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ABSTRACT: Understanding the stability fields and decomposition products of various
metal- and actinide-oxide nanoclusters is essential for their development into useful
materials for industrial processes. Herein, we explore the spontaneous transformation of the
sulfate-centered, phosphate functionalized uranyl peroxide nanocluster {U20P6} to {U24}
under aqueous ambient conditions using time-resolved small-angle X-ray scattering, Raman,
and 31P NMR spectroscopy. We show that the unusual μ-η1:η2 bridging mode of peroxide
between uranyl ions observed in {U20P6} may lead to its rapid breakdown in solution as evidenced by liberation of phosphate
groups that were originally present as an integral part of its cage structure. Remarkably, the uranyl peroxide moieties present after
degradation of {U20P6} undergo cation-mediated reassembly into the {U24} cluster, demonstrating the propensity of the uranyl
peroxide systems to preserve well-defined macro-anions.

■ INTRODUCTION

Polyoxometalates (POMs) are a diverse group of well-defined
metal oxide ions classically constructed of Group V and Group
VI transition metals in their highest oxidation states.1 Since
their initial discovery in 18262 and first structural character-
ization in 1933,3,4 many studies reflect their versatile nature and
applicability in areas ranging from catalysis to medicine.5−10

Notably, POMs represent an excellent model for detailed
studies of metal oxide solid-state materials and their
interactions with environmental contaminants.11−14 The
recently emerged group of actinyl peroxide nanoclusters, in
addition to extending the scope of POM chemistry to early 5f
block elements, challenges our understanding of the
fundamental behavior of actinide elements in solution.15−18

From a structural standpoint, actinyl (uranyl) peroxide
nanoclusters are similar to Keplerates in that they are composed
of condensed uranyl-oxide polyhedra forming hollow, anionic
clusters.18,19 One key difference is the presence of the actinyl
ion (UO2

2+) containing two relatively chemically inert −yl
oxygens in a trans arrangement, as compared to the cis
conformation commonly observed in transition metals, that in
conjunction with peroxide ligands favor capsule architectures.20

Uranyl peroxide cages and Keplerates are typically characterized
by high molecular symmetry, although a few members of the
former group depart from this trend.17,21,22 Further similarities
include the ability to amend the size and charge of these
clusters23−25 and the presence of molecular pores that allow
cation exchange between the cavity and the surrounding

solution or interstitial space in a crystal.26−29 Uranyl peroxide
nanoclusters attracted considerable attention due to their
potential importance in the environmental mobility of actinides,
and applications in advanced nuclear fuel cycles.30−33 To date,
publication of more than 60 unique uranyl peroxide structures
showcases their significant structural and chemical diversity.17

Considering the attention POMs have received in the past,
including but not limited to the extensive potentiometric
studies conducted on labile cluster-containing solutions,34−37 it
is surprising to find relatively few studies of the stability fields,
and dissociation products, of the relatively inert clusters.38−42

Such studies are essential if these POMs are to be useful in
industrial-scale applications. Applications require a confident
understanding of the reactions that these POMs undergo under
various conditions, including the identity of their dissociation
products. The importance of such studies becomes evident
when considering the example of the ε-Al13 Keggin polycation,
which has been demonstrated to undergo, under ambient
conditions, a spontaneous, monomer mediated condensation
reaction to form the Al30 cluster.

43,44

Herein, we report the spontaneous dissociation of the
{U20P6} cluster containing peroxide ligands in an unusual μ-
η1:η2 bridging mode45 under ambient aqueous conditions.
Multinuclear magic-angle spinning (MAS) NMR experiments
afforded unambiguous evidence of cluster stability prior to
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dissolution, while time-resolved small-angle X-ray scattering
(SAXS),31P NMR, and Raman spectroscopy demonstrated its
rapid dissociation in water. Single crystal X-ray diffraction of
crystalline material obtained by slow evaporation of solutions
containing dissolved {U20P6} confirmed the identity of the
restructured uranyl peroxide species as {U24}.

