
 1 

Assembling mechanism of Zr- and other TM-

containing polyoxometalates 

Pablo Jiménez-Lozano,a Albert Solé-Daura,a Georges Wipff,b Josep M. Poblet,a Alain 

Chaumont,b Jorge J. Carbó*,a 

a Departament de Química Inorgànica i Física, Universitat Rovira i Virgili, Campus Sescelades, 

Marcel·lí Domingo s/n, 43007 Tarragona, Spain. E-mail: j.carbo@urv.cat 

b Laboratoire MSM, UMR CNRS 7177, Institut de Chimie, Université de Strasbourg, 1, rue B. 

Pascal, 6700 Strasbourg, France. 

 

The assembly mechanism of Zr- and other transition metal-substituted polyoxometalates (POMs) 

to form covalently linked dimers has been analyzed by means of static density functional theory 

(DFT) calculations with a continuous solvent model as well as Car-Parrinello molecular 

dynamics (CPMD) simulations with explicit solvent molecules. The study includes different 

stages of the process: the formation of the active species by alkalination of the solution, and 

formation of intercluster linkages. CPMD simulations show that the Zr-triaqua precursor, 

[W5O18Zr(H2O)3]2-, at basic conditions, reacts with hydroxide anions to form Zr-aqua-hydro 

active species, [W5O18Zr(OH)(H2O)]3-. We computed the DFT potential energy profile for 

dimerization of [W5O18TM(OH)]n- (TM = ZrIV(H2O), ZrIV, TiIV, and WVI) anions. The resulting 

overall energy barrier is low for ZrIV, moderate for TiIV, and high for WVI. The computed 
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thermodynamic balance favors the dibridged (µOH)2 linkages for ZrIV, the monobridged (µOH) 

linkage for TiIV, and the monomeric forms for WVI, in agreement with experimentally observed 

trends.  The lowest energy barrier and largest coordination number of Zr-substituted POMs are 

both a consequence of the flexible coordination environment and larger radius of Zr. 

Introduction 

Polyoxometalates (POMs) are a well-defined set of anionic molecular transition-metal oxides 

comprised of Mo, W or V. Their capacity to form a wide variety of clusters, combined with their 

ability to incorporate other metals, provide them potential applications in many fields including 

medicine, catalysis, multifunctional materials, chemical analysis, etc.1,2 These cluster anions can 

also serve as building blocks for the construction of larger and more complex nanosized 

architectures, via covalent and noncovalent interactions.3,4 Nowadays, there is an increasing 

interest to control these assembly processes to design novel inorganic architectures with new 

functionalities. The factors that affect the assembly of POMs include a large number of 

experimental variables such as counterions, concentration of the metal oxide anions, temperature, 

pH, incorporation of cations or organic ligands, type of heteroatom, and the substituted metal. 

Among them, the incorporation of heterometallic centers has allowed the condensations of POM 

structures to form dimeric and other oligomeric units via intercluster linking (Scheme 1).5 The 

type of linkage depends strongly on the nature of the incorporated transition metal (TM). Thus, 

for TM = Nb, Ti, Cr, Fe,6 the intercluster linkages contain TM-(µO)-TM junctions;  for TM = Zr, 

Hf,7 the linkages contain TM-(µOH)2-TM junctions, whereas for TM = W, Mo and V it is not 

common to find linkages (see Scheme 1). In agreement with these observations, DFT 

calculations showed that dimerization is thermodynamically favored for Nb and Ti, while it is 
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not for V, W, and Mo.8 In the case of Zr-substituted POMs, we found that the doubly bridged 

hydroxo structure is thermodynamically more stable than the single bridged oxo structure, in 

marked contrast with Ti- and Nb-substituted POMs.9 
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The mechanism of condensation and dimerization reactions involves generally water elimination 

from two anions at contact distances. Scheme 2 illustrate the proposed mechanism at acidic 

conditions for A-α-[SiW9Nb3O40]7- anions10 and [PW11TiO40]5- anions.6d The acidification can 

yield the corresponding µ-hydroxo dimer via protonation of the oxo functionality TM=O to form 

the reactive hydroxo TM-OH group. On the other hand, the Cr-6g and Fe-based6h dimers are 

formed from TM-aqua precursor and require the addition of hydroxide. This suggests that under 

basic conditions the TM-OH2 group transforms into TM-OH before assembling the POM units as 

