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The formation of ion pairs in aqueous solution orchestrates
vital processes in nature and engineered systems, including
electron transfer! and other chemical reactions,*” and
crystallization/precipitation of synthetic and natural
matter.”! Polyoxometalates (POMs) have received special
attention with regard to ion pairing.'”!- POMs are highly
charged anions with ideal topologies for binding and associ-
ating metal cations, as their assembly,''¥ redox,” and
catalytic properties' in aqueous solution are influenced by
ion pairing. Methods for determining ion pairing™ are largely
considered to be indirect in that they observe physical
changes in a solution that results from ion association.
Spectroscopic methods are the exception, but these are
prone to insufficient resolution, and are unable to detect
solvent-separated ion pairing. Herein we show that small-
angle X-ray scattering (SAXS) of the Lindqvist [NbO,q]*~
POM!"*'l provides a model example of direct measurement
of the formation of ion pairs in aqueous solution, and reveals
remarkable similarity between solution and solid-state ion
contact. This study provides evidence that the structures of
Lindqvist hexaniobate salts described with extreme accuracy
in the solid state can be used to model the ion-pairing
behavior in solution.

The effectively spherical [Nb,O,o]*~ isopolyoxoanion with
25 atoms (Figure 1a) has the greatest surface charge of all
POMs." High surface charge is a property noted to enhance
ion pairing, both in solution™ and in the resulting precip-
itates.'”) In fact, niobates are unique amongst POMs in that

[*] Dr. M. R. Antonio
Chemical Sciences and Engineering Division, Argonne National
Laboratory, Argonne, IL 60439-4831 (USA)
E-mail: mantonio@anl.gov
Homepage: http://www.cse.anl.gov/Staff/Nuclear_and_
Environmental_Processes/MAntonio.shtml

Dr. M. Nyman, Dr. T. M. Anderson
Geochemistry Department, Sandia National Laboratories
Albuquerque, NM 87185-0754 (USA)
E-mail: mdnyman@sandia.gov

[**] We thank Dr. Soenke Seifert (XSD-APS-ANL) for assistance with the
SAXS measurements and Dr. Nate Ockwig for assistance in data
collection. This work is supported by the U. S. Department of
Energy, Office of Basic Energy Science, Division of Chemical
Sciences, Biosciences and Geosciences, under contract no. DE-
AC02-06CH11357, for the part performed at Argonne National
Laboratory. We are grateful to Mona Aragon (SNL) for assistance
with graphics. Sandia authors thank the LDRD program for financial
support. Sandia is a multiprogram laboratory operated by Sandia
Corporation, a Lockheed-Martin Company, for the United States
Department of Energy under Contract No. DE-AC04-94AL85000.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.200805323.

WILEY )
InterScience*

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

thickness

.

Figure 1. a) The bare [NbsO,o]*~ Lindqvist ion. Blue octahedra are
NbOq. b) The neutral Ag[NbsO,s] species (A=Rb, Cs). Pink spheres are
face-bonded Rb/Cs™. c) K'-[NbgO,]*~ association observed in the
crystal structure. Spheres indicate K* associated on the cluster face
(pink), cluster edge (green), and cluster apices (yellow). d) Representa-
tion of the three particle radii (R,, Rs, and Rss) obtained from the
analysis of the SAXS data and utilizing the Ag[NbsO,,] species from
Figure 1b. The radius of gyration, R, (inner white sphere), for the
randomly-orientated, rotationally-averaged blue middle sphere of the
bare [NbsO;5]*™ ion is related to its physical radius Rs (blue sphere
radius) by the relationship Rs= ;Rg. All the R values presented in
Table 2 were obtained directly from fitting the SAXS data with a
spherical form factor model. The Rss (spherical shell radius; repre-
sented by the outermost white sphere) is the sum of the physical
radius of the bare anion (fixed at 3.9 A) and the best-fit thickness of
the spherical shell around the hexaniobate core.

their behavior is controlled by high surface charge. They form
similar cluster geometries as the tungstate POMs, most
notably the a-Keggin ion and its derivatives, although the
charges differ considerably; that is, [SiNb;,0,]"" versus
[SiW,,04]*". Thus, compared to tungstate, molybdate, and
vanadate POMs, niobate POMs are not electrochemically
reducible, they are assembled and stabilized in alkaline rather
than acidic solutions,?” they protonate rather than deproto-
nate in water,”" and tend to form insoluble linked frame-
works with alkali atoms®* rather than soluble salts.

