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Abstract

Ion pairs and solubility related to ion-pairing in water influence many processes in nature and in
synthesis including efficient drug delivery, contaminant transport in the environment, and self-assembly
of materials in water. lon pairs are difficult to observe spectroscopically because they generally do not
persist unless extreme solution conditions are applied. Here we demonstrate two advanced techniques
coupled with computational studies that quantify the persistence of ion-pairs in simple solutions and offer
explanations for observed solubility trends. The system of study, (TMA,Cs)s[M¢O19] (M=Nb,Ta), is a set
of unique polyoxometalate salts whose water solubility increases with increasing ion-pairing, contrary to
most ionic salts. The techniques employed to characterize Cs' association with [MO0]* and related
clusters in simple aqueous media are **Cs NMR (nuclear magnetic resonance) quadrupolar relaxation
rate and PDF (pair distribution function) from X-ray scattering. The NMR measurements consistently
showed more extensive ion-pairing of Cs” with the Ta-analogue than the Nb-analogue, although the
electrostatics of the ions should be identical. Computational studies also ascertained more persistent Cs -
[Tas0)9] ion pairs than Cs’-[NbsO,¢] ion pairs, and bond energy decomposition analyses determined
relativistic effects to be the differentiating factor. These distinctions are likely responsible for many of
the unexplained differences between aqueous Nb and Ta chemistry, while they are so similar in the solid-
state. The X-ray scattering studies show atomic level detail of this ion-association that has not been prior
observed, enabling confidence in our structures for calculations of Cs-cluster association energies.
Moreover, detailed NMR studies allow quantification of the number of Cs” associated with a single
[NbﬁO]()]x- or [Ta6019]8' anion which agrees with the PDF analyses.

Introduction

Preceding precipitation of ionic salts from water, soluble ion-pairs and aggregates must form.
When these increase in size and decrease in charge, they precipitate. Elucidating these processes is



foundational to designing effective pharmaceuticals,' remediating contamination in the environment,’
optimizing materials synthesis in water,” and growing biological and inorganic crystals from water.*
Aqueous solubility and ion-pairing is extremely complex because many phenomena are involved
including the lattice energy of the crystallized or precipitated solid, the hydration sphere of both the cation
and anion, the sum of ions present in solution, and pH effects if the cation and/or anion is a polyatomic
oxo-ion.”” Alkali salts of polyoxometalates (POMs), the early d° Group V/VI metal-oxo clusters, are

ideal for probing both ion-association®'? and crystal growth mechanisms,*'®

and these two phenomena
are intimately related. The large ion size and heavy metals of the POMs scatter X-rays strongly. This has
allowed observation of ion-pair formation via small-angle X-ray scattering by determining the size of the
scattering species.” In addition, POMs are molecular metal oxides,” so ion-pairing behavior at metal
oxide interfaces can be inferred from their study. We do not entirely understand what drives solubility
trends of alkali salts. If we simply consider hydration spheres, Li" carries a large hydration sphere and
does not exhibit extensive ion-pairing, suggesting all Li-salts should be highly soluble.”?' Yet, some
POMs are highly soluble as Li-salts and extremely insoluble as Cs-salts (normal solubility), while others
exhibit exactly the opposite solubility trend (anomalous solubility).*'**** For instance, the Cs" salt of the
hexaniobate POM ([NbsO1]*; {Nbe}, Fig. 1) is soluble up to 1.5 M, whereas the lithium and sodium salts
are only sparingly soluble. We can state, as an initial approximation, that POMs of high charge density
exhibit anomalous solubility while POMs of low charge density exhibit normal solubility. Alkali salts of
highly charged oxoanions including CO5> and PO,> also exhibit anomalous solubility.'”* Ultimately, we
endeavor to explain the anomalous solubility trend in terms of the structuring of ions in solution and also
determine exactly the charge density at which the trend reverses. An initial approach was to benchmark
solutions in which ion-association is forced by employing extreme conditions, including an excess of one
of the ions to drive maximum ion association.”*® However, these studies are not broadly representative of
conditions in natural settings that are of low ionicity and a complex mixture of ions, nor materials
synthesis conditions in which metastable species could persist and be isolated.

Understanding cesium’s ion-association behavior in water is particularly important, as scientists
and engineers are currently optimizing efficient technologies to remove radioactive '>’Cs from the various
contaminated groundwater, seawater, and agricultural environments that are still emerging in the wake of
230 Solubility and ion-pairing was used to separate ppm levels of
Cs from nuclear wastes containing [13 moles of Na — sodium tetraphenylborate is soluble while Cs

the Fukushima-Daiichi nuclear disaster.

tetraphenylborate is insoluble.”® Of additional importance, Csg[NbsOj9] was used as a model system to
computationally probe the base hydrolysis reactivity of [NbsO6]", where the Cs-association is expected
to simplify hydrolysis effects in both solution and solid-state reactions.