shown in Scheme 2. In the case of Zr-containing POMs, the oligomeric structures have been 

prepared and isolated from both aqueous and nonaqueous solutions, and at different pH 

conditions.9,11,12,13,14,15,16 For example Villannneau et al.11,12 assembled two Lindqvist monomers 

by alkalination of Zr-triaqua precursor (Me4N)2[W5O18Zr(H2O)3] in aqueous media, whereas 
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Khodeeva et al.9 used the “H5PW11ZrO40·14H2O” precursor and an excess of TBABr in acidic 

conditions for POM assembly. Thus, the most probable scenario involves POM assembly 

through the nucleophilic addition of TM-OH group. Nevertheless, the specific mechanisms of the 

linkage formation in different conditions, and the final architectures remain to be assessed. 

Scheme 2 
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Static DFT calculations studied the thermodynamics of dimerization processes for 

monosubstitued-Lindqvist and -Keggin anions with different metals.8,9 More recently in a 

different context, the dimerization process was examined taking into account the entropy 

contributions.17 Mechanistic features involved in the formation of intercluster linkages with a 

precise characterization of the reactive anionic species and of the intermediates involved remain 

to be investigated.  This is the main focus of this paper. Valuable information of the behavior of 

POMs in solution can be also obtained from molecular dynamics simulations.18 In particular, the 
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collective behavior and aggregation phenomena were studied for non-substituted Keggin-type 

anions using classical molecular dynamics (MD) simulations.19,20,21,22 We have used classical 

MD and Car-Parrinello CPMD simulations with explicit solvent molecules to study the nature of 

Zr-monosubstituted anions at different pH conditions.23 In general, the dynamic properties of 

polyoxometalate anions and analogous polyoxocations have attracted the attention of other 

authors.24,25 

Here, we report a detailed study on the assembly mechanism of two Zr-substituted Lindqvist 

anions, as well as, of other transition metal-substituted anions. The relatively small size of the 

dimeric system allows us to analyse the process from the generation of the active species up to 

the formation of the covalent M-µO-M linkages. We employed computational tools to 

understand at the molecular level the effect of different synthetic parameters such as the pH and 

the nature of the substituted metal. Firstly, we carry out a CPMD simulations in order to identify 

the active species of dimeric reaction at the conditions proposed by Villanneau et al., namely the 

alkalination of Zr-triaqua precursor [W5O18Zr(H2O)3]2-.11 Finally, in order to understand the role 

of the nature of the metal on the reactivity, we determine the key intermediates and transition 

states (TSs) corresponding to mechanism for different TM-substituted POMs by means of 

DFT/IEF-PCM calculations.  

 

Methods 

DFT calculations. Static calculations were performed with the Gaussian09 package26 at DFT 

level by means of the hybrid exchange-correlation B3LYP functional.27 For Zr, W and Ti atoms, 

the LANDL2DZ basis set was used.28 The 6-31G(d,p) basis set29 was used for the H atoms, as 

well as for the O atoms of hydroxo ligands, aqua ligands, and directly bound to Zr and Ti. For 
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the rest of atoms we employed 6-31 G basis set.29 Solvent effects were included in geometry 

optimizations by using the IEF-PCM model30 implemented in Gaussian09.26 The dielectric 

constant used for simulate water solvent was ε=78.35. Such a computational level has been 

successfully employed in the study of the reactivity of group IV-based molecular oxides, 

yielding quantitative agreement with experimental kinetic parameters.31 Geometry optimizations 

of all structures were performed without any symmetry constrains. “Standard” Gibbs free-

energies ∆G were first obtained from Gaussian (at 298.15 K and 1 atm) using the default 

parameters. Free energies were corrected (∆Gcorrected) using the translational entropy, as 

developed by Whitesides et al.,32 following the procedure adapted by Sakaki et al.33 In this 

approach we used a water concentration of 0.997044 g/cm3,34 and molecular volume for water 

solvent of 25.8 × 10−24 cm3 per molecule.35 The employed equations are described in detail in the 

Supporting Information. 

