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ABSTRACT. The hydration structures of Co(III) and Fe(III) ions have been investigated by 
Metropolis Monte Carlo (MC) simulations using only ion-water pair interaction potentials and by 
including up to three body correction terms. The hydration structures were evaluated in terms of 
radial distribution functions, coordination numbers and angular distributions. The structural 
parameters obtained by including three-body correction terms are in good agreement with 
experimental values proving that many-body effects play a crucial role in the description of the 
hydration structure of these highly charged ions.    
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INTRODUCTION 
 

Due to their fundamental importance in many chemical and biological processes aqueous 
solvation of metal ions have been investigated by various experimental techniques [1-11] and 
computer simulations [8, 12-23]. However, experimental determinations of a detailed 
microscopic solvation structure quickly reach their limits. In addition, serious problems arise due 
to the fact that high concentrations of salts have to be used in most diffraction studies [1, 2, 24]. 
At high concentrations, the solvation structure becomes increasingly perturbed by direct 
interaction with counterions. Classical computer simulations, both of Monte Carlo (MC) and 
molecular dynamics (MD) type, using ab initio potential energy functions have proven to be an 
increasingly useful tool for studying the solvation structure of ions [16-21, 23]. Their success, 
however, strongly depends on the quality of the potentials used to describe the interaction 
between the particles in the model system [25]. The most common potentials being used to 
describe ion-solvent interactions are based on the assumption of pairwise additivity, which, 
however, suffers a major problem, i.e., overestimation of the total binding energy, which 
resulting from the neglect of mutual polarization [26]. This problem which affects both 
structural and energetic data [19] has been widely examined for polar systems such as water [23, 
27], and becomes much more serious in the case of interactions between ions and polar 
molecules, particularly highly charged ions [28]. Various approaches have been used to handle 
the failure of pairwise additivity of ion-water potential [29]. The most straightforward approach 
is to supplement the pair potential energy function by many-body terms. In many cases, three-
body potentials that are calculated by ab initio methods have reproduced structural parameters 
properly [18-20, 30].  

Solvation of singly and doubly charged metal ions has been studied extensively [8, 21, 24, 
31-37], but significantly less information is available for trivalent transition metal ions; these 
ions have a similar importance in many chemical and biological processes. In order to 
understand these processes, it is desirable to know more about the micro-species formed by these 
metal ions in aqueous solutions. Fe3+ ion is stable in solution and only mildly oxidizing, while 
Co(III) ion, is a strong oxidant, rather instable in aqueous solution. Its structure has been studied 
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therefore, mostly in the solid state [37]. Co(H2O)6
3+ ion is well characterized in alums [38-39] 

and in the hydrated sulfate Co2(SO4)3.18H2O [40]. Solutions containing the Fe(II)-Fe(III) redox 
system exhibit a rich variety of chemical and biological potency [41]. As a result, they have been 
the subjects of numerous experimental [42] and theoretical investigations. The study of Fe(III) 
hydration has particularly attracted attention [43], and the hexoaquo Fe(III) complex has been 
observed in solution by both experimental [42] and theoretical methods [43].

In this work, MC simulations with and without 3-body corrections for one M(III) (M = Co, 
Fe) in 499 water molecules were performed, corresponding to a dilute ionic solution. The 
structural data of the hydrated M(III) ions are discussed in terms of M(III)-O and M(III)-H radial 
distribution functions (RDFs), coordination number and angular distributions.  

 
 

DETAILS OF CALCULATIONS 
 
In this study, the ion-water (M(III) - H2O, M = Co, Fe) pair interaction potentials and three-body 
corrections (H2O-M(III)-H2O) are taken from reference 44a for Fe(III) and 44b for Co(III), the 
form of the potentials together with their parameters are displayed in Table 1. For water-water 
interactions, the CF2 potential [45] was used, as this model is more consistent than the MCY 
[46] model for the type of ion-water pair potentials used [47] and in contrast to rigid models [40] 
(TIP3P, TIP4P and TIP5P) allows an adaptation of HOH angle and OH bond length in the ligand 
molecules upon complexing the metal ion. 
 
