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Abstract
The Cs+ ion is the largest metal cation on the periodic table and has
the lowest charge density, which brings forth a myriad of intriguing and
unusual properties in both aqueous and organic solutions. For example, it
can form complexes with unusually high coordination numbers and catalyze organic reactions better than the lighter alkali hydroxides. The main
focus of Cs+ in science and technology, however, is on the 137Cs isotope,
a fission product of 235U that is prevalent in nuclear wastes. The 137Cs
isotope is particularly problematic because 1) it is highly mobile in the
environment due its aqueous solubility across the entire pH range, 2) it
has a short half-life (∼30 years) and is therefore extremely radioactive,
and 3) it substitutes readily for Na+ or K+ in natural systems including
biosystems. The 137Cs isotope for example is found in the subsurface
around nuclear waste tanks in Hanford and it is prevalent around the site
of the Fukushima-Daiichi nuclear power plant, in which the nuclear core
completely melted as an indirect consequence of the March 2011 9.0-
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magnitude earthquake. Understanding the solution behavior of Cs+ is
paramount for both monitoring and sequestration/removal from nuclear
waste and the environment, in addition to long or short-term storage. Existing technologies to sequester Cs+ have relied on the insolubility of Cs+
salts in metathesis reactions, association on clay materials and other synthetic ion-exchangers, and solvent extraction employing ‘designer’ ligands. Optimizing these techniques for different contamination or waste
conditions requires in-depth understanding and prediction of Cs’s coordination behavior. While Cs salts of metal-oxo clusters are notoriously
insoluble, we and others have observed an anomalous solubility trend of
Group V polyoxometalates. In particular, Cs+ salts are the most soluble,
whereas Li+ salts are very insoluble, constituting a departure from typical solubility trends. Due to the high solubility, ion-pairing behavior of
Cs+ with Group V polyoxometalates affords the opportunity for solution
characterization by a variety of techniques, including calorimetry, NMR,
and x-ray scattering. By observing the contact ion-pairing of Cs+ with
polyoxometalates and performing DFT calculations, we are able to ascertain the degree of covalency of these putatively ionic-only interactions,
demonstrating that electrostatics alone cannot explain the full range of
solution behavior of Cs+ .
This book chapter summarizes Cs+ ion sequestration, ion exchange,
and precipitation chemistries that have been developed for remediation of
contained nuclear wastes and for uncontained Cs-contamination in the environment. In this brief summary, we focus on the unique ion-pairing, solubility and bonding behavior of Cs+ that distinguishes it from the lighter
alkali cations. Next, we will provide a perspective on Cs+ ion-pairing
behavior in solution and at solid-surfaces, based on our studies that employ polyoxometalates as models for both solution-ions and metal oxide
interfaces.

1. Introduction
On March 20, 2011, a magnitude 9.0 earthquake off the coast of Japan severely
damaged the Fukushima Daiichi nuclear power plant, resulting in a month-long
release of radioactive materials into the atmosphere and soil.[1] The most concerning of these materials is cesium-137 ( 137Cs). It is the most mobile radionuclide in liquid and solid nuclear wastes,[2][3] has high radioactivity and persists
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in the environment (half life = 30.1 years), and as an environmental contaminant, has potentially deleterious effects on agriculture and farming.[4] Cesium
is soluble in ground and seawater, enhancing its global dispersion via ocean
currents.[5] Additionally, the seawater that was used to cool the melted nuclear
cores of the power plant requires treatment and safe disposal. In solution, it is
readily entrained into plants and animals via multiple routes due to its chemical similarity to potassium, an essential nutrient.[6] In addition, Cs and other
radionuclides can bind to suspended particles such as anionic clays, causing sedimentary contamination and transport as colloidal material.[7, 8] Thus, efficient
sequestration and removal of radioactive Cs from the environment is crucial
for environmental and human well-being for both current and future generations. The periodic similarity of Cs+ to naturally abundant Na+ and K+ presents
challenges to scientists and engineers. It is therefore important to understand
Cs+ ’s solution behavior from a fundamental level, especially ion-association and
bonding, in order to achieve separation from these far more abundant species in
the natural environment and nuclear wastes. Existing technologies that separate Cs+ from Na+ in nuclear wastes exploit precipitation of poorly soluble Cs+
salts, Cs+ -selective ion exchangers, designer ligands for solvent extraction, or
readily-adsorbing minerals.
Ion-association processes are central to all existing Cs+ sequestration methods. Polyoxometalates (POMs), discrete, anionic, water-soluble metal-oxo clusters of Group V and VI d0 metals, provide a model system to observe fundamental ion-association trends in solution. These clusters can be synthesized with
any countercation, including Cs+ , providing a controlled series of compounds
for investigation.[9, 10] Because they are molecular metal oxides, POMs also
provide insight into processes at metal oxide surfaces.[11] Thus, by studying solutions of Cs+ salts of POMs, we can gain insight into the fundamental processes
that govern Cs+ ’s behavior in solution and its eventual precipitation. Due to the
high electronic density of metals present in POMs, they readily scatter x-rays,
allowing for facile determination of particle size[12] and interatomic distances
in solution.[13] We have experimentally studied Cs ion-association in POM
solutions by thermochemical measurements,[14] 133Cs quadrupolar relaxation
NMR, and x-ray total scattering, complemented by computational bond energy
decomposition calculations.[13] In this chapter, we will present an overview
of the existing sequestration methods, review our published work on Cs-POM

4

Dylan J. Sures and May Nyman

association studies, discuss similar work by others, and provide a broader perspective on how the understanding of cesium ion-association processes is crucial
for the efficient and thorough sequestration of harmful radionuclides in aqueous
environments.

