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Using UV-vis and EPR (electron paramagnetic resonance) 
spectroscopy, iron- and chromium- substituted polyoxometalates 
were shown to undergo controlled reduction, involving the iron 
and chromium as well as the molybdenum/tungsten framework; 
furthermore, reoxidation was also shown to be possible with 
molecular oxygen or hydrogen peroxide – in a cycle reminiscent 
of iron-containing enzymes. The influence of pH, ligands and/or 
potential redox agents such as imidazole, thiocyanate, 
thiosulfate, mercaptoethanol and ascorbate were examined. 

 

 
 

INTRODUCTION* 

In recent years an interest has been expressed in 
the preparation of metal-oxygen clusters of the 
early transition metals with lacunary structure1. 
These clusters and their metals complexes with 
iron (III) and chrome (III) may in principle be 
capable of catalyzing,2,3 reactions similar to those 
seen in metalloenzymes.4,5 To this end, these 
compounds would need to be able to undergo 
successive reduction and oxidation without 
irreversible changes in the structure. Indeed, it has 
often been shown that enzyme-like catalysis can be 
performed by such compounds.6-8 We have 
recently characterized an iron-substituted 
polyoxometalate (POM) 9, showing that it can 
undergo controlled reduction and that this 

                                                            
 
 

reduction can involve the iron as well as the 
molybdenum/tungsten framework; furthermore, 
reoxidation was also shown to be possible with 
molecular oxygen or hydrogen peroxide – in a 
cycle reminiscent of iron-containing enzymes. Here, 
the more general applicability of the concept is 
illustrated, by analyzing a different iron-containing 
POM as well as the chromium-substituted 
counterpart. Various spectroscopic measurements 
were made to study the mechanism of actions of the 
clusters and to identify the species involved in 
catalysis processes; thus analyzed are the influence 
of pH (in the context of a possible oxo-hydroxo 
transformation with possible influence on 
reactivity), ligands and/or potential redox agents 
such as imidazole, thiocyanate, thiosulfate, 
mercaptoethanol, dithionite and ascorbate. 

 
* Corresponding author: rsilaghi@chem.ubbcluj.ro 
** Supporting information on http: //web.ocf.ro or http: //revroum/lew.ro 
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EXPERIMENTAL 

Materials 

All POM’s in the present study were primarily derived 
from [P2W18O62]6- which together with K12H2P2W12O48*24H2O 
and α2-K10[P2Mo5W12O61]·21H2O was synthesized by 

published methods.10-14 Synthesis of the iron (III) complex  
of the Dawson monolacunary POM α2-[P2Mo5W15O61]  
was performed as previously described.9 Iron and chromium 
POM`s, α2-K7[Fe(H2O)P2Mo5W12O61]*17H2O and α2-
K7[Cr(H2O)P2Mo5W12O61]*17H2O, was synthetized the first 
time. In Fig. 1 outlines the preparation method of complexes: 

 

 
Fig. 1 – Preparation of iron and chromium polyoxometalate; TRIS-tris-(hydroxymethyl)-aminomethane, M- Fe, Cr. 

 
Synthesis of α2-K7[Cr(H2O)P2Mo5W12O61]·17H2O 

 A sample of 0.266g (1 mmol) of CrCl3*6H2O was 
dissolved in 25 mL of water, and 4.47 g (1 mmol) of α2-
K10[P2Mo5W12O61]·21H2O was added with stirring. The 
mixture was heated at 40°C for 2 hour and then the solution 
was kept at room temperature. The brown crystals  
appeared which were collected by filtration over a sintered 
glass frit and dried in air. Yield: 4 g (74%). Calcd for  
α2-K7[Cr(H2O)P2Mo5W12O61] ·17H2O: K 6.26, Cr 1.18, P 
1.41, Mo 10.97, W 50.43. Found: K 6.19, Cr 1.09, P 1.46, Mo 
10.91, W 51.02. FT-IR (cm-1, KBr pellets, polyoxometalate 
region), 1093, 1011, 946, 902, 781, 668, 525, corresponds 
with literature date on similar compounds,15, 16 31P NMR 
(D2O, δ) -11.25 (s). 

