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The pH dependence of Fe(III)-amino acid com plexes has been studied polarographically and 
by means of ESR spectroscopy.

It could be shown that, at least, two complexes exist: one with a low molecular weight, ESR 
detectable at acid pH. and one with a high molecular weight at alkaline pH, ESR non detectable. 
The half wave potential o f Fe (III) is lowered by amino acid ligands.

The redox interaction o f the Fe(III)-amino acid com plexes with vitam in C results in a decrease 
of the ascorbyl radical concentration. Ascorbic acid also forms a com plex with Fe(III) as in­
dicated by a polarographic half wave potential near -  0.55 V vs. S.C.E. at pH 7.

Introduction

The biological role o f  iron is well known, 
especially in connection with physiological redox 
processes [ 1 ],

Since ascorbic acid is a p red o m in an t  low m olec­
ular weight ligand o f  iron  in vivo [2 ], it should  
interfere with the F e ( I I I ) /F e ( I I )  redox system [3]. 
Such an interaction will be  m odif ied  by a m in o  acids 
to which iron ions are  b o u n d  in m an y  biological 
instances.

Despite the im portance  o f  the  iron redox  system 
for biological systems, no t m uch  is know n ab o u t  its 
potentials. T herefore , the  influence o f  a few am ino  
acid ligands on the redox potentia l and  the  stoichio- 
metry o f  the Fe(I I I ) /F e(I I ) -sys tem  as well as the 
m odification  o f  i ron -am ino  acid com plexes  by 
v itamin C has been s tud ied  by m eans  o f  p o la ro ­
graphic  and electron spin resonance m ethods.

Materials and Methods

Ascorbic acid (ASC), L-histidine, L-aspartic acid, 
L-alanine and ferric n it ra te  ( F e ( N 0 3) 3 • 9 H 20 )  have 
been purchased from Merck, D arm s tad t ,  and  were 
used w ithout fu rther purif ica tion .

A M etrohm  Polarecord  E 261R  e q u ip p e d  with a 
dropping  m ercury  elec trode and a sa tu ra ted  calomel 
reference electrode (S.C.E.) with a po tass ium  
nitrate-agarose bridge  was used for the  po laro-
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graphic  m easurem ents .  T h e  po la rog ram s were 
ob ta ined  at room  tem p e ra tu re  (25 °C )  af te r  d eoxy­
genation o f  the solutions w ith  p urif ied  n it rogen  and 
add it ion  o f  0 .0 0 2 % gelatine.

The  pH values were m easu red  w ith  a Knick 
pH  m eter using a glass electrode.

The po ten tiogram s were taken  by a M etroh m  
Potentiograph E436.

The ESR m easurem en ts  were carr ied  ou t at 77 K 
with a  Varian E9 100 kH z m o d u la t io n  X -band  
spectrometer. T he  m od u la t io n  a m p l i tu d e  was 
0.8 m T  and the m icrow ave pow er  5 m W  for all 
samples investigated.

Results and Discussion

Changes in the  m olecu la r  characteris t ics  o f  m etal 
ion complexes in aqueous solutions can be well 
m onitored  po la rograph ica lly  by m ean s  o f  the 
pH dependence  o f  the h a lf  wave po ten t ia ls  and 
diffusion currents [4. 5].

a) Polarographic diffusion current

The  h a lf  wave potentia l o f  the  free F e ( I I I ) /F e ( I I )  
redox system is supposed ly  ab o u t  + 0 .7 7  V (cor­
responding to + 0 .5 3  V vs. S.C.E.)  [6 ] and  is, thus, 
not accessible by the d ro p p in g  m ercury  electrode. 
Nevertheless, the  concentra tion  o f  the F e ( I I I ) -aq uo  
complex can be es t im ated  by m easu r ing  the  total 
diffusion current at a lower po tentia l (e.g. 0 V vs.
S.C.E.). The  pH  dep end ence  o f  such a d iffusion 
current, m easured  relatively to the value  in the 
strong acid solution, is show n in Fig. 1 a.