Despite the similarities between {Nbs} and {Tas} in the solid state, we and others have noted
considerable differences in solution behavior,”>® but the fundamental origin of these differences has
never been explained, other than inference to broadly defined effects of frontier f-orbitals present in {Tas}
but not {Nbs}. Next to Zr and Hf, Nb and Ta are the two elements on the Periodic table that are the most
chemically similar as a direct consequence of the lanthanide effect. This report provides insight into how
the lanthanide effect alters solution behavior of post-lanthanide metals compared to their lighter
counterparts. Here we utilize two advanced spectroscopies that permit probing solutions of relatively low
ionicity and yield unprecedented details concerning solution phase ion association. POMs of this study
provide a range of charge density while the structure remains similar or identical. These include Cs-salts
of: [MeO10]%, [W2NbsO10]®, [W4NbO16]* and [MW,03,]> (M=Nb,Ta).?*** The quadrupolar relaxation
rate of 'Cs by Nuclear Magnetic Resonance (NMR) and X-ray total scattering, explained by



computational models point towards the influence of relativistic effects in the formation of ion-pairs and
as a source of differences between niobium and tantalum speciation in water. X-ray scattering revealed
the structure of the Cs-POM association in solution. Furthermore, with detailed analysis of the NMR data,
we quantified the average number of Cs associated with clusters in solution, which agrees with the
model proposed by the X-ray scattering data. Taken together, these data support a proposed model for
discrete ion-pairs (meaning not bridged into large networks) paired with anomalously high solubility.

Experimental

Syntheses

CssNbgO19, CsgTagOr9, CssNbWoOszy,  CssTaWoOip,  CsaNbyW4Oi9,  CsyNayNbysW,,019,
[(CH3)sN]sH3NbgO 9, and [(CH3)4N]¢H,TagO19 were synthesized as prior described, are identical to those
from prior studies,”*"*****" and are summarized in the Supporting Information.

Inversion-Recovery '*3Cs NMR

The '**Cs spectra were recorded on a Bruker 400 MHz NMR spectrometer operating at the '**Cs
Larmor frequency (52.482 MHz) and a constant temperature of 25 °C (by means of a VTU temperature
controller) in solutions of 90% H,O and 10% D,0O. T, values were derived by inversion recovery
experiments (see Supporting Information). Each value of T, was calculated by an exponential fit from 16
delay times of four scans each.

T, inversion recovery was performed on 5 mM solutions that were prepared from each of the
aforementioned cesium POM salts, as well as a wide range of solution concentrations (0.5 mM to 100
mM) of CSsNb5019 and CSgTaﬁolg.

Solutions of 20 mM (TMA)sH3[NbeO 6] and (TMA)sH,[Tas09] (TMA = (CH;),N") in 200 mM
TMAOH were also prepared to assure deprotonation of the clusters. A second series of such solutions. i.e.
20 mM of either hexacoltanate ([M6019]8', M = Nb, Ta) in 200 mM TMAOH, was replicated, this time
with the addition of 240 mM CsCl. Thus, systematic mixing of these solutions afforded a range of Cs”
concentrations from 10 mM to 240 mM, with a constant hexacoltanate anion concentration of 20 mM.

Atomic Ratio Analysis on Surfactant-Hexametalate Precipitate

Solutions of 5 mM, 10 mM, and 20 mM CsgM¢O9 (M = Nb, Ta) were combined with excess
solid cetyltrimethylammonium bromide (CTAB, C;¢H;(CH;3);NBr), and a white precipitate was
immediately observed. The white precipitate was separated by centrifugation and the resultant solid was
dried under vacuum. The surface layer of the solid was scraped off and discarded in order to remove any
excess surface Cs” and Atomic Ratio Analysis was performed on the bulk region of each white powder to
determine the approximate ratio of bound Cs” per hexametalate unit (upon averaging five or more data
points per sample). EDX Spectra were obtained from a Quanta 600F instrument (FEI).

Viscometry

Viscosity measurements were taken with an Ostwald Viscosity Tube and a stopwatch at a
constant temperature of 25 °C. A constant sample volume of 5.00 mL was held for each experiment.
Densities were found by weighing 5.00 mL of each solution. Five efflux times were recorded for each



sample and the averages of these times are reported along with solution density and relative viscosity to
10% D,0/90% H,O (see Supporting Information). The mixed Group V-Group VI POM solutions are not
corrected for viscosity due to negligible the negligible variance at 5 mM.

PDF Analysis of X-Ray Total Scattering of Solutions

The solutions of TMA {M¢} with added CsCl were reproduced in 200 mM TMAOH without D,0O.
Raw x-ray scattering data were collected with a Rigaku Smartlab x-ray diffractometer with a Mo-Ka
source (A = 0.71073 A). For these solution X-ray scattering measurements, an aliquot of the solution was
injected in a Kapton 1.5 mm capillary, sealed and positioned in the goniometer. Transmission mode of the
data collection was applied, where 20 range of 3.0-118.6(1 was used. Therefore, the maximum available
Q-value is 15.2 A, The data collection time was 0.2 degree/min using 0.01 degree resolution. In order to
eliminate the contribution of the solvent and the sample holder, Milli-Q water (Millipore, 18.2 MQ-cm at
25 °C) was also measured for background subtraction applying identical experimental parameters.