The [NbO,,]*~ Lindqvist ion has been crystallized in the
solid state with every alkali metal counterion,?*>! and its ion
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association in the crystal lattice with the alkali counterions
increases with alkali size.”! A particularly favorable ion-
association motif is one in which the alkali ion associates on
the super-octahedral faces through three bonds to cluster
(bridging) oxygen atoms; and there is a distinct trend with the
size of the alkali atom for which the order of decreasing ion
association is Cs =Rb > K > Na=Li. Rubidium and cesium
salts of [NbsO,]*~ (Figure 1b) associate with eight alkali
metal ions, one on each face of the superoctahedron,
described as the neutral molecule Ag[NbsO,9] (A =RbD, Cs).
The [Nb,O,o]*” Lindqvist ion of the potassium salt can host
four of these face-bonded potassium ions, forming
K,[NbsOs]*". Four additional potassium ions can be singly
bonded to the edge of the superoctahedron to form
Kg[NbgOys], and two more potassium ions singly bonded to
the apices of the superoctahedron forms K;[NbsO,]*"
(Figure 1¢). If the ion association between the A* ion (A =
K, Rb, Cs) and [NbsO;]*"is retained in aqueous solution,
these highly symmetric, effectively spherical structures cou-
pled with excellent X-ray scattering nuclei would provide an
ideal case study for accurate ion-pairing observations. Fur-
thermore, whereas the solubility of classical POMs, such as
polytungstates decreases significantly with increasing alkali
radii,”” the trend is uniquely opposite for alkali metal salts of
[NbsO,o]*". This unprecedented characteristic also renders the
system of Ag[NbgO,,] salts optimal for the present study:
maximum solubility, maximum ion-pair formation, and max-
imum X-ray scattering can be achieved simultaneously from
the rubidium and the cesium salts. The results of our
calculations on the atomic small-angle X-ray scattering
(SAXS) intensities I,(Q) versus the magnitude of the scatter-
ing vector Q (A", from the crystallographically determined
atomic coordinates of the rubidium and the cesium salts
supports the above hypothesis (Supporting Information,
Figure S1). The calculated radius of gyration R, which
provides a shape-independent, root-mean-square measure
of all the mass-weighted distances in a particle from its center
of mass®®! for the 25-atom bare cluster anion, [Nb,O,,]*~ is
3.0 A. This value of R, is independ-
ent of the nature of the A" ion. The
R, values calculated for the 33-

atom 8 A" ion-paired neutral clus-  factor models.!
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Table 1: Properties of hydrated alkali cations, and concentrations of
As[NbgO,,] Lindqvist ion solutions for SAXS studies.

3 M TMAOHH

Solution matrix 3M AOH (A=K,

Rb, Cs)

A-counterion of Lindqvist salt”y K Rb Cs K Rb  Cs
lonic radius [A] 1.52 1.66 1.81 - - -
Approximate hydrated radius [A] 2.32 2.28 2.28 - - -

