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Abstract: Polyoxometalates (POMSs), ranging in size from several to 100’s of angstroms, represent building
blocks of inorganic materials. Elucidating their complex solubility behavior with alkali countercations can inform
and model natural and synthetic processes in aqueous media. In the study of POMs ([Nb24O72Hg]">", Nb24) we
discovered an unusual solubility trend (termed anomalous solubility) of alkali-POMs, in which Nb24 is most soluble
with the smallest (Li*) and largests (Rb/Cs*) alkalis, and least soluble with Na/K*. Via computation, we define a
descriptor (c-profile) and use an artificial neural network (ANN) to accurately predict all three described alkali-
anion solubility trends: amphoteric, normal (Li*> Na*> K*> Rb*> Cs*), and anomalous (Cs">Rb*>K*>Na*>Li").
Testing predicted amphoteric solubility along with X-ray scattering and single-crystal X-ray diffraction studies
affirmed the accuracy of the desciptor, provided solution-phase snapshots of alkali-POM interactions, yielded a
new POM formulated [TisNb14Os4]'*, and provided guidlines to exploit alkali-POM interactions for new POMs
discovery.

Introduction

Interactions of cations or anions with aqueous macromolecules or interfaces orchestrate many natural and synthetic processes. Natural
processes influenced by ion association include DNA helix-formation and stabilization,!" protein folding,”? and fate and transport of contaminants
in the environment.®! Aqueous synthesis of inorganic materials (i.e. zeolites, oxides, phosphates, etc./)) involves dissolution, self-assembly,
precipitation and crystallization over the course of the reaction; and all these processes are dictated by interactions of ions with the growing
nuclei. In turn, aqueous cation-anion pairing directly affects aforementioned interfacial interactions and crystal growth, since the first step to
dissolution is separating ions, and the first step to precipitation or crystallization is forming ion-pairs in solution.

Lattice energy, e.g. calculated by the Born-Haber cycle, is sometimes a predictor of solubility for simple binary compounds, where low
solubility equates with high lattice energy. Such models less effectively predict the energy of lattices containing complex ions; i.e. oxoanions
with multiple modes of interaction with each other and with the counter-cations. While solid-state structures provide a starting point for modeling
ion-interactions in solution, rigorous experimental characterization is challenging. These interactions are dynamic, and usually observed as an
averaged ‘snapshot’ by experimental measurements including X-ray scattering, calorimetry, and vibrational spectroscopy, coupled with
simulations.”® An additional complicating factor of understanding ion-pairs and solubility of solids in water is the interactions between ions and
water. This concept embodies the ability of ions to polarize water molecules and influence hydration spheres that prevent ion interactions; as
well as the acid-base behavior of oxoanions and multivalent metal cations. Deprotonation of water molecules bound to metal cations, or
protonation of oxoanions leads to pH changes and different modes of ion interaction, i.e. by hydrogen-bonding. Together these phenomena;
hydration spheres, hydrogen-bonding, ion-pairing, lattice energy, and acid-base properties, engender very complex behavior, and there is no
algorithm that accurately predicts solubility of any cation-anion pair in water, or as addressed here, solubility trends of anions with the alkali
series.