The solution scattering curves were transformed to the reduced structure functions, then they
were Fourier transformed to obtain the reduced atomic pair distribution functions (PDF, denoted as G(r)
on the graph). For the mathematical transformations and background subtractions we used the PDFgetX3
software.”” Simulated PDF data were obtained with the SolX software*® applying the appropriate
experimental parameters.

Computational Methods

Density functional theory (DFT) and time-dependent DFT (TDDFT) calculations® were
performed on single instances of Csg[Tag010]*™ and Cs,[NbsO16]*™ (x = 0, 1, 4, 8), using the software
package Gaussian09.®® Additional supplementary calculations were carried out on the series Mg[TagO1o]
(M =Rb, K, Na, Li). In all cases, the chosen methodology is identical to the one previously employed by
Deblonde et al. to compute the UV-Vis spectra of [Tas010]* and [NbgOyo]* in implicit water,** leading to
results that were in excellent agreement with experiment.

This particular approach consists of two distinct steps, both involving spin-restricted calculations,
but not relying on molecular symmetry. To begin with, all species are structurally optimized using the
PBEO functional:* at this stage, oxygen electrons are treated using the D95 basis set,”” whereas those on
remaining elements are modeled using various Stuttgart-Dresden effective core potential and basis sets.
More specifically, tantalum electrons are treated with MWB60,” niobium with MWB28,”" and cesium
with MWB46.” With respect to the supplementary calculations on the Ms[TasO 0] series (M = Rb, K,
Na, Li), rubidium electrons are treated with MWB28,72 potassium with MWBIO,72 sodium with SDFlO,73
and lithium with SDF2.”

With hexatantalate salts in particular, convergence problems are occasionally encountered during
default” solution of the self-consistent field equations; these are always solved by automatically invoking
the alternative quadratic convergence procedure developed by Bacskay.” Structures resulting at this stage
are also verified to be true minima by means of frequency calculations, aiming to confirm the absence of
imaginary vibrational modes.

In the second and final step, the UV-Vis spectrum of each optimized structure of {Mg}; Cs{Ms};
Cs4{Mg}; and Csg{Me} (M = Nb, Ta) is subsequently computed by means of a single-point TD-DFT
calculation:*’ in this case, the PBEO functional is retained, but electrons on all elements are treated with



the def2-TZVP effective core potential and/or associated basis set.”® In the case of the supplementary
M;[TagO19] series (M = Rb, K, Na, Li), the level of theory is identical, but UV-Vis spectra are not
derived, so only DFT calculations suffice. All orbital energies quoted and discussed in this work are
actually those calculated during this second and final step.

Throughout both steps, water effects are implicitly included using the polarizable continuum
model (PCM),” which is readily implemented in Gaussian09. Moreover, to rule out the existence of
lower-energy solutions of computed wavefunctions, these are always tested for any spatial- or spin-
instability.”

The Bonding Energy Decomposition analysis was performed using the ADF2012 program
system.”* The PBE0* DFT GGA functional including scalar relativistic ZORA>"*® approach was used
together with the Slater triple-C plus polarization basis sets (TZP) in all atoms, which included frozen
cores up to 4p for Mo and 1s for O and C atoms. Solvent effects were introduced nonexplicitly by means
of the COSMO model.”* The values of the atomic radii correspond to the Van der Waals radii derived
by Klamt.”*® For Cs, a value of 3.205A was used. Input and output files for all of the above calculations
are entirely available on-line, within the ioChem-BD repository.61

Results and Discussion

NMR Theory

NMR can be used to measure the relative magnitudes of ion-pairing between cesium and various
3940 Because cesium’s predominant isotope has a nuclear spin greater than 1/2 (**Cs, 1= 7/2),*" it
has a quadrupole moment.” Thus, cesium’s nucleus can measurably interact with the electric field

anions.

gradient arising from an asymmetric distribution of charge around it,” i.e., from nearby charged anionic
clusters. This interaction allows for an efficient relaxation mechanism, greatly outweighing weaker

dipolar methods of relaxation to the point that they can be ignored,***

including the Nuclear Overhauser
Effect.* In light of this, the spin-lattice relaxation time parameter, T, and its reciprocal relaxation rate,

Rqgr, can be described entirely by quadrupole relaxation:
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where 1) is an electric field gradient asymmetry parameter, eq, is the transverse electric field gradient, eQ
is the electric quadrupole moment of the nucleus, 1. is the molecular correlation time, and I is the nuclear
spin.”’

The molecular correlation time (t.) is expressed as:
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where 1 is the viscosity of the solution, r is the effective hydrodynamic radius of the cesium ion, k is the
Boltzmann constant, and T is the temperature of the solution. The hydrodynamic radius of Cs” in water
can be assumed to be independent of environment in the relatively dilute conditions in which we perform

. 48,49
these experiments.™”

However, an assumption that viscosity varies negligibly between solutions of
{Nbs} and {Tas} cannot be made a priori. Further details regarding viscosity are discussed in the
Supporting Information.

