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ABSTRACT: Self-assembly of uranyl peroxide polyoxometalates
(POM:s) in alkaline peroxide solutions has been known for almost
a decade, but in these dynamic solutions that contain high
concentrations of base and peroxide the reaction pathway could
never be discerned, mixed species are obtained, and reproduci-
bility is sometimes a challenge. Here we elucidate the reaction
mechanisms utilizing self-assembly of the U,, cluster, [UO,(O,)-
(OH)],,**, from monomers as a model system. Using Raman as
our main spectroscopic probe, we learned that the monomeric
species is persistent in water at room temperature indefinitely.
However, if a redox-active transition metal catalyst (copper
(Cu*") or cobalt (Co*")) is added, self-assembly is accelerated in a
significant manner, forming U,, peroxide clusters in several hours,
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which is a good time scale for studying reaction mechanisms. From semiquantitative treatment of the spectroscopic data, we
elucidate reaction mechanisms that are consistent with prior structural and computational studies that suggest uranyl peroxide
rings templated by alkalis are the building units of clusters. By understanding aqueous speciation and processes, we are moving
toward assuming control over cluster self-assembly that has been mastered for decades now in the analogous transition-metal

POM systems.

B INTRODUCTION

Uranyl peroxide clusters have been known for almost a decade
now,' and continued synthetic efforts have produced new
structures with a huge range of topologies and sizes.” * Despite
the diversity in cluster geometries, most of the syntheses are the
same: uranyl nitrate, excess peroxide, and base along with other
ancillary ligands or heterometals are mixed together in a vial,
followed by slow evaporation of solvent until crystals are
harvested, typically with a time span of several days to several
weeks.">® The result often engenders low yield, irreproduci-
bility, and a mixture of products. As an alternative route, uranyl
triperoxide monomers are synthesized, isolated, and then
redissolved in water to self-assemble into uranyl clusters.”””
Different uranyl peroxide cluster geometries could be obtained
by guiding the self-assembly reaction using various directional
counterions,”®'*™'* thus gaining some control obtaining pure-
phase, targeted products. The latter approach revealed the
possibility of the uranyl triperoxide monomers to be an
intermediate species cluster formation in all self-assembly
processes. In order to drive the reaction from uranyl triperoxide
monomers toward clusters, excessive peroxide species must be
released as (O,) or converted to O*~ or OH™ via oxidation,
reduction, and/or disproportionation. Therefore, it could be
hypothesized that a catalyst capable of decomposing peroxide
would have the potential to promote cluster formation.
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One of the major potential applications for uranyl—peroxide
clusters is isolating and recycling uranium from spent nuclear
fuels.'> However, with the presence of all of the fission products
and supporting components of fabricated fuel pellets, the
composition would be more complex than the relatively well-
constrained syntheses performed in the laboratory. Reactions
between uranyl peroxide species and ions/elements present in
nuclear fuel reprocessing solutions are inevitable but far less
studied. In particular, considering that peroxide can serve as an
oxidizing or a reducing agent, it would very likely participate in
and even induce side reactions. Additionally, studtite, the only
naturally occurring peroxide mineral,'® is believed to be formed
by alpha-radiolysis of water. Studtite was also reported'” to be
formed on spent nuclear fuel and on the nuclear material
(“lava”) floating after the Chernobyl accident.'® Both nature
and nuclear reactors provide such “dirty” environments with
many chemical impurities that inevitably would influence the
reactivity of uranyl peroxide species. Therefore, to develop a
fundamental understanding of the evolution, from uranyl
peroxide monomers to polynuclear species, we need to begin
to investigate the multitude of possible reactions that could
occur.
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As one such controlled study, we report here the effect of
first-row transition metals on the evolution of uranyl peroxide
monomers to clusters. Systematic studies to understand the
effect of parameters such as uranyl and peroxide concentration
require a carefully controlled system. The lithium
[UO,(0,);]* monomer is the optimal choice of all of the
alkali monomers, based on its stability and solubility."
Moreover, it reliably and reproducibly forms [UO,(O,)-
(OH)],,** (also known as U,,) clusters, presumably due to
the strong templating capability of Li* for the square faces that
define this cluster. Briefly, U,, contains 24 [U(O,),(OH),]
monomeric units that are linked into 6 square faces of 4 uranyls
each. These are bridged with peroxide ligands within the square
face. The square faces are linked together into hexagonal faces
(total of 8 in U,,) through the hydroxyl ligands, and the uranyl
nodes of the hexagonal faces are alternately joined by bridging
peroxide ligands and two bridging hydroxyl ligands; see Figure
1. Finally, with Li* as the only alkali cation present, the
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Figure 1. Raman spectra of Li monomer and Li—U,, in the solid state
and aqueous solution. Uranyl (a), peroxide (b), and hydroxyl (c)
peaks are shown in addition to hexagonal and square faces (highlighted
in blue) on the U,, cluster (color code: H atoms = light blue, O atoms
= red, U atoms = yellow).

