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ABSTRACT: Understanding the aqueous speciation of molecular metal-oxo clusters plays a key role in different fields such as 
catalysis, electrochemistry, nuclear waste recycling, and biochemistry. To accurately describe the speciation, it is essential to 
elucidate the underlying self-assembly processes. Herein, we apply a computational method to predict the speciation and formation 
mechanisms of polyoxovanadates, -niobates and -tantalates. While polyoxovanadates have been widely studied, polyoxoniobates 
and -tantalates lack the same level of understanding. In the first place, we proposed a pentavanadate cluster ([V5O14]3-) as a key 
intermediate for the formation of the decavanadate.   Our computed phase speciation diagram is in particularly good agreement 
with the experiments. Secondly, we report the formation constants of the heptaniobate, [Nb7O22]9-, decaniobate, [Nb10O28]6-, and 
tetracosaniobate [H9Nb24O72]9-. Additionally, we have computed the speciation and phase diagram of niobium, which so far was 
restricted to Lindqvist derivates. Finally, we have predicted the formation constant of the decatantalate ([Ta10O26]6-) in water, even 
though it had only been synthetized in toluene. Furthermore, the corresponding speciation and phase diagrams for 
polyoxotantalates have been also calculated. Overall, we show that our method can be successfully applied to different families of 
molecular metal oxides without any need for readjustments; therefore, it can be regarded as a trustworthy tool for exploring 
polyoxometalates’ chemistry. 

INTRODUCTION 

Metal oxides and molecular-oxo clusters are key materials for the development of both current and future technologies.1–4 
These materials are usually prepared by crystallization of a solution containing molecular metal-oxo clusters.5 However, how these 
compounds are formed in aqueous media, and how high nuclearities are obtained remain unclear.6 This is because the self-assembly 
of metal-oxo clusters in water is affected by several variables: temperature, pH, ionic force, concentration and counterions.7 One 
prominent type of molecular metal oxides are polyoxometalates (POMs). These polynuclear clusters consist of group V and VI metals 
at high oxidation states and with multiple oxo-ligands. Group VI POMs have been studied extensively with an assemble via bottom-
up route.8,9 Larger structures are formed by just acidifying the molybdenum and tungsten monomeric precursors. In contrast, Group 
V POMs show a different assembly process. On the one hand, a bottom-up approach is also followed to obtain polyoxovanadates. 
For instance, increasing the pH of a solution of the vanadium precursor yields larger structures, such as the decavanadate ([V10O28]6-

; {V10}, Figure 1). On the other hand, polyoxoniobates and -tantalates have a top bottom route because of the lack of a stable 
monomeric precursor. This is due to the larger size and lower charge-densities of Nb5+ and Ta5+, compared to V5+, Mo6+ and W6+.10 
Thus, niobium and tantalum oxides only form the Lindqvist ion ([M6O19]8-; {M6} M= Nb/Ta, Figure 1a) in highly alkaline solution.11  

Vanadium aqueous speciation was first described thirty years ago thanks to the direct accessibility to 51V NMR and potentiometric 
titration studies.12,13 It is well-established that oligomers with one to five vanadium atoms are formed in solutions of pH > 6. At 
lower pHs only the decavanadate, {V10}, and [VO2]+  has been reported. Polyoxovanadates are the lightest class of molecular oxides 
available. They display high gravimetric energy densities, which is a key factor for electron mobility applications.14 Additionally, 
vanadium has multiple oxidization states (V5+/V4+ and V4+/V3+), which enables rich redox chemistry. These features combined make 
vanadium oxo-clusters very promising compounds for batteries.15,16 Decavanadate has been the main prototype for electrochemical 
studies. To cope with thermal degradation of the metal-oxo cluster, Streb and coworkers prepared a supramolecular crystal that 
stabilized the decavanadate in a lattice.17 Moreover, polyoxovanadates are sensitive to the visible-light region, which makes them 
suitable for photoredox catalysis.18 For example, a molecular manganese vanadium oxide cluster exhibits water oxidation in the 
natural photosystem-II.19 Vanadium oxo-clusters also play important roles in biological processes.20,21 There are three remarkable 
isopolyoxovanadates that have demonstrated antibacterial properties: vanadium oxide, [VO4]3-, tetravanadate ([V4O12]4-; {V4}, 



 

Figure 1d) and decavanadate {V10} .22 Nonetheless, the decavanadate is the most prominent cluster due to its high biological activity 
and antitumor properties.23,24  