2. The Cesium Effect and Other Anomalous Behavior
2.1. The Cesium Effect in Organic Reactions
Cesium exists as Cs+ in solution – the largest monovalent cation on the periodic table. Therefore, it has the lowest charge density of any monoatomic
positively charged species, causing it to be highly polarizable and “soft”. This
unique property is thought to be at least partially responsible for unusual behaviors in polar aprotic solvents, collectively referred to as the ‘cesium effect’.[15]
The most readily characterized Cs-effect characteristic is the high solubility of
cesium salts of carbonate (as well certain other oxyanions) compared to the
lighter alkali salts (367 mM and 4.4 mM for Cs2 CO3 and Na2 CO3 respectively
in DMF).[16] This stark difference in solubility arises from the balance between
electrostatic and solvation effects between the ions. The solvation enthalpy of
Na+ does not exceed the electrostatic potential energy of the ion-pair.[17] Although the solvation enthalpy of Cs+ is lower than that of Na+ , the much lower
charge density of the former allows for its dissociation from the anion and complete solvation, allowing for more complete dissolution and higher solubility.
The resultant formation of “naked” anions allows for greater catalytic capability in organic reactions. For instance, cesium salts of moderate bases such as
carbonate (Cs2 CO3 ) are used for cyclization and ring closure reactions via intramolecular anionic SN 2 substitution.[18, 19, 20, 21] With Cs+ as the countercation, higher yields are reported compared to reactions involving smaller alkali
cations,[22] attributed to the more complete solvation of Cs+ allowing the anion
to freely interact with the reactants in solution.
Cesium hydroxide also exerts unusual effects in organic reactions, such as
the controlled alkylation of amines.[23] In this instance, the cesium ion itself is
explicitly involved in the reaction. The hydroxide base promotes an alkylation
of a primary amine, while the Cs+ ion weakly coordinates to the amine such
that further alkylation is inhibited, preventing formation of dialkyl and trialkyl
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amines.[24] This process was very effective compared to a control experiment
that omitted CsOH, with 89% monoalkylated product compared to 25% (the
other product being an unwanted dialkylated analogue).[25] Furthermore, cesium carboxylates are used in the preparation of Merrifield resins[26] for solidstate protein synthesis,[27] in which cesium again inhibits excessive alklylation
of amines. This is desirable, as the overabundance of quarternary amines causes
premature termination of peptide chains. Thus, the Cs+ ion is able to exert intriguing effects in its own right beyond simply being solvated away from the
“real action”.

2.2. Cesium in Other Environments
Both cesium and sodium carbonate are more soluble in water than in organic
solvents. The cesium salt is yet significantly more soluble, but the difference
is not so stark (8.0 M and 0.57 M for Cs2 CO3 and Na2 CO3 , respectively) as
their solubility differences in organic solvent.[28] Water’s higher polarity yields
higher solvation enthalpies for the cations such that the electrostatic energy between the ions is exceeded even in the sodium salt. Furthermore, cesium and
sodium salts of similarly sized monovalent oxoanions exhibit opposite solubility trends – CsClO4 and NaClO4 have aqueous solubilities of 0.085 and 17.1 M,
respectively.[29] This is due to the electrostatic enthalpy between the ions and
the solvation enthalpy of perchlorate being sufficiently low such that sodium’s
greater hydration enthalpy dominates, increasing the solubility of the sodium
salt beyond that of the cesium salt.
Cesium’s low electrophilicity[31] and high polarizability[32] that arise from
its low charge density allow it to sometimes achieve extremely high coordination numbers. Cesium is able to make an unprecedented tetracosahedral arrangement of 16 Cs· · ·F bonding contacts with the weakly-coordinating fluorines in the bis(perfluoro-triphenylborane)amide anion ([H2 NB2 (C6 F5 )6 ] – ) –
more than any other cation is capable of in any observed compound (Figure
1).[30] For instance, the Rb+ salt of the same anion was found to have an coordination number of merely ten. Within this coordination complex, Cs+ has
the formal 32-electron closed-shell configuration of radon. This strong binding
affinity and poor aqueous solubility of the resultant complex allows for nearly
quantitative separation of Cs+ from water, suggesting that [H2 NB2 (C6 F5 )6 ] –
would effectively remove 137Cs from nuclear wastes. A myriad of existing 137Cs
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Figure 1. Coordination environment of Cs+ in the crystal structure of cesium bis(perfluoro-triphenylborane)amide,[30] highlighting the 16 Cs–F bonding contacts. Cs = purple, F = green, C = gray, B = orange, N = blue.
sequestration and sequestration methods will be discussed in detail in the following section.

3.

137

Cs Sequestration/Removal Methods

3.1. Metathesis Reactions
The primary difficulty with the removal of 137Cs from the environment lies in its
periodic similarity to Na+ and K+ , which are both far more abundant and benign.
However, Cs+ ’s subtle chemical differences has been exploited in several optimized technologies. The first line of attack that scientists have historically used
is simple metathesis reactions with anions that have soluble sodium and potassium salts, but highly insoluble cesium salts. For instance, the tetraphenylborate
anion has been used to separate ppm levels of Cs+ from nuclear waste solutions containing more than 3 molar Na+ due to the extreme difference in solubilities of tetraphenylborate’s sodium and cesium salts (Ksp = 0.48 and 3.29
×10−11 , respectively).[33] 137Cs has also been experimentally removed from
synthetic wastewater (consisting partially of Bud Light® beer). Stable 133CsCl
was added to raise the Cs+ concentration, and both isotopes were co-precipitated
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by metathesis with sodium tetraphenylborate.[34] Potassium tetraphenylborate
has also been used as the adsorption-active component in a composite calcium
alginate matrix for the adsorption of Cs+ ions.[35] In competitive adsorption experiments, a 0.01 M each Li+ , Na+ , K+ , Rb+ , and Cs+ solution was run through
a column containing the alginate-tetraphenylborate composite. The former two
ions were negligibly adsorbed, while Cs+ was adsorbed at a modestly higher rate
than Rb+ (0.82 and 0.54 mmol per gram of composite, respectively). However,
potassium tetraphenylborate is also fairly insoluble (Ksp = 2.49 × 10−8 ), so the
use of the sodium salt in environmental aqueous solutions would also lead to
precipitation of potassium ions, decreasing the efficiency of the process and depleting the water of necessary ions for plant survival. While this potential problem could be mitigated by using the potassium salt of tetraphenylborate for cesium ion exchange, it would require far more material, decreasing the efficiency
of the process. Use of potassium cobalt hexacyanoferrate (K2 [CoFe(CN)6 ]) as
the ion-exchanger also results in stoichiometric ion-exchange with cesium.[36]
The drawback of this technology is Co2+ ions may leach into the solution; the
degree to which is dictated by pH and ionic strength of the solution.