Approximate hydration number 11 10 10 - - -
Concentration of 0.56 0.56 0.56 0.56 0.56 0.56
Lindqvist salt [mm] 278 2.78 - 278 278 2.78
5.56 5.56 5.56 5.56 5.56 5.56
16.7 16.7 16.7 16.7 16.7 16.7
55.6 55.6 55.6 55.6 556 55.6
centrations of the potassium, rubidium, and cesium
[NbgO,]*~ salts dissolved in 3m tetramethylammonium

hydroxide (TMAOH) solution (Table1) are 3.1(1) A
(Table 2). This value of R, is consistent with the value
calculated for the bare anion (3.0 A), and is independent of
the concentration of the salts (Figure 2, left panel). Futher-
more, there is no evidence for the organized association of
tetramethylammonium (TMA) cations (with an effective
spherical radius of 2.8 A?l) with [NbsO,,]*~ anions. In view of
the spherical morphology of the [Nb,O;,]*~ anion, the average
experimental R, value of 3.1(1) A can be used to calculate the
average physical radius of the Lindqvist sphere Rg using Ry =

’R,, as depicted schematically in Figure 1d.*" The calcu-
lated Ry value of 4.0 A is consistent with the 4.2 A radius
determined from X-ray diffraction measurements as the
average distance between the central oxygen atoms to the six
terminal oxygen atoms (apices of the superoctahedron) for
the structures illustrated in Figure 1. Furthermore, the
isotropic scattering obtained for the randomly oriented,
rotationally averaged molecular anions is best modeled with
a solid-sphere form factor, which is consistent with scattering
particles having a continuous electron density. The fits to the
I(Q) data (see Supporting Information, Figure S7-S9) pro-

Table 2: Guinier analysis of the experimental SAXS data compared to radii calculated from X-ray
diffraction data along with radii obtained from the best fits to the experimental SAXS data with form

ters, Ag[NbsO,,], are 3.5 and 3.6 A

: 3m TMAOH 3m AOH (A=K, Rb, Cs)
for A=Rb and Cs, respectively.  copnc. K Rb Cs K Rb Cs
The R, values calculated for [mm] RM R RS Ry RS R RM R R R RP Ry
4—
KiNBOw] ', KNbOw], - and 0™ ™0™ 30 40 29 44 35 69 36 64 nal?
Ky [NbO]™ are 3.3, 3.6, and 575 37 40 31 42 np 36 69 36 67 37 63

3.8 A, respectively. Therefore the
effect of pairing alkali metal ions
with [NbsO,]*" ions on R, is a
value that is 0.3-0.8 A larger than 3V

556 31 42 31
167 31 41 32
556 31 41 32
3.1(1) 4.1(1)

3.1(1)

43 31 45 36 77 37 58 37 59
44 32 47 37 78 37 63 35 58
45 31 48 39 85 36 55 35 56
43(2) 31(1) 4.6(2) 3.7(2) 7.6(7) 3.6(1) 6.1(5 3.6(1) 5.9(3)

the bare anion. Such differences
can be readily resolved by using
SAXS as applied to the systems of
high-atomic-number atoms exam-
ined here (A-Nb-O).

The average experimental
value for R, for each of the three
series of solutions of different con-
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[a] Shape-independent radius of gyration, R,, is from the fits of the In(/(Q)) vs. Q° data of Figure S2 and
S3 (Supporting Information). Fitting of the primary I(Q) vs. Q data with spherical (Figure S7-S9,
Supporting Information) and spherical shell (Figure S11-S13, Supporting Information) form factors
provided the sphere radii, Rs and Rss, respectively, which for the latter is the sum of the spherical core
radius of [NbgO;5]~, which was fixed at 3.9 A, and the best fit thickness of the spherical shell as depicted
in Figure 1d. The estimated standard deviations on all R obtained from the Guinier and sphere fits is
£0.1 A, [b] R, calculated from single-crystal X-ray diffraction data: [NbgOyo]*~, Rbg[NbOso], Csg[NbeO1],
KyNbgO1]*", Kio[NbgO1o]*", and Ky[NbgO,q] are 3.0, 3.5, 3.6, 3.3, 3.6, and 3.8, respectively (see
Figure 1¢). [c] na, not available: data vitiated by absorbance effects. [d] np, not prepared.
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Figure 2. Variation of radii (Ry, Rs, Rss) with solution concentrations of
Ag[NbgO;]-xH,0 (A=K, @); Rb (m); Cs (¢) in 3mM TMAOH (left panel)
and 3m AOH (right panel). The Guinier radii of gyration R, are shown
as open symbols connected with dashed lines. The solid sphere radii
Rs obtained by fitting the SAXS obtained in 3mM TMAOH with a solid
sphere form factor are shown in the left panel as filled symbols
connected with solid lines. The spherical shell radii, Rss, obtained by
fitting the SAXS obtained in 3m AOH with a spherical shell form factor
are shown in the right panel as filled symbols connected with solid
lines. The calculated R, values for bare [NbsO;5]*~ and A;[NbeO,] are
indicated with arrows in the left and right panels, respectively.