Synthesis of α1-K7[Fe(H2O)P2Mo5W12O61]·17H2O 

 A sample of 0.486g (1.2 mmol) of FeCl3·6H2O was dissolved 
in 25 mL of water, and 4.6 g (1.035 mmol) of α1-
K9Li[P2Mo5W12O61]·20H2O was added with stirring. The mixture 
was heated at 35°C for 2 hour and then filtered. The filtrate was 
kept at 4°C. The orange crystals appeared which were collected 
by filtration over a sintered glass frit and dried in air. Yield: 2.56 g 
(%). Calcd. for α1-K7[Fe(H2O)P2Mo5W12O61]·17H2O: K 6.15, Fe 
1.25, P 1.39, Mo 10.78, W 49.58. Found: K 5.35, Fe 1.06, P 1.16, 
Mo 9.30, W 49.8.17 

Methods 

 Inductively Coupled Plasma Atomic Emission Spectrometer, 
ICP-AES, Optima 5300 DV (Perkin Elmer) – K, Cr, P and Cr; 

ICP-MS ELAN DRC II (Perkin Elmer) – Mo, W. A Bruker 
Vector 22 FTIR spectrophotometer was used to record the 
FTIR spectra (KBr pellets). NMR spectra were recorded on a 
Bruker Avance 300 apparatus operating at 300 MHz. UV-Vis 
spectra were recorded on a Perkin Elmer Lambda 35 UV/Vis 
spectrometer using Teflon-stoppered quartz cells with a path 
length of 1 cm.  
 A Bruker EMX Micro spectrometer with a liquid nitrogen 
cooling system was employed for EPR spectra. Instrument 
conditions were: microwave frequency 9.43 GHz, microwave 
power 15.89 mW, modulation frequency 100 kHz, modulation 
amplitude 5 G, sweep rate 22.6 G/s; time constant 81.92 ms, 
average of three sweeps for each spectrum, temperature 100 K. 
 The electrochemical set-up was a Gamry Reference 
potentiostat driven by a PC. A conventional (single-
compartment) three electrode electrochemical cell was used, 
glassy carbon working electrode, Pt counter electrode and 
Ag/AgCl reference electrode, scan rate 10 mV s-1. Pure water 
was used throughout; the pH was adjusted to 3 using 0.5 M 
Na2SO4+H2SO4. The solutions were de-aerated thoroughly for 
at least 20 min with pure argon. 

RESULTS AND DISCUSSION 

Influence of pH on α1-K7[Fe(H2O)P2Mo5W12O61] 

 Fig. 2 shows EPR spectra illustrating the pH 
dependence of α1-K7[Fe(H2O)P2Mo5W12O61], under 
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conditions where the UV-vis data reveals 
essentially no change (cf. Supporting Information 
Fig. A1). Signals are seen at g~2 (specific for 
molybdenum and tungsten) and at g~4.3 
(accompanied by g~9) – specific for high-spin 
iron. The intensities of these signals are slightly 
affected by pH, suggesting that a protonation event 
might take place at a point relatively distant from 
the paramagnetic site. The g~4.3 region shows 
slight modifications in shape – namely, a split 4.3 
signal only for pH 6 and a shoulder at g~4.8 whose 
relative intensity depends on pH – again suggesting 

that protonation occurs on a oxygen atom which is 
not linked directly to the iron. 

Influence of pH on α2-K7[Fe(H2O)P2Mo5W12O61] 

 The influence of pH on α2-
K7[Fe(H2O)P2Mo5W12O61] is presented in Fig. 3. 
As also seen for α1-K7[Fe(H2O)P2Mo5W12O61], the 
UV-vis spectra showed no notable changes (cf 
Supporting Information Fig. A3), while the EPR 
spectra bring more significant changes. 
 

 
 

 
 

 
Fig. 2 – Upper panel: EPR spectra of α1-K7[Fe(H2O)P2Mo5W12O61], 2x10-3 M in 0.05 M phosphate buffer, pH 3, 6 and 8.  

Lower panel: superposition of the g=4.3 regions. 
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Fig. 3 – EPR spectra of α2-K7[Fe(H2O)P2Mo5W12O61], 2x10-3 M in 0.05 M phosphate buffer, pH 3, 6 and 8. 