The Whitesides’ correction, introduced to study the assembly of multiparticle aggregates, is 

based on the fact that the volume open to a molecule in a liquid is substantially lower than the 

total volume, which is the magnitude employed in Sackur-Tetrode equation for translational 

entropy. The authors defined the volume available to the molecules of a pure liquid as a 

characteristic free volume (Vfree), which is calculated assuming that the liquid is described by 

hard cubes.32 This model representation of the liquid is less accurate for protic solvents, where 

the network of hydrogen bonds defines also the liquid structure. One could think that the 

hydrogen bonding increases the density of the liquid, resulting in smaller calculated free volumes 

(for example: Vfree = 0.028 and 231.495 Å3 for water and benzene,33a respectively). Thus, these 

small free volumes cannot reflect the mobility of the solute in the liquid leading to an 

overestimation of the Whitesides’ correction to translation entropy. In fact, it was recognized that 
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the approach is less accurate for protic solvents reaching errors that can be greater than 30% in 

the case of water.32  

Dynamics simulations. Classical MD simulations were performed using the AMBER11 

software36 in order to generate starting configurations for the CPMD simulations, but also to get 

some insight into the interaction between the [W5O18Zr(H2O)3]2- and OH- anions. The parameters 

for the Zr-substituted POMs were taken from our previous work,23,37 which followed the 

procedure by Bonet-Avalos, Bo, Poblet et al.38 (see Supporting Information for further details). 

Water was represented with the TIP3P model.39 The 1-4 van der Waals and 1-4 coulombic 

interactions were scaled down by 2.0. All the simulations were performed with 3D-periodic 

boundary conditions using an atom-based cutoff of 6 Å for noncovalent interactions and 

corrected for long-range electrostatic by using particle-particle mesh Ewald (PME) summation 

method.40 The simulations were performed at 300 K stating with random velocities. The 

temperature was monitored by coupling the system to a thermal bath using the Berendsen 

algorithm41 with a relaxation time of 0.2 ps. In the NPT simulations, the pressure was similarly 

coupled to a barostat with a relaxation time of 0.2 ps. A time step of 1 fs was used to integrate 

the equations of motion via the Verlet leapfrog algorithm.42 After 500 steps of energy 

minimization, a 250 ps of dynamics were performed with fixed solutes (BELLY option of 

AMBER) in order to relax the solvent around the solute. Then, dynamics of 250 ps at constant 

volume (NVT) followed by 500 ps at a constant pressure (NPT) of 1 atm were carried out. 

Finally a production run of 1 ns at constant volume was performed. 

The CPMD simulations were performed at the DFT level with the CPMD program package.43 

The electronic structure was described by expansion of the valence electronic wave functions 

into a plane-wave basis set, which is limited by an energy cutoff of 70 Ry. The interaction 
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between the ionic cores and the valence electrons is treated through the pseudopotential (PP) 

approximation. Norm-conserving Martins-Troullier PPs are employed.44 Nonlinear core 

corrections (NLCC) are employed for W and Cs PP,45 whereas for Zr a semicore PP was used. 

We adopted the generalized gradient-corrected BLYP exchange-correlation functional.27a,46 In 

the MD simulations, the wave functions are propagated in the Car-Parrinello scheme, by 

integrating the equations of motion derived from Car-Parrinello Lagrangian.47 We used a time 

step of 0.096 fs. A fictitious electronic mass of 900 a.u was employed, and H atoms were 

substituted by D atoms. The Nosé-Hoover thermostat48 for the nuclear degrees of freedom was 

used to maintain the temperature constant around 300 K. The initial geometry was obtained from 

an equilibrated classical MD simulations of the same system (see above for details). After 0.5 ps 

of CPMD equilibration, the production run was performed.  

 

Results and discussion 

In a step forward with respect to the previous studies on POM dimerization,8,9,23 we performed a 

computational study of the assembling mechanism of Zr- and other TM-containing POMs that 

includes the analysis of the nature of the active species at a given pH, the mechanism of 

formation of intercluster linkages, and the effect of the nature of substituted metal. As a 

reference we selected the system and the reaction conditions reported by Villanneau et al.,12 who 

obtained the (Me4N)6[{W5O18Zr(µ-OH)}2]·(H2O)2 dimer in aqueous conditions by alkalination 

of the corresponding Zr-aqua precursor (Me4N)2[W5O18Zr(H2O)3]. The relatively simple POM 

structure allowed us to use computationally demanding calculations such as CPMD simulations 

and DFT determination of reaction intermediates and transition states. 
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Figure 1. [W5O18Zr(H2O)3]2- anion in basic solution, simulated by classical MD (20 ns).  The 

highest density region of the O(OH-) atom is marked in grey.  