■ EXPERIMENTAL SECTION
Warning! Uranium-238 is a weak alpha emitter (α = 2.467 MeV) and
should be handled by trained personnel in laboratories equipped and
licensed for work with radioactive elements.
General Considerations. Uranyl nitrate hexahydrate (UO2-

(NO3)2·6H2O, International Bio-Analytical Industries, Inc.), hydrogen
peroxide (H2O2, 30% aqueous solution, EMD Millipore), lithium
hydroxide monohydrate (LiOH·H2O, EMD Millipore), sodium sulfite
(Na2SO3, Sigma-Aldrich), phosphoric acid (H3PO4, 85%, Sigma-
Aldrich), and deuterium oxide (98% D2O, Cambridge Isotope
Laboratories, Inc.) were purchased from commercial suppliers and
used without further purification.
Phosphate functionalized uranyl peroxide nanoclusters are abbre-

viated as {UnPm}, where n corresponds to the number of uranyl
peroxide polyhedra and m is the number of phosphate (PO4

3−)
bridges. Nonfunctionalized uranyl peroxide nanoclusters are des-
ignated as {Un}, where n is the number of uranyl peroxide polyhedra.
The {U20P6} cluster was synthesized according to published
procedures.45 The identity and purity of the obtained species was
confirmed by single crystal X-ray diffraction and solid-state Raman
spectroscopy (see the Supporting Information). Diffusion-ordered
spectroscopy measurements were conducted on solutions prepared by
placing 5 mg of crystalline {U20P6} in 1 mL of deuterated water. Time-
resolved measurements were conducted on solutions prepared by
placing 20 mg of crystalline {U20P6} in 1 mL of ultrapure (SAXS and
Raman) or deuterated water (NMR) and 100 μL of 0.1 M LiNO3. The
mixtures were subsequently vortexed and centrifuged to remove any
residual solid particles, resulting in clear, bright yellow (D2O, DOSY
NMR) or golden-orange solutions (D2O + LiNO3, time-resolved
NMR, SAXS, and Raman). Changes in pH conditions of solutions
prepared by using ultrapure water (see above) were monitored as a
function of time and are available in the Supporting Information.
Single Crystal X-ray Diffraction. Crystals suitable for X-ray

diffraction were transferred, with a small amount of mother liquor, into
oil, visually inspected, and mounted on cryoloops. A full sphere of data
was collected for each crystal centered under a stream of nitrogen gas
(100 K) using a Bruker APEX II Quazar diffractometer equipped with
a microsource sealed tube (multilayer monochromated MoKα X-rays).
Frame widths of 0.5° in ω and an exposure time of 10 s were
implemented in all data collections. Data integrations including
corrections for Lorentz, polarization, and background effects were
performed using the Bruker APEX III software with corrections
applied using SADABS.46 SHELXTL47,48 was used for structure
solution and refinement. Note: This manuscript does not report
crystal structure determinations, but does include determination of
unit cell dimensions to confirm the identity of observed crystalline
phases. Basic unit cell parameters for the {U20P6} and {U24} clusters
are available in the Supporting Information.
NMR Spectroscopy. Time-resolved 31P NMR spectra were

recorded using a 500 MHz Varian INOVA spectrometer (11.57 T)
with 14.8 ms pulse length, 56 dB power level attenuation, 5 s
relaxation delay, and 64 scans using an automated collection sequence
resulting in a 15 min delay between each consecutive collection.
Diffusion-ordered spectroscopy (DOSY) data were recorded using a

500 MHz Bruker DRX NMR spectrometer (11.74 T). A 5 mm Bruker
PABBO Broad-band /19F − 1H/2H probe equipped with Z-gradients
was used for data acquisition. Data were acquired using the stimulated-
echo stegp1s 2D pulse sequence. The diffusion gradient length (δ) and
diffusion delay time (Δ) were set to 2000 μs and 0.5 s, respectively.
The gradient strength was set to 100% (10 A or 53 G/cm−1), and the
total number of slices acquired was 16, with 64 scans per slice. A linear
ramp was used in the collection of the diffusion data.

Solid-state magic-angle spinning (MAS) NMR spectra were
recorded on a Bruker AVANCE 500 MHz NMR spectrometer
(11.74 T) equipped with a Bruker double resonance 2.5 mm MAS
probe. Crystalline {U20P6} was ground to a powder and subsequently
loaded into 2.5 mm zirconia rotors with Vespel caps. Samples were
spun at 20 kHz. 1H chemical shifts were externally referenced to a
secondary external standard adamantine with respect to tetramethylsi-
lane (δ = 0 ppm). 7Li, 23Na, and 31P chemical shifts were externally
referenced to 1 M LiCl, 1 M NaCl, and 85% H3PO4, respectively.
Details about pulse sequences used in each collection are available in
the Supporting Information.