The Hofmeister series®® was defined empirically to describe the effect of simple ions on protein solubility, and this is sometimes adopted
in discussion of aqueous-phase behavior of other macromolecules.” This series was developed to describe the ability of ions to ‘salt-in’
(dissolve) and ‘salt-out’ (precipitate) proteins. While poorly understood, the order of ion-protein solubility can be correlated with hydration
spheres of the ions.®! A similar classification of ions is kosmotropic and chaotropic.!» Kosmotropic ions generally have high charge density and
dictate assembly of hydration spheres. Chaotropic ions are large with low charge, and weak interaction with water. Polyoxometalates (POMs,
anionic metal-oxo clusters of the early d’-tranistion metals) are deemed superchaotropes, and they exhibit hydrophobicity, evidenced by
adsorption onto hydrophobic surfaces from water.'"” Elaborated computational models for simple ions (halides and alkali cations) reproduce
well both the normal and the reversed Hofmeister trends when ions interact with model hydrophobic or hydrophilic surfaces. (NEW REF 11: N.
Schwierz, D. Horinek, R. R. Netz Langmuir 2013, 29, 2602-2614). Yet these models that attempt to predict ion-interactions with surfaces and
macromolecules must consider anion-cation pair interactions coupled with solubility, because one cannot exist in solution without the other
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POMs are excellent tools to understand and predict solubility behavior of ions, specifically in the realm of aqueous synthesis of inorganic
materials. They can serve as models for soluble metal-oxo complexes that are intermediates to metal oxides in synthesis. They are large and
contain heavy metals, conducive to X-ray scattering experiments that reveal interactions between ions in solution, as well as any change in
speciation. Although they are prior-described as superchaotropes; the immense compositional and structural diversity of this family of polyanions
yields behavior that spans from chaotropic to kosmotropic. For example, we identified opposing solubility trends of POMs with alkali
countercations.""! Whereas W, V, Mo and uranyl POM solubility with alkalis mostly trend Li>Na>K>Rb>Cs; Nb and Ta POM solubility trends
are generally opposite. We have termed the former trend ‘normal solubility’ because it is what we expect based on alkali-cation hydration
spheres. For example, Li* has a large hydration sphere, preventing formation of ion pairs, while Cs* readily forms ion pairs, initiating precipitation.
The latter trend we have termed ‘anomalous solubility’. Anomalous solubility also describes simple oxoanion-salts of PO4s* and CO3%; Cs-salts
are highly soluble for both, while Li*-salts are insoluble. Recognition of these opposing solubility trends leads to many questions including; 1)
How do cation-anion-water interactions differ for ion-pairs with opposite trends? 2) Can we identify a single descriptor to computationally predict
solubility trends?

Here we have (a) Experimentally identified a third solubility trend, amphoteric solubility for the Nb2s-POM!" (Nb2sO72He)'>™ (Na/K*-salts
are least soluble); (b) Found that computed [J-profiles of POMs and simple oxoanions are molecular descriptors that enabled developing a
machine learning model to accurately predict normal, anomalous, and amphoteric solubility trends; (c) Tested the predictive model
experimentally, confirming amphoteric solubility for [TiNbeO2s]” and [Ti2NbsO2s]® (respectively TiNbs and TizNbs),"® whose [1-profiles are similar
to that of Nb2s4. Solution phase small-angle X-ray scattering (SAXS) of Nbz4, TiNbe and Ti2Nbs plus isolation of a new titanoniobate POM,
[TisNb14Os4]™ (TisNbz-dimer) suggest POMs with amphoteric solubility, predicted by their corresponding [-profiles, are dynamic in solution and
provide opportunity for new POM discovery.