 

Figure 2. Evolution of selected Zr-O and O(aqua)-H distances (in Å) during 5 ps of CPMD 

simulation at basic conditions, starting from the [W5O18Zr(H2O)3]2- anion. A snapshot illustrates 

the H transfer to OH-, coupled with aqua ligand decoordination, to yield the 

[W5O18Zr(OH)(H2O)]3- anion. 
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CPMD simulations on the [W5O18Zr(H2O)3]2- precursor in basic conditions. To identify the 

nature of the reactive monomeric species involved in dimerization, we surrounded the 

[W5O18Zr(H2O)3]2- anion by 129 water molecules, 1 OH- and 3 Cs+ to neutralize the solution, as 

in the experimental study by Villanneau et al.12 An initial classical MD simulation provided 

interesting insights into the non-covalent interactions between OH- and the protons of Zr(OH2) 

ligands. During the first 8.8 ns of simulation, OH- showed a Brownian movement. Then, it 

became hydrogen-bonded to one of the Zr(OH2) protons. This type of interaction survived for the 

rest of the simulation (20 ns), in which OH- jumped between two aqua ligands. We cannot 

discard that the OH- interacts with the third aqua ligand if longer simulation times were 

available. Figure 1 depicts the density of the O(OH-) atom, which is clearly highest around the 

Zr(OH2)  moieties. 

As a starting point for a 5-ps CPMD simulation, we used a structure where the hydroxide anion 

forms a hydrogen-bond with one of three aqua ligands. To evaluate the reaction events, we plot 

in Figure 2 the evolution of distances Zr-Ow2, Zr-Ow3 and Ow3-Hw3 along 5-ps. Figure 2 also 

shows a snapshot where a key event of the simulation is observed. After 0.22 ps of simulation, 

one proton of the aqua ligand is transferred to the hydroxide anion to form the corresponding Zr-

hydroxo group. Simultaneously, one of the aqua ligands decoordinates from the Zr center, as 

reflected on the increase of Zr-Ow2 distance, yielding the more stable hydroxo-aqua 

[W5O18Zr(OH)(H2O)]3- species. This new species remained stable during the rest of the 

simulation. This is consistent with previous CPMD studies where the Zr-OH2 groups 

transformed into Zr-OH in basic conditions.23 In the light of these findings and the tendency of 

Zr to be 7- or 8-fold coordinated, we propose that upon alkalination, the Zr-triaqua POM 

converts into an aqua-hydroxo species. Thus, in the next sections, we will use the 
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[W5O18Zr(OH)(H2O)]3- anion as the reactive species in the formation of the Zr-µO(H)-Zr 

linkages. It will also be compared to its dehydrated form [W5O18Zr(OH)]3-. 

 

The formation of the covalent linkages. We characterized the formation of the covalent Zr-

µ(OH)2-Zr bonds by determining the corresponding transition states at the B3LYP level, in 

conjunction with continuum IEF-PCM model to account for solvent effects of water. Figure 3 

displays the computed free energy profile for the assembly of two Zr-hydroxo-aqua 

[W5O18Zr(OH)(OH2)]3- (1l-H2O) anions, and Figure 4 shows the molecular structures of the 

most relevant species. Since calculated Gibbs free energies overestimate the translational entropy 

loss in the associative processes, we corrected them by applying Whitesides’ correction32 and 

reported the new values in parenthesis. It is important to note that the entropy correction is less 

accurate for protic solvents, and specially, for water (see the Methods sections for detailed 

discussion).32 Overall, the combination of corrected and uncorrected values is informative 

because it provides a lower and an upper limit of entropy loss in associative processes such as 

the dimerizations studied here. 

We could locate, within a narrow range of energies, several non-covalently bound dimers, in 

which the shortest Zr···Zr distance is 4.58 Å, and the two monomers are linked in different ways 

via hydrogen bonds. Structure 2l-H2O shows three hydrogen bonds with the following patterns: 

1) between an aqua ligand hydrogen and a hydroxo ligand oxygen (Hw···Oh), 2) between an aqua 

ligand hydrogen and a bridging Zr-O-W oxygen (Hw···Ob), and 3) between a hydroxo ligand 

hydrogen and a bridging Zr-O-W oxygen (Hh···Ob). Its computed free-energy is 5.3 kcal·mol-1 

above reactants; however, upon introduction of entropy correction the computed value becomes 
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0.7 kcal·mol-1 below the reactants. Thus, the hydrogen bond formation between POMs 

compensates their coulombic repulsion, which can be easily overcome at room temperature. 
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Figure 3. Calculated free energy profile for the assembly of two [W5O18Zr(OH)(H2O)]3- anions. 

