 
second, and third protonation constants for the im- 
mobilized ligand DF03-, assuming that they are the 
same as for the free DFO." 

For the competition studies reported here, the 
assumption has been made that uncomplexed 
iron(II1) was absent. Because [Fe],, [L],, and [L'], 
are known, whereas the concentration of the sol- 
uble iron(II1) complex [FeL] can be determined, 
the values of [FeL'], Z[H,L], and Z[H,L'] can be 
calculated with eqs. (4), (5), and (6). [L] and [L'] 
were calculated from the values of Z[HiL] and 
Z[HiL'], literature values of protonation constants 
of L and L', and the pH values of the system. With 
the value for Kq, determined as indicated, it was 
possible to calculate the stability constant K' by 
using eq. (3). 

With soluble bidentate ligands a number of 
complexes may be formed with iron(III), which 
depends on the iron, ligand, and hydrogen ion 
concentrations." For HMP ligands, however, only 
the cumulative stability constants with iron(II1) 
(&) were considered because it has been found that 
the ligand formed a 1 : 3 iron(II1)-ligand complex; 
this complex was favored over a wide range of pH 
(pH 5-11) and of ligand-iron(II1)  ratio^.'^,'^ In 
addition, the experiments were carried out with 
excess amounts of both soluble and insoluble li- 
gands to ensure complete complexation in the so- 
lution and on the resin. Also, in the insoluble 
complexes, the occurrence of a 1 : 3 iron(II1)-li- 
gand ratio was assumed. 

The method based on competition studies with 
EDTA was also used to determine the stability con- 
stant for the AHMP-HEMA resin. The mathemat- 
ical treatment for the EDTA competition reaction 
was similar to that for the DFO-Sepharose gel and 
EDTA competition system. For the competition by 
EHMP, the AHMP-DMAA resin and EHMP com- 
petition system was taken as an example. In this 
system, FeL3 and FeL3 are the only iron(II1)-con- 
taining species, and the corresponding formulas are 
as follows: 

[Fe], = [FeL,] + [FeL',] 

[L], = 3[FeL31 + Z[HiLl 

[L'], = 3[FeL3] + Z[HiL'] 

where L and L' denote the free and immobilized li- 
gand (HMP), respectively. It has been found that 
at physiological pH, HMP ligands remained quan- 
titatively ~ n p r o t o n a t e d , 2 ~ ~ ~ ~  hence: 

Z [ HiL] = [ L] 

Z [ HiL' ] = [ L' ] 

(13) 

(14) 

K for EHMP can be found in literature,22 and in 
a way similar to that described for the competitive 
studies with EDTA, the stability constant was de- 
termined. 

EXPERIMENTAL 

Materials 

The DFO-Sepharose gel, prepared by coupling 
desferrioxamine B (DFO) to CNBr-activated 
Sepharose 4B, had a DFO density of 21 pmol/ml 
gel." An HMP-Sepharose gel was used with a li- 
gand density of 18 pmol/ml gel, which was derived 
from the immobilization of 1-(2-aminoethy1)-3- 
hydroxy-2-methyl-4( lH)-pyridinone (HMP) on 
CNBr-activated Sepharose 4B." AHMP-HEMA 
resin and AHMP-DMAA resin were synthesized 
by the copolymerization of 1-(P-acrylamidoethy1)- 
3-hydroxy-2-methyl-4( lH)-pyridinone (AHMP) 
with 2-hydroxyethyl methacrylate (HEMA) and 
N,N-dimethylacrylamide (DMAA) , respectively, 
in the presence of a c r ~ s s l i n k e r . ~ ~ ~ ' ~  The ligand 
density of the AHMP-HEMA resin was 214 
pmol/g.13 The AHMP-DMAA resin was used with 
the ligand density of 460 pmol/g.14 The structures 
of the iron(II1) chelating resins are shown in Fig- 
ure 1. 

EHMP was prepared according to a literature 
meth0d.2~ EDTA was obtained from Merck. 
FeC13 6H20 (Merck) was used as an iron(II1) source. 
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Figure 1 Structures of various iron(II1) chelating resins. 

