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ABSTRACT: Conformational changes of the pyrophosphate (Pp)-function-
alized uranyl peroxide nanocluster [(UO2)24(O2)24(P2O7)12]

48− ({U24Pp12}),
dissolved as a Li/Na salt, can be induced by the titration of alkali cations into
solution. The most symmetric conformer of the molecule has idealized
octahedral (Oh) molecular symmetry. One-dimensional 31P NMR experi-
ments provide direct evidence that both K+ and Rb+ ions trigger an Oh-to-D4h
conformational change within {U24Pp12}. Variable-temperature 31P NMR
experiments conducted on partially titrated {U24Pp12} systems show an effect
on the rates; increased activation enthalpy and entropy for the D4h-to-Oh
transition is observed in the presence of Rb+ compared to K+. Two-
dimensional, exchange spectroscopy 31P NMR revealed that magnetization
transfer links chemically unique Pp bridges that are present in the D4h
conformation and that this magnetization transfer occurs via a conforma-
tional rearrangement mechanism as the bridges interconvert between two symmetries. The interconversion is triggered by the
departure and reentry of K (or Rb) cations out of and into the cavity of the cluster. This rearrangement allows Pp bridges to
interconvert without the need to break bonds. Cs ions exhibit unique interactions with {U24Pp12} clusters and cause only minor
changes in the solution 31P NMR signatures, suggesting that Oh symmetry is conserved. Single-crystal X-ray diffraction
measurements reveal that the mixed Li/Na/Cs salt adopts D2h molecular symmetry, implying that while solvated, this cluster is in
equilibrium with a more symmetric form. These results highlight the unusually flexible nature of the actinide-based {U24Pp12} and its
sensitivity to countercations in solution.

■ INTRODUCTION

Uranyl peroxide nanoclusters are a rapidly expanding subclass
of polyoxometalates (POMs).1 Their anionic nature,2 high
aqueous solubility,3,4 and chemical robustness paired with the
tendency to form highly symmetrical, hollow-cage structures
are reminiscent of transition-metal Keplerates.5 Notably, both
classes of macroanions are characterized by the presence of
chemically inert, surface passivating -yl O atoms, albeit in
different spatial orientations.6 Group V and VI transition
metals in their highest oxidation states are bound by one, or
two, cis-oriented -yl O atoms that promote the assembly of
structures ranging from prototype Lindqvist and Keggin ions
to core−shell Keplerate and Molybdenum Blue ions.6−8

Because of the cis orientation of -yl O atoms, the cavity of
core−shell transition-metal POMs incorporates additional
ligands that affect the reactivity of its surface.7,9 Hexavalent
U, in contrast, is bound by two trans-oriented -yl O atoms that
passivate both the outside and inside of the resulting core−
shell clusters, precluding the incorporation of supplementary
species.10 The diverse structural family of transition-metal
POMs shows potential applications in medicine,11 catalysis,12

and materials science,13 while uranyl peroxide nanoclusters

may be important in advanced nuclear cycles and in the
environmental chemistry of actinides.14,15

Despite their relatively recent discovery, over 70 unique
structures of uranyl peroxide nanoclusters have now been
reported.10 A significant fraction of these nanoclusters
incorporate pyrophosphate (Pp) or methylenediphosphonate
(PCP) ligands. In contrast to their transition-metal counter-
parts, the synthesis of Pp-functionalized uranyl peroxide
nanoclusters is not impeded by acid-promoted hydrolysis of
Pp ligands.16,17 Hence, the ions of these clusters can be used to
study the assembly and solution dynamics of uranyl clusters
using 31P NMR.18−20 In addition to verifying the stability of
Pp-functionalized uranyl peroxide nanoclusters in solution, 31P
NMR spectroscopy revealed the existence of two unique
conformations of [(UO2)24(O2)24(P2O7)12]

