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ABSTRACT: Herein, we report a new salt of a pyrophos-
phate-functionalized uranyl peroxide nanocluster {U,,Pp;,}
(1) exhibiting O;, molecular symmetry both in the solid and
solution. Study of the system yielding 1 across a wide range of
pH by single-crystal X-ray diffraction, small-angle X-ray
scattering, and a combination of traditional *'P and
diffusion-ordered spectroscopy (DOSY) NMR affords un-
precedented insight into the amphoteric chemistry of this
uranyl peroxide system. Key results include formation of a rare
binary {U,,}-{U,,Pp;,} (3) system observed under alkaline
conditions, and evidence of acid-promoted decomposition of
{U,,Pp;,} (1) followed by spatial rearrangement and
condensation of {U,} building blocks into the {U;,Pp;c} (2)
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cluster. Furthermore, *'P DOSY NMR measurements performed on saturated solutions containing crystalline {Us,Pp,s} show
only trace amounts (~2% relative abundance) of the intact form of this cluster, suggesting a complex interconversion of

{U24PP12}; {U32PP15}; and {U4PP4—x} ions.

B INTRODUCTION

Metal-oxide clusters are a group of discrete, macromolecular
materials with potential applications in diverse fields such as
single-molecule catalysis, surface chemistry, and biology.'™
The advancement of this field, driven by nearly two centuries of
scientific exploration, resulted in the description of structures
ranging from simple Lindqvist, Keggin, and Dawson types to
exotic sphere-, wheel-, and hedgehog-shaped polyoxometalates
(POMs).>~® Consequently, examination of these systems
provided grounds for development of structure—property
relationships and design of task-specific molecules.”” " Actinide
peroxide nanoclusters represent a relatively new subclass of
POMs that are interesting due to their importance in advanced
nuclear fuel cycles and for understanding the environmental
mobility of actinides.'*'® Their finite and nanoscale nature
provides unique opportunities for development and validation
of computational models used in the fields of geo- and actinide
chemistry.'°"*° Extreme radiation fields, such as those present
during a nuclear reactor failure, can potentially lead to
formation of sufficient amounts of peroxide (via a-radiolysis
of water) to support self-assembly of actinide peroxide
nanoclusters.”* Since their discovery in 2005, more than 60
unique actinide peroxide nanoclusters have been published.”>**

These discrete, hollow, and negatively charged species form
readily under ambient aqueous conditions and across a wide
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range of pH conditions.”* The identity, size, and charge of the
resulting species depends on the choice of functional group and
counterion used in the synthesis.”**°

The details of the solution chemistry of uranyl peroxide
nanoclusters, including the mechanism of self-assembly, remain
limited.””~*° A subclass of uranyl peroxide nanoclusters
containing pyrophosphate (Pp) bridges between uranyl ions
offers a unique opportunity to explore their solution chemistry
prior, and subsequent to, their crystallization via nuclear
magnetic resonance (NMR) spectroscopy CPs=1/2,7=
17.25 MHz/tesla).”" A significant advantage of this technique,
as compared to electrospray ionization mass spectrometry (ESI-
MS) or small-angle X-ray scattering (SAXS), is the simulta-
neous detection of all NMR active species irrespective of their
size, charge, or shape. Initial efforts afforded insights into the
energetics of conformational changes of the Na/K salt of
{U,,Pp;,} and the acid-catalyzed nature of its formation.””**
DOSY NMR studies of transition-metal POMs and uranyl
peroxide nanoclusters containing pyrophosphate or phosphonic
bridges allowed unequivocal assignment of signals observed in
traditional NMR spectra to specific cluster species by
determining their hydrodynamic radii.”*~** Herein we use the
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potential of DOSY in conjunction with traditional NMR and
SAXS measurements to provide insight into the chemistry of
the uranium—peroxide—pyrophosphate system across a range
of pH conditions.