Despite vanadium, niobium and tantalum belonging to the same group in the periodic table, polyoxoniobates and tantalates have 
a different behavior in aqueous solution, compared to polyoxovanadates. In fact, niobium and tantalum oxo-clusters only form in 
neutral and alkaline conditions. In addition, niobium and tantalum molecular oxides display anomalous solubility trends in the 
presence of alkaline ions. For instance, cesium niobate and tantalate salts are more soluble than their lithium analogs.7 Niobium 
oxo-cluster chemistry has experienced great success in the past decade and new compounds beyond {Nb6} and {Nb10}25 have been 
characterized. In fact, just the list of isopolyoxoniobates has increased considerably: ([Nb7O22]9-; {Nb7}, Figure 1b)26, ([Nb24O72H9]9-; 
{Nb24}, Figure 1h),27 ([HNb27O76]16-; {Nb27}),28 [Nb32O96]32-,29 [Nb52O150]40-,30 and [Nb54O151]32-31 These discoveries have important 
implications in expanding the main applications of niobium oxo-clusters in radioactive waste management32 and catalysis. 33,34 On 
the other hand, polyoxotantalate chemistry remains underexplored, partly due to slow reaction kinetics and poor solubility in 
water.35 This lack of development is exemplified by the low number of reported tantalate species.36 Only the Lindqvist ([Ta6O19]8-; 
{Ta6} Figure 1a) is observed for isopolyoxotantalates compounds in aqueous solution.37,38 Furthermore, the decatantalate  
([Ta10O28]6-; {Ta10} Figure 1f) has only been isolated in non-aqueous media.39 Despite that, controlling polyoxotantalate speciation is 
a promising asset for synthetizing solid materials. Indeed, tantalum oxides have excellent applications in photocatalysis40 and 
technological materials such as transistors.41 

 

Figure 1. Representative structures for vanadium, niobium, and tantalum oxo-clusters. Ball sticks representation of (a) Lindqvist [M6O19]8- 
({M6}), (b) [M7O22]9- {M7}, (c) [M8O25]10- {M8}, (d) [M4O12]4- {m-M4}, (e) [M5O14]4- {M5} (f) decametalate [M10O28]6- {M10}, (g) [HM16O49] {M16}, 
(h) [H9M24O72]9- {M24}. 

Solving the speciation of metal oxides in solution is intimately related to describing the chemical reaction network (CRN) that 
connects all possible stable species and the corresponding reaction intermediates. Polyoxometalates’ reaction networks mainly 
consist of two types of reactions: acid-base equilibria and aggregations. Thus, if we find which reactions happen in solution, we will 
be able to predict the relative abundance of each metal-oxo species. In the past decades, quantum mechanical calculations have 
succeeded in predicting the chemical properties and the reactivity of POMs.42 The study of complex reaction mechanisms relying 
solely on human intuition is time-consuming and prone to error. Consequently, new alternative approaches try to automate the 
discovery of reaction mechanisms.43 Recently, there has been an increase of automated methods that are being applied to different 
fields such as prebiotics,44 combustion,45 solid-state synthesis46 and decomposition reactions.47 Following this trend, we have 
recently reported the development of a new method,  called POMSimulator, that automatically generates the CRN for a set of 
metal-oxo clusters from raw quantum chemical results and predicts both speciation diagrams and the corresponding reaction 
mechanism.48 Hitherto, we have applied this method  to polyoxomolybdates and -tungstanates with excellent results.49 

In this work, we exploit the capabilities of POMSimulator to predict the aqueous speciation and nucleation mechanisms of Group V 
polyoxometalates. We have considered 122 metal-oxo clusters in total, including classical structures such as Lindqvist {M6} and 
decametalate {M10}. In addition, we have also explored other non-reported species: pentametalate ([M5O14]3-; {M5}), octametalate 
([M8O25]10-; {M8} Figure 1c) and hexadecametalate ([M16O49]18-; {M16} Figure 1g). Scheme 1 sketches the main steps of our method. 
Firstly, it obtains free energies at a Density Functional Theory (DFT) level and captures bonding information from the electron 
density for each species. Then, it generates the chemical reaction network for each POM family. Next, it sets up and solves many 



 

multi-species chemical equilibria (MSCE). Finally, we decide the best speciation model, and infer its reaction mechanism. A detailed 
description of the methods and computational details is included in the Supporting Information. 

RESULTS AND DISCUSSION 

Aqueous Speciation 
We have defined three molecular sets for polyoxovanadates, -niobates and –tantalates. Our vanadium molecular set is formed 