Results and Discussion

Discovering amphoteric solubility trend. Recently we showed that Nb24!?"! forms upon addition of an alkali chloride salt to a solution of
tetramethylammonium decaniobate [TMAs(Nb10O2s)-xH20], Nb1o. SAXS identifies the Nbz4 units as dimer or tetramer forms, where alkali-
cations promote linking in solution. On the other hand, alkali carbonate (instead of chloride) yields solutions of predominantly monomeric Nb2s4
units (fig. 1a),!'Y appropriate for comparing solubility behavior. Due to the insolubility of lithium carbonate, we instead used LiNOs, and the
solution was buffered to pH-match that of the Nb+o-alkali carbonate solutions, which also yielded the Nb2s-monomer (see Sl for details). The
maximum solubility of Nbz24 as a function of alkali added is summarized in Table S1 (and fig. 3 discussed later). Note; solubility of A*™-Nb24
exhibits the same trend with alkali nitrate at two different alkali:POM ratios, and both alkali carbonate and alkali nitrate (Table S1), highlighting
the robustness of this trend. However, SAXS studies were performed on the alkali carbonate series. SAXS in fig. 1a illustrates solution
scattering at maximum concentration, intensity normalized for comparison. The solubility trends Li>Na<K<Rb<Cs, with solubility minimized at
Na, but generally very high concentrations (2.5 molar Nb with Li, 3.5 molar Nb with Cs) are observed.
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Figure 1. Solution speciation for amphoteric solubility, alkali-Nbzs. A) SAX curves of Nb2s with the five different alkalis. B) Pair distance distribution function (PDDF) of
scattering curves. For A, and B, black dotted boxes highlights differences between scattering curves that leads to hypotheses of amphoteric solubility origin. C) Schematic of
proposed Na-Nbz4 and K-Nb.s solution arrangement, leading to the observed SAXS curves and lowest solubility. D) Schematic of proposed Li-Nb24, Rb-Nb24 and Cs-Nbas
solution arrangements, leading to the observed SAXS curves and higher solubility. Differences between scattering curves at g>1 A" is related to solvent and alkali-scattering.
Excessively high noise for the Cs-POM solution is due to X-ray absorption of this nucleus.

The SAXS data, in addition to confirming the Nb24 speciation in the presence of each alkali, reveal some subtle differences that can
help understand the origin of the amphoteric solubility trend. The curves are intensity-normalized to match the Guinier region (the
‘elbow’ at q~0.08-0.4 A™"), which gives an approximation of the cluster size. This comparison shows good agreement with all alkalis,
and agreement with the simulated data, indicating the dominant cluster speciation is the same. By aligning the Guinier region,
differences in the low-q region becomes apparent, highlighted in the dashed box in fig. 1a. The Nb2s-solutions that exhibit the lowest
solubility across the alkali-series (Na and K) have a negative deviation from the simulated curve, indicating ordering in solution based
on anion-anion repulsion, incompletely shielded by countercations (illustrated in fig. 1¢). With alkalis Li, Rb, and Cs, Nb2s-scattering
exhibits a positive deviation relative to simulated scattering, as well as slight shifts to lower-q in the Guinier region. This indicates
stronger interactions with alkalis, leading to some aggregate formation (i.e. of two or more POMs), and this is illustrated in fig. 1d. The
pair-distance distribution function analyses (PDDF, probability distribution map of scattering vectors through dissolved species and
aggregates, fig. 1b) provide a real-space representation of the scattering particles and size information (radius of gyration, Rq obtained
from the fit Table S4, figure S2). The maximum linear extent (where probability, (P(r)), goes to 0, representing largest diameter) is
highlighted in the dashed black box. The maximum linear extent for the simulated Nb2s and experimental Na-Nbzs and K-Nbzs is ~17 A.
The PDDFs of Li-Nb2s, Rb-Nb2s and Cs-Nb2s have a maximum linear extent approaching 20 A, due to some clustering of Nb2s and
association of the alkalis (fig. 1d). Other PDDF differences less important to solubility are described in the SI.

How are these differences illustrated in figs 1c and 1d related to solubility and why amphoteric solubility? Ordering of species in
solution with regular spacing of cations and anions can represent a first step toward crystallization or precipitation, thereby leading to
poorer solubility for Na-Nb2s4 and K-Nb2s (fig. 1¢). For A* =Li, Rb and Cs, A*-Nb24 interactions partially neutralize the cluster charge,
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minimizing cation-anion attractions between aggregates in solution. In addition, there is polydispersity, prohibiting ordering into a solid
lattice. To understand why there is amphoteric solubility, we need to consider the hydration spheres of both cations and anions. The
alkalis have well-defined hydration spheres and associated hydration energies; both increasing from Cs* to Li*, directly related to
increasing charge-density of the alkali-cation. For any oxoanion, it is far more complex, as protonation, basicity of individual oxo-ligands,
and shape influence hydration spheres, but we can form hypotheses based on their interactions with predictable alkalis. For contact
ion-pairing of Nb24 with Li, Rb and Cs to occur (as suggested by SAXS), the alkalis must be polarizing enough to strip the POMs’
hydration sphere (Li*); or have a weak hydration sphere (Rb/Cs*), easily polarized and ‘stripped’ by the POM. Alkalis of intermediate
polarizing strength (Na and K*) have either hydration shells too strongly bound, or are not polarizing enough to strip the solvation shells
of the POMSs to promote interactions, inhibiting the partial neutralization of the POM that may promote higher solubility observed for
Li/Rb/Cs*.