polynuclear species that form (such as U,,) are highly soluble,
whereas the heavier alkalis result in precipitation of the
polymerizing species.

Small-angle X-ray scattering (SAXS) and electrospray
ionization mass spectroscopy (ESI-MS)*° are useful to both
fingerprint cluster species in solution and follow the %rowth of
complex clusters from known skeleton structures.”"** Mean-
while, with the capability of characterizing local bonding and
coordination environment, Raman spectroscopy has been used
to study aqueous uranyl species since this technique is also
capable of monitoring progression of ongoing reactions
quantitatively.”**~>* Thus, by coupling Raman with SAXS as
our spectroscopic probes, utilizing carefully purified uranyl
nitrate as starting material and controlled addition of simple
transition metal salts as catalysts, the self-assembly reaction rate
of the uranyl cluster U,, could be tuned.

B EXPERIMENTAL SECTION

Caution! Although isotopically depleted uranium was used in this study,
precautions for handling toxic and radioactive materials should be

Sollowed.

Uranyl nitrate was obtained from Fluka and recrystallized from hot
water prior to use. All other chemicals were used as received. Powder
XRD patterns were recorded on a Rigaku Ultima IV diffractometer
using Cu Ko radiation of 0.15418 nm. Raman spectra were recorded
on a Thermo Scientific DXR spectrometer with a 760 nm laser source.
Small-angle X-ray scattering (SAXS) was recorded on an Anton Paar’s
SAXSess unit with Cu Ka radiation of 0.15418 nm. Data were further
analyzed with the IRENA Package29 of IGOR Pro.

Lithium uranyl trioxide monomers [Li,(UO,)(0,);4H,0] were
synthesized as previously reported.>*° In a beaker, 0.5 g of uranyl
nitrate was dissolved in 6 mL of water and cooled to ~2 °C in an ice—
water bath. In two separate vials, 3 mL of 4 M LiOH and 3 mL of 30%
H,0, solutions were also cooled to ~2 °C. Then LiOH and H,O,
solutions were combined while stirring (in an ice—water bath),
followed by addition of uranyl nitrate solution resulting in a bright
orange solution. To that solution was added 30 mL of cold ethanol
with continuous stirring. The bright yellow precipitate was recovered
by vacuum filtration and washed several times with cold ethanol and
dried in air. After drying, 0.34 g of yellow solid was recovered, with a
yield of 75% based on uranium. Powder XRD revealed a cubic phase as
reported previously® (Figure SI1, Supporting Information).

Cluster self-assembly experiments were conducted in 4 mL glass
vials. For a typical experimental run, uranyl trioxide monomer (14.5
mg) was dissolved in 0.5 mL of water or catalyst solution of various
concentrations to make a 0.1 M monomer solution. The vial was then
monitored with Raman at 23-25 °C. Simultaneously, at desired
intervals, 20 uL of solution was sampled and diluted to 180 uL of
water, filtered through a 0.22 ym syringe filter, and sealed in a 1.5 mm
diameter glass capillary for SAXS evaluation. Small-angle X-ray
scattering data were collected on an Anton Paar SAXSess instrument
utilizing Cu K radiation (1.54 A) and line collimation. Solutions were
measured in 1.5 mm glass capillaries. Pure water was used for the
background, and scattering was typically measured for 20—30 min.
SAXSQUANT software was used for data collection, treatment, and
preliminary analysis (normalization, primary beam removal, back-
ground subtraction, desmearing, and smoothing to remove extra noise
created by the desmearing routine and Guinier analysis to determine
R, and I,). The core—shell fits of the scattermg data were carried out
utilizing Modeling II in the IRENA*® macros within IGOR Pro. Usg
clusters synthesized prior’ were used for Raman characterization.
Simulated scattering curves and the radius of gyration (R,) for the full
U,, capsule and the square subumt were calculated from the single-
crystal X-ray structure using SolX.*