by 16 different topologies. If we consider all the protonation states, the final number of species is 42 metal-oxo clusters. It has the 
classical decavanadate, {V10} as well as the Lindqvist {V6}. Furthermore, we have included cyclic structures (also known as 
metavanadates): [V3O9]3-, [V4O12]4-, [V5O15]5-, [V6O18]6-, [V7O21]7-, [V8O24]8- and [V9O27]9-. These cyclic structures will be denoted as {m-
Vn}; m refers to “metavanadate” and n to the number of metal atoms. Secondly, niobium and tantalum molecular sets share the 
same 42 structures, just differing in the metal centers, plus monomeric hydroxides, [M(OH)x](5·x), condensed forms of the Lindqvist 
structures, {M7}, {M8}, [M9O27]9- {M9}, and medium-large clusters such as {M16} and {M24}. Although some structures are unique for 
each system, there are common structures in the three sets of polyoxometalates. For example, vanadium, niobium and tantalum 
share the same decametalates, and Lindqvist structures. In this manner, we ensure that we are not biasing the simulation towards 
a specific product. In addition, we have included cyclic compounds in the niobium and tantalum sets, despite there is no 
experimental evidence that they exist in solution. Thereby, we can test whether our method detects the inherently different 
chemistry of each metal automatically. Additionally, we have included non-reported species, such as the [M5O14]4- ({M5}, Figure 1e) 
and {M16} to investigate the existence of possible transient intermediates. A detailed overview of the complete molecular set with 
the DFT optimized tridimensional structures can be found in Figure S1. A dataset collection50 of the main results is available in the 
ioChem-BD repository.51 
 
In the first place, we computed the CRN for vanadium, niobium, and tantalum oxides, which are formed by 75, 65 and 65 chemical 
reactions, respectively. We started by converting the molecules to molecular graphs. Then, we mapped the isomorphic property to 
decide which molecules could be potentially related by a chemical reaction. We have defined five types of reactions: acid/base 
equilibria, hydrolysis, condensation, addition and dimerization. The complete lists of reactions, with their corresponding free 
energies, are collected in Table S1, S2 and S3. Next, we moved to the resolution of the multi-species chemical equilibria (MSCE). 
We set up 1.1·106, 4.7·105 and 5.2·105 speciation models for vanadium, niobium, and tantalum, respectively. We solved every 
speciation model at different pH values, thus obtaining new sets of formation constants at each pH. Although formation constants 
are formally independent of the pH, there are small numeric fluctuations. Therefore, to decrease the margin of error, we increased 
the sample size by solving the speciation models multiple times. More precisely, we solved 7.5·107, 6.9·107 and 8.6·107 systems of 
non-linear equations (NLE) and then we estimated the equilibrium constants of all the metal-oxo compounds (see Figures S6, S7 
and S8). 
 
The resulting theoretical formation constants already provide meaningful information in terms of chemical properties. 
Polyoxoniobates have larger formation constants than tantalates. Therefore, we deduced that niobium oxide clusters are more 
stable than tantalum oxides clusters. This evidence is in good agreement with the enthalpy data reported experimentally.52 
However, DFT formation constants cannot be directly used to predict the aqueous speciation. This is so because theoretical 
constants are overestimated with respect to the experimental values.49, 53 For molybdenum and tungsten oxides, we have recently 
found a strong linear dependence between DFT and empirical formation constants, thus granting the application of a systematic 
linear scaling.54 Therefore, the first milestone for predicting Group V aqueous speciation depended on the accuracy of the linear 
scaling.  
 

 



 

Scheme 1. POMSimulator’s main workflow: 1) perform structure optimizations of metal-oxo clusters 2) find all the chemical reactions, 
including acid-base equilibria and polymerizations 3) solve the speciation models 4) calibrate the DFT equilibrium constants with a linear 
rescale 5) employ the rescaled constants to predict the speciation and the reaction mechanisms. 

We chose as references eleven polyoxovanadates formation constants reported by Elvingson et al.,55 three polyoxoniobates 
constants reported by Etxebarria et al.,56 and three polyoxotantalates constants reported by Deblonde and coworkers.11 Analysis of 
the linear regressions in Figure 2 shows that the linear scaling works for Group V polyoxometalates. Figure 2A shows the best linear 
regression for the vanadate oxides (R2=0.9995; RMSE=0.44). It is remarkable that the calibration is so accurate even though there 
are eleven points in the sample. Additionally, different topologies were included: monomeric compounds, [VO4]3-, [HVO4]2-, 
[VO2·3H2O]+, cyclic structures {m-V4} {m-V5}, and decavanadates, {H2V10}, {HV10},{V10}. On the other hand, the calibrations for the 
polyoxoniobates and –tantalates are slightly different than for –vanadates because fewer experimental data are available for 
niobium. In fact, we could only find formation constants for the three Lindqvist structures: {H3M6}, {H2M6}, and {HM6} (where M=Nb 
and Ta). Due to the small size of the sample, we could not rely exclusively on the RMSE and R2 to decide the best linear scaling. 
Therefore, we performed a deeper analysis of the regressions to estimate the best rescale (details in the supporting information).  
 

 

Figure 2. Linear regressions between log KfExp and log KfDFT. Lowest root mean squared error (RMSE) and mean average (MAE) values at 
298.15 K and 1 atm for polyoxovanadates (A) and −niobates (B) and -tantalates (C), at 0.25, 0.1 and 1.0 M NaCl ionic strengths, respectively.