  
In the 3000–4000 G region (g~2.2-1.8), α2-

K7[Fe(H2O)P2Mo5W12O61] is affected by pH much 
stronger that α1-[Fe(H2O)P2Mo5W12O61]7-, with the 
maximum intensity seen at pH 6. The g~4.3 signal 
is narrower and stronger at pH 6, with a shoulder 
developing more clearly at pH 3 with g~4.9, as 
was the case for α1-[Fe(H2O)P2Mo5W12O61]7-. 
 The fact at pH 8 the signals are all very weak, 
suggests that the iron was lost or is reorganized 
towards a more heterogeneous or an EPR-silent 
state; by contrast, α1-[Fe(H2O)P2Mo5W12O61]7- 
appears to have been much more stable at this pH 
(cf. Fig. 2). 
 The fact that molybdenum and tungsten-related 
signals are seen in the EPR, suggests the existence 
of Mo(V) or W(V) centers. Since the POM 
examined here were synthesized starting from 
oxidized Mo(VI), W(VI) and Fe(III), the existence 
of the g~2 signals in a context where the iron 
already features a high-spin signal at g~4.3, can be 
interpreted to arise either from electrons 
delocalized from the iron, or more likely, 
interpreted to be the effect of iron-assisted 
nonspecific redox reactions whereby the cluster 

has recruited electrons from the medium (e.g., 
from carbon-based compounds present as buffer 
during the synthesis and purification of the 
complexes). 

Influence of pH  
on α2-K7[Cr(H2O)P2Mo5W12O61] 

 In the EPR spectra of α2-
K7[Cr(H2O)P2Mo5W12O61] (Fig. 4) there is 
essentially no influence of pH – with the exception 
of a change in the g~3.04 signal at pH 8, which 
may be related with the instability issue seen at this 
pH for α2-K7[Fe(H2O)P2Mo5W12O61]. The spectra 
are dominated by chromium (similarly to a 
previously described related compound5), with 
negligible contribution from molybdenum and 
tungsten. This may suggest that the chromium-
substituted POM is less prone towards redox 
reactions than the iron version, so that the Mo and 
W remain here intact in their original VI formal 
oxidation states, contrary to the case of α2-
K7[Fe(H2O)P2Mo5W12O61].
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Fig. 4 – EPR spectra of α2- K7[Cr(H2O)P2Mo5W12O61], 2x10-3 M in 0.05 M phosphate buffer, pH 3, 6 and 8. 

 
Reactions with potential ligands 

 Fig. 5 illustrates the influence of imidazole, 
potassium thiocyanate and sodium thiosulphate on 
α1-K7[Fe(H2O)P2Mo5W12O61]. The signals at g~4.36 
and g~9 specific for high spin-iron show a small 
influence from the compounds in terms of shape 
(imidazole), and intensity (thiocyanate and 
thiosulphate). This suggests that the three ligands are 
able to bind to the POM, in regions that to various 
extents affect the electronic properties of the iron. 
The molybdenum/tungsten signals in the g~ 2 regions 
are very weak, but do show detectable changes. 

The EPR spectra of α2-K7[Fe(H2O)P2Mo5W12O61] 
(Fig. 6) show that KSCN induces only a small 
increase in the intensity, while with imidazole and 
thiosulphate the signals at g~4.9 and the g~9, specific 
for iron, are clearly affected suggesting a change in 
structure very close to the iron. The g~ 2 regions 
show no significant changes in these experiments. 
 The spectra of α2-K7[Cr(H2O)P2Mo5W12O61] (Fig. 
7) are affected by imidazole, thiocyanate and 
thiosulphate only in the g~2-2.2 region, as well as, in 
the case of imidazole, at g~3.2-3.5 – again suggestive 
of a direct interaction with these potential ligands – 
but likely one not directly at the chromium. 

Electrochemical behavior  
of iron and chromium substituted POM 

 
 Electrochemical studies with the similar 
polyoxometalate compound demonstrate the 

existence of catalytic properties even in the 
water.18,19 The UV-Vis and EPR analyses reported 
here and in a previous communication9 have shown 
that there is a catalytic activity and in this effect 
can involve the iron and chromium as well as the 
molybdenum/tungsten framework. The presence of 
Mo atoms within the structure of POM results in a 
substantial improvement in their electrocatalytic 
behaviors.1,20,21 The EPR spectra reported here 
reveal that potential ligands can cause slight 
differences in signals attributable with Fe and Cr, 
suggestive of binding events near these centers; if 
so, such binding is expected to also affect the 
electrochemical behavior. 