B RESULTS AND DISCUSSION

Two distinct Raman signals render easy monitoring of the
growth of U,, over a period of time. The Raman peak at 810
cm_1 is attributed to O=U=O0 (henceforth referred to as the
“yI’) for the monomer, cluster, and any intermediate species,
wh1le the broad peak at 710—722 cm™' is contributed by the
terminal peroxide ligand of the monomer or reactant
intermediates, discussed below. The latter also represents the
concentration of reactant or intermediate material of this U,,
self-assembly reaction. The smaller peak at 840 cm™' with
overlap from the yl oxygen peak falls within a complicated
region for the uranyl system. Both solid and solution state
Raman spectrum of Li-monomer and solid Li—U,, crystals are
also plotted for comparison in Figure 1. Previous studies of
uranyl hydroxide minerals and other aqueous species indicate
that the peak at 840 cm™ that is dominant in the U,, solution
and solid spectra could be the stretching of a bridging peroxide
between uranium centers.”>>* Recent calculations and experi-
ments also suggested this peak coincides with the brldgmg
peroxide species found in uranyl—peroxide clusters”” and
studtite.®’ It is to be noted that the monomer peaks are
observed at 838—842 cm™!, while U,, mother liquor and U,,
crystals display peaks at 844 and 848 cm™, respectively. This
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indicates the complex nature of the Raman response in this
region. The origin of the 838 cm™ peak for the monomer
might be a small amount of U,, or some other oligomeric
impurity, as it can be present in different concentrations in
different batches of starting materials. However, since the 844
cm™" peak is the most distinct feature of U,, compared to the
Uy, cluster” (as U, has bridging peroxide ligands only and no
bridging hydroxyl ligands, Figure 2) it could be assigned to
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Figure 2. Normalized spectrum of U,, [UO,(0,)(OH)],**" (blue)
and U,g [UO,(0,),5]* (red) in the solid state. Both uranyl clusters
exhibit the prominent O=U=O0 peak at lower frequency. The second
distinct peak for U,, we attribute to the OH ligand, as its presence is
the major difference between U,, and U, The shoulder of the Uy
O=U=0 peak we attribute to the encapsulated uranyl species, as this
peak shifts as a function of different encapsulated species; see Figure
SI3, Supporting Information.

bridging hydroxyl groups connecting four-membered rings
within the U,, structure. Also, a recent paper by McGrail et al.
reports a new Raman peak at 878 cm™' which we do not
observe for U,, synthesized from uranyl nitrate purchased from
Fluka, even if used as received, in multiple repeated syntheses.*®
On the other hand, when uranyl nitrate procured from SPI
chemicals was used as received, we did observe the peak at 878
cm™!, and hence, we attribute it to impurities present in the
starting material which seems difficult to eliminate.

Nevertheless, despite the ambiguity of this 844 cm™ peak,
which is beyond the scope of this paper, it is still reasonable to
associate U,, product formation to the growth of this peak, and
we henceforth use it to monitor the formation process of U,, in
solution. The yl oxygen (O=U=O0) peak around 810 cm™’
was used as an internal standard to eliminate instrument
deviation over time even though a slight change in intensity and
position was observed. The spectra of the monomer, both in
the solid and in the solution state, matched well enough to
indicate that the monomer species retained its original structure
when freshly dissolved, despite very slight shifting of the yI
oxygen peak. The shift could be attributed to the difference in
coordination environment in the solid state versus aqueous
solution, based on association with water and alkali cations.
Continuous monitoring of Li monomer for 4 days revealed no
significant change in the spectrum. Thus, indicating that
without any added catalyst, the self-assembly reaction rate is
extremely slow if not nonreactive (Figure 3).
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Figure 3. Raman spectra of 0.1 M Li monomer aqueous solution:
newly dissolved (black) and after 4 days at room temperature (red).