Small-Angle X-ray Scattering (SAXS). SAXS measurements
were conducted on a Bruker Nanostar equipped with a Cu microfocus
source, Montel multiplayer optics, and a HiSTAR multiwire detector.
Each sample was introduced into the collection chamber through a
flow cell located 26.3 cm from the detector. Data were collected for 1
h, including a sample of pure water for the purpose of accounting for
background effects.

Raman Spectroscopy. Raman spectra were collected on a Bruker
Sentinel system equipped with a fiber optic probe, 785 nm excitation
source, and thermoelectrically cooled CCD detector. Solid and
solution sample spectra were acquired in the range from 80 to 3200
cm−1 using three 15 s exposures at 148 and 400 mW laser power
settings, respectively.

■ RESULTS
The phosphate functionalized {U20P6} cluster represents a
unique subclass of polyoxometalate ions because it incorporates
the peroxide ligand in a highly unusual μ-η1:η2 bridging mode.
The presence of multiple NMR-active nuclei in {U20P6} (31P,
23Na, 7Li, and 1H) makes it an excellent candidate for solid-
state and solution studies, especially in the light of its highly
distorted dodecahedral geometry (Figure 1). Prior magic-angle

spinning (MAS) NMR studies of nonfunctionalized uranyl
peroxide clusters illustrated the particular usefulness of this
technique by revealing an unexpected dynamic nature of
encapsulated species, while also providing essential reference
data used here.49−51

One-dimensional (1D) 1H MAS NMR spectra of {U20P6}
reveal a single signal at 5.28 ppm assignable to the lattice water
(Figure S2).50 The absence of other signals in the 1H spectrum
reflects the lack of hydroxide bridges (μ-OH) or encapsulated
waters in {U20P6}, in agreement with the crystallographically
determined structure. 7Li MAS NMR spectra show a single
signal at 0.88 ppm assigned to lattice Li (Figure S3).49 23Na
MAS NMR spectra reveal two sites at −5.85 and −21.57 ppm
(Figure S4), assigned to lattice and encapsulated Na atoms,
respectively. This assignment is based on prior reports,50 as well
as the nutation experiments conducted in this study. The signal
at −5.85 ppm exhibits a 90° pulse length of ca. 2.2 μs that is
similar to that of ions in NaCl solutions, indicating its dynamic
nature. On the other hand, the signal at −21.57 ppm is

Figure 1. (left) Polyhedral and (right) graphical representation of the
{U20P6} cluster. Yellow and purple polyhedra represent uranium and
phosphate, respectively. On the right, the yellow and orange lines
represent the topological arrangements of the U and Na atoms,
respectively.
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characterized by a shorter 90° pulse of ca. 1.6 μs, reflecting its
more “rigid” structural environment. The information obtained
from nutation experiments is in excellent agreement with the
structurally determined positions of Na cations that are divided
between the cavity of the cluster containing 12 Na ions
arranged on the vertices of a regular icosahedron and 12 loosely
bound Na ions located in the interstitial space. 31P MAS NMR
experiments reveal an asymmetric signal at 15.23 ppm (Figure
S5) that is assigned to the phosphate bridges present within the
cage of {U20P6}. Although its structure contains only one type
of phosphate bridge, a detailed inspection of their environ-
ments reveal inequivalent distributions of cations in their
vicinity. This inequivalency, when considered along with the
mobile nature of Li and Na ions present in the interstitial space,
probably accounts for the asymmetry of the observed NMR
signal. Largely, the MAS NMR experiments conducted herein,
as well as the time-resolved Raman spectroscopy studies of the
crystalline material conducted in the original study,45 provide
compelling evidence that the {U20P6} cluster is stable prior to
dissolution.
Following the solid-state characterization of {U20P6} using