48− ({U24Pp12}).
NMR experiments demonstrated that the two chemically
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unique Pp environments are present in its D4h conformation
transfer magnetization dynamically.19−21 Single-crystal diffrac-
tion studies of {U24Pp12} showed that different conformations
of this cluster (Oh vs D4h) are likely associated with the
presence of different alkali-metal cations in their cavities.20 A
subsequent isothermal titration calorimetry study noted that
the introduction of K+ or Rb+ into the Oh {U24Pp12} system led
to a strong endothermic process that was interpreted to
indicate binding of these cations within the cluster’s cavity and
a change to the D4h molecular symmetry.22 Because no bonds
are broken, this change in symmetry is subsequently referred to
as conformational rearrangement.
The importance of countercations in affecting the POM

structure and stabilities has long been recognized.23,24 One of
the fundamental roles of these ions in solution is controlling
the solubility of POMs. With chaotropic anions, the POM
solubility increases in the presence of small, strongly solvated
alkali metals (Li+ or Na+). This is the case for acid-stable V-,
Mo-, and W-based clusters.23 There are, however, exceptions
to this “normal” solubility behavior in the form of alkali-stable
Nb- and Ta-POMs, which exhibit high, anomalous solubility in
the presence of large alkali (Cs+) or tetramethylammonium
(TMA+) ions.25−27 Recently, it was demonstrated that the
solubility of uranyl peroxide-based POMs, the stability fields of
which span both acidic and alkaline conditions, follow
“normal” trends with Li and Na salts displaying significantly
higher solubilities than larger alkali-metal salts.3,4 Additionally,
cations play a commanding role during the synthesis of POMs,
enabling the isolation of reactive lacunary species or
enantiomerically pure clusters.28,29 In uranyl peroxide-based
POMs, the role of cations as structure-directing agents was
proposed on the basis of experimentally observed trends and
since has been a topic of several subsequent theoretical
studies.30−32 The introduction of excess salt to solutions
containing transition-metal or uranyl peroxide-based POMs
results in the cation-promoted self-assembly of these anions
into supramolecular “blackberry” structures.33−35 The diversity
and multiplicity of anion−cation interactions observed in
POM systems is a topic of ongoing studies with potential
implications in catalysis, electronics, magnetism, and environ-
mental remediation.14,36−38

Herein, we exploit the presence of the NMR-active ligand in
the structure of {U24Pp12} to directly observe the K+- and Rb+-
induced Oh-to-D4h conformation change prior to crystalliza-
tion. We also perform variable-temperature (VT) NMR
experiments to gain insight into the energetics of counterion
interactions with the cluster. Exchange spectroscopy (EXSY)
NMR experiments were conducted to elucidate the mechanism
of magnetization transfer between two chemically unique Pp
bridges that are present in the D4h conformation of {U24Pp12}.
A supplementary single-crystal X-ray diffraction study of the
Cs+-containing system revealed a new D2h conformation of
{U24Pp12}, which further emphasizes the remarkable flexibility
of this cluster.

■ EXPERIMENTAL SECTION
Warning! All experiments were carried out using isotopically depleted U
by trained personnel in laboratories designed for handling radioactive
materials.
General Considerations. Uranyl nitrate hexahydrate

(UO2(NO3)2·6H2O; International Bio-Analytical Industries, Inc.),
hydrogen peroxide (H2O2, 30% aqueous solution; EMD Millipore),
sodium pyrophosphate (Na4P2O7; Spectrum), lithium hydroxide

monohydrate (LiOH·H2O; EMD Millipore), oxalic acid (H2C2O4;
Sigma-Aldrich), potassium nitrate (KNO3; BDH), rubidium nitrate
(RbNO3; Sigma-Aldrich), cesium nitrate (CsNO3; Alfa Aesar), and
deuterium oxide (98% D2O; Cambridge Isotope Laboratories, Inc.)
were purchased from commercial suppliers and used as received.

Pp-functionalized uranyl peroxide nanoclusters are abbreviated as
{UnPpm}, where n corresponds to the number of [(UO2)(O2)] units
and m represents the number of Pp (P2O7

4−) bridges, respectively.
Synthesis of the Li/Na salt of {U24Pp12} was carried out in accordance
with previously described procedures.20 The identity and purity of the
synthesized material was confirmed via inductively coupled plasma
optical emission spectroscopy and 31P NMR spectroscopy (see the
Supporting Information).