3.2. Minerals
An assortment of clay materials and minerals have also been tested for their
Cs+ adsorption capabilities due to their large surface areas, chemical and mechanical strengths, layered structures, and high exchange capacities.[37] These
materials are already present in the environment and play an important role in
both the sequestration and transport of 137Cs in groundwater. In general, Cs+
adsorbs, absorbs and/or ion exchanges onto clay minerals to balance the negative charge on the aluminosilicate layers. Sericites are one such clay material,
composed primarily of silanol (Si-OH) and aluminol (Al-OH) groups, also containing potassium, magnesium, calcium, iron, and sodium. Cs+ was found to
ion-exchange with the acidic protons of the silanol and aluminol at the surfaces,
so maintaining a pH above 5.0 played a role in efficient Cs+ uptake in order to
deprotonate the Si-OH, yielding a negative charge.[38] However, these surface
sites only constitute a fraction of potential Cs+ adsorption sites – the edges of
the interlayers (between alumina and silicate layers) and the internal interlayers
are also initially charge-balanced by K+ ions, though the degree to which these
ions can be exchanged varies.
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Illite is a class of sericites of interest to scientists, since it is a primary component of the of the argillaceous (clay-containing) rock proposed as host rock
formations to mitigate the effects of radiocesium via natural attenuation.[39]
The adsorption of Cs+ onto illite is likely determined by a relatively small number of “exchange sites” that have a high affinity for Cs+ while still maintaining
the structural integrity of the material,[40] resulting in a preferential amount of
interlayer collapse to allow for cesium selectivity. These minerals’ selectivities
for Cs+ are largely due to the cation’s low hydration enthalpy, which allows it
to entirely shed its hydration shell upon intercalating into the clays, resulting
in interlayer dehydration. The layers then collapse onto and sequester Cs+ selectively. The larger hydration spheres of other alkali cations would not result
in such an interlayer collapse and direct bond formation between the alkali and
oxo ligands of the aluminosilicate layer. However only the K+ ions on the mineral surface and in the edge sites are exchangeable – removal of the interlayer
K+ ions would result in excessive interlayer collapse, inhibiting Cs+ adsorption.
Thus, for solutions containing trace Cs+ , illites are good candidates for adsorbing Cs+ due to the very high selectivity of the limited number of edge sites.
However, in more concentrated solutions, these edge sites become quickly saturated, causing adsorption to fall off rapidly.[41]
Other minerals perform better in concentrated Cs+ solutions, but are overall less selective for Cs+ than illite. Cesium selectivity is largely dictated by
the charges on the silicate and aluminate layers. Vermiculites have a high layer
charges due the substitution of Al3+ for Si4+ tetrahedral sites[42] and collapse to
∼ 10.8 Å upon Cs+ saturation, which is a particularly suitable spacing for its sequestration. On the other hand, montmorillonites have lower layer charges from
the more prevalent substitution of Mg2+ for Al3+ at octahedral sites,[43] causing
interlayer collapses to 12-18 Å instead, making Cs+ uptake less selective, but increasing overall cation adsorption capacities.[44] Thus, layered minerals such
as these are defined by a delicate balance between Cs+ selectivity and cation
adsorption capacity arising from the charges of the aluminate and silicate layers, with different minerals more optimally removing Cs+ based on the specific
solution conditions.[45] If we consider only the clay minerals that are found
in the soil around the Fukushima site, weathered biotite (partially-vermiculized
biotite) is the most promising candidate for the adsorption of radiocesium, compared to the other present minerals (fresh biotite, illite, smectite, kaolinite, hal-
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loysite, allophane, and imogolite). Weathered biotite is capable of depleting
radiocesium from solution and is the most selective in its sorption of Cs+ . The
sorbed 137Cs did not undergo leaching in 0.1 M hydrochloric acid, indicating
irreversible sequestration. The other montmorillonites that were tested did not
sorb Cs+ nearly as effectively upon exposure to aqueous solutions containing
137
Cs.[46] Thus, in environments with high concentrations of smaller cations
with large hydration spheres (such as in ocean water), minerals with higher layer
charges and, thus, smaller interlayer distances upon Cs+ intercalation perform
better.