Ion pairing provides an efficient relaxation mechanism for the '**Cs nucleus. It is thus possible to
directly and quantitatively observe contact ion pairs, with larger values of Ror (faster relaxation rates)
indicating greater degrees of contact ion-pairing in solution. Each 1D '**Cs spectrum contains only a
single peak (Figure S2), indicating that the “free” and “bound” cesium environments are in rapid
exchange. Dipolar effects are further determined to be negligible due to rapid molecular reorientations
occurring such that the extreme narrowing conditions apply.’® The combined Ror (upon adjusting for
viscosity) of the two cesium environments in solution is the weighted average of their relaxation rates:

Oggo = UOpUp + Op0g

where 7y, and yr are the mole fractions of the bound and free environments and R, and R¢ are the
quadrupolar relaxation rates of the bound and free environments, respectively. The value for Ry is the
relaxation rate of '**Cs at infinite dilution at 25 °C (0.086 s').”' Thus, the relaxation rate for Cs" in a
contact ion-pair can be ascertained if the mole fractions of bound and free Cs" are known.

Quantification of Cs+ lon-Pairing as a Function of Charge Density



Figure 1: Possible solution-state coordination environments of Cs™ with [MgOyo]* (M=Nb, Ta; left) and [Nb,W,0,]* (right)
based on the solid-state structures.*?

'¥3Cs inversion-recovery NMR was performed on 5 mM solutions of a series of cesium salts
POMs with both Group V and Group VI metals ([TaWs03,]", [NbW,03,]%, [Nb;W,0 101", [Nb,W,0,6]°,
[NbsO16], and [TagO16]%) to provide a systematic range of charge-densities. The cluster salts do not all
have the same Cs:cluster ratio. Therefore this is a semiquantitative evaluation, since Cs-cations are likely
to be in equilibrium between associated and free in solution. However, addition of excess Cs to the
clusters of lower charge can induce precipitation. The POMs with more W' centers have an overall lower
charge and thus induce a smaller electric field gradient on nearby Cs* nuclei. Nonetheless, a Cs" in an ion-
pair with any of these anions will still have a significantly higher Rqgr than the infinite dilution value due
to the asymmetry of the charge distribution with respect to Cs". However, a single Cs' coordinated to
multiple clusters in solution will exhibit an Rqr closer to the infinite dilution value due to the increased
symmetry of the surrounding charge distribution (Figure 1).
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Figure 2: 3¢y quadrupolar relaxation rates of niobo- and tantalo-tungstates plotted with respect to (left) charge density of the
anionic POM (total charge divided by the number of non-hydrogen atoms) and (right) the energy of the n(0,,) — n (02,-Mya)
charge transfer band measured by UV-Vis spectroscopy.***

Cs associated with POMs of lower charge-density (more W) exhibit lower Rqr values than those
of higher charge-density (more Nb or Ta), with tungsten-based POMs approaching the infinite dilution
relaxation rate (Figure 2). This is despite the fact that that there is higher Cs:cluster ratio for clusters of
higher charge. As stated above, if all else is equal, higher Cs:cluster ratio statistically means more Cs is
free in solution leading to a slower relaxation rate, approaching that of Cs at infinite dilution. For the
lower charge-density clusters, each Cs' is hydrated and separated from the anions or, at concentrations
close to the solubility limit of the salt, presumably coordinated to multiple anions as observed in the
structure of Cs4[Nb,W4O14] (Figure 1),”” diminishing the quadrupolar relaxation rate. However, while
there is a general trend of higher Rqor values (and thus greater average ion-pairing) with higher anionic
charge density, the tantalum-containing POMs exhibit strictly faster quadrupolar relaxation rates than
their niobium-containing counterparts of the same charge density in the case of both {Mg} (at the upper
end) and {MWo,} (at the lower end). Thus, anionic charge-density is insufficient to fully explain the ion-
pairing trends of Cs” in solution and more in-depth molecular orbtial effects should be considered.
Plotting Rqr instead against charge-transfer band energy (previously measured by UV-Vis spectroscopy)
improves the monotonicity of the trend, although {TaW,} still remains an outlier (Figure 2).

Comparing the Cs" lon-Pairing of {Nb¢} and {Tas}
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Figure 3: Adjusted quadrupolar relaxation rates (R,qj) of Cs{Nbg} and Cs{Tas} compared to CsCl, demonstrating
the greater average Cs' ion pairing in {Tag}.