Table 1. Parameters for two-body and three-body correction functions of M(III)-water (M = Co and Fe) 

interactions. 
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M(III) Atom A (kcal/mol) B (kcal/mol) C (kcal/mol) D (kcal/mol) A, B, C, D 
  O 11456.50 81418.48 86802.12 23768.78 5, 7, 9, 12  

 Fe H     818.31   2434.12   1098.57   1333.07 5, 7, 9, 12 
O   7937.72     126798.37    167197.13 60178.06 5, 6, 9,12  

 Co H     632.27   3542.28   3102.93       115.887 5, 6, 9, 12 
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H2O-M(III)-H2O A1 A2 A3 A4 A5
Fe 59.5398695 0.4485195 2.1955235 0.0171252 0.0337411 
Co   0.6560400 0.3284183 0.4201692 - - 

Charges on O and H, taken from the CF2 [45] water-water interaction potential, are -0.6598 and 0.3299, 
respectively. M and i in the 2-body potential refer to metal ion and oxygen or hydrogen, respectively. Oi 
and CL in the 3-body potential refer to the oxygens of the water molecules and cut off limit  (6 Å), 
respectively. 
 

The pair potentials were constructed by placing the M(III) ion at numerous positions around 
the water molecule and varying geometrical parameters 0° ≤ Θ ≤ 180° and 0° ≤ ϕ ≤ 90°; for each 
configuration and the M-O internuclear distance r from 1.2 to 15.0 Å, Figure 1.  
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Figure 1. Definition of geometric variables M(III)-H2O orientations. H2O molecules in yz plane.  
 

Whereas the three body correction terms were generated starting from the equilibrium 
geometry (φ = 180o) and independently varying both M(III)-O distances r1 and r2, the O-O 
distance r3, and the torsional angle τ as shown in Figure 2. The internal geometric parameters of 
water were held fixed at the CF2 values [45].   
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Figure 2. Geometrical variations in SCF calculations on the H2O-M(III)-H2O energy surface. 
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MC simulations with pair potential 
 
The MC simulations were carried out in the canonical ensemble using the Metropolis [48] 
algorithm for a system consisting of one M(III)  ion and 499 water molecules in a periodic cube 
at the temperature 298.16 K. A spherical cutoff at half of the box length (12.345 Å) was 
introduced. The density of 0.997 g cm-3 was assumed to be the same as that of pure water. After 
generating a starting configuration randomly, the system reached energetic equilibrium after 3 
million configurations. For evaluation of structural data, especially the radial distribution 
functions (RDFs), a further 3 million configurations were sampled.  
 
MC simulations with pair potential including the three-body corrections  
 
Under the same conditions as in 2.1(a) MC simulations including the three-body correction 
terms were carried out for one M(III) and 499 water molecules, water-water interactions being 
treated again by CF2 potential [45]. Within the cut off limit of 6.0 Å around the metal ion, the 
three body correction function was applied, as at large M(III)-water distances these terms vanish 
according to the ab initio results. After randomly generating an initial configuration, the systems 
reached equilibrium after 3 million configurations. To evaluate radial distribution functions and 
other structural data, another 3 million configurations were sampled.  
 
 

RESULTS AND DISCUSSION 
 
Simulations with only M(III)-H2O pair potential 
 
Results obtained from simulations with only pair-potential are show in Figures 3-5 for Fe(III) 
and in Figures 6-8 for Co(III) ion. The simulations with only pair potential resulted in a rough 
overestimation of coordination numbers, namely 8 for both Fe(III) and Co(III) ions in water. The 
M(III)-O RDFs show small peaks that are known to be an artifact of simulations with only pair 
potentials [49]. The O-M(III)-O angular distributions show unrealistic orientations as a result of 
the large number of water molecules located in the first hydration shell. It is obvious, therefore, 
that the pair potential is inadequate and at least 3-body corrections are mandatory to correctly 
describe the hydration structure of these ions. 
 