vide an independent measure of R (Figure 2, left panel). The
average Ry of 4.1(1), 4.3(2), and 4.6(2) A for the K, Rb, and Cs
salt solutions, respectively (Table 2) correspond well with the
42 A crystallographic value. The +0.2 to +0.3 A dispersion
of experimental Rg values between potassium/rubidium and
rubidium/cesium salt solutions, notably at 55.6 mm
(47.9 mgmL™"), is consistent with the increase of ionic radii
K" <Rb*<Cs" (1.38, 1.52, 1.67 A for coordination number
six),P! suggesting some extent of alkali metal ion association
with the hexaniobate anion at this dilution, even in 3M
TMAOH. At higher concentrations, namely 390 mm and
above depending upon solubility, the SAXS data (Supporting
Information, Figure S10) demonstrate the presence of larger
aggregates of the bare anion and the A"/TMA™ counter-
cations.

The average experimental R, values for each of the three
series of solution concentrations for the potassium, rubidium,
and cesium hexaniobate salts in their corresponding 3 M alkali
metal hydroxide (AOH, A = K, Rb, Cs) media (Table 1) are
essentially the same, namely 3.6(1)-3.7(2) A (Table 2). These
values are equivalent to the calculated R, values (3.5-3.6 A)
for the ion-paired, Ag[NbsO,o] species in the solid state (A =
Rb, Cs; Figure 1b); and those (3.6-3.8 A) for K¢[NbsO,,] and
Ko[Nb,O;o]** (Figure 1c). These values are also independent
of the concentration of the hexaniobate anion (Figure 2, right
panel). Moreover, the average, experimentally-determined R,
values are consistently 0.5-0.6 A larger than the average,
experimental R, of 3.1(1) A for the same dilutions of
Ag[NbsOg] in 3m TMAOH (Table2). The agreement
between the calculated and experimental results, and the
system-wide increase of the R, values in 3m AOH (A= K,
Rb, Cs) provide direct evidence for contact ion pairing of the
hexaniobate isopolyoxoanion with alkali metal ions. Details
of the morphology of the solution aggregates were obtained
by fitting the scattering intensity I(Q) with a variety of
geometrical form-factor models. For all three systems in 3m
AOH (A = K, Rb, Cs), the best fits (Supporting Information,
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Figure S11-S13) were obtained with a spherical shell form
factor model (Rgs) that is consistent with scattering particles
of bicontinuous electron density. The results in terms of the
sums of the [NbyO,,]*~ core radius (Rs=3.9 A) and the shell
thicknesses (owing to a combination of A* ions and associ-
ated water molecules) as represented schematically in Fig-
ure 1d are presented in Table 2 and Figure 2 (right panel) as
Rgs values. The average values of Rgg decrease from 7.6(7) A
for the five potassium ion system dilutions to 6.1(5) A for the
five rubidium ion system dilutions to 5.9(3) A for the four
cesium ion system dilutions. In as much as the last two values
are statistically equivalent and are smaller than the value of
the Ry for the potassium ion system, this trend in the value of
Rgs matches that of the radii of hydration of alkali metal ions,
for which it is found that the radii are inversely proportional
to the cation radius, that is, K > Rb > Cs (see Table 1). Thus,
we propose that the large aggregates observed in the
Kg[NbsOy]/3m KOH solutions consist, in part, of solvent
ion pairs of hydrated potassium ions with [NbsO,,]*". A recent
computational study by Poblet et al."” on the ion pairing of
tungstate Keggin ions with alkali cations suggests that with
smaller alkali cations, most ion interactions are solvent
mediated, rather than being in direct contact as obtained for
rubidium and cesium ions.