The relative free energies (kcal.mol-1) without and with Whitesides’ correction (in parenthesis). 
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Figure 4. DFT structures and main distances (in Å) for hydrated Lindqvist structures, 2l-H2O, 

TSl-H2O and TSl’-H2O. The hydrogen atoms of the aqua ligands have been omitted for clarity 

in transition state structures. 

From the adduct 2l-H2O, the formation of the two Zr-µO(H)-Zr linkages to obtain the covalently 

bound dimer 3l-H2O proceeds in two steps (Figure 3). Along the process the Zr···Zr distance 

decreases continuously from 4.58 Å in 2l-H2O to 3.69 Å in 3l-H2O (see Table-S1). In between, 

we located an intermediate, 2l’-H2O, which can be defined as a µ-monohydroxo dimer 

containing the Zr moiety {(H2O)Zr-(µ-OH)-Zr(OH)(OH2)}, with Zr-(µ-OH) distances of 2.15 

and 2.54 Å, respectively. The 2l’-H2O structure sits at +6.0 kcal·mol-1 above the reactants (or it 

is isoenergetic with the Whitesides’ correction). In the first TS, TSl-H2O, the Zr···O(H) distance 
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of the forming bond is 3.11 Å, while the other Zr···O(H) distance (3.66 Å) is longer, but shorter 

than in non-covalent dimer 2l-H2O (4.06 Å). This indicates that the first free energy barrier 

corresponds to the bridging bond-forming process. The computed free-energy barrier for the first 

Zr-O formation from 2l-H2O is low, +7.1 kcal·mol-1.49  As in 2l-H2O, the TSl-H2O structure 

shows three intercluster hydrogen bonds: two between the aqua ligands and the Zr-O-W oxygens 

(Hw···Ob), and one between the hydroxo ligand and a Zr-O-W oxygen (Hh···Ob). The second TS, 

TSl’-H2O, connects the 2l’-H2O intermediate with the µ-dihydroxo dimer [{W5O18Zr(OH2)(µ-

OH)}2]6- (3l-H2O). The computed energy barrier is very low and it becomes zero when we 

introduce thermal and entropic corrections. This indicates that 2l’-H2O intermediate is a very 

shallow minimum and its existence in the potential energy profile could depend on the specific 

reaction conditions. The whole process is exergonic by 3.6 kcal·mol-1 (or 9.6 kcal·mol-1 with the 

Whitesides’ correction) and the global free-energy barrier (12.4 kcal·mol-1 and 7.1 kcal·mol-1 

after correction) is modest. Thus, once a non-covalent dimer like 2l-H2O is formed, 

rearrangement to dimeric structures with covalent linkages Zr-(µ-OH)2-Zr is thermodynamically 

favorable, and presumably, a fast process in solution.  

We also considered an alternative “dissociative” mechanism, which starts with the 

decoordination of the aqua ligand from two 1l-H2O units, yielding the non-hydrated species 

[W5O18Zr(OH)]3- (1l) prior to formation of the linkages (Figure 5). Then, subsequent 

recoordination of water to the Zr centers could lead to the hydrated dimer  3l-H2O. We 

previously computed that the dehydration of [W5O18Zr(H2O)(OH)]3- (1l-H2O) is endothermic by 

+11.3 kcal·mol-1 in terms of electronic energy.23 However, when accounting for entropic effects, 

the dehydration process becomes either favorable (∆G = -1.9 kcal·mol-1 per unit) or, at least, less 

unfavorable (∆Gcorrected = +4.1 kcal·mol-1 per unit). Two non-hydrated [W5O18Zr(OH)]3- species 
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(1l) can then form a non-covalent adduct (2l) via hydrogen bonding between the Zr(OH) protons 

and the basic oxygens of POM framework. The formation of 2l is slightly less favorable than the 

one of 2l-H2O (∆G(1→2) = +8.0 vs. +5.3 kcal·mol-1, and ∆Gcorrected(1→2) = +2.0 vs. -0.7 

kcal·mol-1), in keeping with the lessened number of bridging H-bonds in 2l, compared to 2l-