The iron(II1) chelated resins were prepared and an- 
alyzed as described previ0us1y.l~ 

Spectrophotometric Measurements 

UV-visible determination was carried out with a 
Uvikon 930 spectrophotometer. Atomic absorption 
spectrophotometric analysis was taken with a Per- 
kin-Elmer Zeeman 5000 atomic absorption spectro- 
photometer. 

Stability Study of the Resins 

As an indication of the stability of the iron(II1) che- 
lating resins, the release of ligands from the resins 
was determined according to the procedures de- 
scribed previ~usly.''-'~ 

Determination of Stability Constants 

EDTA Competition Reaction 

Fresh stock solutions (5 mM) of iron(II1) in water 
were used. EDTA solutions (10 mM) were prepared 

by dissolving appropriate amounts of EDTA in phos- 
phate buffered saline (PBS, pH 7.4), and adjusted to 
pH 7.1 with 1 M NaOH. To a mixture of 1.5 ml of 
the EDTA solution and a determined amount of the 
gel or resin, 2.0 ml of the iron(II1) solution and 21.5 
ml of PBS were added. The mixture was rotated at 
2OoC for 3 days and the concentration of the soluble 
iron(II1) complex was determined by atomic absorp- 
tion spectrophotometry (AAS). 

EHMP Competition Reaction 

Solutions were prepared containing known amounts 
of iron(II1) and EHMP. The experiments were per- 
formed at 20°C for 3 days by rotating a known 
amount of a chelating resin in 25 ml of an iron(II1)- 
EHMP solution in PBS (Method A) or by rotating 
a known amount of an iron(II1)-chelated resin with 
25 ml of EHMP solution in PBS (Method B). The 
concentration of the soluble complexes at equilib- 
rium was determined by UV-visible spectrophotom- 
etry or by AAS. The equilibrium was already reached 
after 48 h because the same concentration was found 
after 72 h. 
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Table I Stability Constants of Iron(II1)-Ligand Complexes on Various Iron(II1) Chelating Resins 
~ ~ 

Chelating Resin Soluble Chelator 
[FeL] or 

[L'lt [Llt [Felt [FeLI 
No Code (mM) Code (mM) (mM) (mM) Log K' 

1 DFO-Sepharose 0.416 EDTA 0.60 0.40 0.319 26.6 
2 HMP-Sepharose 0.732 EHMP 0.80 0.20 0.062 37.9 
3 AHMP-HEMA 1.632 EDTA 0.60 0.40 0.272 27.2 
4 AHMP-DMAA 0.816 EHMP 0.80 0.20 0.0091 39.5 

RESULTS AND DISCUSSION 

The stability constants for various iron(II1) chelat- 
ing resins are given in Table I. The values show that 
the immobilized HMP resins had a higher stability 
constant than the DFO-Sepharose gel, which was 
also reported for their free ligands?' 

In order to check that an equilibrium in fact had 
been reached, the stability constants were deter- 
mined by measurements at various competition 
conditions (Table 11). AHMP-DMAA resin was 
added to a solution of a soluble iron(II1)-chelator 
complex (Method A) or a soluble chelator was 
brought into contact with the iron(II1) chelated resin 
(Method B). It was observed that the influence on 
the stability constant was small by changing the 
concentrations or by using the two methods. 

The stability constant of an iron(II1)-ligand 
complex can obviously be changed by immobilization 
on a polymeric matrix, which is indicated by the 
different stability constants of resins with the same 
ligand (resins No. 2, 3, and 4 in Table I). For eval- 
uating the effect of ligand immobilization, stability 
constants of insoluble iron(II1) complexes (log K ' )  
as well as those of the corresponding soluble com- 
plexes (log K )  are given in Table 111. From the results 
shown in Table 111, it is evident that log (K ' /K)  

Table I1 Stability Constants of Iron(II1)-Ligand 
Complexes on an AHMP-DMAA Resin at Various 
Competition Conditions 

[Felt [EHMPIt [L'lt 
Method* (mM) (mM) (mM) LogK' 

A 0.20 0.80 0.50 40.2 
A 0.20 1.20 0.55 40.8 
A 0.20 0.80 0.55 40.4 
B 0.48 10.0 1.55 38.9 
B 0.50 15.0 1.57 39.2 
B 0.52 10.0 1.99 39.7 

* See Experimental. 

depends on the type of polymeric matrix as well as 
on the ligand type. 