By observing solutions of CssMgO19 (M = Nb, Ta; Cs{Mg}) at a range of concentrations with
inversion-recovery '**Cs NMR, we can fully ascertain the differences between {Nbe} and {Tae} in how
they interact with cesium cations. Previous thermochemical dissolution studies revealed that the enthalpy
of dissolution for the cesium salt of hexaniobate has a greater concentration dependence than for any
other alkali salt, indicating different degrees of ion-pairing between dilute and more concentrated
environments.” Inversion-recovery NMR experiments revealed a similar dependence of ion-pairing on
concentration (Figure 3). The quadrupolar relaxation rates of {Nbe} and {Tas} exhibit an initial strong
dependence on concentration, leveling out at higher concentrations. This trend indicates that the number
of “bound” Cs" associated to each hexacoltanate anion increases with concentration, consistent with the
previously observed decrease in dissolution with increasing Cs{Nbs} concentration. Notably, Cs"
undergoes consistently faster relaxation when in solution with {Tae} than with {Nbs}. This indicates that
{Tas} undergoes a greater degree of ion-pairing with Cs” counter-cations than {Nbs} at all concentrations.
CsCl undergoes no ion-pairing and thus exhibits a constant Ror independent of concentration.

A “snapshot” of the average degree of ion-pairing in solutions of Cs{Mg} can be obtained by
dissolving solid CTAB (cetyltrimethylammonium bromide; C;¢H3;(CH3);NBr) into the cluster solutions at
a range of concentrations. The resulting floc contains {Ms} anions with the ion-paired Cs" from the
solution. CTA" balances the remaining charge and induces precipitation via interdigitation of the
hydrophobic surfactant tails. This is a departure from the typical behavior of most POM salts whose
countercations are completely displaced by surfactants.*® In the case of the Cs{Ms}, the Cs can never be
fully displaced by this rapid precipitation process, giving an indication of how many Cs-cations are
associated per cluster for any solution concentration. Therefore, we can directly compare the Cs'/{Mg}
ratio for {Nbe¢} and {Tae} at the same concentration to corroborate our observation by NMR that there is
more Cs" associated to hexatantalate than hexaniobate in water. Indeed, at each concentration tested, there
are more Cs” per {Tag} than per {Nbs} (Table 1). Moreover, the trend of increased ion-association with
increased solution concentration is also apparent in these studies. Excess CTAB was also added to a
solution of only CsCl as a control, which yielded negligible (indistinguishable from the baseline)
precipitated Cs (Figure S9).

Table 1 Cs*/{Mg} ratios found by Elemental Analysis precipitated from
solutions of varying concentrations of CsMzO,4 (M = Nb, Ta), with
associated R, values derived from Eq. 7.

Starting Solution  Cs*/{Mg}  Rud; Rp,

5 mM Cs{Nb} 1.03 0.724s"T 4.50s~!
10 mM Cs{Nbg} 1.46 0.931s~! 47057
20 mM Cs{Nbg} 2.11 117157 41957}
5 mM Cs{Tag} 2.36 1458 s=1 47257
10 mM Cs{Taz}  2.97 1.712s7!  4.47 s~}
20 mM Cs{Tag}  3.60 2.059s~! 4.5457!

Additionally, by considering the ratios of [Cs+]/[{M6}] (Csagsoc) in tandem with R,gj for Cs' in
each solution, along with the known R; value (0.086 sﬁl),51 we can ascertain the value of R, by
rearranging Eq. 4 (after multiplying both sides by 8 to reflect the 8:1 Cs+:{Mg} ratio):
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Because both {Nbg} and {Tas} have an 8- charge, they induce very nearly identical electric field
gradients on any Cs” ion in solution. Additionally, the distances of Cs to the cluster’s bridging oxygen
atoms to which they are bound in the solid-state are very nearly identical for CsgNbsO,9 and CsgTasO9
(=3.1 A).B’53 The solution phase pair-distribution data (PDF) described below for Cs{Mg} indicate the
solid-state structures are reliable models for solution ion-pairing, so the derived values for Ry, in Table 1
are thus directly comparable. Upon averaging the values for R, in Table 1, we estimate a value for the
relaxation rate of a single Cs” in an ion-pair with {Ms}.

R,=4.51+0.18s""

From this value, we can calculate the relative populations of Cs” in a contact ion-pair and “free”
in solution for any solution of Cs" and {Nbg} or {Tas}, and thus the average number of Cs’ ions in a
contact ion-pair per cluster in solutions of any concentration.
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Figure 4: Quadrupolar relaxation rates of '**Cs in a range of Cs"/{Ms} ratios in 200 mM TMAOH,
indicating the average degree of ion-association upon the addition of CsCl.

Cs' ion-association can also be quantified by titrating CsCl into solutions of 20 mM
(TMA)sH3NbsO9 and (TMA)sH,Tas019. TMA" ions do not undergo any appreciable amount of ion-
pairing with {M},”* so any added Cs" may associate directly to the clusters without interference.



However, the two compounds cannot be directly compared in neat water due to their differing protonation
states and degrees of oligomerization in solution. In light of this, they are instead observed in 200 mM
TMAOH to ensure deprotonation and predominance of {M,} monomers in solution,”® while still keeping
the viscosity of the solutions relatively low.