B EXPERIMENTAL SECTION

Warning! Uranium-238 is a weak a-emitter (@ = 4.467 MeV). All
experiments described herein were conducted by trained personnel in
laboratories equipped and licensed to work with radioactive elements.
General Considerations. Uranyl nitrate hexahydrate
(U0,(NO,),6H,0, International Bio-Analytical Industries, Inc.),
hydrogen peroxide (30% aqueous solution, EMD Millipore), sodium
pyrophosphate (Na,P,0,, Spectrum), oxalic acid (H,C,0,, Sigma-
Aldrich), lithium hydroxide (LiOH, EMD Millipore), and deuterium
oxide (D,0, Cambridge Isotope Laboratories, Inc.) were obtained
from commercial suppliers and used without further purification.
Pyrophosphate functionalized uranyl peroxide nanoclusters are
abbreviated as {U,Pp,,}, where n corresponds to the number of
[(UO,)(0,)] units, and m gives the number of bis-bidentate
pyrophosphate (P,O,*", Pp) bridges. Nonfunctionalized nanoclusters
are designated {U,}, where n is the number of [(UO,)(0,)(OH)"]
units. The syntheses of Li/Na salts of {U,,Pp;,} (1), {Uy,Ppie} (2),
and {U,,}-{U,,Pp;,} (3) were realized according to previously
described procedures”” by substituting tetraethylammonium hydroxide
(N(CH,CH,),OH, TEAOH) and iodic acid (HIO;) for lithium
hydroxide (LiOH) and oxalic acid (H,C,0,), respectively. Crystals of
(2) and (3) were obtained from the same stock solution as (1) by
adjusting the pH conditions to favor their formation. Tables 1 and S1

Table 1. Crystallographic Data for Primary Unit Cells of
{UnPp1}, {UssPpiel, and {Uy}+{U,Ppyy}

compound la 2a 3

empirical formula U,4P2,0150 U3, P3,0504 U,sP240108

molecular weight 9335.96 12 191.95 13 896.69
[g mol™']

crystal system triclinic orthorhombic tetragonal

space group PI Imm2 P4/mbm

a[A] 20.868(3) 28.516(3) 31.607(3)

b [A] 20.964(3) 28.524(3) 31.607(3)

¢ [A] 21.200(3) 28.416(3) 22.707(2)

a [A] 107.4243(19) 90 90

B [A] 106.9382(19) 90 90

v [A] 1132611(18) 90 90

V [A%] 7187.6(18) 23 114(5) 22 685(5)

VA 1 2 2

R,/wR, [for I > 0.0800/0.1724 0.0571/0.1555 0.0436/0.1113
20(I)]

R,/wR, [for all data] 0.1063/0.1820 0.0768/0.1736 0.0673/0.1271

GOF 1.161 1.070 1.077

largest diff. peak/ 4.52/-3.10 321/-1.72 3.39/-2.88
hole [e A™3]

pH observed 7 56 9, 10

approximate Li/Na 1:1 1:1 1.3:1

ratio

list the specific pH conditions that led to crystallization of all studied
structures. It was earlier noted that the presence of potassium and
iodate (I0;7) in the Na/K salt of {U,,Pp,,} resulted from
contamination of TEAOH, and that iodate was added.”” To obtain a
pure Li/Na salt of {U,,Pp;,} both reagents were eliminated.
Variation of pH. Combining 10 mL of 0.5 M UO,(NO;),, 10 mL
of 30% H,0,, and 12.5 mL of 0.2 M Na,P,0, in a 50 mL beaker
results in rapid precipitation of studtite, [(UO,)(0,)(H,0),]-2H,0.*
Titration of the resulting suspension using 2.38 M LiOH results in
gradual dissolution of the solid accompanied by effervescence and a
color change to dark orange (pH = 9.3). Aliquots (S mL) of the
resultant solution were transferred into 20 mL scintillation vials, and
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their pH was adjusted over time to target values using 0.01—0.5 M
H,C,0, and/or 0.1—-2.38 M LiOH (see Supporting Information).

Single-Crystal X-ray Diffraction. Crystals suitable for X-ray
diffraction were transferred into oil from their mother solutions and
mounted on cryoloops. Data collections were performed under a
stream of nitrogen gas, affording a temperature of 100 K. A full sphere
of data was collected for each crystal using a Bruker APEX II Quazar
diffractometer (microsource sealed tube with multilayer monochro-
mated Mo Ka X-rays) using frame widths of 0.5° in @ and an exposure
time of 10—60 s. Data integrations, including corrections for Lorentz,
polarization, and background effects, were performed using the Bruker
APEX III software. Absorption corrections were applied using
SADABS.>” SHELXTL**** was used for structure solution and
refinement. Positions of H atoms were not located in the structure.
Crystallographic information is summarized in Tables 1 and S1. The
structure of the Li/Na {U;,Pp4} (2a) was refined as an inversion twin
with a ratio of 0.570:0.430 indicating a racemic mixture.