MAS NMR spectroscopy, diffusion-ordered spectroscopy
(DOSY) measurements were conducted for dissolved species.
DOSY exploits size-dependent diffusion rates of molecules as
they undergo Brownian motion. The measured diffusion
coefficients can be interpreted using the Stokes−Einstein
equation to relate the NMR signals to molecule size. This
approach permits the simultaneous detection of species
spanning a range of sizes, as shown for metal- and actinide-
oxide clusters.52−56 NMR spectra of solutions of {U20P6} in
water (see the Experimental Section) exhibited a signal at 3.31
ppm that has a corresponding diffusion coefficient (D) and
hydrodynamic radius (Rh) of 6.73 ± 0.12 m·s−2 and 3.10 ± 0.06
Å, respectively (Figure 2). The 31P NMR signal arises from an

aqueous species that is significantly smaller than {U20P6}, for
which the expected Rh value should exceed its crystallo-
graphically determined radius of 7.70 Å (Figure 1), due to the
presence of a solvation shell. Comparison of the experimentally
determined Rh with previously reported values for similar
systems suggests that the signal at 3.31 ppm corresponds to
species smaller than pyrophosphate (P2O7

4−, Rh = 4.02 ± 0.05
Å).57 Given the composition of {U20P6}, the 3.31 ppm signal is
assigned to free phosphate ions arising from dissociation of
{U20P6}. This result is unexpected as the original report
describing the synthesis and characterization of {U20P6}
included time-resolved SAXS measurements indicating its
retention subsequent to dissolution in water, although it is
noted that SAXS would not have been sensitive to the presence
of free phosphate ions.45

During the DOSY experiments, we noted the relatively low
solubility of {U20P6} in water (<5 mg/mL) resulting in bright
yellow solutions. Introduction of 100 μL of 0.1 M LiNO3 per 1
mL of water resulted in increased solubility of crystalline
{U20P6} (ca. 10 mg/mL), producing golden yellow solutions,
which over time reverted to the originally noted bright yellow
color. Time-resolved 31P NMR spectra of the solution obtained
by dissolving the {U20P6} cluster in Li-bearing water (Figure
3a) exhibited a new signal at 12.95 ppm, which decays over a

period of 400 min, with a corresponding increase of the free
phosphorus signal at 3.31 ppm (see above). The decay of the
12.95 ppm signal coincides with the color changes, suggesting,
along with the MAS NMR studies, that the golden yellow
solution obtained by addition of LiNO3 during the dissolution
process likely corresponds to a mixture of the {U20P6} cluster
and products of its dissociation. Consequently, we assign the
signal at 12.95 ppm to the intact {U20P6} cluster. Its rapid
decay, as indicated by the decrease of the 12.95 ppm signal,
precluded reliable determination of its size via diffusion-ordered
spectroscopy. The half-life (t1/2) of the {U20P6} cluster, under
the experimental conditions, was determined to be ca. 116.3
min (Figure 3, right). Time-resolved studies on the {U20P6}/
H2O solutions (in the absence of LiNO3) were not possible due
to the weak intensity of the cluster signal at 12.95 ppm.
Time-resolved SAXS and Raman spectroscopy measure-

ments were conducted on the Li bearing solutions containing
the rapidly decaying {U20P6} (Figure 4) to address the disparity
of our current results with an earlier study that concluded
{U20P6} is stable in water.45 Guinier analysis of the low-q
regions of the scattering curves provided radii of gyration (Rg)
ranging from 7.07 ± 0.03 Å at 10 min, to 7.67 ± 0.03 Å at 48 h

Figure 2. 31P diffusion ordered spectroscopy (DOSY) NMR of
solutions containing dissolved {U20P6} cluster.

Figure 3. (left) Time-resolved 31P NMR of Li bearing solution of
{U20P6}. (right) Graph of the exponentially decaying signal at 12.95
ppm corresponding to the intact {U20P6}.

Figure 4. Time-resolved SAXS (left) and Raman spectroscopy (right)
studies of Li bearing solutions of {U20P6}.
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(Table S2). The observed molecular size increases with time
following the dissolution of {U20P6}, although it stabilizes by
approximately 24 h. The distribution of SAXS-derived Rg
values, DOSY spectra, and time-resolved 31P NMR measure-
ments all point to an in situ cluster-to-cluster interconversion
that occurs upon dissolution of {U20P6} in water, resulting in
formation of a nonphosphate-functionalized cluster that is
similar in size to {U20P6}. Solution-mode Raman spectroscopy
(Figure 4) indicate the presence of uranyl peroxide nano-
clusters with signals at 806 and 836 cm−1 (min 10) that evolve
to 808 and 847 cm−1 (48 h). These are assigned to the
symmetric stretch of the uranyl, v1(UO2