3.3. Synthetic Ion-Exchangers
Synthetic ion-exchangers can also be employed to remove 137Cs from solution by more complicated processes than simple metathesis and are often inspired by clay materials. Tobermorites are another class of silicates with layered structures[47, 48] that can be synthesized hydrothermally from fly ash (a
product of coal combustion) to achieve separation, immobilization, and disposal
of radioactive Cs+ . When synthesized from fly ashes with higher aluminate
compositions, the synthetic tobermorites exhibited superior Cs+ selectivity. The
smaller interlayer spacing in the Al-substitute tobermorites restricts hydrated
Ca2+ ions from competing with Cs+ for adsorption sites.[42] Zeolites have also
shown promise as a means of removing 137Cs from seawater. Systematic crystallographic investigations were performed on the origin of Cs+ selectivity using
seven single crystals of fully dehydrated and partially Cs+ exchanged zeolite A
with varying Cs+ /Na+ ratios. Cs+ is energetically preferred in the eight-oxygen
ring sites and thus occupy those sites first. Once those sites are filled, additional
Cs+ begins to fill six-oxygen rings. Thus zeolites with greater amounts of eightoxygen ring sites such as zeolite Rho perform better for Cs+ removal from both
deionized water and seawater, compared to materials with fewer such sites.[42]
Crystalline silicotitanate (CST, H2 Ti2 SiO7 ·1.5H2 O) has a framework structure consisting of tunnels that are ideal for binding Cs+ . It exhibits marked
ion-exchange selectivity for Cs+ via a two-step process driven by conformational changes in the framework that “unlock” the adsorption sites and increase
the overall capacity and selectivity of the material. Repulsive forces between
Cs+ and the H2 O dipole moment cause a realignment of a water molecule into
cesium’s hydration sphere. This forces the positive side of the water molecule
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closer to the protonated oxygen atoms in the structure, causing a 0.55 Å displacement of the -OH groups, and resulting in a rotation of the TiO6 columns,
opening up an additional site for Cs+ occupancy.[49] CST remains selective
for Cs+ and retains its structure without breaking down even in highly alkaline environments and strong radiation fields,[50] making it ideal for Cs+ removal from the highly alkaline tank wastes stored at Hanford and the Savannah
River Site. Upon the substitution of one niobium atom per two formula units of
sodium-CST (Na1.5 Nb0.5 Ti1.5 O3 SiO4 · 2 H2 O), the uptake of Cs+ is significantly
improved due to the higher coordination numbers of cesium incorporated into
the structure. This is made possible by the replacement of Na+ by H2 O to compensate for the substitution of Nb5+ for Ti4+ , decreasing the charge repulsion
and increasing the Cs+ exchange capacity.[51]
On the acidic end, while antimony silicates ([Sb2 O5 (H2 SiO3 )6 )] · nH2 O)
perform well for 85Sr uptake, they do not perform as well for 137Cs adsorption. However, at low niobium substitution ratios (Si:Nb > 0.1), the uptake of
137
Cs is improved by a factor of three over the non-doped material. Greater
degrees of Nb substitution caused poorer performance. The best results were
obtained by doping with tungsten, which resulted in a performance increase by
an order of magnitude while the original structure was retained.[52]
Mesoporous carbons have large surface areas and uniform pore sizes, as
well as being biocompatible, chemically inert, and radiologically and thermally stable.[53] However, they are hydrophobic and thus do not disperse well
in aqueous media, leading to potential secondary pollution.[54] Introduction
of oxygen-containing groups can circumvent this problem, improving the hydrophilicity and surface area of these materials.[55] By coupling mesoporous
carbon with superparamagnetic Fe3 O4 nanoparticles, the abundance of polar
groups on the surface of the resultant adsorbent material allows for efficient and
rapid removal of Cs+ from solution without leaching iron.[56] This material outperforms a host of other materials in its maximum adsorption capacity, including Prussian blue-coated magnetic nanoparticles,[57, 58] magnetic graphene
oxides[59, 60] certain zeolites,[61] trititanate nanofibers and nanotubes,[62] and
layered metal sulfides.[63, 64]
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3.4. Designer Solvents and Ligands
Solvent extraction techniques have also been used for the sequestration of radioactive cesium from aqueous environments. Ionic liquids are nonflammable,
chemically tunable, and exert negligible vapor pressure, leading to their designation as “designer solvents” for use as alternatives to potentially hazardous
volatile organic compounds.[65, 66, 67] Some ambient-temperature ionic liquids are hydrophobic and thus remain in a separate phase from water while still
retaining ionic characteristics.[68] Because the conjugated ions that make up
ionic liquids exhibit much more favorable solvation of metal cations compared
to conventional solvents,[69, 70] ionic liquids are unique and intriguing materials for aqueous solvent extractions of metal cations.

Figure 2. Structure of the calixarene BOBCalixC6, including an extracted Cs+
ion (large sphere).
Calixarene crown ethers are “cup-shaped” with cavities that are optimal for
extracting Cs+ from both acidic and alkaline environments,[71] so their use in
ionic liquid media can drastically increase selectivity for and overall uptake of
Cs+ .[72] Ionic liquid solutions of one such calixarene, BOBCalixC6 (Figure 2),
provide efficient and selective extraction of Cs+ over Na+ (although K+ was concomitantly extracted) from aqueous solutions, whereas analogous experiments
using organic solvents yielded negligible extraction and depended on coextraction of the anion.[73, 74] Ionic liquids with shorter alkyl chains generally result
in more efficient extraction due to increasing ion-exchange capability with decreasing hydrophobicity. However, calixarenes are very hydrophobic and are
therefore more soluble in ionic liquids with longer alkyl chains, forcing a compromise in the optimal ionic liquid for extraction.
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4. Cs+ and POMs
4.1. Two Classes of Polyoxometalates
Alkali salts of polyoxometalates are ideal for probing ion-association processes,
especially with respect to Cs+ .[75] Ion-pairing between POMs and their alkali
cations is a complex set of processes. It is affected by the organization of water molecules into hydration spheres, the self-buffering (proton/hydroxide/water
exchanging) behavior of the POMs, and the identity of the counter-cations.
It is particularly complex in natural and/or fluctuating systems and controls
the organization of biological and inorganic macromolecules as well as other
supramolecular assembly processes.[76, 77, 78] In light of this complexity, we
do not entirely understand what drives solubility trends with respect to their alkali counter-cations. Typical solubility trends in aqueous solutions can be predicted by the hydration sphere of the ions, which would suggest that Li+ -salts
of POMs are highly soluble in water whereas salts with larger alkalis (i.e. Cs+ )
would always be insoluble.[79, 80]
POMs of vanadium, molybdenum, and tungsten indeed follow this trend.
However, this solubility trend is reversed for polycoltanates[81] (niobium and
tantalum POMs), with Cs+ salts being highly soluble and Li+ salts being
only sparingly soluble.[82, 83, 84, 85] The stark difference between these two
classes of POMs provides two opposing model systems for studying Cs+ ionassociation in water. Furthermore, Group V and VI metals can be combined into
single discrete POMs, allowing for the study of intermediate systems.[86, 87]
Through the study of these extreme and intermediate cases of POMs, we hope to
elucidate the precise processes by which Cs+ ion-association occurs and, by extension, the ideal solution environment, reagents, and conditions for its efficient
sequestration and removal.