{U24Pp12} Synthesis. Li48−xNax[(UO2)24(O2)24(P2O7)12]·nH2O
(Li:Na ≈ 3:1) was synthesized according to the procedure reported
in the literature.20 Briefly, 10 mL of 0.5 M UO2(NO3)2, 10 mL of 30%
H2O2, and 12.5 mL of 0.2 M Na4P2O7 were combined in a 100 mL
beaker, resulting in the rapid precipitation of a pale-yellow solid. The
resulting suspension was titrated using 2.38 M LiOH until pH = 9.3
was reached, leading to dissolution of the solid, effervescence, and a
color change to dark orange. The pH of the solution was then
adjusted, using 0.5 M H2C2O4, to pH = 7 over a period of several days
until no further change in the pH was noted. The beaker was left
uncovered to facilitate evaporation. Orange crystals formed within 4
weeks.

Cation Titrations. Titrations were carried out on 1 mL aliquots of
the stock solution prepared by the dissolution of crystalline Li/Na salt
of {U24Pp12} (20 mg/mL, [{U24Pp12}] = 1.6 mM). Between 5 and 40
μL of a 0.25 M KNO3, RbNO3, or CsNO3 solution was added to 1
mL aliquots of a 1.6 mM {U24Pp12} solution, corresponding to 0.76−
6.11 mol equiv. The resulting mixtures were vortexed and capped.
Because of cation-induced precipitation of {U24Pp12}, the range of
experimental conditions considered in this study was limited to 0 < r
< 6.1, where r is defined as the cation-to-cluster ratio. The stock
solution used for titration experiments was prepared using a 1:5 D2O/
H2O mixture, allowing for signal locking and shimming. NMR data
were collected 24 h after the introduction of cations into the stock
solution. The stability of the solutions, up to 30 days, was confirmed
by means of 31P NMR spectroscopy and electrospray ionization mass
spectrometry (ESI-MS; see Supporting Information). Crystals used
for structure determination purposes were obtained by the slow
evaporation of titrated stock solutions (r > 3.1) over a period of 2
weeks. Unfortunately, the K+, Rb+, and Cs+ systems produced small
quantities (ca. 5% based on U) of crystalline material only suitable for
single-crystal X-ray diffraction. Prolonged evaporation of these
systems led to the extensive precipitation of a microcrystalline
material, precluding meaningful analyses of the bulk.

Single-Crystal X-ray Diffraction. Crystals obtained through a
slow evaporation process were transferred, along with a small quantity
of mother liquor, into oil and mounted on cryoloops. A stream of
nitrogen gas afforded a data collection temperature of 110 K. A full
sphere of data were collected for each crystal using a Bruker APEX II
Quazar diffractometer equipped with a microfocus tube with
multilayer monochromated Mo Kα X-rays, 0.5° frame widths (in
ω), and exposure times of 10−30 s. The Bruker APEX III software
package was used for data integration. Absorption corrections,
including corrections for Lorentz, polarization, and background
effects, were applied using SADABS.39 The SHELXTL suite was
used for structure solution and refinement.40,41 Establishing the
positions of the H atoms in the reported structures was not
attempted. Crystallographic information is summarized in Table S1.

NMR Spectroscopy. One-dimensional (1D), VT, and two-
dimensional (2D) EXSY 31P NMR spectra were collected on a 500
MHz Varian INOVA spectrometer (11.57 T), using a 56 dB power
level attenuation, a 14.8 μs pulse length, and a 5 s relaxation delay
(d1). 1D spectra were collected at 25 °C and 64 scans. Prior to data
collection, samples were allowed to equilibrate for 5 min after the
instrument reached the desired temperature. EXSY data were
acquired on a stationary sample (no spin) at 25 °C by varying the
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mixing time (d8) from 5 to 300 ms. 31P NMR chemical shifts are
reported with respect to neat H3PO4 (δ = 0 ppm).
Characterization Data. Additional crystallographic data are

available in Tables S2−S13 and in CIF format.