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



B. Kiefer et al. ■ The Influence o f Amino Acid Ligands and Vitamin C on the Reduction Potential o f Fe (III)

a) b)

103

Fig. 1. pH dependence of the total diffusion current (x) o f  F e ( N 0 3)3 (1 m M )  (a) complexed with histidine (b), aspartic 
acid (c), and alanine (d) (200 m M  each). Also shown are the diffusion currents contributed by the com plexes A ( a )  
and B (o).

It is known that Fe(III) has a strong tendenc y  in 
forming aquo  complexes even at very low pH  
values. With increasing p H  this c o m p lex a t io n  
increases resulting in a low ered dif fusion  coeff ic ien t 
and, thus, in a d im in ish ed  d iffusion curren t.  In 
o rder  to m aintain  Fe(III)  in solution a t  p h y s io ­
logical pH, it must be coord ina ted  to su i tab le  
ligands. Thus a com plexa tion  with h is t id ine ,  e.g., 
prevents such a p rec ip ita tion  up to a b o u t  p H  9 
(Fig. 1 b).

In the case o f  aspartic  acid and a lan ine ,  the  total 
diffusion current m ay  be expla ined by a  s u p e rp o s i­
tion o f  the currents con tr ibu ted  by a t  least two 
complexes, complex A (m ainly  present a t  low pH ) 
and complex B (increasing in concen tra t io n  with 
h igher pH) (s. Fig. 2, 1 c, and  1 d).

T he potentials o f  the po lym eriza tion  p roduc ts  
(complexes B) are always low er than  those  o f  the 
m ononuclear complexes (com plexes A).

T he potential o f  the F e (I II)-h is t id ine  com plex  
cannot be observed by m eans  o f  th is  techn ique .  
However, the diffusion curren t a lready  p resen t  at 
electrode potentials as h igh as possible (h ig h e r  than  
0 V) indicates, tha t the co rresponding  h a l f  w ave

E [VI -0 .7  - 0 .5  -0 .3  -0.1 *0.1 *0.3

Fig. 2. Polarograms of the Fe(III)-aspartic acid com ­
plexes A and B as a function o f pH. The potentials are 
taken vs. S.C.E. Concentrations used: 1 m M  F e (N 0 3)3, 
200 m M  aspartic acid, 200 m M  K N 0 3.

potential is h igher  than  th is value over the w hole  
pH  range studied.

b) ESR-signal at g =  4.3

The electron spin resonance (ESR ) signal o f  h igh  
spin Fe(III) d epends  strongly on the sy m m etry  o f  
the  environm ent [7], In a rh o m b ic  sym m etry  the
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Fig. 3. ESR-spectra of F e (N 0 3)3 (1 m M )  (pH 2, top 
spectrum) with alanine, aspartic acid, and histidine as 
ligands (pH 4, 200 m M  each), taken at 77 K. s: relative 
sensitivities.

signal is very sensitive to any dev ia t ion  o f  the perfect 
rhom bic  sym metry  (s. Fig. 3) [8 , 9], T he  line w id th  
of the ESR signal depends  on the k ind o f  the ligand; 
it is nearly constant over the pH  range used.

T he  signal o f  the  Fe(I II)-h is t id ine  com plex  is very 
small (only 6  m T  line width) and  o f  a sym m etrica l  
line shape, ind icating a nearly perfect rh om bic  sy m ­
metry.

T h e  pH  dep endence  o f  the spin concentra tion  is 
show n in Fig. 4. A com par ison  with the po laro- 
g raphic  diffusion currents (s. Fig. 1), shows tha t  the 
ESR signal is de tec tab le  only in those pH  regions 
w here  the com plexes A can be recorded  po laro- 
graphically. C om plexes  B o f  bo th  aspar tic  acid and 
alanine are undetec tab le  by the ESR m ethod .  T hese  
complexes might be polynuclear with an an t i fe r ro ­
m agnetic  coupling  between the  Fe(III)  ions by 
—O — or - O H -  bridges [7, 10].