Simulations including three-body corrections for M(III)-(H2O)2 

 
Fe(III)-H2O 
 
The Fe(III)-O and Fe(III)-H RDFs and their running integration numbers are displayed in Figure 
3. The first hydration shell of Fe(III) is represented by a sharp Fe(III)-O peak at 2.07 Å. The first 
hydration shell is well separated from the second one that appears between 3.70 and 4.90 Å 
(maximum at 4.18 Å). In the Fe(III)-O RDFs, a third diffuse peak is observed between 5.20 and 
6.80 Å which could either termed a third hydration shell or strong ordering effects extended on 
bulk water molecules by the hydrated Fe(III) ion.  

The Fe(III)-H RDF confirms a strictly dipole oriented arrangement of the first-shell water 
ligands. Some characteristic values for Fe(III)-O and Fe(III)-H radial distribution functions are 
listed and compared with results obtained from experimental works and other simulations 
investigations in Table 2. 
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Figure 3. Fe(III)-O and Fe(III)-H radial distribution functions and their running integration 

numbers. 
 

 
Figure 4. First and second-shell coordination number distribution of hydrated Fe(III). 

The first hydration shell contains 100% 6 water molecules (Figure 4). The mean 
coordination number for the second hydration shell is 13, implying that some first shell water 
molecules interact with about 2.3 water molecules in the second shell. This shows that ligand 
orientation and binding is mainly determined by hydrogen bonding.  
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Table 2. Comparison of hydration structure parameters for Fe(III). 
 
 System α-β Na/conc r1

b nI
c R2

b n2
c Method Ref. 

  
 Fe(III) 

FeO 
FeH 

 
499 

2.07 
2.77 

6 
12 

4.18 
4.69 

13 
48 

 
MC 

This work 

 Fe(ClO4)3 FeO 1.50 M 2.00 6 4.181  XRD 49 
 Fe(NO)3 FeO 1.52 M 2.01(2) 6.0(3)   ND 50 
 Fe(III) FeO 216 1.98 6   MDd 51 
 
 Fe(III) 

FeO 
FeH 

 
125 

1.975 
2.675 

6    
MDe

 
52 

 
 Fe(III) 

FeO 
FeH 

 
216 

2.05 
2.74 

6 
 

4.17   
MDf

 
53 

 Fe(III) FeO 499 2.05 6 4.30 15.1 MDg 44a 
 [Fe(H2O)6]3+ FeO  1.85 6   HFh 44a 
a Number of H2O molecules in the simulation box. b ri is the distance in Å of the ith maximum of the RDF.    
c ni is the average hydration number integrated up rmi of the ith shell. d Empirical potential for ion-water 
interaction and flexible SPC water model. e Flexible SPC water model and empirical ion-water potential.      
f Empirical potential. g 2+3 body potential for ion-water interaction. h Hartee-Fock.  
 

The probability of finding the O-Fe(III)-O angle (θ) in the first hydration shell, the first-shell 
angular distribution function, is shown in Figure 5 as a function of 1-cos θ. Two well-defined 
peaks are observed at the peak maxima of 90° and 180° suggesting an octahedral complex. 
These results indicate that the hydration geometry around Fe(III) ion is on average a 6-
coordinate octahedral in agreement with experimental results, Table 2.   
 

 
 
Figure 5. Probability distribution of the O-Fe(III)-O angle (θ) in the first hydration shell of 

Fe(III) ion. 
 
Co(III)-H2O 
 
In Figure 6, the RDFs for Co(III)-O and Co(III)-H and their running integration numbers are 
displayed. The first Co(III)-O peak corresponding to the first hydration shell is centered at 2.00 
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Å. This value doesn’t differ much from the value obtained using the more sophisticated and 
extremely time-consuming simulation method, quantum mechanical/molecular mechanical 
molecular dynamics simulation (QM/MM-MD), Table 3. The fact that the Co(III)-RDF becomes 
zero after its first peak and almost zero for more than 1 Å  suggests that the first hydration shell 
is tightly bound and that ligand exchange with the second shell should be rather marginal. The 
second hydration shell is centered at 3.95 Å. The Co(III)-H RDF confirms again the dipole 
oriented arrangements of the first-shell ligands. The characteristic values for Co(III)-O and 
Co(III)-H radial distribution functions are listed in Table 3.  
 