Cs' ion-association as a function of Cs:{M;} ratio (0.5-12) in 20 mM TMA {M¢} solutions was
determined from 'Cs Ror measurements (Figure 4). We again observe strictly greater Cs' ion-
association with {Tas} than with {Nbs} at all Cs” concentrations. Although average Cs" ion-association
(i.e. the fraction of all Cs" in solution that is in an ion-pair) decreases for solutions of both {Nbs} and
{Tas} with increasing Cs" as shown by R, this does not indicate that there are fewer Cs” ions associated
to any given cluster at higher [Cs']/[{Me}] ratios. Instead, it suggests an equilibrium between free and
associated Cs”, and the equilibrium shifts more towards free Cs" as equivalents are added. By considering
R,qj for each solution along with our derived value for Ry, we can arrive an average Csassoc in solution for
any solution, again by rearranging Eq. 4:
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Figure 5: Number of associated Cs" per cluster in 20 mM solutions of TMA {Ms} (M = Nb, Ta) and 10-
240 mM CsCl in 200 mM TMAOH.

This yields a more intuitive picture of the degree of Cs+ ion-association that is presented in
Figure 5. Each curve also appears to approach a “carrying capacity” for associated Cs+ , with that for
{Tas} being approximately double that of {Nbe}. Thus, {Tas} undergoes greater degrees of ion-pairing
than {Nbs} with Cs" for any amount of initial free Cs" in solution.



The Structure of Cs+ lon-Pairing in Solution
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Figure 6: PDF analysis of X-ray total scattering on solutions of 100 mM TMA {Tas} in 200 mM TMAOH with added CsCl (0 to
12 molar equivalents). The growing Ta-Cs peak at 4.1 A provides structural information and atomic level resolution of the ion-
pair in solution --'sim' indicates a simulated spectrum.

In order to define an atomistic model that accurately represents the binding of Cs” to the POMs,
we must know the solution ‘structure’. Past small-angle X-ray scattering (SAXS) studies of the Cs-
hexametalates have been executed in highly alkaline solutions with excess Cs",”*® and more recently in
water alcohol mixtures.”> Neither of these conditions are representative of the current experiments and,
moreover, atomic-level ion-pairs are not absolutely defined by SAXS. The prior studies also forced ion-
association by respectively a huge excess of Cs™ and by decreasing the solvent polarity. In the current
system, we utilize conditions that simply ensure deprotonation of the clusters based on pH,33 and variable
stoichiometric amounts of Cs. Clearly evident in both the simulated PDF of just [TagO;9] and the 100
mM TMA-{Tas} without any added Cs is two strong peaks of cis Ta-Ta (~3.4 A) and trans Ta-Ta (~4.8



A) in the cluster. There is also a weak peak around 2.0 A that arises from the Ta-O bonds. Since the peak
intensity is mostly determined by the scattering power of the elements, the peaks for M-M (M = metal)
pairs are much more intense than those for M-O pairs. Although one can expect several peaks for the
different metal-oxygen distances, only the first coordination sphere at ~2.0 A is unambiguous, and its
intensity is significantly smaller than those at metal-metal distances. The peaks at greater distances have
lower intensity in the experimental curves due to the inverse relationship between distance and peak
intensity. Increasing the concentration of CsCl in the solutions results in diminution of the water peak
(~2.8 A), which is exacerbated by the superposition with the shortest metal-metal distance (~3.4 A). This
phenomenon is common, since the hydration sphere of the free ions (Cs” and CI) have contributions for
this region and we can see the superposition of these different peaks in the short distance range.”®

A distinct peak appears at 4.1 A and becomes more intense with increasing added CsCl. This
distance is very close to the Ta-Cs distances seen in the solid-state crystal structure of
CssTaéOlg-14HzO,57 confirming the similarity between the aqueous and solid state Cs" environments.
Additionally, upon normalizing the peak heights at the trans Ta-Ta distance (4.8 A), the Ta-Cs peak
grows monotonically, reaching a maximum. This agrees with the determined ‘carrying capacity’ of Cs"
from the above NMR experiments. The cis Ta-Ta distance at 3.4 A, on the other hand, grows with added
Cs'". This pair distance overlaps with those of Cs-O and Cl-O pairs, according to prior X-ray scattering
studies of CsCl and KCl solutions.*®* We can discount significant contribution from CI-O due to both the
disorder of water that is hydrogen-bonded to CI',>® as well as the relatively low electron density of this
atom pair. On the other hand, the Cs-O pair produces significant scattering from Cs, and the number of
Cs-O bonds formed is directly correlated with the number of Cs” in solution, regardless of whether they
are bonded to water only, or bonded directly to the cluster, with the remainder of its coordination sphere
completed with water molecules. Another peak arises at 6.6 A with added Cs', attributable to either a
trans Ta-Cs or Cs-Cs distance. The peak intensity monotonically increases with increasing Cs
concentration, and does not exist in the absence of Cs".