2+) and collective
intramolecular vibration of the peroxide, v(O2

2−), respec-
tively.58,59 A recent study of uranyl peroxide nanoclusters
notes similar Raman trends assigning peaks observed at 810
and 844 cm−1 (48 h) to formation of the {U24} cluster.60

Slow evaporation of solutions prepared by dissolving crystals
of {U20P6} in Li bearing water over a month afforded diffraction
quality crystals characterized via single crystal X-ray diffraction
as previously published Na {U24}.

61 A secondary, bright yellow,
microcrystalline phase coprecipitated with the crystals of {U24}
and precluded a meaningful elemental analysis of the solid or
useful MAS NMR studies (note: slow evaporation of solutions
obtained by dissolving crystals of {U20P6} in water, without
addition of Li, yielded the same crystalline product). Figure 5

compares the solid-state Raman spectra of {U20P6} and {U24}
crystals with the secondary microcrystalline phase. The spectra
of Na {U24} crystals display characteristic uranyl and peroxide
signals at 800 and 850 cm−1, respectively. Despite a small red
shift of the uranyl signal, which is sensitive to the identity of
counter cations, these are in good agreement with those
observed for this class of compounds.59,60 Spectra of the
secondary phase indicate it contains Na {U24} and a Li and/or
Li/Na {U24} as evident from the 817 cm−1 signal. Our
assignment is based on reported values for Li {U24} at 814 and
845 cm−1 as well as the Li-to-Na ratio noted in {U20P6} of one
to six, which necessitates formation of multiple salt variants due
to limited availability of cations.60

■ DISCUSSION
The transformation of {U20P6} in water to {U24} is
spontaneous and relatively rapid at ambient conditions.
However, this reaction involves a substantial topological change
and rearrangement of uranyl polyhedra. The X-ray structure of
{U20P6} shows that its topology corresponds to a distorted
dodecahedron (idealized D3 molecular symmetry) composed of
uranyl tri-, di-, and monoperoxide polyhedra (Figure 6).

{U20P6} is topologically closely related to the fullerene topology
of {U20} that consists of 12 pentagons.20 In contrast, the
topology of {U24} is a sodalite-type cage consisting of six
squares and eight hexagons (Figure 6). Furthermore, {U24}
(idealized Oh molecular symmetry) is built from uranyl
monoperoxide units [(UO2)(O2)(OH)

−], such that each
uranyl ion is coordinated by two peroxide moieties in a
bidentate arrangement, as well as two hydroxyl groups.
Stoichiometric transformation of six {U20P6} to five {U24}
would liberate six sulfate, 36 phosphate, and 42 peroxide
groups. Given the very substantial topological rearrangement
that is accomplished, we hypothesize that this reaction involves
a complete breakdown of the original cluster into uranyl
peroxide monomers and/or peroxide bridged uranyl dimers
that condense via peroxide bound tetramers [(UO2)4(O2)4],
{U4} into {U24} (Figure 7). Recall that the NMR data do not
reveal the presence of phosphate species other than {U20P6}
and free phosphate, which suggests that any long-lived
intermediate fragments contain no phosphate. Given the lack
of excess peroxide in the system, and because free peroxide is
easily decomposed catalytically,62,63 it is likely that peroxide is
transferred among clusters as a ligand strongly complexed to
the uranyl ion.
The time-resolved 31P NMR experiments in conjunction with

diffusion-ordered studies indicate release of phosphate in the
early stages of the reaction (Figures 2 and 3). Furthermore, the
noted increase of the phosphate signal intensity paired with its
persistence indicates that liberated phosphate remains in
solution through the course of the experiment rather than
being incorporated into any of the observed solid phases. From
a structural point of view, release of phosphate does not require
a complete breakdown of the uranyl peroxide backbone of
{U20P6}, but considering the topological differences (pentagons
in {U20P6} vs squares and hexagons in {U24}) and the different
number of uranyl ions in each cluster, a direct transformation of
one into another is impossible. As such, we propose that the
first step of the cluster-to-cluster transformation involves
dissociation of the {U20P6} into small uranyl peroxide units
(Figure 7) accompanied by release of phosphate into solution.
The second and third steps of the proposed reaction scheme

follow computationally predicted condensation trends where, in
the presence of early alkali metal ions (Li, and Na), uranyl

Figure 5. Comparison of solid-state Raman spectra of the {U20P6}
(top), {U24} (center), and microcrystalline phase (bottom).