Figure 2B collects the calibration equation that leads to the best agreement with polyoxoniobate speciation. It has low root mean 
squared (RMSE=0.025) and mean average (MAE=0.024) errors, as well as a high determinant coefficient (R2=0.99998). Then, Figure 
2C, shows the calibration equation that provides a best match with the experimental tantalate data. It has a low root mean squared 
(RMSE=0.15) and mean average (MAE=0.14) errors and a remarkably high determinant coefficient (R2=0.9993). Once we have 
chosen the best linear scaling, we could introduce the rescaled constants to the speciation models.  
 
Figure 3 shows the potential of POMSimulator for supplying a complete picture of the POMs speciation. To do so, we have 
considered not only the free reaction energy at a given temperature, but also the pH, ionic force and concentration effects. The top 
part of Figure 3 depicts phase speciation diagrams, which pinpoint the most abundant oxo-clusters depending on both the pH and 
the total metal concentration. These plots are extremely helpful for guiding experiments since they specify the conditions to 
synthetize a given compound. Even if phase speciation diagrams supply great insights into polyoxometalates’ aqueous behavior, 
the examples reported in the literature are scarce. Therefore, filling this gap is paramount to unveil the speciation of 
polyoxometalates. On the other hand, the bottom part of Figure 3 shows simple speciation diagrams, which collect information of 
all relevant species at a fixed metal concentration but variable pH. They are useful for detecting minor species and transient 
intermediates involved in the formation of larger polyoxometalates. In fact, speciation diagrams are still one of the most employed 
tools for studying these systems. Overall, both types of plots have an excellent synergy, since they reveal the intricate effect of pH 
and concentration on the oxo-clusters formation. Secondly, we focused on the speciation of polyoxoniobates. Initially, the aqueous 
behavior of polyoxoniobates was very much restricted to Lindqvist structures: {HxNb6}. This was mainly due to the poor solubility 
of niobate salts in water, especially at low pH. Despite the poor solubility and the unusual alkaline speciation, experimental 
techniques have succeeded in detecting new polyoxoniobates in solution over the past ten years.23 The chemistry of niobium is 
vastly different from its neighbors in the periodic table. As we mentioned before, the charge size ratio has a strong influence on the 
speciation of polyoxometalates. This fact involves a dramatic change in the aqueous speciation of niobium, compared to classical 
polyoxometalates, such as molybdates, tungstanates, and vanadates. Figure 3B shows the predicted phase and speciation diagram 
of the old and new niobium oxo-clusters (at an ionic force of 0.1 M of NaCl). To the best of our knowledge, the phase speciation 
diagram in Figure 3B top is the first that has oxo-clusters that have been discovered over this decade. In other words, the diagrams 
in Figure 3B include compounds that go beyond the Lindqvist limit. In addition, if we analyze Figure 3B, we see that our method 
reproduces the alkaline character of polyoxoniobates’ chemistry (pH 5 – 14) automatically. This is a noteworthy feature, since we 



 

did not introduce any modification to readjust the program for a completely different pH behavior. This evidence reinforces our 
belief that the method used here is a general-purpose tool for predicting the speciation of POMs. The phase speciation diagram in 
Figure 3B reveals that {Nb10} is the most abundant compound at acid, neutral, and slight alkaline pH. Comparing Figures 3A and 3B, 
we can also deduce that {Nb10} is more alkaline than its vanadium analog {V10}, in good agreement with the experiments.57 Figure 
3B top also reveals that, at the similar pH but higher concentrations, {Nb24} is formed. The chemical relationship between {Nb10} 
and the {Nb24} was reported in our earlier work in collaboration with May Nyman’s research group.58 Figure 3B top reproduces well 
the pH range (between 8 and 11) and the concentration (2 M) at which {Nb24} was synthesized. Note that the phase diagram only 
shows the most abundant compounds. Therefore, {Nb24} can also be detected at more alkaline conditions, even though it is not the 
most principal compound. 

 
Figure 3. Top: speciation phase diagrams employing scaled ∆GDFT values, at 298.15K and 1 atm. A: polyoxovanadates at I=0.25 M NaCl, B: 
polyoxoniobates at I=0.1M NaCl, C: polyoxotantalates at I=1.0M NaCl (ionic force value fixed according to the experimental data). The total 
metal molar concentration is fixed between 100-104M. Concentration axes are in logarithmic scale. Bottom: speciation diagrams at 0.5M, 
1.0M and 1.0M metal concentration for vanadium, niobium and tantalum respectively. The speciation diagrams were computed at the 
same ionic forces than the corresponding phase diagrams. 