Computational approach: In the quest for predicting the solubility of ionic species, after many years of efforts, ' computational
methods achieved considerable success for neutral molecules.["®! Dealing with the solubility of salts is much more cumbersome since
the combinations of cation/anion/solvent all affect the properties of such solutions. However, the solubility trend we are discussing
herein is an anion-dependent property only. Therefore, we sought a computational model that could correlate the properties of the
electron density distribution of an anion with its solubility behaviour. We considered a set of representative anions (45 species), which
include 1) simple anions (i.e. CI'), 2) mono-oxoanions (i.e. [MOx]’-), 3) common polyoxometalates of different shapes and charges,!'”
4) metal halides hexamers,['® and 5) uranyl peroxide nanocapsules,!'' a selection illustrated in figure 2a. By including such a variety
of structures and compositions in the dataset, we expect to model anions spanning more than one order of magnitude in size (i.e.
approx. 1 to 20 A) and charge density with parallel range.
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Figure 2. Sigma profiles of test set of oxoanions . (A) Type of molecules present in this work: simple anions, POMs, metal halides and derived structures. (B) Surface
Charge Density (SCD) of 10 selected POMs ([WeO19]?, [SiW1204]%, [P2W16062]%, [Nb2W4Or1e]*, [TiNbgOze]™, [HoND24O72], [TiaNbsO26]*, [NbsO19]*, [TasO1s]* and [SiNb12042]?*);
colour circles indicate the experimental solubility behaviour. (C) Raw [-profiles for nine topologically and compositionally distinct anions ([P2W1gOs2]®, [Ti2NbsO2s]®, [CO3]*,
[PNb12042]'*, [TasO1g]*, [MoO4]*, MosCliz, [HeNb24O72]">, [TisNb14Os4]'* and [(UO2)28(0z2)30]%*). (D) Zoomed in plot of the normalized [-profiles for the same molecule species
than in C. Note that the [I-profiles and the SCDs show opposite sign since the definition of the molecular surface charges distribution.

Next, we sought a molecular descriptor as the basis for a predictive computational model. It has been extensively reported that
the charge/size ratio is paramount for determining the stability of metal oxides at distinct pH.["1 For example, higher-charge anions are
generally stable at high pH, as is the case of the niobium Lindqvist, [NbsO1s]® (Nbs) which dominates at pH greater than 11.2% An easy-
to-compute descriptor for such charge/size ratio is the surface charge density (SCD), which we defined as the average value of the
total molecular charge per surface area (see Supporting Information). Figure 2b shows the SCD for ten oxoanions with reported
solubility data based on prior?' and current work (discussed later). SCD correctly assesses that Group V POMs have higher surface
charge densities than Group VI POMs. Moreover, it seems that the surface charge density is qualitatively related to solubility. The
highest surface charge densities correspond to the compounds with an anomalous solubility trend (depicted with green circles).
Intermediate values are consistent with an amphoteric behaviour (red circles) and the lowest surface charge densities match with a
normal solubility (blue circles). Although figure 2b is satisfying and it seems to represent well the solubility trends for that small set, the
borders between solubility groups are rather ambiguous. For example, the SCD values of [TiNbgO2s]”- and [Nb2W4O1g]* are very close,
yet as we will show later, they correspond to different groups. The single SCD value does not account for obvious differences in the
size and charge distribution of those two anions. Thus, such a 0-dimensional descriptor is not suitable for our purposes.