T he  decrease o f  the  spin concentra tion  o f  the 
Fe(III)-hist idine system above pH  3.5 m ight be 
caused by a change  in com plexa tion  state from 
rhom bic  to an o th e r  sym m etry  w ithou t  changing  
m olecular size or redox  potential.

c) Interaction with vitamin C
T he  vitamin C redox  system exists o f  two one 

electron transitions. T he ir  reduc tion  potentia ls  are 
+  0.32 V and - 0 . 2 0  V at pH  7 for the  sem id ehy d ro -  
ascorbic ac id /asco rb ic  acid (S D A /A S C )  and  de- 
hydroascorbic ac id /sem idehydroascorb ic  acid (D H A /  
SDA) couple [11].

Fig. 4. pH dependence o f the relative 
ä u spin concentration (measured as peak
^  height because shape and width of the

signals remain constant) o f the ESR 
signal at g =  4.3 o f F e (N 0 3)3 (1 m M )  (o) 
with alanine ( o ) ,  aspartic acid ( a ) ,  and 
histidine (□) as ligands (200 m M  each).
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Since Fe(III) ions in the i r  com plexes  w ith  h is t i ­
dine are reduced com ple te ly  by ASC, it m ig h t  be 
concluded that the reduc tion  po ten t ia l  o f  th e  
F e(III) /Fe(II)-h is t id ine  system is m u ch  h ig he r  th a n  
that o f  SD A/ASC, w hich  agrees well w ith  the  
polarographic experiments. A SC  is o x id ized  to 
SDA, which, then, is converted  to D H A  by e i th e r  
oxidation or d isproport ionat ion .

The potential o f  the F e ( I I I ) /F e ( I I ) - a s p a r t i c  acid 
system, however, is c o m p a rab le  to th a t  o f  the  
SD A/ASC  system. Therefore ,  it oxid izes A SC  only 
partially. This partial ox ida t ion  allows th e  e v a lu a ­
tion o f  the SDA concentra tion . It will result  in 
0.5 (iM by using the eq ua t ion

lg[SDA] =
r F e  p  ASC

0.059

+  lg
[Fe(III)] [ASC] 

[Fe(II)]
(pH  7, 25 °C )

with [ASC] =  1.73 mM, [Fe(II)] =  0.54 mM and  
[Fe(III)] =  0.04 mM as o b ta ined  for com plex  A from  
the polarograms, E \/2 =  E qs =  +  0.18 V (p H  7) as 
measured polarographically  for the  fully reversib le  
F e ( I I I ) /F e ( I I ) -a s p a r t ic  acid system ( red uc t io n  
potential o f  complex A), and  £ 'oSC =  +  0.32 V 
(pH 7).

By using the d isp ro po r t ion a t io n  reac t ion

2 SDA ^  ASC +  D H A

with the equil ib r ium  constant K  =  1.5 x 10~ 9 (pH  7, 
25 °C) [11], the  SDA concen tra tion  sh ou ld  be  30 n M  

only if one assumes [DHA] =  1/2 [Fe(II)] .
A comparison o f  these two results suggests, th a t  

the potential o f  the F e ( I I I ) /F e ( I I ) -a s p a r t ic  acid 
system, as de te rm ined  po la rograph ica l ly ,  is too  
high. Assuming [SDA] =  30 n M  is correct, then ,

£ o e =  +  0 .11 V  (pH  7) w ould  be the  a p p ro p r ia te  
reduction potential o f  the F e(I I I ) -a spa r t ic  acid 
complex A in the presence o f  ascorbate .

Oxidation  o f  SD A  to D H A  by Fe(I II ) -com plex es  
will also decrease the SD A  concentra tion . D u e  to 
the potential d ifference o f  the redox  systems, this  
oxidation should be m ore  p ro n o u n ce d  th an  it has 
been observed. It is very likely th a t  the  S D A  
radicals, contrary to the ascorba te  ions, a re  not 
affected by the Fe(III)-com plexes [12], p ro b a b ly  d u e  
to sterical reasons resulting from the  special bicyclic 
structure o f  the SD A  molecules [13].