Chelating properties of a chelating resin are af- 
fected by the affinity of the ligand, steric hindrance 
between the ligand and the polymeric matrix, hy- 
drophilicity, and stability of the resin.13,14,29-31 It is 
quite possible that some of these factors had an in- 
fluence on the stability constants of the iron(II1) 
chelating resins. Table I11 shows that log (K'IK) for 
the DFO-Sepharose gel was much lower than that 
for the HMP-Sepharose gel, whereas the same 
polymeric matrix was used. As indicated, a decrease 
in the stability constant of the iron(II1)-DFO com- 
plex was observed after DFO was immobilized to 
the polymeric matrix. This effect is probably due to 
steric hindrance between the bulky DFO and the 
polymeric matrix, and to a decrease in mobility of 
the DFO molecule. On the other hand, a considerable 
change in the stability constant for the HMP- 
Sepharose gel was not observed, possibly because 
the HMP molecule is smaller, which will result in 
less steric hindrance between the HMP ligand and 
the resin. 

As discussed in previous papers for the iron(II1) 
chelating efficiencies of AHMP-HEMA and 
AHMP-DMAA  resin^,'^,'^ the swelling properties 
of the resins affected their iron(II1) chelating abil- 
ities to a great extent. The difference in log (K'IK) 
might reflect an effect of the hydrophilicity on the 
chelating affinity of the resins, and therefore the 
water contents of the resins are also given in Table 
111. The AHMP-HEMA resin had a water content 
of only 50%; this relatively low hydrophilicity might 
be the reason for the decrease of the stability con- 
stant. In a similar way, the increased hydrophilicity 
of the AHMP-DMAA resin might be an explanation 
for the higher value of K'. 

On the other hand, although the HMP-Sepharose 
gel (with the same ligand as the AHMP-DMAA 
resin) had a higher water content (95%), the value 
of K' was slightly lower than that of AHMP-DMAA. 
It must be noted that the stability constant may 
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Table I11 Physiochemical Data of Various Iron(II1) Chelating Resins 

Water Content Ligand Release 
Resin Code Log K Log K Log W I K )  (%)a (%)b 

DFO-Sepharose 26.6 31 -4.4 
HMP-Sepharose 37.9 36.7 1.2 
AHMP-HEMA 27.2 36.7 -9.5 
AHMP-DMAA 39.9" 36.7 3.2 

95 
95 
50 
88 

0.8 
1.0 
0.1 
0.03 

a Swollen at  25OC for 24 h. 
Determined in water after 24 h at 25OC. 
' Using average value of log K' (Table 11). 

also be influenced by the stability of a resin; a low 
stability will decrease the stability constant because 
some ligands release from the resin to the solution. 
Table I11 also shows the stability of the resins and 
it is reasonable to assume that the lower value of K' 
for the HMP-Sepharose gel, as compared with the 
AHMP-DMAA resin, probably resulted from its low 
stability in water."J2 

It has been reported that an increase in the sta- 
bility constant of a metal-ligand complex is a gen- 
eral characteristic when immobilizing a ligand to 
a polymer.32 Results of our investigations seem to 
indicate that several effects are involved, which may 
lead to an increase or a decrease in the stability 
constant. 

CONCLUSIONS 

A method was described to determine the stability 
constants of iron(II1)-ligand complexes on insoluble 
iron(II1) chelating resins, i.e., DFO-Sepharose gel, 
HMP-Sepharose gel, AHMP-HEMA resin, and 
AHMP-DMAA resin. 

A higher hydrophilicity and stability of a resin 
resulted in an increase of the stability constant, 
whereas steric hindrance decreased the stability 
constant. Stability constants of iron(II1) chelating 
resins higher than those for the corresponding 
monomeric chelators were found, but in other cases 
immobilization gave rise to a decrease in the stability 
constant. 
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