The formation of {Nb24} led to the discovery of another relevant niobium cluster: the heptaniobate.26 {Nb7} has a particularly 
significant role in the formation of larger clusters such as the {Nb10} and {Nb24}. In fact, our phase diagram also predicts the 
appearance of the heptaniobate structure, thus supplying the experimental conditions to isolate this compound. However, in Figure 
3B top {Nb7} appears at a more alkaline region, far from the {Nb10} and {Nb24} areas. At first glance, it is counterintuitive because 
{Nb7} is regarded as a key intermediate in the formation of large clusters. However, we attribute this to the thermodynamic stability 
of {Nb7} in aqueous solution. For instance, the {Nb10} and {Nb24} are the most abundant and stable compounds at neutral pH. 
Therefore, within this pH range, {Nb7} acts as a transient intermediate. That is why it does not appear in a phase diagram since it 
rapidly reacts to form either the {Nb10} or {Nb24}. On the other hand, if we are interested in obtaining {Nb7} as the main product, 
then we must move to more alkaline conditions. To reinforce this idea, we followed an earlier work by Casey and coworkers59 in 
which they performed an 17O-NMR starting from a solution of {Nb10} at pH  12.5 and they detected heptaniobate derivates ({Nb7+x}) 
throughout the decomposition of {Nb10}. Thus, there is experimental evidence that {Nb7} is detected at high pH values, in good 
agreement with our prediction in Figure 3B. According to our phase diagram, {Nb7} can be only isolated at remarkably high 

concentrations (~2M). Nonetheless, Figure 3B bottom shows that {Nb7} is already present at 1 M, even though it is not the most 



 

abundant compound. Given that it is in equilibrium with the very stable Lindqvist structures, it is reasonable to assume that {Nb7} 
will hardly become the most dominant cluster. Additionally, we believe it is consistent to find {Nb7} close to {Nb6}, since their 
respective structures are extremely similar (see Figures 1a and 1b). Then, the compounds left in the phase diagram correspond to 
the well-known Lindqvists. They predominate in most of the alkaline region and are found in different protonation states: {H2Nb6}, 
{HNb6}, and {Nb6}. Figure 2B already shows that Lindqvist’s theoretical formation constants are in excellent agreement with the 
experimental data. Moreover, note that {H3Nb6} does not appear in Figure 3B top, but it does in Figure 3B bottom. Consequently, 
the triprotonated state of the Lindqvist is regarded as a minority compound, but detectable in solution. The cases of {Nb7} and 
{H3Nb6} show the importance of providing speciation diagrams along with phase diagrams. In this way, we can obtain a general, and 
yet detailed picture of the aqueous speciation, without disregarding any oxo-cluster. 
 
Table 1. Computed formation constants for polyoxoniobates and tantalates at an ionic strength of 0.1M and 1.0M NaCl.  

Compoundsa log Kf (M=Nb) log Kf  (M=Ta) 

[M(OH)3]2+ -12.52 1.45 

[M(OH)4]+ 0.84 5.30 

M(OH)5 4.69 6.74 

[M6O19]8- -2.45b -0.99b 

[HM6O19]7- 11.87 12.66 

[H2M6O19]6- 23.21 23.52 

[H3M6O19]5- 32.80 32.75 

[M7O22]9- 3.95 -0.18 

[M10O28]6- 79.40 79.09 

[M24O72H9]9- 185.29 174.95 

a Constants refer to this formation reaction p[M6O19]8- + qH+ ⇌ [HzMpOm]n- + (q/2+ p - z/2) H2O. b Note that the formation constants of 

[M6O19]8- are not zero because of the linear scaling (y=m·0+b). Thus, the constants are equal to the intercept values depicted in Figure 2B 

and 2C respectively. 

 
Finally, we focused on the speciation of polyoxotantalates. The aqueous behavior of tantalum oxo-clusters is the most limited in 
terms of pH range and number of species. The main reason lies in the poor solubility of tantalate salts in aqueous solution (even 
poorer than niobates). In fact, the only species that have been detected experimentally in water are the Lindqvist-derivate 
compounds, {HxTa6}. At pH lower than 8, the aqueous speciation is hindered due to the formation of the Ta2O5 precipitate. Despite 
the difficulties, {Ta10} was synthesized in non-aqueous media almost ten years ago.36