In this systematic SAXS investigation of the behavior of
[NbsO,o]*~ in aqueous alkaline solutions, the potassium,
rubidium, and cesium salts have provided an ideal case
study, owing to their high aqueous solubility and the high
charge to surface-area ratio of the spherical anion. The
combined results from calculation and experiments have
provided direct insights into the topic of ion pairing. We have
shown that the A" (A=K, Rb, Cs) associations with the
[Nb,O;,]*~ anions observed in solid-state salts also prevail
under selected solution conditions, and that contact ion
pairing between A" and [NbsO,]*~ even persists when A" is
not in great excess. Specifically, the comparison of the ion-
pairing in 3M TMAOH and 3m AOH (A = K, Rb, Cs) media
show contrasting behavior. On the one hand, in TMAOH
solutions, in which the A" ions are dilute relative to the TMA
cation, the bare [NbyO,,]*~ ion predominates. At high anion
concentrations, there is some contact ion-pairing with A* ions
that cannot be quantified by the data. Solvent-shared ion
pairing between hydrated A" and [NbsO,]*" ions is not
observed. On the other hand, in AOH solutions with A* ions
in great excess, 8 A" cations directly contact or neutralize
[NbsOs]*~ for A=Rb, Cs and 8-10A™" cations for A=K,
which is in agreement with the geometry of AJ[Nb,Oo]*
observed in the solid state (Figure 1b and c).

The implications of these results concern separations
science, wherein, for example, the removal of '*'Cs from
alkaline high-level radioactive waste streams®? may be
accomplished using [NbsO,,]*~ affixed to a surface. Further-
more, this system presents a rare opportunity for other
spectroscopic observations of ion pairing in solution, such as
by **Cs NMR spectroscopy. The electrostatic, contact ion-
pairing interactions described herein are envisioned to occur
prominently in other self- and directed-assembly processes as
well, and the evidence of structural hierarchy in solution
offers a glimpse into the incipient crystallization of a
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molecular cluster. A high charge-to-size ratio of metal oxo
polycations and polyanions is deemed responsible for ion-
pairing applications, such as the optimized precipitation of
contaminants from aqueous media.'*%! In light of this ratio,
Nb-POMs are very promising for such applications based on
their unmatched high surface charge. However, the studies
presented herein introduce a new caveat. Our results suggest
that high charge is mitigated and neutralized by nonspecific
ion association, such as with alkali metal ions or protons,
which render the highly charged species less accessible to
more selective ion pairing, such as with a charged biomole-
cule. Thus exploitation of high surface charge for specific ion
pairing and precipitation in aqueous media is not necessarily
accomplished by the highest-charged species, but rather by
those charged species that are stable without protonation,
deprotonation, or nonspecific ion association.