To improve on the latter results, we relied on a more elaborate charge/size ratio descriptor: the c-profile, introduced by Klamt.??
This 1-dimensional descriptor is defined as the histogram that quantifies the distribution of molecular surface segments that have a
specific charge density named sigma, o (see Supporting Information). Figure 2c shows the raw o-profiles of ten compounds, zoomed
in figure 2d. Although we defined a wider charge density domain, most of the peaks are centred in a narrow region, between -0.01 and
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+0.03 e/A2. Moreover, peak intensities vary significantly depending on the anion size. For instance, the uranyl capsule, [(UO2)20(02)30]%%,
shows the highest intensity whereas other compounds, such as [COs]%, present intensities ten times smaller. Sigma-profiles effectively
capture those rich details on the size and charge distribution of molecular systems. However, to utilize them in a computational model,
that extreme variance requires adjustment. To do so, we scaled the c-profiles to obtain a unit norm (see figure S8).

Experimentally testing sigma profiles. Because Nb24 is not systematically crystallized without adding non-alkali cations (i.e.
copper amines,[?> 129 yranyll®l), we targeted (1) experimental evaluation of a POM with predicted amphoteric solubility trend, and (2)
crystallization of POM-alkali series to assess alkali-POM interactions. In particular, we targeted investigating the relationship between
solution-phase interactions inferred by SAXS, and solid-state interactions, ultimately seeking a deeper understanding of amphoteric
solubility behavior. Additionally, these experiments served to confirm both the generality of the phenomenon of amphoteric solubility,
and to test the predictive nature of sigma profiles on solubility behavior. TMA salts of decametalates [TiNbsO2s]”- and [Ti2NbsO2s]*
(TiNbg and Ti2Nbs, respectively) were prepared using prior-described protocol,!'> 24 but adapted to exploit microwave synthesis for bulk
and compositional purity.?® Respectively seven and eight equivalents of alkali chloride were added to each to determine maximum
solubility of ion-pairs (see Sl for details). For consistency of these studies, we chose the process of adding the alkalis to the TMA-anion
solutions, as was done with the Nb24 studies (Table $2). Indeed, both the Ti2Nbs and TiNbg series demonstrated amphoteric solubility,
as predicted by the c-profiles. Solubility data for the titanoniobates, Nb24, and representative normal and anomalous solubility POMs
are depicted in figure 3. We show the data as both POM concentration and metal concentration, illustrating the very high solubility of
the Nb24, which we are currently exploiting in deposition of niobate thin films. Interestingly, all three of the amphoteric-solubility clusters
have minimal solubility with Na* and not K*, but we suspect other POM clusters not yet studied will exhibit minimal solubility with K*.
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Figure 3. Log-concentration plot of experimentally-determined solubility of POMs, demonstrating all three solubility trends. A) represented as
concentration of POM, B) represented as concentration of POM-forming metals. (see also Table S2).

Following the solubility studies, all A*-TiNbg salts crystallized with seven charge-balancing alkalis per cluster except Li*-TiNbe,
whose lattice contains six Li* and one TMA+ per cluster (figure S3, crystallographic information summarized in Table S5). We also
obtained crystals from the A*-Ti2Nbg series, which were similar in alkali-POM interactions. For brevity we only present the A*-TiNbg
structures, briefly summarizing the lattice alkali-POM interactions. Li-TiNbg and Na-TiNbe both feature A* ligated and linked to each
other via water molecules with no direct bonding to the POMs except via H-bonding between water molecules to cluster oxos (H20----
-O-POM distances ~2.7 A). Li(H20)s-tetrahedra are corner-linked into linear trimers. Six of seven octahedrally-coordinated Na(H20)s
are edge-linked in infinite chains, and the seventh is isolated at the corners and center of the unit cell. For K-TiNbg, there is a three-
dimensional K-H20 network of K(H20)7-s polyhedra that are edge- and face-sharing with each other (figure S4). This network contains
tunnels and voids in which the TiNbe-clusters reside, where the most basic terminal oxo-sites?* bond directly to K*. Rb-TiNbs can be
described as a one-dimensional Rb-H20 network, with the TiNbs-oxos (u3-oxos and terminal, n-oxo) bonded to the Rb*-cations. Finally,
the Cs*-cations bond to all the oxos of TiNbs (u3, p2, and n) and bridge the clusters. In both Rb-TiNbg and Cs-TiNbe, there is alkali
disorder and partial occupancies of the alkalis. The trends in alkali-water-POM bonding with increasing alkali-size can be summarized:
(1) increased direct-bonding to POMs with increased alkali size, and (2) decreased selectivity of POM-oxo-alkali bonding (based on
basicity of individual oxos?*). The trends are similar to those observed prior for Nb1o-frameworks,?®! but without the strong directionality
exhibited by Nbo.