 This evidence confirmed that the decametalate 
structure was also present in tantalum as it is in vanadium and niobium. Further work was done in this direction by Casey and 
coworkers. They showed that if one or two tantalum atoms were exchanged by titanium, the solubility in water (at neutral pH) 
increased.38 This evidence suggested that the formation of {Ta10} is deprived because of solubility instead of thermodynamic 
reasons. This conclusion was further supported by Hatchett who highlighted that insolubility should not imply instability.60 Figure 
3C top shows the most abundant clusters in a pH range between 5 and 14, at acid, neutral and slightly alkaline pH; our simulation 
predicts that the dominant compound is {Ta10}. Although there is no experimental evidence of the formation of this compound, we 
justify our results based on Hatchett’s assumption. Therefore, our program provides for the first time the formation constant 
(logKf=70.09) of the decatantalate. Notice that Figure 3 not only supplies information of the compounds that do appear, but also 
of the oxo-clusters that are not present. The values collected in Table 1 were used for calculating the phase diagrams depicted in 
Figure 3B and 3C. For example, Figure 3C top does not show the formation of {Ta24}, even though it was included in the simulation. 
Table 1 reveals that the formation constant of {Nb24} is greater than the one for {Ta24}. Thus, the nucleation of the latter is less 
favored, which is consistent with the results depicted in Figure 3B and Figure 3C. A similar phenomenon occurs for the 
heptatantalate, {Ta7}, which does not appear either in the phase nor in the speciation diagrams. Again, if we compare the formation 
constants of the niobium and tantalum heptametalates (Table 1), we see that the former is greater than the latter. Consequently, 
and according to our predictions, none of these compounds will be formed. Next, the phase diagram at pH values greater than 9 
included the tantalate Lindqvist’s. In an analogous manner to niobates, Figure 3C top shows the presence of {H2Ta6}, {HTa6}, and 
{Ta6}. However, {H3Ta6} is also a minor species, and so, it only appears in the speciation diagram (Figure 3C bottom). 
 
Mechanistic Insights 



 

 
The self-assembly mechanisms to form large polyoxovanadates, -niobates, and -tantalates is far from obvious. Although their 

aqueous speciation is well-known (to a lesser extent for niobium and tantalum), their formation mechanisms are still unclear. 
Elucidating the nucleation pathways of polyoxometalates is paramount because it would improve the selectivity yields of their 
synthesis. However, a purely energy-based evaluation of the self-assembly mechanism can be misleading. In fact, reaction free 
energies do not account for the effect of the ionic force, pH, and concentration. Nonetheless, our simulator offers the remarkable 
possibility to consider the latter variables in the mechanistic study because each speciation model must be solved at a fixed value 
of pH, ionic force, and concentration. Additionally, each speciation model is defined by a unique set of chemical reactions. In this 
study, we are considering the following reaction types: protonation (acid/base), addition, condensation, hydrolysis and dimerization 
reactions. Then, if a successful speciation model is found, we automatically infer the nucleation mechanism. In the previous section 
we determined the speciation models that provided the best agreement with the experimental data. Figure 3 showed that 
polyoxovanadates had a different aqueous behavior compared to –niobates and –tantalates. Thus, the corresponding nucleation 
pathways will be distinct as well. Figure 4 depicts a schematic reaction map of the aggregation mechanisms for these three systems. 
Notice that the three families of POMs share multiple structures, the decametalate being the most iconic. Despite that, the 
nucleation mechanisms leading to the formation of {M10} can be split into two classes: one class including the decavanadate, and a 
second class including the decaniobate and decatantalate. 
 

 
Figure 4. Nucleation mechanisms of polyoxovanadates (green), -niobates (red) and -tantalates (purple) according to the speciation models. 
Reaction free energies in kcal·mol-1. Tridimensional structures shown in circles.  

 
On the left part of Figure 4, we see the nucleation pathway of polyoxovanadates. The polymerization starts with the smallest oxo-
cluster in solution: vanadium monoxide. It can be found either in its tetrahedral form, [HxVO4]x-3, or in its trigonal bipyramid form, 
[VO2·3H2O]+. It is worth reminding that the process, even though exergonic, only happens at medium-high concentrations. 
Vanadium monoxide dimerizes spontaneously (-43 kcal·mol-1) to form the dimeric specie {V2}. The nucleation proceeds in an 
exergonic manner up to the formation of the cyclic tetravanadate, {m-V4O12}. Actually, {m-V4O12} is the first crossing point in the 
reaction map of vanadium since it can either undergo the formation of larger metavanadates (e.g. {m-V5O15}, {m-V6O16}) or generate 
a newly proposed intermediate: {V5}. Both paths lead to the formation of stable clusters, but it is ultimately the pH and the total 
concentration that dictate the outcome. For example, at a pH between 6 and 8, the metavanadates are the most abundant species, 
while at a pH between 2 and 6 the decavanadate is the predominant compound. The formation of metavanadates is exergonic for 
the tetra- (-10.9 kcal·mol-1), penta- (-26.2 kcal·mol-1) and hexavanadate (-7.2 kcal·mol-1). However, the nucleation of larger 
metavanadates is thermodynamically discouraged, in good agreement with the experimental data.20 Then, we proposed a reactive 
intermediate, {V5}, as a transient species to form {V10}. It is a very reactive cluster as its reaction free energy shows (+16.4 kcal·mol-

1). However, the dimerization reaction of {V5} leading to the decavanadate is strongly exergonic (-27.9 kcal·mol-1). If we calculate 
the energy balance between both reactions, the outcome is negative (-9.9 kcal·mol-1). Consequently, the overall formation of the 
decavanadate is spontaneous. Figure 3 can be also analyzed in combination with Figure 4 to further prove the existence of the {V5}. 
For example, Figure 3A top shows that the regions including the decavanadates and the metavanadates are remarkably close. 