All spectra displayed in Figure 1 discussed below are
normalized to the yl oxygen peak area for better comparison
of peroxo and hydroxyl peaks as well as to evaluate the relative
area of other peaks.”® While monitoring reactions by Raman,
addition of 100 uM transition metal or halogen salt yielded no
new peaks. Salts of Ni(NO;),, Cr(NO;),, and KIO; had no
impact on the monomer to cluster conversion. However,
Cu(NO;), and Co(NO;), both accelerated the reaction
significantly, polymerizing monomers into U,, clusters in
approximately 30 h (Figure 4a—c). Comparing copper and
cobalt salts, the reaction rate for cobalt was slightly faster than
the copper salt but the product yield for cobalt was significantly
lower compared to copper possibly due to side reactions
(Figure 4c).

After initial screening, Cu®* was selected as the ideal
candidate to proceed with detailed experiments since it
produced the highest yield of U,, capsules and displayed
higher catalytic activity. Thereafter, we conducted a series of
experiments to determine suitable conditions to monitor
formation of U,, clusters (Figure S). Reactivity of Cu’* is
tested to be effective from 10 uM to 1 mM or 0.01% to 1% of
uranyl concentration. At 10 yM concentration, the reaction
takes several days to complete and therefore was deemed to be
time consuming to follow, whereas at 1.0 mM the reaction rate
was too fast to monitor effectively. Hence, after optimizing the
reaction conditions, 100 uM Cu’* was found to be ideal for
studying this reaction mechanism efficiently and effectively. We
also noted that if significantly more than a catalytic amount of
transition metal salt is added, a precipitate is formed almost
immediately with effervescence, indicating decomposition of
peroxide. At such high alkaline condition, most likely copper
produces copper hydroxide precipitates® or associates and
precipitates with highly negatively charged ions such as
[(U0,)(0,)]* or U, in solution or even plausibly form
nanoparticles.

During the reaction we noticed a shift in the uranyl-bound
peroxide peak. Initially, the peroxide peak shifts slightly to
higher wave numbers as it starts to diminish over time, which is
not observed for nonreactive samples, indicating formation of
intermediate species (Figure 4b).

Furthermore, the increase of the U,, hydroxyl peak lags
consumption of terminal peroxide species, also suggesting
formation of an intermediate. This is another indication of the
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Figure 4. Raman evolution of 0.1 M Li monomer solution with 100 uM Ni(NOj;),, FeSO,, Cr(NO;);, and KIO; after 96 h (a), 100 uM Cu(NO;),
(b), and relative peak intensity vs reaction time plots with the presence of 100 yuM Cu(NOs;), and Co(NO,), (c). Reactant (terminal peroxide) and
product (hydroxyl) peaks are represented by their relative intensity against the O=U=O peak.

complicated nature of uranyl—peroxide cluster formation.
While the peroxide peak starts to decrease from the beginning
of the reaction, the hydroxyl peak does not show a significant
increase until well into the reaction progress. Closer scrutiny
suggests, with some deviation, the bridging hydroxyl peak starts
to grow significantly after about one-third of the peroxide peak
is consumed. This observation is in agreement with the
proposed mechanism as illustrated in Scheme 1. Initially, four
uranyl—peroxide monomers form a four-membered ring, which
is the sub-building unit of U,, clusters. The result is a loss of 4
peroxide ligands out of a total of 12 peroxide ligands. Once the
four-membered rings are established, further displacement of
peroxide species on the outer sphere by the hydroxyl groups
results in a decrease of the peroxide peak and an increase of the
hydroxyl peak at 843 cm™' simultaneously, resulting in
formation of U,, clusters. Given these observations, it is
necessary to classify the terminal peroxo peak as representing
monomer and intermediate species (presumably tetramers as
shown in Scheme 1). We expect the peroxide ligands of these
putative tetramer species to be fluxional and highly reactive, as
the tetramer has never been isolated. If heating or a slight
excess of catalysts is used, controlled loss of peroxide ligand is
hampered and results in a hydroxide precipitate. Also, as the
U,, cluster forms, the base of the O=U=O0 peak becomes

10509

slightly broad (775 cm™) compared to the monomer peak.
From a structural point of view, the inherently bent uranyl
peroxide dimer'>'* translates to ring curvature via templating
the Li* cation inside the capsule. Observation of this tetramer
intermediate is explored further below via small-angle X-ray
scattering (SAXS).