The cyclic voltammograms of the three iron and 
chromium POM complexes are shown in Fig.8, 
and show similarities with related complexes.22 
There are clear differences between the Fe- and Cr-
POM’s, as well as between the two iron isomers, 
α1-and α2. Imidazole, seen in the EPR spectra to 
affect the paramagnetic centers, has at most a 
modest influence on α2 iron and α2 chromium at 
1:2 POM:imidazole ratios, but rather notable 
effects at 1:10 ratios on both iron isomers; the 
chromium complex appears almost unaffected 
even at this concentration. This is in general 
agreement with EPR and UV-Vis data, suggesting 
that imidazole can bind to the POM’s very close to, 
but not directly at the Fe/Cr. 
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Fig. 5 – Upper panel: EPR spectra of α1-Fe= α1-K7[Fe(H2O)P2Mo5W12O61] (2x10-3 M) and the POM with imidazole,  

KSCN and Na2S2O3 (4x10-3M) in 0.05 M acetate buffer, pH 4.5. Lower panel: superposition of the g~2 regions. 
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Fig. 6 – EPR spectra of α2-Fe= α2-K7[Fe(H2O)P2Mo5W12O61] 2x10-3 M and the polyoxometalate with imidazole-, KSCN- and 

sodium thiosulphate (Na2S2O3)- 4x10-3M, in 0.05 M acetate buffer, pH 4.5. 
 

 
Fig. 7 – EPR spectra of α2-K7[Cr(H2O)P2Mo5W12O61] 2x10-3 M and the polyoxometalate with imidazole-, KSCN- and sodium 

thiosulphate- 4x10-3M, in 0.05 M acetate buffer, pH 4.5. 
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 (a) 

 (b) 

 

 (c) 

Fig. 8 – Cyclic voltammograms of 2*10-4 M solution of α1-(a), and α2-(b) iron and α2 chromium(c) POM and its complexes with 
imidazole at 1:2 and 1:10 ratio, in 0.2 M Na2SO4 + H2SO4 (pH 3); scan rate 10 mV s-1; working electrode: glassy carbon. 
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The main voltammetric characteristics of iron 
and chromium POM’s are gathered for pH 3 values 
in Table 1. The α1-K7[Fe(H2O)P2Mo5W12O61] with 
an a less cathodic potential (for the first and second 
waves) and oxidizes easily that α2-iron and α2-

chromium POM’s and with the imidazole is the 
same effect. For the first and second waves in 
POM and 1:2 POM:imidazole  the difference 
between the redox peak potentials indicate a 
reversible redox process. 

 
Table 1 

Cyclic voltammetric data for the α1-Fe= α1-K7[Fe(H2O)P2Mo5W12O61], α2-Fe= α2-K7[Fe(H2O)P2Mo5W12O61]  
and α2-Cr= α2-K7[Cr(H2O)P2Mo5W12O61] and its POM with imidazole in 0.2 M Na2SO4 + H2SO4 (pH 3) 

POM POM:Imidazole 1:2 POM:Imidazole 1:10  
Epc(V) ∆Ep(V) ε0(V) Epc(V) ∆Ep(V) ε0(V) Epc(V) ∆Ep(V) ε0(V) 