These lattice arrangements are representative of properties of the alkalis with respect to ion-pair formation!'”! and hydration
spheres, but how does it relate to amphoteric solubility behavior? Considering the solubility trend from K-TiNbg ~ Rb-TiNbg < Cs-TiNbeg;
increase in A*-Opom ps-bonding (A=Cs) gives rise to POM-neutralization in solution, decreasing POM-POM interactions that leads to
precipitation. Comparing Li-TiNbg and Na-TiNbg; the latter has infinite alkali-water chains, which may be related to its poorer solubility,
whereas Li-water chains are only trimers. The infinite Na-water chains were also observed prior for Na-TizNbs.?”l An additional
comparison to make is the structuring of Li-water to that observed for a POM with distinct anomalous solubility, [NbsO1g]®. In previously
described Lig[NbsO19]-nH20 structures,?® Li-water formed adamantane-like clusters that were also directly bonded to the POM. The
distinct anomalous solubility of the highly-charged Nbs-POM is attributed to its ability to penetrate the Li hydration sphere, leading to
direct association. The high charge-density Nbs and high-charge density Li* bridge extensively, leading to the poorest solubility. By
comparison, Li* and TiNby (lower charge-density) combined are not strong network formers, leading to high solubility. The delicate
balance between electrostatic forces and particle sizes as predicted theoretically ' is observed here again.

SAXS of A*-TiNbg and A*-Ti2Nbg plus one additional structure yielded a surprising result, comparable to the tendency of Nb1o to
convert to Nb24 upon simple addition of alkalis. Single-crystal X-ray analysis of a crystalline product of the Ti2Nbs plus KCI solution
revealed some degree of disassembly and dimerization of Ti2Nbs, yielding [TisNb14Os4]' (TisNb7-dimer figure 4A). The TisNbz-dimer,
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fully formulated K14[TisNb14Os4]-18H20, crystallized in the orthorhombic Immm space group with a unit cell of 4432.3(2) A3 (Table S6).
The composition suggests it is not a simple dimerization. In addition to the two Ti-sites of the cluster (blue in figure 4A), the linking
polyhedra (yellow) are disordered, each hosting %2 Ti and 2 Nb (see Sl for details). This is a clear indication that there is some
disassembly of the decametalates in solution, perhaps limited to only these sites that are capped with the most basic and labile n-
ox0s.2% 241 The topology of the TisNbz-dimer is very similar to prior-reported Nb1o-dimer!?®! obtained from organic solution, and it is only
the second such dimerized decametalate POM. The major difference between the TisNbz-dimer and the Nb1o-dimer is the M-O-M
dihedral angle between the two M1o-units: it is bent in the Nb1o-dimer (158.7°), and straight in the TisNb7-dimer (179.6°, figure 4a and
$6). The Ti/Nb-O-Ti/Nb bond lengths that bridge the two decamers for the TisNbr-dimer are 1.825(2) A, shorter than those of the Nb1o-
dimer (189-1.91 A), reflecting partial substitution of Ti for Nb.