Initially, no significant scattering was observed by SAXS
(Figure 6), which is in agreement with Raman observations. In
the reaction window of the first few hours, in which there is a
minimal increase of the hydroxyl peak but a significant decrease
of uranyl-bound peroxide species, X-ray scattering analyses
presented interesting results. (N.B.: We need to consider these
result with some caution, given the low concentration and the
small size of the scattering species.) Since U,, has 6 times the
electrons and a much larger R; than the four-membered ring
(tetramer), even a small amount of U, (calculated R, [radius of
gyration] = 6.467 A) easily overwhelms the scattering from the
smaller tetramers (calculated R, = 3.334 A). This is because the
scattering intensity scales by r° and Z* (Z = atomic number)
according to the equation I;(q) = Iop,*V,*P(q), where P(q) is
the form factor of the scatterer, V is the volume, p is the
electron density, I, is the total scattered intensity, and I is the
scattered intensity of a single electron.>®
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Figure S. Relative peak intensity evolution for 0.1 M Li monomer
solution over time with the presence of 1.0, 5 X 107", and 2.0 X 107
mM Cu(NO;), (a) and 50, 20, 10, and 0.0 uM Cu(NO;), (b). Peroxo
and hydroxyl peaks are represented by their relative intensity against
the O=U=O0 peak.

Figure 6 shows some select scattering curves, and Figure 7
shows a plot of the R, and I, (zero angle scattering intensity,
consistent with concentration of scatterers) as a function of
time for a 48 h monitored experiment of the transition for the
Li monomer to Li—U,,, determined by the Guinier
approximation.®® There is an increase in both and I,
which levels off in approximately 24 h. This indicates an
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Figure 6. SAXS scattering curve following the evolution of 0.1 M Li
monomer solution with 1 X 107" mM Cu(NO,), with time.
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Figure 7. Radius of gyration (R,) and zero-angle scattering intensity
(Ip) of small-angle X-ray scattering data plotted as a function of time
for the evolution of 0.1 M Li monomer solution with 1 X 10~! mM
Cu(NO,),.

increase in both the average size and the concentration of
scattering species. At 2 h, R, = 3.24 A corresponds with the U,
tetrameric building block of U,,. From 6 to 10 h, R, increasing
from S to 6 A represents a mixture of U,, plus U, tetramer. The
rise above 7 A may suggest some aggregation of U,, with U,
tetramers rings, similar to the case observed for Uy, a core
cluster®® with associated pentagonal rings outside the capsule.

Using SolX,*” we also fit the simulated scattering data of Li—
U,, with a core—shell model using Modeling II in Irena,* and
these parameters that describe the U,, capsule along with those

Scheme 1. Proposed U,, Self-Assembly Reaction Mechanism with Four-Membered Rings (tetramer) as a Possible Intermediate
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for the experimental data of the reaction solution at 9, 24, and
49 h are compiled in Table 1; see also Figures SI4 and SIS,

Table 1. Core-Shell Fit of Simulated and Experimental X-ray
Scattering Data for U,,

shell core total

thickness  radius  diameter shell
experimental® (A) (A) (A) core p b
simulated 2.2 5.1 14.6 1.44 119
9 h reaction 1.0 6.0 14.0 fixed to match the

simulated data

24 h reaction 1.8 5.9 154
49 h reaction 3.3 S.0 16.6

“See also Figures SI4 and SIS, Supporting Information. bX-ray
scattering length density (10" cm™) relative to fixed solvent p = 10
for water.

Supporting Information. For the simulated scattering data, the
structural (core diameter and shell thickness) and electron
density (p) parameters were freely refined against a fixed
solvent density (water, p = 10'® cm™). From this we obtained
an electron density of the core that is considerably less than
that of bulk water, and the uranium-containing shell that has an
electron density ~12 times greater than bulk water. These are
reasonable results, given the core contains only structured Li*
and water molecules, and the high scattering from uranium is
self-evident. The core and shell dimensions also agree well with
that of the X-ray structure. These density values were then fixed
for fitting the experimental data, and the core radius and shell
thickness were freely refined against these. Consistent with the
increasing Ry (Figure 7), the total diameter of the cluster
species increased with reaction time. We also observe a steady
increase in the shell thickness with increasing time. This could
also be consistent with tetramer intermediates associating with
the U,, capsule, as described above. The core radius and related
electron density results should be treated cautiously, however,
as we know from prior studies™” that the contents of the core
are extremely dynamic and the solid-state structure provides
only one possible snapshot. In summary, SAXS data revealed
that (1) the tetramer building blocks dominate the reaction
solution the first 4 h (agreeing with Raman data of Figure Sa)
and (2) U,, growth accelerates after tetramers are formed. In
addition, SAXS data revealed the possible persistence of the
tetrameter rings, associating with U,, capsules, even as U,,
species become dominant with increased reaction time.