4.2.

Ion-Pairing with POMs

The degree of ion-pairing between cations and anions can be loosely divided
into three motifs[88] – contact, solvent-shared, and solvent-separated (Figure
3). As an initial approximation, solid state lattices usually dissociate homogeneously into free, separately hydrated ions when dissolved in water, meeting
the criteria for solvent-separated ion-pairing. However, in some cases including
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the the cesium salt of hexaniobate ([Nb6 O19 ]8 – , Figure 3a), there are measurable degrees of contact ion-pairing, in which some degree of ion-association
remains even in dilute aqueous environments.[89, 90] Cesium counter-cations
associate directly to the three bridging oxygen atoms on the faces of hexaniobate’s Lindqvist structure. Because the Lindqvist ion is a superoctahedron with
eight faces, it allows for eight associating Cs+ – a complete neutralization of
its 8- charge (Figure 4). The intermediate case of solvent-shared ion-pairing occurs when a cation and an anion remain loosely associated by a shared hydration
sphere.

Figure 3. The three ion-pairing motifs: (a) contact, (b) solvent-shared, and (c)
solvent-separated ion-pairing.[90]
The degree of ion-pairing in aqueous solutions can be predicted by the
solid-state distances between POMs and their countercations. The solid state
A8 [Nb6 O19 ] · nH2 O (A = Li, K, Rb, Cs) structures exemplify this (Figure 4).
All eight Cs+ and Rb+ countercations are bonded directly to the three bridging
oxygen atoms on the faces of the Lindqvist superoctahedron in their respective
crystal lattices. The potassium salt exhibits four K+ ions being directly bonded
and the other four being partially hydrated away from the cluster.[10] Finally,
Li+ ions form adamantane-like clusters with water molecules, and direct bonding between the clusters and Li is minimal.[91] The solution structures that we
have been able to probe by X-ray scattering parallel the solid state structures.

14

Dylan J. Sures and May Nyman

Cesium hexaniobate exhibits contact ion-pairing with some of the Cs+ ions remaining associated to the faces of the POM.[92] Rb+ shows a similar structure in
solution, but with less ion-association at the same concentration as an analogous
cesium hexaniobate solution. Potassium also exhibits ion-pairing in solution to
some degree, but is more likely solvent-mediated ion-pairing. Although lithium
hexaniobate is difficult to study in the aqueous state due to its limited solubility,
the reason for its insolubility is predictable from its solid state structure. Li+ is
unable to form contact ion-pairs due to its high solvation enthalpy,[93] forcing
it to bridge multiple highly-charged clusters via association to water molecules,
thereby causing precipitation at much lower concentrations.

Figure 4. Solid state cation coordination environments of (left) Li, (middle) K,
and (right) Rb/Cs salts of hexaniobate, demonstrating the greater degree of ionassociation with larger cations. Green polyhedra = [NbO6 ], isolated red spheres
= lattice water, and pink, magenta, and purple spheres are Li+ , K+ , and Rb+ /Cs+
cations, respectively.
Cesium salts of niobo-tungstate Lindqvist ions ([Nb2 W4 O19 ]4 – and
[Nb4 W2 O19 ]6 – ) exhibit trends intermediate to those seen in polycoltanates
and Group VI POMs.[87] For instance, the solid state structure of
Cs4 Na2 [Nb4 W2 O19 ] (CsNa{Nb4 W2 }) exhibits less extensive coordination of
Cs+ to the clusters compared to hexaniobate. Cs+ does not associate fully to the
faces of the Lindqvist in the solid state, but rather at longer bond distances to the
terminal oxo atoms along with bridging oxos while also coordinating to lattice
water molecules. Continuing the trend, Cs3 Na[Nb2 W4 O19 ] (CsNa{Nb2 W4 })
and Cs4 [Nb2 W4 O19 ] (Cs{Nb2 W4 }) exhibit similar, but even less association of
Cs+ to the clusters (Figure 5). The trend of decreased solid-state association
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is due to the decreasing basicity of the bridging oxo atoms on the clusters and
parallels the rapid drop in solubility between each of cesium hexaniobate (∼1.5
M), CsNa{Nb4 W2 } (∼100 mM), and both {Nb2 W4 ] salts (∼15 mM). The hexatungstate Lindqvist ion is not stable in water and its only crystal structures have
alkylammonium countercations.[94, 95] These interrelated and parallel trends
of Cs+ -salts provide a starting point for elucidating the processes by which Cs+
associates to anions in solution, at surfaces, and how this relates to its solubility
and precipitation in general.

Figure 5. Solid state coordination environments of Cs+ salts of (left) hexaniobate, (middle) {Nb4 W2 }, and (right) {Nb2 W4 }, demonstrating the decreasing degree of ion-association with more Group VI metal centers in the cluster.
Green polyhedra = [NbO6 ], gray polyhedra = [WO6 ], pink spheres = Cs.

5. Measuring and Quantifying Cs+ Ion-Pairing
5.1.

Calorimetry

The anomalous ion-pairing behavior of Cs+ is not only observable, but quantifiable by a number of techniques. Room-temperature aqueous calorimetry reveals the concentration dependence on the enthalpy of dissolution (∆Hdis ) of
alkali salts of hexaniobate.[14] Each ∆Hdis is a complex sum of endothermic
and exothermic processes – the dissociation of the bonds between alkali cations
and bridging oxo atoms on the clusters, breaking of hydrogen bonds between
water molecules (both with the cluster and with themselves) are endothermic
processes, whereas hydration of the dissociated counter-cations and clusters
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are simultaneous exothermic processes. Additionally, protonation of clusters
in solution[96] is endothermic, whereas the opposite deprotonation process is
exothermic.[10] A more endothermic ∆Hdis indicates a greater energetic difference between the solid and aqueous states, which can be extended to predict
the change in ion-association upon dissolution. Furthermore, the magnitude of
the concentration dependence (from the slope of the trendline of ∆Hdis with
respect to concentration) reveals the change in magnitude of ion-pairing with
increasing amounts of cluster in solution.