■ RESULTS AND DISCUSSION
The Pp-functionalized uranyl peroxide nanocluster {U24Pp12}
is one of the most studied actinide−peroxide complexes, for
reasons discussed above.20−22 Prior findings demonstrated that
{U24Pp12} can assume at least two unique conformations
corresponding to an idealized Oh (Li/Na salt, δ = 3.80 ppm) or
D4h (Na/K salt, δ = 3.45/4.28 ppm) molecular symmetry.19,20

Herein, solutions containing solvated Li/Na salt of {U24Pp12}
([{U24Pp12}] = 1.6 mM) were titrated using 0.25 M KNO3,
RbNO3, and CsNO3 solutions. 1D 31P NMR spectra
representing different stages of the titration process are
summarized in Figures 1 (KNO3 and RbNO3) and S1
(CsNO3) and Table 1.

The results of 1D 31P NMR experiments were interpreted
based on changes to the (i) signal intensities and positions (K+

and Rb+; Figure 1) and (ii) signal position (Cs+; Figure S1).
Titration of the stock solution containing Li/Na {U24Pp12}
with KNO3 results in gradual replacement of the original signal
that was located at 3.80 ppm (δ1) with two new ones at 3.41
ppm (δ2) and 4.01 ppm (δ3). The newly emerged signals,
assigned to the {U24Pp12} cluster in its D4h molecular

conformation, shift progressively upfield (K+, δ2 from 3.41 to
3.26 ppm) and downfield (K+, δ3 from 4.01 to 4.03 ppm) with
increasing K+ concentration (Figure 1 and Table 1). The ratio
of the new signal intensities (δ2 and δ3) remains constant
throughout the titration process (ca. 2:1), consistent with the
NMR data reported for the mixed Na/K salt of {U24Pp12} and
supporting their initial assignment.19,21 The addition of Rb+

into the Li/Na {U24Pp12} system yields similar results, with the
extents of the upfield (Rb+, δ2 from 3.43 to 3.31 ppm) and
downfield (Rb+, δ3 from 4.04 to 4.08 ppm) shifts varying
slightly from those observed in the K+ system. These new
signals are assigned to the cluster in the D4h conformation.
Both systems undergo complete Oh-to-D4h transformation as
the cluster to the K+/Rb+ ratio in solution reaches ca. 1:6
(Table 1). For comparison, a prior isothermal titration
calorimetry study produced the same ratio for Rb+ as the
titrant but a higher 1:8 ratio for K+.22 Slow evaporation of
solutions titrated with KNO3 and RbNO3 (for K+/Rb+ mol
equiv ≥ 3.1) resulted in the formation of crystals that were
suitable for single-crystal X-ray diffraction studies. Diffraction
results confirmed the proposed D4h molecular symmetry of
{ U 2 4 P p 1 2 } i n b o t h t h e K +

Li48−x−yNaxKy[(UO2)24(O2)24(P2O7)12]·nH2O (1) and Rb+

Li48−x−yNaxRby[(UO2)24(O2)24(P2O7)12]·nH2O (2) systems
(Figure 2). The crystallographic results, including unit cell
parameters, and structure descriptions are available in the
Supporting Information.

Titration of the Li/Na {U24Pp12} system with Cs+, for
comparison to systems with K+ or Rb+, does not cause a
significant change in the 31P NMR spectra. While the chemical
shift δ1 shifts upfield from 3.80 to 3.51 ppm as a function of the
added Cs+, the number of 31P NMR resonances remains
unchanged (Figures S1 and S4 and Table 1). The presence of a
single 31P NMR resonance is interpreted to indicate that

Figure 1. 31P NMR spectra showing changes during a progressive
titration of a 1.6 mM solution of Li/Na salt of {U24Pp12} with 0.25 M
KNO3 (left) and 0.25 M RbNO3 (right).