To further investigate the effect of free peroxide on the
reaction rate, 10 uL of 30% H,O, was added to already
complete reaction solution, and the free peroxide peak
appeared almost immediately at 872 cm™' (Figure 8a). An
increase of the uranyl-bound peroxide peak at 730 cm™' was
immediately observed, indicating a back reaction that converts
U,, to the monomer and other intermediates, since the 844
cm™" hydroxyl peak decreased as well. The diminution of the
872 cm™! peak over time clearly indicates decomposition of free
H,O0,. Simultaneously, the hydroxyl peak intensity reverts back
to the original concentration level of the original monomer
solution. After about 7 h, as expected, the peak around 730
cm™! starts to shift slightly toward lower wave numbers as
opposed to forming U,, right away and reaches its maxima after
all free peroxides were consumed, indicating only bound
peroxide species remained in solution. Afterward, the hydroxyl
peak starts to grow back and shifts to the original U,, solution
peak, while the peak around 710 cm™" (shifted from 730 cm™")
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Figure 8. Raman evolution of 0.1 M Li monomer solution with 0.1
mM Cu(NO;), and additional H,O, (a), and relative intensity against
O=U=O0 evolution of H,0,, hydroxyl, and uranyl-bound peroxide
peak (b) over time.

starts to decrease, repeating the behavior already observed for
the monomer self-assembly reaction as described earlier. The
final spectra depict the typical U,, spectrum. Figure 8b clearly
indicates that product formation does not start until all the
H,0, has been decayed completely. As long as the H,0O, peak
was persistent, decomposition of initial U,, was observed, as
well as simultaneous growth of reactant materials. However, as
soon as the peroxide peak coordinated to monomer species
diminished, regrowth of the U,, peak was observed. In other
words, the reaction is completely reversible and appears to
follow the same pathway, from monomer to U,, and from U,,
to monomer.

This result also indicates that reactive copper species form
instantaneously with addition of peroxide, which only catalyzes
decomposition of free and uranyl-bound peroxides present in
solution, since it does not interfere with U,, formation once
excess peroxides are consumed. This copper species reactivates
again to destroy additional peroxide upon addition of fresh
peroxide solution to an already completed reaction solution.
This observation is consistent with an autocatalytic Fenton-like
mechanism®* and with self-poisoning behavior. However,
regeneration of catalytic copper species with addition of fresh
peroxide and the absence of brown precipitates (if a catalytic
amount of copper is used) leads to ambiguous speculation

dx.doi.org/10.1021/ic5015879 | Inorg. Chem. 2014, 53, 10506—10513
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about the final form of the catalytic species once all the
peroxide is decomposed. Furthermore, based on the findings of
Chechik et al,>* it could be assumed that since copper
scavenges for competing CO,*” ligand under alkaline condition
it leads to fast formation and a higher yield of uranyl
nanoclusters.

For comparison, the widely employed one-step self-assembly
reaction from which uranyl—peroxide clusters were first
assembled' was also monitored. To 0.1 mL of 0.5 M uranyl
nitrate solution, 0.07 mL of 30% hydrogen peroxide was added,
followed by addition of 0.1 mL of 2 M LiOH solution. Similar
to the Li monomer system with additional hydrogen peroxide
just described above, an intense free hydrogen peroxide peak
was observed at 872 cm™" as well as the typical O=U=O0 peak
at 810 cm™". The peak around 700 cm™" indicated formation of
monomer-like species. After catalyst was added, the free
hydrogen peroxide peak diminished over several hours, during
which time a slight shift and increase of monomer peroxide
peak was observed. The peak at around 840 cm™" also followed
the same trend as the monomer with H,O, in solution that
decreased as H,0, decomposed. However, without a catalyst,
even after all of the free hydrogen peroxide had decomposed,
the spectrum showed little to no evolution over S days with no
decrease of the 730 cm™" peak or increase of the hydroxyl (U,,)
peak, indicating a negligible reaction rate and essentially no
formation of significant product after 6 days (Figure 9). This

—_— - — H202
——@—— Uranyl-bound peroxide
—— Uxyg

Relative Intensity

80 100 120 140 160 180

Time (Hour)

Figure 9. Relative intensity evolution of H,0O,, uranyl-bound peroxide,
and U,, capsule from monitoring the “one-pot” reaction (see text).

result is consistent with the following: (1) the monomer is
indeed an intermediate to the clusters and (2) obtaining a
substantial yield is not consistent over multiple syntheses using
this method. The latter point suggests that the unintentional
presence or absence of catalytic material that oxidizes peroxide
to diatomic oxygen should be considered in performing these
syntheses.