 

Therefore, it is reasonable to assume that there is a transient intermediate, such as {V5}, which connects both regions. The 
satisfactory results obtained in Figure 3 support our proposal about the role of {V5} as a key intermediate for yielding the {V10}.  
 
On the right part of Figure 4, we describe the nucleation pathway of polyoxoniobates and -tantalates. A first inspection of the 
reaction map suggests considerable differences between niobium and tantalum with respect to vanadium. For instance, 
POMSimulator predicts that the formation of the decametalate structure follows distinct paths depending on the metal center. 
From a chemical point of view, this is reasonable due to the divergence in pH behavior. Moreover, this evidence fully agrees with 
the experimental work published by Aureliano and coworkers.57 We will start first by describing the formation of the niobium oxo-
clusters. Figure 4 shows that the monomeric hydroxides are the smallest oxo-clusters in the niobium reaction network . These 
hydroxides display different geometries: trigonal pyramid [Nb(OH)3]2+, tetrahedral [Nb(OH)4]+, trigonal bipyramid Nb(OH)5, and 
octahedral [Nb(OH)6]1-. The dominance of hydroxide-species is explained by the alkaline character of these polyoxometalates. High 
concentrations of hydroxide anions favor the likelihood of hydrolysis reactions. Although monomeric hydroxides do not appear as 
dominant species in Figure 3, this does not imply that they do not play a key role in the mechanism. In fact, they are actively involved 
in increasing the size of the oxo-clusters. Table S2 demonstrates that these small hydroxides appear in almost every condensation 
and addition reaction. The mechanism continues spontaneously with a first dimerization forming the [Nb2O7]4- ({Nb2}) dimer. Then 
a further condensation reaction takes place yielding the trimer [Nb3O10]5- ({Nb3}). From now on, the polymerization follows the so-
called Lindqvist condensation pattern: {MmO3m+1}. Thus, {Nb3} condensates spontaneously to [Nb4O13]6- ({Nb4}) with a reaction free 
energy of -21.1 kcal·mol-1. Next, the formation step for [Nb5O16]6- ({Nb5}) is slightly endergonic (23.6 kcal·mol-1). Analogously, the 
generation of {Nb6} is also endergonic, but the overall reaction energy is still exergonic. Therefore, the formation of {Nb6} is 
thermodynamically favored. This evidence is directly seen in Figure 3B where the phase diagrams are dominated by the Lindqvist 
compounds, at different protonation rates. If we move beyond the Lindqvist structures, we find {Nb10} and {Nb24}. Our research 
group performed a first study of the formation of not only the {Nb10}, but also of the {Nb24}58 with the aim of honing these previous 
results by using our simulator. Thanks to having direct access to the speciation, we can also account for the effect of main variables 
such as: pH, total concentration, and ionic force. In our previous work, we reported the decomposition mechanism of {Nb10} to 
{Nb7}, promoted by Cs+ and Li+ cations. Additionally, we also highlighted that the cation had a non-innocent role in the reaction 
pathway. In the present study, we have employed Na+ in our simulation since the ionic force was set to 0.1 M of NaCl. Therefore, 
we expect a similar, but not identical mechanism. Note that the effect of Na+ is not considered in the DFT models but it is in the 
Davies equation. Figure 4 shows that the {Nb10} and {Nb7} are also related by condensation reactions, in agreement with our 
previous work. However, the Cs+ mechanism involved an intramolecular reaction that yielded a cationic trimer, [Nb3O6(OH)3)]2+, as 
a byproduct. Because the preference of this mechanism decays according to the alkali size (Cs+>K+>Na+>Li+), we predict that the 
reaction will undergo a different path. In contrast to the formation of {V10}, POMSimulator does not predict as favorable the 
dimerization of [Nb5O14]3- ({Nb5*}) to form {Nb10}, thus confirming the experimental evidence that the {V10} and {Nb10} follow 
different nucleation mechanisms.57 In our previous work, we also reported a reaction equation for the formation of the {Nb24}. 
Three equivalents of {Nb10} were needed to yield one equivalent of {Nb24}. However, two equivalents of a cationic niobate trimer, 
[Nb3O6(OH)3)]2+, were also formed. In the present study we plan an improvement of our previous suggestion. Instead of three 
equivalents of {Nb10}, we propose three equivalents of {Nb8}, as depicted in Figure 4. In this manner, we bypass the generation of 
unfavorable cationic niobates. The first equivalent would form the dimer {Nb16}, and the second one would yield {Nb24}. Both 
condensation reactions are spontaneous (-10.4 and -2.9 kcal·mol-1) showing their thermochemical preference. Additionally, it is 
reasonable to proffer the existence of the {Nb16} dimer following experimental precedents as the formation of the dimer 
[Nb14O40(O2)H3]14- reported by Nyman’s group.26 Finally, this mechanism scheme would fit with the speciation results depicted in 
Figure 3. {Nb10} is most stable oxo-cluster, in concordance with its large negative reaction free energy. If concentration effects are 
considered, the reaction can be shifted to the formation of {Nb24} despite being less thermodynamically favored.  
 