α1-Fe 
Epc1 
Epc2 
Epc3 
Epc4 

0.133 
-0.150 
-0.626 
-0.804 

0.019 
0.006 
0.202 
0.234 

0.142 
-0.147 
-0.525 
-0.687 

0.133 
-0.150 
-0.626 
-0.804 

0.019 
0.006 
0.202 
0.234 

0.142 
-0.147 
-0.525 
-0.687 

0.144 
-0.580 
-0.816 

0.319 
0.317 
0.348 

0.303 
-0.421 
-0.642 

α2-Fe 
Epc1 
Epc2 
Epc3 
Epc4 

0.190 
-0.162 
-0.594 
-0.752 

0.036 
0.012 
0.202 
0.222 

0.208 
-0.156 
-0.493 
-0.641 

-0.190 
-0.162 
-0.618 
-0.768 

0.036 
0.012 
0.194 
0.228 

0.208 
-0.156 
-0.521 
-0.654 

-0.238 
-0.648 

0.86 
0.22 

0.192 
-0.538 

α2-Cr 
Epc1 
Epc2 
Epc3 
Epc4 
Epc5 

0.212 
-0.220 
-0.528 
-0.760 
-0.902 

0.04 
0.012 
0.112 
0.214 
0.276 

0.232 
-0.214 
-0.472 
-0.653 
-0.764 

0.212 
-0.220 
-0.558 
-0.760 
-0.912 

0.04 
0.012 
0.172 
0.22 
0.286 

0.232 
-0.214 
-0.502 
-0.656 
-0.769 

0.206 
-0.238 
-0.626 
-0.820 

0.016 
0.01 
0.196 
0.13 

0.214 
-0.233 
-0.528 
-0.755 

Working electrode: glassy carbon, reference electrode Ag/AgCl; scan rate 10mV s-1 
Epc: cathodic peak potential; 
ε0: formal standard potential estimated as the average between the anodic and cathodic peak potentials; 
∆Ep: the difference between the redox peak potentials. 

 
Influence of reducing agents 

 We have previously shown11 that α2-
K7[Fe(H2O)P2Mo5W12O61] can be reduced by the 
sulfur-based reducing agents, dithionite, and that 
this can lead to changes in the EPR signals at the 
iron as well as at the molybdenum, including an 
apparent change in spin state. In this context, the 
reduction with dithionite as well as with other 
reducing agents is examined here for the three 
POM complexes. Thus employed are ascorbate and 
mercaptoethanol; thiosulphate could in principle 
also be viewed as reducing agent, but in our 
experiments it showed no such reactivity towards 
the three POM.  
 The UV-vis spectra of α1, α2 iron and α2 
chromium complexes with reducing agents show 
the formation of at least two species in each case 
that correspond to the reduced form, 23,24 with 
different identities in the case of dithionite 
compared to ascorbate and mercaptoethanol. 
 Fig. 9 illustrates the UV-vis spectra of α1-
K7[Fe(H2O)P2Mo5W12O61]*17H2O with dithionite, 
ascorbate and mercaptoethanol. At least two 

reduced species are apparent: one in case of 
dithionite characterized by two bands with maxima 
at 500 and 710 nm and a second one in case of 
ascorbate and mercaptoethanol with maxima at 680 
and 928 nm. 

In the EPR spectra of α1-
K7[Fe(H2O)P2Mo5W12O61], the reducing agents 
added at a 2:1 ratio behave very differently that in 
UV-vis; the greatest change in the intensity 
resulted with mercaptoethanol, with dithionite the 
intensity is reduced (Fig. 10). In fact, the intensity 
of the Fe(III) signal at g~4.3 is perplexingly 
increased by the weaker reducing agents ascorbate 
and mercaptoethanol, and only slightly decreased 
by dithionite. Slight changes in the shape of the 
signal may also be noted. The 
molybdenum/tungsten region at g~2 was not 
affected in these experiments, even though the 
samples were distinctly colored, as expected for 
reduced but not for oxidized Mo and W. These 
data imply that under these conditions reduction 
takes Mo/W from VI to IV (avoiding accumulation 
of the EPR-active Mo(V) or W(V)), and Fe is not 
yet reduced to a significant amount. 
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Fig. 9 – UV-Vis spectra of α1-K7[Fe(H2O)P2Mo5W12O61] with reducing agents: ascorbate, mercaptoethanol and dithionite.  

α1-K7[Fe(H2O)P2Mo5W12O61]= 10-3 M in 0.05 M acetate buffer, pH= 4.5, [ascorbate], [ditionite]= 45*10-3 M, [mercaptoethanol]= 
90*10-3 M, temperature 20 oC. 

 

 
Fig. 10 – EPR spectra of α1-K7[Fe(H2O)P2Mo5W12O61] with reducing agents: ascorbate, mercaptoethanol and dithionite.  

2x10-3 M polyoxometalate in 0.05 M acetate buffer, pH 4.5, reducing agents 4x10-3M. 
 