In the scattering data of Ti2Nbs with added alkalis (figure 4B), there is a shift in the Guinier region to lower-q that correlates
perfectly with increasing alkali size, indicating growth of a larger scattering specie or increasing ion-pairing. Also shown in figure 4B is
simulating scattering of Ti2Nbs and the TisNb7-dimer. Comparison of the Guinier region (the elbow between 0.1-0.4 A™) with
experimental scattering suggests increased formation of this dimer with increasing alkali size could account for this change. Indeed, a
two-phase fit (figure $5) modeling the size of the Ti2Nbs and TisNbz-dimer gave robust data fits that preserved the expected size of the
clusters, and suggest increased dimerization, promoted by interaction with the larger alkalis (Table S7). Qualitatively, the scattering
curves for TiNbg reflect a similar trend, but attempts to fit this scattering data using the same approach failed. This could have many
explanations ranging from formation of other larger species that have not yet been identified by crystallization, or formation of
polydisperse aggregates promoted by ion-pairing. With limited corollary information, we did not present further quantitative analysis of
these data.
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Figure 4. Solution behavior of TiNbs and Ti2Nbs. A) polyhedral representation (left) of TisNbz-dimer, [TisNb14Os4]', and ball-and-stick representation (right) that
highlights the ~180° Ti/Nb-O-Ti/Nb dihedral angle between the two TisNbz-units. Blue is fully-occupied Ti, yellow is M-sites that are half Nb and half Ti, purple is Nb
and red is O. B) SAXS of TMA-Tiz2Nbs with added alkalis. C) SAXS of TMA-TiNboe with added alkalis. For both SAXS spectra, simulated M1o and M1o-dimer scattering
is also shown for comparison to the experimental scattering.

The predictive computational model we present herein is based on a Self-Organized Map (SOM), also known as Kohonen Neural
Network (KNN). Figure 5A shows a schematic representation of the workflow followed in this part. First, we have split the raw o-profile
data in two independent groups: training (34) and test (10) sets (see Supporting Information). We have defined our neural network as
a two-dimensional grid of N x N neurons where N is equal to the size of the training set. Next, we initialize the KNN with the first two
principal components and introduce the normalized c-profiles of the training set to the neural network. The training of the KNN is carried
out using unsupervised learning, which implies that we do not specify the solubility behaviour of the compounds. We chose this
approach due to the lack of solubility data values available for the anomalous and amphoteric groups. The progress of the training is
plotted in figure 5B, showing the quantization error rapidly converges to zero. In fact, the training phase was concluded after 3000
iterations, when the error was below 9-10°. Throughout the training, the neuron layer undergoes a self-organization process to arrange
data into clusters. Figure 5A shows a hypothetical example where the neuron layer has formed four well-distinguished groups. The
next step is to provide classification ability to the KNN, by adding a label to each cluster. To assign a property to a cluster, all the
compounds within that cluster must present the same behaviour. In case there were discrepancies within a cluster, it would indicate
that either the KNN or the descriptor are not adequate (details in Sl). Finally, we would pass the test set to the trained KNN and it would
automatically predict the solubility behaviour. Note that once the neural network has been trained, the neurons and thus the shape of
the KNN remains constant.
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Figure 5. A) Schematic protocol of the KNN divided in two steps: training (Figure 5C left) and prediction (Figure 5C right). B) Number of iterations for the training
phase as function of the quantization error. C) Neighbourhood weight distance plots on 34 x 34 hexagonal sheets for the training (left) and test (right) sets, marked
with circles and squares respectively. Experimental solubility behaviour of simple anions are summarized in Tables S1- S3.

Figures 5C collects two neighborhood weight distance plots, corresponding to the training process and test sets respectively.
Neighborhood plots compute the distance between input samples using the function learnt by the neural network. Within the SOM
framework, distance is inversely related to similarity. Thus, the closer a group of data is (marked with light colors), the more similar their
o-profile shapes will be. Regarding the neighborhood plot for the training set, we can observe that the 34 o-profiles (marked with circles)
have been automatically clustered in three groups, marked with blue, red and green colours.