Table 1. Summary of the Chemical Shift (δx) and Signal Population (Percentage of Intensity) Changes during Titration of a
1.6 mM Solution of Li/Na Salt of {U24Pp12} with Equivalents of 0.25 M KNO3, RbNO3, and CsNO3

K Rb Cs

mol equiv δ1 (% int) δ2 (% int) δ3 (% int) δ1 (% int) δ2 (% int) δ3 (% int) δ1 (% int)

0 3.80 (100.0) N/A N/A 3.80 (100.0) N/A N/A 3.80 (100.0)
0.8 3.80 (80.4) 3.41 (13.5) 4.01 (6.1) 3.80 (78.9) 3.43 (14.7) 4.04 (6.4) 3.78 (100.0)
1.5 3.80 (46.8) 3.36 (35.3) 4.00 (17.9) 3.80 (47.2) 3.40 (35.4) 4.04 (17.4) 3.73 (100.0)
2.3 3.80 (34.4) 3.34 (43.8) 4.00 (21.8) 3.80 (32.3) 3.38 (45.3) 4.05 (22.4) 3.67 (100.0)
3.1 3.80 (23.1) 3.33 (51.3) 4.00 (25.6) 3.80 (22.6) 3.37 (51.8) 4.05 (25.6) 3.60 (100.0)
3.8 3.80 (14.9) 3.31 (56.6) 4.00 (28.5) 3.80 (17.6) 3.37 (55.1) 4.06 (27.3) 3.51 (100.0)
4.6 3.79 (9.3) 3.30 (60.2) 4.01 (30.5) 3.80 (9.0) 3.36 (61.1) 4.07 (29.9) N/A
5.3 3.79 (5.2) 3.28 (63.2) 4.02 (31.6) 3.80 (2.5) 3.32 (64.9) 4.07 (32.6) N/A
6.1 N/A 3.26 (66.2) 4.03 (33.8) N/A 3.31 (67.2) 4.08 (32.8) N/A

Figure 2. Graphical representation of the {U24Pp12} cluster as (left) a
Li/Na salt showing idealized Oh symmetry, (center) a Li/Na/K or Rb
salt showing idealized D4h symmetry, and (right) a Li/Na/Cs salt
showing idealized D2h symmetry.
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{U24Pp12} retains its original Oh molecular symmetry in
solution. This persistence is consistent with an isothermal
calorimetry study suggesting that Cs ions are too large to form
strong cation−oxygen interactions with the inner windows of
{U24Pp12}. However, the observed changes in the chemical
shifts imply interaction between the Cs+ ions and Pp bridges.
The slow evaporation of solutions titrated with CsNO3 (for
Cs+ mol equiv ≥ 2.3) afforded crystals that were suitable for
single-crystal X-ray diffraction. The structure solution revealed
Cs ions present both inside and outside the {U24Pp12} cluster
exhibiting idealized D2h molecular symmetry (Figure 2),
suggesting that Cs+ can, in fact, pass through the pores of
the solvated {U24Pp12}.
The discrepancy between the observed and anticipated

numbers of 31P NMR signals for the Li/Na/Cs {U24Pp12}
(obs., 1; ant., 3; 1:4:1 intensity ratio) is interpreted to indicate
rapid interconversion between different conformations of
{U24Pp12} via a symmetrical (Oh) intermediate with the
departure from the original chemical shift (δ1 = 3.80 ppm)
attributed to a population-weighted average of the chemical
shifts of the two conformations (Oh vs D2h). Note: the
exchange between the Oh and D4h conformations observed in
the systems titrated with K+ and Rb+ is relatively slow with
respect to NMR experiment time scales, resulting in distinct,
sharp signals. A similar hypothesis was evoked in a prior NMR
study of the D4h {U24Pp12} cluster that demonstrated a change
in the magnetic environment between the two unique Pp
bridges at room temperature and their convergence at elevated
temperatures. The exchange was proposed to occur via a more
symmetrical (Oh) intermediate and represented the only viable
path that did not include bond dissociation.19 The crystallo-
graphic results, including unit cell parameters, and structure
description of the Li48−x−yNaxCsy[(UO2)24(O2)24(P2O7)12]·
nH2O (3) are available in the Supporting Information.
The set of conformations observed for this large actinide