Figure 6. (top) Enthalpy of aqueous dissolution of lithium, potassium, rubidium, and cesium salts of hexaniobate in water and (bottom) in the parent alkali
hydroxide (1M) solutions, normalized for lattice water.
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All of the alkali salts of hexaniobate show a decreasing ∆Hdis with concentration, indicating a trend toward decreased cluster-protonation and alkalicluster dissociation between hexaniobate and its alkali counter-cations. Although K, Rb, and Cs hexaniobate all have close ∆Hdis values at very low
concentrations, the concentration dependence of the cesium salt noticeably outstrips the smaller alkali salts as concentration increases (Figure 6). At higher
concentrations, the aqueous state looks the most like the solid state for the Cs+
salt, implying that contact ion-pairing is occurring and increasing with concentration.
When placed in solutions of 1 molar alkali hydroxide (for each respective alkali salt of hexaniobate), the concentration dependence of dissolution enthalpy
is no longer apparent (Figure 6). This is due to ion association being maximized at all cluster concentrations due to the presence of excess countercations.
∆Hdis is considerably more exothermic for all hexaniobate salts in their parent
hydroxide solutions than in neat water, owed to decreased proton transfer from
the water to the cluster upon dissolution. However, the trend of K<Cs<Rb
for increasing endothermicity is unexpected. The significantly lower ∆Hdis of
cesium hexaniobate compared to the rubidium salt indicates that the ions remain more associated upon aqueous dissolution in the former case, resulting
in a solution-state structure that is more similar to the solid state. This again
demonstrates the greater degree of contact ion-pairing between cesium and hexaniobate compared to any other alkali cation.

5.2.

133

Cs Quadrupolar Relaxation NMR

The degree of cesium ion-pairing can also be quantified for different cluster compositions by comparing the 133Cs quadrupolar relaxation rates (RQR )
obtained by Nuclear Magnetic Resonance (NMR) spectroscopy. 133Cs is
quadrupolar,[97, 98] so its dominant relaxation method occurs in the presence
of an asymmetric distribution of charge in solution.[99] RQR is related to the
square of the electric field gradient at each cesium nucleus in solution, so it
increases rapidly with closer ion-ion interactions (having a 1/r6 dependence).
Thus, contact ion-pairs of Cs+ with highly-charged clusters such as hexaniobate
and its isostructural counterpart hexatantalate ([Ta6 O19 ]8 – ) are detectable and
quantifiable by this technique. Solutions with greater degrees of Cs+ ion-pairing
will exhibit significantly larger values of RQR than solutions with Cs+ ions that
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are hydrated away from sources of negative charge or that are surrounded by a
symmetric charged field. This can reveal Cs+ ion-pairing behavior at high concentrations that approach saturation, since a single Cs+ in a contact ion-pair with
a cluster will exhibit a large value for its RQR , whereas one that is 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.
The sensitivity to field asymmetry will also yield information related to if the
ion pairing is between Cs+ and a single anionic cluster (asymmetric interaction),
or multiple clusters (symmetric interactions).

Figure 7. 133Cs quadrupolar relaxation rates of niobo- and tantalo-tungstates
plotted with respect to (left) total POM charge divided by the number of nonhydrogen atoms and (right) the energy of the n(O2p )— π ∗ (O2p Mnd ) charge
transfer band measured by UV-Vis spectroscopy. The red line indicates the
literature value of the 133Cs relaxation rate at infinite dilution.
This technique was first utilized on solutions of the aforementioned cesium
salts of niobo-tungstate Lindqvist ions, as well as cesium salts of [MW9 O32 ]5 –
(M = Nb/Ta).[81] The POMs with more W(VI) centers have an overall lower
charge-density and thus induce a smaller electric field gradient on a Cs+ ion
at the same distance, resulting in inherently lower RQR values for Cs+ ions at
the same distance. Nonetheless, a single Cs+ in a contact ion-pair with any
of these clusters would result in a much higher RQR value than the infinite
dilution rate due to the sharp distance-dependence. Despite the higher Cs:cluster
ratio of higher-charged clusters (and thus the greater opportunity for cations
to dissociate from the clusters), we see much lower RQR values in solutions
with lower charge-density clusters compared to hexaniobate and hexatantalate
(Figure 7). For the lower charge-density clusters, each Cs+ is hydrated and
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separated from the anions, or, at concentrations close to the solubility limit of
the salt, presumably coordinated to multiple anions as observed in the solidstate structure of Cs{Nb2 W4 }. However, while there is a general trend of higher
RQR values with higher anionic charge density, the Ta-containing POMs exhibit
strictly faster quadrupolar relaxation rates than their Nb-containing counterparts
of the same charge density in the case of both [M6 O19 ]8 – (at the upper end) and
[MW9 O32 ]5 – (at the lower end). Anionic charge density is thus insufficient
to fully explain the ion-pairing trends of Cs+ in solution and more in-depth
molecular orbital effects should be considered. This is somewhat alleviated by
plotting RQR instead against the charge-transfer band energy (measured by UVVis spectroscopy), but [TaW9 O32 ]5 – remains an outlier.