H2O. However, the computed value is still low enough to assume that the coulombic repulsion 

between the -3 charged anions can be overcome under experimental conditions. 
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Figure 5. Calculated free energy profile for the dimerization of two [W5O18Zr(OH)(H2O)]3- 

anions 1l (“dissociative” mechanism). The relative free energies and Whitesides’ corrected free 

energies (in parenthesis) are given in kcal·mol-1. 
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Figure 6. DFT structures and main distances (in Å) for nonhydrated Lindqvist structures, 2l and 

TSl. 

The main difference between the “dissociative” and “hydrated” mechanisms is that in the former 

we only found one TS (TSl), in which the two Zr···O bonds are formed in a concerted, yet 

asynchronous way. Indeed, the geometry of TSl shows distinct distances for the Zr-µOH forming 

bonds: 2.31 and 3.63 Å, respectively (see Figure 6). From the 2l non-covalent dehydrated dimer, 

the computed free energy barrier (4.9 kcal·mol-1)49 is very low. In fact, the barrier is even lower 

than that for the hydrated system (7.1 kcal·mol-1), probably because the larger flexibility of the 

unsaturated Zr centers can accommodate more easily the additional bridging ligands. The 

resulting non-hydrated dimer, 3l, has an energy below the two monomers 1l. As can be observed 

in Figure 5, the computed overall energy barrier is 12.9 kcal·mol-1 for the 1l → TSl 

transformation, or ∆G≠
corrected = 15.1 kcal·mol-1 after entropy corrections for the 1l-H2O → TSl 

transformation. It is difficult to answer definitely whether the “dissociative” or the “hydrated” 

mechanism is least energetically demanding because of the small energy differences observed 
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and of the difficulties to evaluate entropic contributions in solution for processes with different 

molecularities. Nevertheless, the calculations indicate that the “hydrated” mechanism could be 

slightly favored in aqueous media: the estimated overall barriers without and with entropy 

corrections are respectively 12 and 7 kcal·mol-1 for the “hydrated” mechanism and 13 and 15 

kcal·mol-1 for the “dissociative” one.  

In order to assess the effect of the size and charge of the anionic monomer, we additionally 

evaluated the main steps of the dimerization of the corresponding Keggin anion 

[PW10O39Zr(OH)]4- (1k). Table 1 compares the free-energy values for 1k with those of Lindqvist 

species 1l and 1l-H2O, while Figure S1 shows the molecular structures of the Keggin dimers. 

The formation of the hydrogen bonded adduct 2k is thermodynamically less favorable than for 

the corresponding Lindqvist structure 2l, due to the higher negative charge of the Keggin anions. 

When compared to the hydrated dimer 2l-H2O, the energy difference becomes even larger, 

because 2k can establish only two, instead of three hydrogen bonds. Likewise, the free-energy 

barrier for the formation of covalent linkages is somewhat higher for the Keggin anions 1k (by 

~2 kcal·mol-1) than for the corresponding Lindqvist anions 1l. Nevertheless, the results for 

Keggin anions are qualitatively very similar to those of Lindqvist, and consequently, it is 

reasonable to think that the “hydrated” mechanism and the pH dependence on the formation of 

the active species for 2k-H2O anions, as well as other Zr-containing anions, is very similar to 

those characterized for Lindqvist anions.  
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Table 1. Main energetic parameters of the dimerization process of two [W5O18Zr(H2O)n(OH)]3- 

or [PW10O39Zr(OH)]4- anions.a)  

compound ∆G (1→2) ∆G≠ (2→TS) 

[W5O18Zr(H2O)(OH)]3- (1l-H2O) +5.3 (-0.7) 7.1 

[W5O18Zr(OH)]3- (1l) +8.0 (+2.0) 4.9 

[PW10O39Zr(OH)]4- (1k) +10.1 (+4.0) 7.2 

a) Values in parenthesis represent corrected free energies. All energies are in kcal·mol-1.  

 

The effect of the TM nature. Scheme 3 shows the possible species involved in the assembly 

process for several transition metal-substituted Lindqvist anions. Table 2 collects relevant 

energetic parameters computed for different transition metals (TM = W(VI), Ti(IV), and Zr(IV)). 