anion, paired with 31P NMR results showing various degrees of
in situ conformational interchange, highlight the flexible nature
of the {U24Pp12} cluster and its adaptability to different guest
ions. A comparison of the {U6P3O9} pores that are present in
{U24Pp12} and that control the passage of ions and solvent
molecules between its cavity and the interstitial space reveals
significant deformations. Notably, the pore size, as defined by
the triangular area between peroxide O atoms located near the
pore entrance (Figure 3), changes from 25.24 Å2 in the Li/Na
salt to 19.29 and 24.91 Å2 upon the incorporation of K/Rb and
Cs ions, respectively, a maximum pore-size change of ca. 24%.
It is important to emphasize that solvated {U24Pp12} reacts

to the introduction of different cations into the system in a
fashion unlike any other POM described to date. The closest

structural relative of {U24Pp12} with similar behavior are
molecules within the family of transition-metal Keplerates,
which are much larger than the actinyl peroxide described here.
In a ser ies of studies , the affinity of [{(Mo)-
Mo5O21(H2O)6}12{Mo2O4(ligand)}30]

42− {Mo132} toward a
variety of cationic species revealed specific interactions at
unique areas of the transition-metal capsule, which remains
rigid.42,43 This indifference toward cations among the Kepler-
ates contrasts sharply with the conformational rearrangement
observed here for {U24Pp12}, where cluster−cation interactions
cause significant deformation.
To gain insight into the energetics of conformational

changes of the {U24Pp12} cluster, VT 31P NMR experiments
were performed on Li/Na {U24Pp12} solutions containing 1.5
mol equiv of K+ (or Rb+). The reference (T = 298 K) 1D 31P
NMR spectrum is characterized by three resonances that
correspond to a mixture of the {U24Pp12} cluster in its Oh (δ1 =
3.80 ppm) and D4h (δ2 = 3.36 ppm and δ3 = 4.00 ppm)
symmetry in ca. 1:1 ratio (Table 1). Increasing the temperature
from 298 to 338 K (ΔT = 2.5 K) resulted in regular
broadening and eventual coalescence of all signals, indicating
more rapid interconversion between the three sites (Figures 4

and S8). The peak widths obtained at different stages of the
heating process were estimated using a Lorentzian line-fitting
procedure (MestReNova, version 10), and the rate coefficient of
the exchange, kex, was estimated using the following equation:

T
k

1

2
ex fwhmπ

ω
*

+ =

where
T
1
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corresponds to the intrinsic line width of the peak

and the measured full width at half-maximum (fwhm) at each
temperature. The intrinsic line width of the peaks was
estimated using the width of a well-shimmed sample at 298
K because only minor broadening was noted in all peaks below
303 K. The data from all three sites were fit using the Eyring−
Polanyi equation:44,45
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Figure 3. Ball-and-stick representation of the chosen {U6P3O9} pores
present in different salts of {U24Pp12}, highlighting changes in the
nearest peroxide-to-peroxide distances. Yellow, purple, and red
spheres represent U, P, and O atoms, respectively. Cations and
water molecules are omitted for clarity.

Figure 4. VT 31P NMR spectra showing the gradual broadening and
coalescence of {U24Pp12} + 1.5 mol equiv of K+ signals as a function
of the temperature.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.9b03390
Inorg. Chem. 2020, 59, 2495−2502

2498

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03390/suppl_file/ic9b03390_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.9b03390/suppl_file/ic9b03390_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.9b03390?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.9b03390?ref=pdf


where kB is Boltzmann’s constant, h is Planck’s constant, R is
the gas constant, T is the temperature in Kelvin, and X⧧

corresponds to the activation quantities for Gibbs’ free energy
(ΔG⧧), enthalpy (ΔH⧧), and entropy (ΔS⧧).
The Eyring−Polanyi plots obtained from the {U24Pp12}

system titrated with 1.5 mol equiv of K+ and Rb+ are shown in
Figure 5. From regression of the data, the activation