The analogous {Nbgs} solutions were also tested and exhibited very similar behavior to the {Tas}
solutions, with distinct Nb-Cs and Cs-Cs peaks growing monotonically with added Cs" at 4.1 A and 6.6 A
(Figure S3). Thus the computational studies can be approached with confidence of correct solution phase
structures. Moreover, these data provide a rare example of atomic-level evidence for ion-pairing in simple
solutions that do not contain an excess of either the cation or anion.

Computational Results



Figure 7: Structures of (left to right) {Mg}; Cs{Mg}; Css{M¢}; and Csg{Ms} (M = Nb, Ta); optimized at the PBE0/Stuttgart-
Dresden/D95 level (DFT). Key: small red spheres: O; large purple spheres: Cs* ; blue polyhedra: M. Gray lines are guides for the
eye, and do not represent formal chemical bonds. All structures are also available on-line.”

A contact ion-pair, though impermanent and prone to rapid exchange with free ions in solution,
involves some degree of covalent bonding*' The relative importance of pure ionic/electrostatic
interactions versus covalent bonding can be ascertained within the framework of DFT, qualitatively from
the analysis of the electronic structure and molecular orbitals (Kohn-Sham orbitals) composition, and
semi-quantitatively by applying the Bonding Energy Decomposition Analysis (EDA), for instance. A
visualization of the evolution of the molecular orbital energy levels is included in Figure 8, from single
isolated {Ms} ions and Cs', to 1-, 4- and 8-Cs" ion-pairs, consistent with figure 7. The LUMO of {Tag} is
considerably higher in energy than that of {Nbs}. The origin of the destabilized LUMOs for {Tas} is the
Ta5d atomic orbitals mixing more poorly than Nbsy with Oy, in the formation of m = (M,—O;,) frontier
unoccupied molecular orbitals (Figure S11).
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Figure 8. Frontier molecular orbital energies of (Left) {Nbs} and (Right) {Tas} with 0, 1, 4, and 8 Cs" associated, as shown in
figure 7. Black lines indicate the pi*(O,,-Myq) frontier unoccupied molecular orbital.

Upon the association of a single Cs” with {Nbs} and with {Tas} (Figure 7), the LUMOs of both
are energetically stabilized (Figure 8, Table 2). The stabilization observed for the Cs{Ms} LUMO in
figure 7 is an indirect consequence of the interaction of the HOMO (primarily O* orbital character) with
Cs". The contribution of Cs" to the HOMO can be seen clearly in figure 9, discussed further below. While
some portion of this is attributable to the decrease in total charge from —8 to —7, stabilization of the {Tas}
LUMOs is nonetheless significantly greater than that of the {Nbs} molecular orbitals. When the number
of associated Cs' ions is increased to four, we continue to see stabilization of both the HOMOs and
LUMOs in both {Nbs} and {Tas}. However, we observe a greater total stabilization of the HOMO rather



than the LUMO, resulting in a re-widening of the HOMO-LUMO gaps by roughly the same amount in
both cases. Thus, when four Cs” ions are in a contact ion-pair with a {M} anion, the total stabilization of
molecular orbital energies compared to when only one Cs" ion is associated is ascribable to the decrease
in total charge of the assembly. In other words, the stabilization achieved upon forming a single
Cs{Mg}pair is largely diluted across the additional Cs® ions, rather than fully duplicated for each
additional association. In the case where eight Cs" ions are associated (when the charge of the {Ms} is
fully neutralized), we again see stabilization of both the HOMOs and LUMOs, but such that the HOMO-
LUMO gap increases (Table S11-12). Interestingly, the HOMO-LUMO gap of Csg{Nbs} is wider than
that of {Nbg}, but it is narrower in Csg{Tas} than in {Tas}. This indicates that for any amount of
associated Cs”, the LUMOs have still undergone more total stabilization than the HOMOs in {Tas},
whereas this is not the case for {Nbg}. Electrostatic effects alone cannot explain this result.

Table 2 Bond Energy Decomposition terms for the interaction of a single Cs* ion with {Nbg} and {Tag} and solvation energies. ‘Non-Relativistic’ refers
to results obtained by cancelling relativistic scalar ZORA effects. All energy values are in kcal mol '

{Nbg} {Tag} Cs’
ZORA Non-Relativistic  ZORA Non-Relativistic  ZORA  Non-Relativistic
Solvation Energy 2184.6 2186.7 2187.3 2188.3 50.4 50.4
Cs—{Nb,} Cs{Tag)
ZORA Non-Relativistic  ZORA Non-Relativistic
Pauli repulsion 65.1 69.3 56.8 65.8
Electrostatic Interaction 547.4 551.5 546.4 548.4
Orbital Interactions 19.2 24.0 28.8 214
Bonding Energy 501.5 506.3 518.4 504.1
%O0Il/BE 3.8 4.7 5.6 4.3
Solvation energy 1719.4 1720.7 1715.1 17243
A(Solvation) 515.6 516.4 522.6 514.4
Total Interaction Energy 14.1 10.1 4.2 10.3