Figure 4 also summarizes the nucleation mechanism of polyoxotantalates. In this case, there is far less experimental data available. 
Notwithstanding, we suggest a formation pathway that leads to {Ta6} and the unreported {Ta10}. Despite the fact that the latter 
cluster has not been detected in aqueous solution, we predict the mechanism in case the insolubility of {Ta10} is ever overcome. 
Analogously to polyoxoniobates, the smallest tantalum oxo-clusters consist of monomeric hydroxides with the following 
geometries: trigonal pyramid [Ta(OH)3]2+, tetrahedral [Ta(OH)4]+, trigonal bipyramid Ta(OH)5, and octahedral [Ta(OH)6]1-. The 
monomer dimerizes to yield [Ta2O7]4- ({Ta2}) spontaneously (-19.4 kcal·mol-1). The formation of the trimer [Ta3O10]5- ({Ta3}) is less 
favored (1.4 kcal·mol-1) but the next reactions are exergonic. For instance, the generation of the tetramer, [Ta4O13]6- ({Ta4}), and 
pentamer, [Ta5O16]7- ({Ta5}) show large negative reaction free energies: -35.8 and -11.2 kcal·mol-1. Next, {Ta5} condensates to form 
the main cluster in polyoxotantalates’ chemistry: the Lindqvist {Ta6}. Figure 3 shows that {HxTa6} dominates most of the phase 
diagram. If we acidify the media, {Ta6} condensates to {Ta7} even though it does not appear as the most abundant compound at any 
range of pH. This reveals the important effect of the pH and concentration. Although the reaction free energy for {Ta7} and {Nb7} is 
remarkably similar, only the niobium analogue becomes abundant. That is why a strict energetic picture of the nucleation can lead 
to wrong conclusions. In contrast, equilibrium constants, such as the ones reported in Table 1, do capture other important variables 
such as ionic force and concentration effects. To generate the decatantalate, {Ta7} undergoes three consecutive condensations: 
first to yield {Ta8} (-44.4 kcal·mol-1), then {Ta9} (-106.0 kcal·mol-1), and finally {Ta10} (-187.7 kcal·mol-1). The full process is incredibly 
spontaneous, with a large negative reaction free energy. However, there are experimental studies that report the formation of 
{Ta24}, either in aqueous or non-aqueous media. This evidence is also in good agreement with the prediction of our simulator. 



 

Although tantalum and niobium share the same type of molecular set, our method automatically assesses that {Nb24} is more stable 
than {Ta24}. 
 
 
 

CONCLUSIONS 

 
In this work we have not only reproduced, but also predicted the pH-dependent and concentration- dependent speciation, and 

proposed nucleation mechanisms of polyoxovanadates, -niobates, and -tantalates. First, we propose an unprecedent oxo-cluster 
{V5} that acts as a transient intermediate in the formation of {V10}. We argue that {V5} connects the two main speciation pH regions 
(decavanadates and metavanadates) of vanadium oxo-clusters. Overall, the condensation reaction of {m-V4} to form {V5} and the 
dimerization of {V5} to yield {V10} happen in an exergonic manner. Indeed, the phase and speciation diagrams in Figure 3A are in 
particularly good agreement with the experimental data. Furthermore, we report for the first time the formation constants of 
{Nb10}, {Nb24} and {Nb7}. Consequently, we can predict the phase diagram, which so far had been restricted to {HxNb6}-derivatives. 
Furthermore, we have employed our new-developed method to make slight improvements to our previous mechanism concerning 
the formation of {Nb10} and {Nb24}. Finally, we have predicted the formation of polyoxotantalates’ speciation. We have found {Ta6} 
as the most abundant compound, but we have also reported the hypothetical formation constant of {Ta10} in solution. We suggest 
that the nucleation process to yield {Ta10} would happen in similar fashion to {Nb10}. Additionally, we have not found any evidence 
of the formation of {Ta24} in our simulation, in good agreement with the experiments.   
 
In earlier works, we showed that POMSimulator supplied excellent results for polyoxomolybdates and -tungstanates. With the 
results presented above in hand, we have proved that our method can be successfully applied to three different families of 
polyoxometalates. Not only to polyoxovanadates (which are rather like molybdenum and tungsten), but also to -niobates and -
tantalates. The results achieved for niobium and tantalum oxo-clusters are especially helpful since experiments must deal with 
insolubility problems. Thanks to the in-silico approach of our method, we can bypass the solubility issue and gain insight into the 
chemical stability and abundance of new molecular metal oxides.  
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