Figure 8. Viscosity-adjusted quadrupolar relaxation rates of solutions of cesium hexaniobate and cesium hexatantalate compared to CsCl, demonstrating
the greater average ion-pairing with hexatantalate.
When considering solutions of Cs8 [M6 O19 ] (M = Nb, Ta) at a range of concentrations, we see a similar trend of greater ion-pairing with increasing concentration as previously observed by our thermochemical measurements, albeit
now with a much larger concentration range (Figure 8). This concentration dependence is unsurprisingly absent in CsCl solutions in the concentration range,
since solvent-separated ion-pairing dominates in simple alkali chloride solutions. Furthermore, Cs+ exhibits greater degrees of ion-pairing with hexatantalate than with hexaniobate at all concentrations, despite both clusters having an
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8- charge.
When the cluster concentration is held constant at 20 mM and the Cs+ concentration is varied from 10 mM to 240 mM, we see a decreasing value of
RQR with increasing Cs+ /[M6 O19 ]8 – ratios. However, this does not indicate
that we see fewer Cs+ associated to any given cluster, but rather than the population of “free” Cs+ increases faster than that of “bound” Cs+ . The total RQR
of each solution is the mole fraction-weighted average of the free and bound
relaxation rates. Upon finding the relaxation rates of both states for a single Cs+
ion, the RQR values can be reinterpreted into the average number of bound Cs+
per hexametalate (Figure 9). Again, cesium undergoes more ion-pairing with
hexatantalate than with hexaniobate at all concentrations. Additionally, each
hexacoltanate exhibits a “carrying capacity” for Cs+ (approximately three for
hexaniobate and five for hexatantalate) at 20 mM. This is again consistent with
our prior thermochemical measurements in the presence of excess alkali metal
cations, in that they too suggested a leveling-off of ion-pairing in the presence
of excess alkali cations.

Figure 9. Number of associated Cs+ per cluster in 20 mM solutions of tetramethylammonium hexaniobate and hexatantalate, with 10-240 mM CsCl in 200
mM TMAOH.
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5.3. X-Ray Total Scattering
POMs strongly scatter x-rays due to their large size and the high electronic
densities of the metals present in their structures. Solution state x-ray total
scattering is a particularly powerful technique, in that it can reveal interatomic
distances between metal atoms. Detection of Cs+ –hexacoltanate ion-pairs is
particularly facile, due to the sizes of the metals involved. Considering the
hexatantalate ion, x-ray total scattering reveals two distinct peaks at 3.4 Å and
4.8 Å for cis- and trans-Ta atoms on the Lidqvist ion, respectively (Figure 10).
When CsCl is added to this solution, two additional peaks appear at 4.1 Å and
6.6 Å, which are very close to the Cs-Ta distances in the crystal structure of
Cs8 [Ta6 O19 ].[100] This further demonstrates the similarity between the solid
and solution states in the presence of contact ion-pairing. Additionally, these
peaks grow more slowly and approach a maximum with greater amounts of Cs+
per cluster in solution, again corroborating the existence of a carrying capacity
for ion-pairing on the clusters. Hexaniobate solutions exhibit similar behavior.

Figure 10. PDF analysis of X-ray total scattering on solutions of 100 mM
tetramethylammonium hexatantalate in 200 mM TMAOH with 0-12 CsCl
equivalents – ’sim’ indicates a simulated spectrum.
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5.4. Bond Energy Decomposition Analysis (DFT)
DFT is a useful tool for analyzing the electronic structure and molecular orbitals of ion-pairs to determine the relative importance of electrostatic versus
covalent interactions. Bond energy decomposition analysis evaluates the contributions of Pauli repulsion (endothermic), electrostatic interactions (exothermic),
and orbital/covalent (exothermic) interactions to the total interaction energy of
an ion-pair. A contact ion-pair is expected to involve some degree of covalent
character.[101] Indeed, in both Cs[Nb6 O19 ]7 – and Cs[Ta6 O19 ]7 – assemblies,
orbital interactions contribute non-negligibly to the total interaction energy in
the gas phase, with hexatantalate exhibiting more covalent character (3.8% and
5.6% of the total interaction energy, respectively). Interestingly, when relativistic effects from 4f orbitals are “switched off” by removing the zeroth-order regular approximation (ZORA) perturbation, this difference in the orbital interaction
energy term nearly vanishes. Thus, the difference in Cs+ ion-pairing behavior
of hexaniobate and hexatantalate is due to these relativistic effects. When these
energy calculations are taken into the aqueous phase by considering the change
in hydration enthalpy between separate Cs+ and [M6 O19 ]8 – ions and the hydration enthalpy of Cs[M6 O19 ]7 – , the total interaction energy is revealed to be
14.1 kcal · mol−1 for Cs-hexaniobate and 4.2 kcal · mol−1 for Cs-hexatantalate.
Although both of these total interaction energies are slightly positive, this is due
to inherent inaccuracy in computing absolute solvation energies.
The degree of covalent character in ion-ion interactions can also be ascertained from analyzing the atomic orbital contributions to frontier molecular orbitals. Comparing the HOMOs of A8 [Ta6 O19 ] (A = Cs, K, Li), we see definite
Cs+ contribution, markedly less K+ contribution, and no Li+ contribution, indicating that covalent character increases with ionic radius, with the lithium salt
being purely electrostatic in nature (Figure 11). This countercation contribution
to frontier molecular orbitals is highly unusual and arises from admixture between cesium’s frontier LUMOs and the high-lying bridging-oxo-based HOMO
of hexatantalate. Hexaniobate also undergoes this admixture, but not to the degree of hexatantalate. Partial covalent character is thus a nontrivial aspect of
Cs+ ’s interactions in solution and strictly electrostatic models do not adequately
describe its range of behaviors.
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Figure 11. HOMOs of (left) Cs+ , (middle) K+ , and (right) Li+ salts of
[Ta6 O19 ]8 – ; all with isosurface 0.005, highlighting the decreasing admixture
of the alkali cation orbitals (magenta and light green).