The interaction between Cs* and both anions was analyzed in terms of the bond energy
decomposition scheme.® * Within this framework, the interaction energy is decomposed into three terms:
two accounting for the interaction of the two unperturbed electronic densities (the Pauli repulsion and the
electrostatic interaction) and a third term that accounts for the energy released because of the electronic
relaxation, which is usually called “orbital interactions”. This scheme is applied in the gas phase. Melgar
et al. recently demonstrated that in order to apply this method to charged fragments in solution, the
balance of solvation energies of all the species needs to be taken into account.® Following this protocol,
the analysis was also carried out with and without including relativistic effects. As expected, the values in
Table 2 show that the electrostatic term is by far the most important and contributes equally in both cases.
This term is slightly larger for {Nbs}, as is the Pauli repulsion term. Both terms account for the slightly
higher negative charge of the oxygen atoms in {Nbg}. Significantly, the orbital interaction term clearly
favors {Tas} over {Nbg}. Whereas Pauli and electrostatic terms hardly change upon cancellation of
relativistic effects, the difference in the orbital interaction term between {Tas} and {Nbs} almost
vanishes. The percentage of the orbital interaction with respect the Bonding Energy does not exceed 6%
in {Tas} and 4% in {Nb¢}. Both values decrease and equalize when relativistic effects are cancelled out.
It is important to notice that the total interaction energy values are slightly positive. This is due to the
inaccuracy in computing absolute solvation energies. For instance, for Cs” we computed -50.4 kcalemol ™
while the experimental value is -47.5 kcalemol "% The subtle balance between the A(Solvation) term and
Bonding Energy term finally generates a total interaction energy value of 4.2 kcalemol ' for {Tae} — a
reasonably small number. Thus, relativistic effects clearly make the difference between {Tas} and {Nbs}.



Figure 9: Representation of the HOMO of (left) Csg[TagO19]; (center) Kg[TagO19]; and (right) Lig[TagO19]; all with isosurface 0.005.
The decreasing degree of admixture of alkali metal orbitals (seen in the sizes of the lobes on the alkali metals -- highlighted in magenta and light
green) is evident when going from left to right.

Further, to obtain another perspective on the nature of Cs” bonding to {Tas}, we ran supplemental
calculations® on the series Mg[TagO)0], where M = Rb, K, Na, Li (in this case without deriving UV-Vis
spectra). Analysis of atomic orbital contributions, as well as energy plots of frontier orbitals for this
series, are reported as Supporting Information. As expected, results from these additional calculations also
point to a markedly covalent character in Csg[TasO19], which gradually decreases from Cs to Li. For
example, Figure 9 depicts the HOMO of Csg[TasO19], Kg[TacO19], and Lig[TasO19], all with isosurface
0.005. Participation of Cs” orbitals is evident in the first case, much less pronounced in K™ orbitals of
Kg[Tag010] and completely absent in the case of Lig[TagO,9], where the interaction of Li" with {Tas} is
purely electrostatic in nature. Orbital mixing between closed shell species of this kind is not strong, but
exists since is reflected both in the shape and in the energy of the electronic levels. However, subtle
details such as the difference between Ta and Nb could not be justified on the basis of molecular orbitals
composition.

Conclusion

Through a combination of experimental and computational methods, we have arrived at a more
thorough understanding of the nature of Cs® ion-pairing with polyoxometalates in water. Here we
considered effects beyond relatively simple Coulombic models that cannot explain observed differences
when charge-density is identical, as in the case of {Nbs} and {Tas}. The partially covalent orbital-mixing
nature of a contact ion-pair with a single Cs" cation was shown by a noticeably greater orbital interaction
energy with {Tae} than with {Nbs}. We owe this difference to relativistic effects, which was clearly
shown by bond energy decomposition.

While scientists accept that in the solid-state, bonds are rarely purely ionic or covalent, this is less
widely accepted when describing aqueous solutions where all interactions are presumed to be ionic in
nature. However, by computational studies and unexplained differences in ion-pairing experiments of Cs"
with {Nbe} and {Tas}, we have arrived at a conviction that covalency in ion-interactions in water are
indeed relevant. Finally we return to the issue of solubility and understanding how the Cs-{Mg} salts can
be extremely soluble with maximum ion-pairing, contrary to well-known trends. The PDF reveals a
remarkably stable ion-interaction, in that it is rigid enough to produce a strong correlation peak between



the Nb/Ta of the cluster and the associated Cs*. Moreover, based on the solid-state model, the Cs* forms
three bonds to the cluster face, probably also contributing to the stability of the solution-phase interaction.
We have surmised that the interaction is so strong between the cluster and Cs’ that the Cs™ does not
bridge to other clusters, leading to precipitation. Through ongoing future experiments and calculations,
we hope to find the “turning-point” in which typical solubility and ion-pairing trends prevail over the
anomalous behavior seen in the current system of study. Through these investigations, we will
ultimately ascertain a more general and complete set of rules by which the solubility of any given ion-pair
can be predicted based on the nature of both coulombic and covalent interactions in water.
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