It is well known tha t Fe(III)  ions ca ta lyze the  
autoxidation  o f  ASC presu m ab ly  by fo rm ing  an 
in term ediate  com plex  [14], T he  po ten tia l  o f  such an 
Fe(III)-ASC com plex can be de tec ted  by a c a tho d -  
ic polarographic  wave near  —0.55 V vs. S.C.E. 
(Fig. 5a) in the presence o f  oxygen at neu tra l  o r  
slightly alkaline pH. T he  com plex  also exhib i ts  
a broad absorp tion  band  nea r  550 n m  ( £ 550 =  
1400 m “ 1 c m - 1  at pH  7.4) which can be used for 
quantita tive derivation  o f  Fe(III)  and  A SC  in 
aqueous solution [15].

The com plexation  described seems to in h ib i t  any 
fur ther ox idation  p robab ly  due  to the  in co rp o ra t io n  
o f  O H -  or to the  fo rm ation  o f  o th e r  com plexes ,  as 
indicated by an  ac id ifica tion  o f  the  so lu tion  
(Fig. 5b )  and by the t im e d ep end ence  o f  the  F e (I II)  
cata lyzed ox idat ion  o f  ASC (anodic  wave).

Conclusions

The bio-availabil ity  o f  iron in living cells req u ire s  
the solubilisation o f  the Fe  ions by  com plexa tion .  
This complexation, however, influences also the 
redox potential o f  the F e ( I I I ) /F e ( I I )  redox  system.

E[V] -13 - 0 9 - 0 . 5 -01

Fig. 5. a) Polarogram of F e (N 0 3)3 
(1 mM in 200 mM K N 0 3, pH 7) taken 
in the presence of ascorbic acid (20 mM). 
The potentials are given vs. S.C.E.; 
b) Potentiograms o f 20 mM ascorbic
acid without (-----) and with (---)
1 mM F e(N 0 3)3.
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As shown by m eans o f  the  p o la ro g rap h ic  tech ­
nique, there are at least two types o f  com plexes  
formed between Fe(III) and  am in o  acids: one o f  a 
relatively low m olecu la r  w eight and  one highly  
polymerized. T he  po lym er  com plexes p rec ip i ta te  at 
h igher pH values d ue  to the i r  high m o lecu la r  
weight and rem ain  unde tec tab le  by ESR p ro b ab ly  
due to an an tife r rom agnetic  coupling  o f  the i r  Fe- 
centers. The low m olecu la r  w eight com plexes p re ­
dom inate  at acid pH, are  de tec tab le  by ESR, and  
exhibit a m ore  or less rh o m b ic  symmetry.

The reduction potentia ls  o f  the po ly m er  c o m ­
plexes are lower than  those o f  the  low m olecu la r  
weight complexes. All o f  these potentia ls , how ever,  
are lower than  tha t  o f  free Fe(III)  ions. T hese  ions 
catalyze the one electron o x ida t ion  o f  ascorb ic  acid 
to the ascorbyl radical. This ox idat ion , how ever,  
seems to be restricted by a com plexa tion  be tw een

Fe(III) and ASC and  depends ,  thus, on the con cen ­
tra tion ratio  betw een these two complexes.

The interaction be tw een  F e ( I I I ) -am in o  acid c o m ­
plexes and ascorbate  results in a redu ced  SD A  level. 
This  m ight be caused by a d im in ish ed  effective 
redox potential o f  the  Fe(I I I ) -com plex  as show n e.g. 
with aspartic  acid as a ligand.

The  redox po tentia l in living cells as m a in ta in ed  
by the v itam in C redox system m igh t be d irectly  or 
indirectly influenced by Fe(III)  ions com plexed  with 
am ino  acids.
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