 

The influence of the reducing agents on α2-
K7[Fe(H2O)P2Mo5W12O61] is illustrated by UV-vis 
spectra in Fig. 11. Dithionite provides maxima at 
505, 723 and 888 nm, while ascorbate and 
mercaptoethanol yield maxima at 500, 723 and  
888 nm. 

 EPR spectra of this α2- complex with reducing 
agents (Fig. 12) show changes in the shape as 
well as in the intensity in the g~9 and g~4-5 
regions, reminiscent of the observations on the α1 
complex.
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Fig. 11 – UV-vis spectra of α2-K7[Fe(H2O)P2Mo5W12O61] with reducing agents: ascorbate, mercaptoethanol and 
dithionite. α2-K7[Fe(H2O)P2Mo5W12O61] 10-3 M in 0.05 M acetate buffer, pH= 4.5, [ascorbate], [dithionite]= 45*10-3 M, 
                                                     [mercaptoethanol]= 90*10-3 M, temperature 20 oC. 

 

 
Fig. 12 – EPR spectra of α2-K7[Fe(H2O)P2Mo5W12O61] 2x10-3 M and the polyoxometalate with reducing agents  

(ascorbate, mercaptoethanol) 4x10-3M, in 0.05 M acetate buffer, pH 4.5. 
 

The UV-vis spectra of the chromium complex 
(Fig. 13) show that with ascorbate and 
mercaptoethanol the reduced species has a distinctive 
maximum at 669 nm, compared to 728 nm for 
dithionite, in addition to common bands at ~510 nm 

and ~890 nm. The EPR spectra, dominated as 
discussed above by chromium in the g~5 as well as in 
the g~2 regions, show an overall decrease in 
intensity, testament to the structural changes induced 
by the reduction of the ligand (Fig. 14). 
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Fig. 13 – UV-vis spectra of α2-K7[Cr(H2O)P2Mo5W12O61] 10-3 M with reducing agents: ascorbate, mercaptoethanol  

and dithionite in 0.05 M acetate buffer, pH= 4.5, [ascorbate], [ditionite]= 45*10-3 M, [mercaptoethanol]= 90*10-3 M, temperature 20 oC. 
 

 
Fig. 14 – EPR spectra of α2-K7[Cr(H2O)P2Mo5W12O61] 2x10-3 M and the polyoxometalate with reducing agents:  

ascorbate, mercaptoethanol (4x10-3M) in 0.05 M acetate buffer, pH 4.5. 
 

Reoxidation with H2O2 and oxygen 

 Fig. 15 illustrates that the reduced forms of all 
three POM can be reoxidized with air as well as with 
hydrogen peroxide; this in principle allows for 

enzyme-type catalytic cycles to be established 
(oxidase-like, peroxidase-like). This is in line with 
previous evidence for catalytic activity displayed by 
compounds of this type with P450 substrates or with 
nitrite.1,9 
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(a) 

 

 

(b) 

 

(c) 

Fig. 15 – UV-vis spectra of the three POM: ( a)=α1-K7[Fe(H2O)P2Mo5W12O61], (b)=α2-K7[Fe(H2O)P2Mo5W12O61],  
(c)=α2-K7[Cr(H2O)P2Mo5W12O61], reoxidized with H2O2 or oxygen after reduction with dithionite 2*10-3M in 0.05 M acetate buffer, pH= 4.5. 

 



720 Melinda Kakes et al. 

CONCLUSIONS 

 Using UV-vis and EPR spectroscopy, a series 
of three iron and chromium-substituted POM are 
shown to exhibit redox cycling reminiscent of 
oxidases and peroxidases – and intermediate states 
within such cycles are described. Binding of 
potential external ligands, and pH effects via 
potential protonation of the oxo ligands, are also 
explored; the ligands and redox reagents thus 
include imidazole, thiocyanate, ascorbate, 
mercaptoethanol, thiosulphate, dithionite, and 
hydrogen peroxide. 
 Electrochemical studies reveal that α1, α2 iron 
and α2 chromium POM are all clearly 
distinguishable by cyclic voltammetry and 
imidazole also affect the electrochemical behavior 
but in case of chromium complexes this effect even 
at a higher concentration is not seen. 
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