6. Conclusion
In this chapter we have provided an overview of properties of the Cs+ ion in
organic and aqueous solutions, existing approaches for its removal and sequestration from the environment and radioactive waste, the anomalous ion-pairing
behavior and solubility of Cs+ Group V POM salts, and an overview of some of
the methods used to quantify ion pairing of cesium to these POMs in solution.
Although the high solubility of cesium salts of polycoltanates would make their
use for 137Cs sequestration counterproductive, the fundamental science gleaned
from their study is nonetheless applicable to determine optimal sequestration
techniques, in particular when considering sorption of cesium onto metal oxide
surfaces. By comparing its unusual behavior with hexacoltanates to its more
typical behavior in other solution environments (as well as considering intermediate cases), we can arrive at a number of interrelated trends including, but
not limited to, solubility, ion-pairing, and degree of covalent bonding character
with anions. When considered in tandem, these trends will provide guidelines
to design chemistries and to optimize technologies for cesium remediation in
contained wastes and in uncontrolled contamination scenarios. The relationship between ion association and solubility of Cs-anion or Cs-complexant pairs
is important to consider for the design of solvent extraction or precipitation
chemistries for Cs removal. The type of ion-pair that Cs forms with an anionic
surface (i.e. directly bonded or mediated by a hydration sphere) dictates how
strongly it will bind to that surface. Our studies of Cs-POM association has
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yielded fundamental knowledge that is applicable to optimal design of all the
types of Cs sequestration technologies reviewed here. This is because POMs, as
anionic, molecular and soluble metal oxides, possess characteristics that typify
both soluble anions and metal oxide surfaces that are exploited in Cs remediation technologies.
This work was supported by the U.S. Department of Energy, Office of Basic
Energy Sciences, Divisions of Materials Sciences and Engineering, under award
DE-SC0010802.
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[57] Margarita Darder, Yorexis González-Alfaro, Pilar Aranda, and Eduardo
Ruiz-Hitzky. RSC Advances, 4(67):35415–35421, 2014.
[58] Chakrit Thammawong, Pakorn Opaprakasit, Pramuan Tangboriboonrat, and Paiboon Sreearunothai. Journal of Nanoparticle Research,
15(6):1689, 2013.

Anomalous Cesium Ion Behavior in Aqueous Polyoxometalate Solutions 29
[59] Xu Wang and Jitao Yu. Journal of Radioanalytical and Nuclear Chemistry, 303(1):807–813, 2015.
[60] Deming Li, Bo Zhang, and Fengqin Xuan. Journal of Molecular Liquids,
209:508–514, 2015.
[61] Weiqing Wang, Qiming Feng, Kun Liu, Guofan Zhang, Jing Liu, and
Yang Huang. Solid State Sciences, 39:52–58, 2015.
[62] Dongjiang Yang, Sarina Sarina, Huaiyong Zhu, Hongwei Liu, Zhanfeng
Zheng, Mengxia Xie, Suzanne V Smith, and Sridhar Komarneni. Angewandte Chemie International Edition, 50(45):10594–10598, 2011.
[63] Manolis J Manos and Mercouri G Kanatzidis. Journal of the American
Chemical Society, 131(18):6599–6607, 2009.
[64] Debajit Sarma, Christos D Malliakas, KS Subrahmanyam, Saiful M Islam, and Mercouri G Kanatzidis. Chemical Science, 7(2):1121–1132,
2016.
[65] Wasserscheid P. and Welton T. Ionic liquids in synthesis, 2003.
[66] Peter Wasserscheid and Wilhelm Keim. Angewandte Chemie International Edition, 39(21):3772–3789, 2000.
[67] Thomas Welton. Chemical Reviews, 99(8):2071–2084, 1999.
[68] Pierre Bonhote, Ana-Paula Dias, Nicholas Papageorgiou, Kuppuswamy
Kalyanasundaram, and Michael Grätzel.
Inorganic Chemistry,
35(5):1168–1178, 1996.
[69] S Carda-Broch, A Berthod, and DW Armstrong. Analytical and Bioanalytical Chemistry, 375(2):191–199, 2003.
[70] Daniel W Armstrong, Lingfeng He, and Yan-Song Liu. Analytical Chemistry, 71(17):3873–3876, 1999.
[71] JF Dozol, J Casas, and AM Sastre. Separation Science and Technology,
30(3):435–448, 1995.

30

Dylan J. Sures and May Nyman

[72] Huimin Luo, Sheng Dai, Peter V Bonnesen, AC Buchanan, John D Holbrey, Nicholas J Bridges, and Robin D Rogers. Analytical Chemistry,
76(11):3078–3083, 2004.
[73] Tamara J Haverlock, Peter V Bonnesen, Richard A Sachleben, and
Bruce A Moyer. Journal of Inclusion Phenomena and Macrocyclic
Chemistry, 36(1):21–37, 2000.
[74] Matthieu P Wintergerst, Tatiana G Levitskaia, Bruce A Moyer,
Jonathan L Sessler, and Lætitia H Delmau. Journal of the American
Chemical Society, 130(12):4129–4139, 2008.
[75] May Nyman. Dalton Transactions, 40(32):8049–8058, 2011.
[76] Amanda M Stemig, Tram Anh Do, Virany M Yuwono, William A
Arnold, and R Lee Penn. Environmental Science: Nano, 1(5):478–487,
2014.
[77] MA Blesa, AD Weisz, PJ Morando, JA Salfity, GE Magaz, and
AE Regazzoni. Coordination Chemistry Reviews, 196(1):31–63, 2000.
[78] Jens Baumgartner, Archan Dey, Paul HH Bomans, Cécile Le Coadou, Peter Fratzl, Nico AJM Sommerdijk, and Damien Faivre. Nature Materials,
12(4):310–314, 2013.
[79] Isabel Correia, Fernando Avecilla, Susana Marcão, and João Costa Pessoa. Inorganica Chimica Acta, 357(15):4476–4487, 2004.
[80] Tamas Oncsik, Gregor Trefalt, Michal Borkovec, and Istvan Szilagyi.
Langmuir, 31(13):3799–3807, 2015.
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