In the studied series, the W(VI) anion forms the strongest non covalent adduct and the Zr(IV) 

one the weakest (∆G(1→2) = -10.9 and +8.0 kcal·mol-1, respectively; ∆Gcorrected(1→2) = -16.9 

and +4.0 kcal·mol-1, respectively). We observe a clear correlation between the magnitude of the 

POM charge and the strength of the non-covalent binding: the lower the charge, the stronger the 

interaction is: the ∆Gadduct(1→2) interaction energies follow the order: W(VI) > Ti (IV) > Zr(IV). 

Note also that the type of transition-metal not only determines the total anionic charge. It also 

influences the strength of the intermolecular hydrogen bonds between the TM-OH protons and 

the TM-O-W bridging oxygens.  

The computed free energy barriers for the formation of the dibridged dimer 3 from adduct 2 

(ΔG≠(2→TS)) follow trends in agreement with observations. The highest barrier (> 35 kcal·mol-

1) corresponds to W(VI), for which covalent assembly never happens. On the other hand, Ti(IV) 

and Zr(IV), which form intercluster linkages, have lower free energy barriers (< 25 kcal·mol-1). 
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Interestingly, the energy barrier for Zr-substituted POM is significantly lower than that of Ti-

substituted POM, carrying both the same charge. This behavior is easy to rationalize recalling the 

larger atomic radius of Zr compared to Ti. The biggest atom provides a more flexible center to 

bend the hydroxo ligand and to coordinate an additional atom in order to form the dibridged 

species. Finally, the thermodynamics of dimer formation follows the same trends found in our 

previous contributions.8,9 
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Table 2. Free energy comparison of key steps in the assembly process for [W5O18TM(OH)]n- 

(TM = W, Ti and Zr) and for [W5O18Zr(OH)(H2O)]3- anions.a)  

TM ∆G(1→2) ∆G≠(2→TS) ∆G (1→3) ∆G (1→4) 

W(VI) -10.9 (-16.9) 38.2  +20.1 (+14.1) +10.6 

Ti(IV) +2.7 (-3.3) 24.5  +23.3 (+17.3) -0.7 

Zr(IV)H2O +5.3 (-0.7) 7.1 -3.6 (-9.6) - 

Zr(IV) +8.0 (+2.0) 4.1 -4.4 (-10.4) +4.9 

a) Values in parenthesis represent corrected free energies. All energies are in kcal·mol-1.  

 

Conclusions 
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We have studied mechanistic features of the assembly mechanism of Zr- and other metal 

substituted POMs into  dimeric clusters. To this end, we have employed static DFT methods and 

CPMD simulations that allowed us to assess the effects of pH and metal nature CPMD 

simulations on the [W5O18Zr(H2O)3]2- precursor in aqueous basic media showed that the Zr-OH2 

groups transform into Zr-OH groups. The resulting Zr-hydroxo-aqua anion, 

[W5O18Zr(OH)(H2O)]3-, is the most likely active species for the assembly process. Dimerization 

occurs through the stepwise formation of two covalent Zr-µO(H)-Zr linkages, for which the 

computed overall free energy barrier is low (12.4 and 7.1 kcal·mol-1 for ∆G≠ and ∆G≠
corrected, 

respectively). The nature of the addenda ion is crucial to the assembly and to define the type of 

intercluster linkage: the computed energy barriers follow the order: W(VI) > Ti (IV) > Zr(IV). 

For TM = W(VI), for which covalent assembly never happens, the barrier is the highest (> 35 

kcal·mol1), whereas for Ti(IV) and Zr(IV), which form intercluster linkages, the barriers are 

lower (< 25 kcal·mol-1). Within the studied series of metals, the Zr shows the lowest energy 

barrier, as a dual consequence of its low charge and its flexible coordination environment. 
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The assembly mechanism of Zr- and other transition metal-substituted polyoxometalates (POMs) to form covalently 
linked dimers has been analyzed by means of static density functional theory (DFT) and Car-Parrinello molecular 
dynamics (CPMD) simulations.  The study identifies the Zr-aqua-hydro anion, [W5O18Zr(OH)(H2O)]3-, as the active 
species at basic conditions. For [W5O18TM(H2O)m(OH)]n- anions, the energy barrier is low for ZrIV as a consequence 
of the flexible coordination environment, moderate for TiIV, and high for WVI.  
 

 