parameters were calculated as ΔH⧧ = 136 ± 4 kJ/mol and
ΔS⧧ = 208 ± 14 J/mol·K for the K+-containing system and as
ΔH⧧ = 149 ± 5 kJ/mol and ΔS⧧ = 250 ± 16 J/mol·K for the
Rb+-containing system. These parameters represent an average
between the three data sets (signals) because the same
exchange process is occurring between the two conformations
(Oh and D4h), and the uncertainties are calculated from the
standard error of regression. Overall, these values compare
favorably to the data reported by Johnson et al. at 115 ± 3 kJ/
mol < ΔH⧧ < 140 ± 2 kJ/mol and 163 ± 8 J/mol·K < ΔS⧧ <
223 ± 7 J/mol·K for {U24Pp12} in the presence of Li

+, Na+, and
K+.19,21 These authors noted that the addition of TMA+

cations to the {U24Pp12} system resulted in stabilization of
the D4h conformation. The cause of this change was not clear,
and potential diffusion of the TMA cation into the cavity of the
cluster was postulated. In light of the current results that
indicate a role for K+ (and Rb+) in triggering the Oh-to-D4h
transformation (Figures 1 and 2), we propose that the
observed increase in the activation entropy upon the addition
of TMA cations is caused by its ability to occupy and block the
{U6P3O9} pores (Figure 3), preventing the departure of
cations stabilizing the D4h conformation, similar to the
blocking role of guanidinium cations in the structure of
{Mo132}, rather than the direct interaction of TMA with the
{U24Pp12} cavity.43

The change in the magnetic environment between
structurally unique Pp bridges of the {U24Pp12} anion (as a
Na/K salt, D4h) was proposed to occur via conformational
rearrangement involving a symmetrical (Oh) intermediate. In
order for the Pp bridges to exchange positions without
breaking bonds in the process, two trans-oriented {U4} units
must change from concave to convex, while two different trans-
oriented {U4} units change from convex to concave (Figure 6).
To elucidate the mechanism of conformational rearrange-

ment, EXSY 31P NMR measurements were conducted on a
partially titrated Li/Na {U24Pp12} system (K+ mol equiv = 1.5)
characterized by ca. 1:1 Oh/D4h distribution of cluster

conformations (Table 1). Varying the mixing time (d8) from
5 to 300 ms resulted in the gradual emergence of cross-peaks,
indicating magnetization transfer (Figure 7). At d8 = 5 ms, no
cross-peaks were observed (Figure 7, left), indicating no
transfer. At d8 = 40 ms, cross-peaks were noted between the
signals corresponding to clusters in Oh and D4h conformations
(Figure 7, center, yellow arrows), and no cross-peaks were
noted between D4h signals. At d8 = 300 ms, cross-peaks
between both the Oh and D4h (Figure 7, right, yellow arrows)
and D4h signals (Figure 7, right, red arrows) were visible. EXSY
31P NMR experiments conducted on the system containing
Rb+ (mol equiv = 3.1) showed similar cross-peak emergence
behavior (Figure S9).
The results obtained from EXSY 31P NMR experiments can

be understood in terms of a mechanism by which magnet-
ization transfer occurs without bond rupture but by swapping
structural positions via an Oh intermediate. It is important to
note that these experiments were conducted on a partially
titrated system (K+ and Rb+ mol equiv = 1.5) and, as such,
might not accurately describe the behavior of a pure system
containing only the D4h type of {U24Pp12} clusters. Figure 8
illustrates two proposed magnetization-transfer mechanisms
(intramolecular vs intermolecular), highlighting the role of K+