 
 
Figure 6. Co(III)-O and Co(III)-H radial distribution functions and their running integration 

numbers. 
 
In Figure 7, the percentage distribution of coordination numbers (CN) in the first and second 
shells is shown for hydrated Co(III) ion. The first hydration shell CN is exclusively 6. In the 
second hydration shell an average of 18 water molecules are, that means every first shell water 
molecule interacts with 3 water molecules. This shows that ligand orientation and binding is not 
entirely determined by hydrogen bonding.  

The probability of finding the O-Co(III)-O angle (θ) in the first hydration shell, the first-
shell angular distribution function, is shown in Figure 8 as a function of 1-cos θ. The angular 
distribution for the [Co(H2O)6]3+ reveals an octahedral geometry by a well-pronounced peak at 
90° and at 180°. This indicate again that the hydration geometry around Co(III) ion is on average 
a 6-coordinate octahedral.  

Furthermore, in this study the geometry of  [Co(H2O)6]3+ was optimized at HF level of 
theory using the same basis sets used to construct the pair potential and three-body correction 
terms for Co(III)-H2O [44b] and the result is shown in Table 3. The prediction of the longer 
distance for Co(III)-O by the MC simulation than the value observed from the optimized 
geometry can be understood from the ligand–ligand repulsion. 
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Figure 7. First and second-shell coordination number distribution of hydrated Co(III). 
 
 

 
 
Figure 8. Probability distribution of the O-Co(III)-O angle (θ) in the first hydration shell of 

Co(III) ion. 
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Table 3. Characteristic values of the radial distribution functions, gαβ r), for the Co(III) in water determined 
by molecular simulation methods. 

 
 System α-β Na r1

b nI
c r2

b n2
c Method Ref. 

 Co(III) CoO 
CoH 

499 2.00 
2.71 

6 
12 

3.95 
4.87 

18 
52 

 
MC 

 
This work 

 [Co(H2O)6]3+ CoO  1.93 6 - - HF This work 
 Co(III) CoO 499 2.03 6 4.43 18.8 MD 44b 
 Co(III) CoO 499 1.97 6 4.28 15.2 QM/MM-MDd 44c 

a Number of H2O molecules in the simulation box. b ri is the distances in Å of the ith maximum. c ni is the 
average coordination number obtained by integration of RDF for the ith coordination shell. d 2+3 body 
potential for ion-water interaction. 

 

CONCLUSION 
 
From this study, the most stable structures of the hydrated Co(III) and Fe(III) ions in aqueous 
solution are [Co(H2O)6]3+ and [Fe(H2O)6]3+, respectively at Co(III)-O1 and Fe(III)-O1 bond 
distances of 2.07 and 2.00 Å, respectively. In addition, a structurally well-defined second 
hydration coordination shells around the Co(III) and Fe(III) ions at Co(III)-O2 and Fe(III)-O2 
bond distances of 4.18 and 3.95 Å, respectively were obtained. The well-defined second 
hydration coordination shells are formed because of the strong hydrogen bond due to the 
polarization of the first hydration shell water molecules. The agreement of the structural 
properties obtained with experimental investigations shows that the inclusion of three-body 
correction terms represents a proper approach to calculate the hydration of these ions and 
furthermore to study structural properties of other highly charged metal ions.  

Although the low stability of Co(III) in aqueous solution might rise the question of the 
usefulness of a theoretical treatment, it should be emphasized here that structural data are 
essential to understand fundamental processes in solution such as electron transfer reactions. 
Structural reorganization in a reduction-oxidation reaction for example plays an important role 
for the overall reaction, and thus hydration structures need to be known in detail [54, 55]. For 
this reason computer simulation can be considered as a valid method for the study of ions in 
solution which are accessible only with great difficulties and limitations to experimental 
investigations. Hence, computer simulation is an indispensable tool for coordination chemistry. 
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