Finally, we discuss the mode of activity of the catalyst. All
potential catalysts we tested were added in small enough
quantities so that precipitation of hydroxides was not visually
apparent in these conditions of high alkalinity, but formation of
oxide nanoparticles cannot be entirely ruled out. UV—vis
absorption techniques could not be employed since the strong
absorption peak of U,, would mask any weak featureless
shoulder of copper nanoparticles around 375 nm. On the other
hand, as discussed above, formation of even a small

concentration of nanoparticles (with radius > 1.8 nm size of
U,,) would likely be detected by SAXS, and this was not the
case. Discerning mechanisms can be complicated by the fact
that peroxide can act as both an oxidizer and a reducing agent.
Since Fe'', Ni', and iodine had no effect on the monomer-to-
cluster conversion, this suggests the reaction is better catalyzed
by oxidation of the peroxide rather than reduction, as these ions
do not reduce readily under the conditions of the experiment.
Also, reaction with KMnO, as catalyst proceeds too fast;
however, it does not result in clean U,, formation (data not
shown). Although Fe is readily oxidized to Fe' in alkaline
conditions, Fe' is not a strong oxidizer. Therefore, this reaction
would have no turnover cycles once all the Fe' is oxidized. Cr™
and Cr"! are readily accessed in alkaline conditions, but they
predominantly exist as stable oxoanions including Cr(OH),",
CrO,*7, and Cr,0,%7, so perhaps they cannot effectively
complex and reduce or oxidize a peroxide ligand.*® Co',, on the
other hand, is an effective catalyst for the reaction of study, but
the monomer-to-cluster conversion never goes to completion
with this catalyst, suggesting side reactions. This would be
consistent with Co" (via Co" to Co™ oxidation) reducing and
therefore splitting O,*" to oxo ligands, which could then readily
coordinate and polymerize the uranyl monomer. On the other
hand, copper readily complexes ligands such as peroxide and is
known to easily cycle between Cu' and Cu', especially in the
presence of peroxide.”® Reaction with Cu™! as a catalyst is
summarized as follows (see also Scheme 1)

_ CuII/I _
24[U0,(0,),]*” — 6[U0,(0,),1,* + 240,(g)

6[U0,(0,),],% + 240H"
/1

Cu_’ 6[U02(02)(OH)2]48_ + 2402(g)

6[UO,(0,)(0H),1,*

fas
2 [U0,(0,)(OH) ], + 240H™

[UO,(0,)(0H)],,**” + 48H,0,
— 24[U0,(0,),]*” + 24H,0 + 72H"

B CONCLUSIONS

This study has provided insight into the self-assembly
mechanism of uranyl peroxide capsule formation from
monomeric species and the role of excess peroxide and
added catalysts (redox active transition metals) on the reaction
pathway and rate. When potential catalytic impurities are
rigorously excluded, the self-assembly reaction rate is essentially
turned off at room temperature and even reversed if excess
peroxide is added to a solution containing only capsules. These
results indicate there is a kinetic barrier to conversion of uranyl
peroxide monomers to capsules and decomposition of peroxide
ligands, such as by oxidation to O, gas, drives the reaction
forward. This may also be accomplished with heat but offers
less control as precipitation of uranyl hydroxides is often the
end result. With this study we hope to bring forth further
expansion of this class of nanomaterials, both by stimulating
thought of new synthetic methods and compositions and by
providing means of obtaining pure materials that are necessary
for studies of chemical and electrochemical behavior of uranyl
clusters in solution. Elimination of terminal peroxides to form
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clusters is analogous to elimination of water in hydrolysis and
condensation (olation) reactions to form metal—oxo clusters
from monomers and metal oxide materials from incipient
clusters, thus drawing another analogy to the transition metal
polyoxometalates.
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