(or Rb+). The intramolecular and intermolecular pathways are
distinct from one another based on whether the alkali-metal
cations travel through the pores (intermolecular) or stay within
the cavity of the cluster ion (intramolecular) undergoing
conformational rearrangement.
The intramolecular exchange mechanism (Figure 8, top)

involves movement of K+ (or Rb+) between their crystallo-
graphic sites within the cavity of the {U24Pp12} cluster and
possible release/uptake of other cations (Li+ and Na+) and
water molecules. While Li+, Na+, and water molecules can
move across the {U6P3O9} pores, their presence/absence does
not affect the conformation of the {U24Pp12} anion. We do not
interpret these to have a significant impact on the proposed
mechanism. Intramolecular exchange would result in retention
of the D4h conformation throughout the cation-shuffling
process and subsequent magnetization transfer.
A second, intermolecular exchange mechanism (Figure 8,

bottom) involves the release and uptake of K+ (or Rb+),
resulting in a D4h-to-Oh transition (upon the release of one or
more K+ or Rb+) to the D4h conformation (upon the uptake of
one or more K+ or Rb+). For the intermolecular pathway, it is
difficult to estimate the number of K+ (or Rb+) per {U24Pp12}
necessary to promote the Oh-to-D4h change (and vice versa),
but the titration results (Figure 1 and Table 1) showing the

Figure 5. Eyring−Polanyi plot of the logarithm of rate versus
temperature for the K+- and Rb+-titrated {U24Pp12} solutions. The
error bars indicate two standard errors obtained from a linear
regression.

Figure 6. Polyhedral representation of D4h {U24Pp12} highlighting the
concave-to-convex change of two trans-oriented {U4} units (red)
during the magnetization-transfer process. Yellow and red polyhedra
represent uranium peroxides, and purple polyhedra represent Pp
bridges.
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emergence of D4h signals at K+/{U24Pp12} ratios of ca. 1:1
suggest that a single K+ (or Rb+) can, in principle, be sufficient.
The emergence of cross-peaks between the Oh and D4h clusters
observed in EXSY 31P NMR experiments (Figure 7) at shorter
mixing times (d8 = 40 ms) supports an intermolecular exchange
pathway in which conformational rearrangement involves the
migration of K+/Rb+ from the cluster cavity to the bulk
solution, and ultimately from one cluster to another. It is worth
noting that the rates of solute diffusion between clusters
cannot limit the rate of conformational rearrangement
observed in the present study because the measured activation
energies are too large: solute diffusion of these cations has
activation enthalpies on the order of ca. 20 kJ/mol, which are
much smaller than the values measured here experimentally.
The rates of ion exchange have enthalpies slightly larger but
also much less than the experimental activation enthalpies;46

thus, it is likely that the rate-controlling step is the flex of the
large ion architecture after ion exchange and not ion transport.

■ CONCLUSIONS
31P NMR experiments have allowed for the first direct
observation of the effect of K+, Rb+, and Cs+ on the
conformation of the {U24Pp12} cluster. 1D NMR experiments
revealed that the ion in solution formed by dissolution of the
Li/Na salt of {U24Pp12} exhibits an idealized Oh molecular
symmetry but undergoes a conformational change to D4h
symmetry upon the addition of K+ or Rb+. The addition of

Cs+ to the system does not result in any apparent
conformational change. Single-crystal X-ray diffraction studies
confirm retention of the D4h molecular symmetry in the
systems titrated by K+ or Rb+ and reveal a new D2h geometry of
{U24Pp12} in association with Cs+.
The observation of titration cations within the cavity of the

{U24Pp12} clusters highlights the role of the cations in the
process of the conformational change. Conformational
rearrangement requires deformation of the {U24Pp12} skeleton
and is induced by cation−cluster interactions, highlighting the
pliability of the Pp bridges. 1D VT 31P NMR experiments
showed increased activation enthalpy and entropy for the Oh-
to-D4h transformation in the presence of Rb+ compared to K+.
2D EXSY 31P NMR experiments conducted on partially
titrated K+ and Rb+ systems revealed that the magnetization
transfer occurring between two unique Pp bridges present in
the D4h conformation of {U24Pp12} occurs as K+ or Rb+ is
taken up or released from its cavity. Overall, the results
highlight the importance of counterion species in affecting the
reactivities of actinide-based POMs and reveal that their
impact on the solution dynamics of the {U24Pp12} cluster is
juxtaposed with their common description as “spectator ions”.
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Figure 7. EXSY 31P NMR spectra of partially titrated Li/Na {U24Pp12} (K
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