Figure 6. Polyhedral and graphical representation of {U20P6} (left)
and {U24} (right). Yellow and purple polyhedra represent uranium and
phosphate, respectively. Yellow lines represent linkages between
uranium polyhedra.
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peroxide polyhedra are expected to form topological
squares.64,65 Keeping templating effects in mind while
reviewing the topologies of previously reported uranyl peroxide
nanoclusters,17 one concludes that {U24} is the only feasible
product. Moreover, the lack of evidence for formation of
clusters containing both square and pentagonal motifs such as
{U28a}, {U30}, or {U32} supports our hypothesis that {U20P6}
completely dissociates. Time-resolved Raman experiments
suggest that the second and third steps of the proposed
reaction occur in rapid succession due to the lack of signals
corresponding to monomer or tetramer species in any of the
collected spectra. Specifically, uranyl peroxide monomers have
been a focus of a recent study showing that, upon coordination
by three peroxide ligands, the signal corresponding to the
symmetrical stretch of the uranyl undergoes a significant red
shift to the 600−700 cm−1 region.58 Interestingly, no free
peroxide (875 cm−1) is observed. The lack of such a signal is
likely due to a combination of the low solubility of {U20P6}, the
absence of added peroxide in the system, and the rapid
decomposition of any liberated peroxide under basic con-
ditions. Finally, SAXS results indicate retention of nanoscale
objects in solution with calculated Rg values showing a trend of
increasing molecular sizes consistent with {U20P6}-to-{U24}
transformation (Figure 4). This result supports the hypothesis
that the oligomeric species present upon dissociation of
{U20P6} rapidly condense to form {U24} and that peroxide is
retained in the dissociation fragments and thus transferred
among clusters.
The spontaneous cluster-to-cluster transformation described

herein differs from previously reported examples. For instance,
the transformation of the ε-Al13 Keggin polycation into Al30
occurs only in the presence of monomeric species.44 Moreover,
this transformation can be more accurately described as an
isomerization reaction (ε-Al13 to δ-Al13), followed by a
monomer-promoted condensation of two δ-Al13 polycations,
resulting in retention of the initial Keggin structure. Computa-
tional studies showed that, if uncatalyzed, direct isomerization
among the Al13 Keggin isomers has an energy barrier of ca. 85
kJ/mol,66 indicating that rotation of the triad can only be
achieved via dissociation and reassembly, or via catalysis.67

Consistent with this idea, the current work demonstrates a
complete breakdown of the original cluster and a reassembly of
uranyl peroxide polyhedra. Recently, a study of the dissolution
of the uranyl peroxide mineral studtite noted that, under
carefully controlled experimental conditions, a spontaneous
transformation of {U28} to {U24} is detected. While this
transformation appears similar to the one studied herein, it is
important to note that the aforementioned transition was
studied in situ and under cluster forming conditions. Notably,
no experimental evidence was presented suggesting that
dissolution of crystalline {U28} in water would lead to a similar
transformation.

■ CONCLUSIONS
Herein, we utilized time-resolved SAXS, Raman, and 31P NMR
spectroscopy to follow an in situ cluster-to-cluster trans-
formation of {U20P6} to {U24}. The unusual μ-η1:η2 bridging
mode of the peroxide ligands present in the original cluster may
contribute to its rapid decomposition (t1/2 = 116.3 min) and
reassembly into a nonfunctionalized uranyl peroxide cluster. It
is evident that, upon decomposition of {U20P6}, most peroxide
ligands are retained within the first coordination sphere of
uranyl ions. Moreover, these simple oligomeric species show a
strong tendency to spontaneously condense into highly
charged, hollow, and symmetric clusters such as {U24}. The
reassembly/condensation steps of this reaction closely follow
the computationally established trends based on cation
templating effects. This study showcases the complexities of
uranyl peroxide nanoclusters and highlights the need for further
in-depth characterization of this family of macro-anions.
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