The biggest cluster, depicted in blue, is assigned to compounds that display a normal solubility trend. This cluster includes s
[(UO2)20(02)42]?%, [CIO4], [P2W18062]%, [WesO1g]%, BsHs and [PMo12040]>. Note that the rest of the compounds in this group are slight
modifications of the six previous molecules. Furthermore, molybdenum and tungsten metals clearly dominate the oxoanions of this
group. The second cluster, marked in red, corresponds to oxoanions with an amphoteric behaviour. In this group we find [HoNb24O72]">
and [TiNbgO2s]”, both being experimentally assigned as amphoteric in this work. All the decametalate structures, [M10O2s] with the
exception of V1o (experimentally determined to be normal solubility, fig. 3) are found in this group. Notably, we have not been able to
experimentally-determine the solubility trend for alkai-Nb+o in water, given its propensity to convert entirely to Nb2s. Because Ti2Nbs
also shows evidence of alteration upon interaction with alkalis, we included the Ti2Nbs-dimer in the final test set, and it too is predicted
to have amphoteric solubility, based on this model. The third and last cluster, marked in green, is attributed to compounds with an
anomalous solubility. It includes the Lindgvist [NbsO1s]®, which is widely known to be more soluble in presence of Cs than Li or Na
cations. In this group, [COs]?%, [TasO19]® and [SiNb12040]"® all (qualitatively) display anomalous solubility. The trained KNN not only
clusters and classifies compounds of the training set, but it also can be employed to predict the solubility of any oxoanion from its o~
profile. That is the case for the neighborhood plot of the test set shown in figure 5C in which twelve o-profiles (marked with squares)
were clustered and classified according to their solubility trend. Note that the shape of the 34x34 neuron layer remains unmodified once
the training phase has been completed that includes both simple oxoanions and larger POMs and other clusters.

Conclusion

Dissolution, crystallization and precipitation of inorganic ion-pairs is extremely important in natural processes and synthesis, yet
few predictive models for solubility exist that go beyond the inverse relationship of lattice energies to solubility, a relationship that is not
always true. Here we have identified a third general solubility trend of alkali-POM pairs that is intermediate between normal solubility
(trending Li-anion solubility highest, Cs-anion solubility lowest) and anomalous solubility (trending Cs-anion solubility highest, Li-anion
solubility lowest). Anions with amphoteric solubility are least soluble with intermediate alkalis (Na/K) and was experimentally first
described for Nb2s-POMs. We have developed the normalized o-profile as a computational descriptor to predict all three solubility trends
for anions ranging in size and complexity from simple halides to oxoanions that are several nanometers in diameter and contain >100
atoms. Accuracy of predictive o-profiles was validated by experimentally demonstrating amphoteric solubility for two additional POMs,
TiNbg and Ti2Nbs. Both solution and solid-state studies of alkali-Ti2Nbs ion interactions in water showed its strong tendency to dimerize,
and yielded a new POM [TisNb14Os4]"* that is also computationally predicted to have anomalous solubility. With this result, we now
have two examples of POMs with predicted/experimentally determined amphoteric solubility trend with alkalis (Nb1o and Ti2Nbs) that
undergo solution-phase transformation to a different POM that also exhibits amphoteric solubility (Nb24 and TisNbz-dimer); simply
promoted by interaction with alkali-countercations. This result affirms that in aqueous metal oxide chemistry, while pH is a well-known
and accepted driver of solubility and speciation, the often-neglected supporting counterions and electrolytes are active and important
participants in many reactions.
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Discover. Predict. Validate. Using alkali-polyoxometalate salts, we discover a previously-undescribed solubility trend, termed
anomalous solubility. Mapping charge-density on inorganic polyatomic anions along with an artificial neural network accurately
describes and predicts solubility trends of alkali-anion pairs. Solubility experiments to validate computation leads to new POMs
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