Experimental Section
The Lindqvist ion salts Kg[Nb;O,¢]-16 H,0O, Rbg[Nb;O,¢]-14 H,O, and
Csg[NbsO,,] 16H,O were synthesized as previously described.”!
Solutions of each salt were prepared for a variety of concentrations
ranging from 0.56 to circa 1000 mm in 3M TMAOH solution and 3m
AOH solutions (A =K, Rb) and contained in a2 mm diameter quartz
capillary tubes for SAXS measurements, except for the solutions of
Csg[NbgOy9]-16 H,O in 3m CsOH, which were contained in 1.5 mm
diameter quartz capillary tubes. The high concentration of base
ensured monospecific solutions without protonation of the Lindqvist
clusters. The solution concentrations are summarized Table 1. The
atomic scattering intensities, /,(Q) in vacuo, were calculated from the
crystallographically-determined atomic coordinates for the hexanio-
bate anion, [NbsO,,]*", its neutral clusters, Ag[Nb,O,s] (A=K, Rb,
Cs) and the charged species K,[NbgO,4]*", K;o[NbsO,]**, and the
TMA cation® by use of CRYSOL.P! The calculated 7,(Q) vs. Q for
0.005<Q<1.0A™" are shown in the Supporting Information (Fig-
ure S1), and the calculated R, values are provided in Table 2.
Small-angle X-ray scattering data were collected at beam line 12-
BM-B of the Advanced Photon Source at Argonne National
Laboratory.” An incident photon energy of 15.0 keV, which is
below the K-edge energies of Rb and Nb (152 and 18.986 keV,
respectively) and high above the K-edge energy of K (3.608 keV), was
chosen to provide good X-ray transmittance for all dilutions, except
those in 3m CsOH. Because of the highly absorbing nature of the 3m
CsOH media, a higher incident energy, 20.314 keV, in combination
with a smaller diameter capillary tube were used (to reduce
absorption) for data acquisition. The 2D scattering profiles were
recorded at ambient temperature with a MAR-CCD-165 detector,
which has a circular, 165 mm diameter active area and 2048 x 2048
pixel resolution. The sample-to-detector distance was adjusted to
provide a detecting range for momentum transfer of 0.03<Q <
1.0 A-'. The scattering vector Q was calibrated using a silver
behenate standard.”” After correction for spatial distortion and
detector sensitivity, the 2D scattering images were radially averaged
to produce plots of scattered intensity, /(Q) vs. O, where Q = 4mnsinf4
(A1), in which 20 is the scattering angle and A is the wavelength of
the X-rays, following standard procedures.® The primary, back-
ground-subtracted SAXS data for the dilute solutions of 0.56-55.6 mm
(Table 1) of the Lindgqvist salts in the 3M AOH and TMAOH media
are shown in the Supporting Information (Figure S2 and S3).
Guinier analysis of the background-subtracted /(Q) data in the
low Q region provided the radii of gyration, R, (Table 2) for the
molecular anions. R, is obtained from the Guinier plots In(1(Q)) vs.
Q% (Supporting Information, Figure S2 and S3) by use of conven-
tional methods.***! The Guinier plots show linear and parallel
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behavior that is independent of concentration, which is typical of
monodisperse systems without complications from interparticle
effects. In addition, the values of I(Q) extrapolated to Q=0A"
(1) as obtained from the Guinier fits scale directly and linearly with
concentration (Supporting Information, Figure S4 and S5), a response
which further confirms that the anions are free from interparticle
effects. The distance distribution functions, p(r) vs. r, where p(r) is the
probability of finding the vector length r in the molecule that will
become zero at the maximum vector length, were obtained from the
fits to the 1(Q) data using the inverse Fourier transform (FT) method
of Moore." All distance distribution plots (Supplementary informa-
tion, Figure S6) show single, symmetric peaks with maximum
dimensions corresponding to either the bare Lindqvist anion
(8.3(1) A), as measured by the average of three terminal O-O
interatomic distances across each of the three orthogonal axes
through the cluster, or to the 8 A*-decorated systems (9.4-10.0 A), as
measured by twice the average distances between the central oxygen
atom and the A" ions attached by three bridging oxygen atoms for the
Kg[NbsOys], Rbg[NbsOy4], and Csg[NbOy] cation—anion associated
species in the solid state, as illustrated in Figure 1. The inverse FT fits
to the I(Q) vs. Q data also provide an independent measure of the
system of R, values, which are equivalent to those obtained from the
classical Guinier analyses.
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