NMR Measurements. One-dimensional (1D) *'P NMR spectra
were recorded using a 500 MHz Varian INOVA spectrometer (11.57
T) with 56 dB power level attenuation, 14.8 ms pulse length, S s
relaxation delay (d1), and 124 scans. Diffusion-ordered spectroscopy
data (DOSY) were recorded using a 500 MHz Bruker AVANCE DRX
spectrometer (11.74T), equipped with a Bruker BBO S mm probe.
DOSY data were collected using the stimulated echo stegpls two-
dimensional (2D) pulse sequence for pulsed field-gradient measure-
ments. Data were acquired by varying the diffusion gradient lengths
(8) from 1 to 2 s and the diffusion delay times (A) from 2000 to 3000
us.

Prior to NMR measurements, reaction mixtures were pH-adjusted
using H,C,0, and/or LiOH and aged until a steady state was achieved
(see Supporting Information). All reaction mixture measurements
were performed in the presence of a D,O insert that allowed for signal
locking and shimming. *'P NMR chemical shifts are reported with
respect to neat H;PO,. Standard samples used in 1D 3'P as well as
DOSY NMR studies were prepared by dissolution of 15 mg of 1 (or 2)
in 1 mL of deuterium oxide.

Small-Angle X-ray Scattering (SAXS). Measurements of X-ray
scattering for reaction mixtures (pH = 4—10) and standard solutions
were performed on a Bruker Nanostar equipped with a Montel
multilayer optics and HiSTAR multiwire detector and radiation
provided from a Cu microfocus source. Standard solutions were
prepared by dissolution of 15 mg of 1 (or 2) in 1 mL of ultrapure
water. Sample solutions were introduced into the instrument through a
flow cell located 26.3 cm from the detector followed by 2 h of data
collection. Blank solutions containing the solvent (H,0) were
examined using the same procedures for measurement of the
background effects. Experimental data were fitted using the Irena
SAS package as implemented in Igor Pro software.*’

Characterization Data. Additional crystallographic data are
available in Table S1 and in CIF format. Raman spectra of 1, 2, and
3 with peak assignments are available in Figure S1. ESI-MS results are
available in Figure S2 and Table S2. TGA results are summarized in
Figures S3—SS. Elemental analysis results (ICP-OES) are summarized
in Table S3.

B RESULTS AND DISCUSSION

Description of Cluster Topologies, Symmetries, and
Their NMR Signatures. Li,_ Na,[(UO,),,(0,),4(P,0,)1,])
nH,0, (1) (x =~ 24 for 1a and 1b, x ~ 12 for 1¢, n = 120). The
Li/Na salt of {U,,Pp;,} crystallizes, depending on the pH, in
three unique triclinic, PT (No. 2) unit cells. The structure of the
anion consists of 24 uranyl polyhedra arranged into six uranyl
peroxide tetramers [(UO,),(0,),], {U,} internally bridged via
um*n* peroxide [0,>7] ligands and externally cross-linked via
12 bis-bidentate pyrophosphate (Pp) bridges, resulting in
hollow, negatively charged (—48) molecules with idealized O,
symmetry (Figure 1). Charge balance is afforded by
combinations of hydrated Li and Na ions located inside of
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Figure 1. Polyhedral representation of the Li/Na salts of {U;,Pps} (top) and {U,,Pp,} (bottom). Uranyl and phosphate polyhedra are shown in

yellow and purple, respectively.
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Figure 2. P NMR of {U,Pp;,} (left), {U;,Pp;s} (center), and reaction mixtures containing stoichiometric amounts of uranium and

pyropshosphate (right).

the nanocluster, as well as in the interstitial space. The
molecular dimensions of the {U,,Pp;,} anion, as defined by the
distance between the centers of terminal oxygen atoms in la,
are 1.78 X 1.77 X 1.76 nm® (ellipticity, e = 0.15, see Supporting
Information). The average uranyl (U-0O,;), peroxide (O-0),
uranium-peroxide (U—O,,), and uranium-pyrophosphate (U~
Op,) bond lengths are 1.791(12), 1.474(16), 2.371(40), and
2.397(17) A, respectively. In accordance with its O), symmetry,
the Li/Na salt of {U,,Pp,,} displays a single type of {U,} unit
defined with respect to the center of mass of the cluster as
convex and characterized by four ~133° U—Pp—U dihedral
angles. This result is noteworthy, because it agrees with
previous hypothesis that the {U,,Pp,,} anion, originally
characterized as a mixed Na/K salt (D,, molecular
symmetry),”” would assume a higher symmetry conformation
(0, in the absence of potassium. *'P NMR spectra obtained by
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dissolution of pure crystals of 1a (1b, or 1c) in ultrapure water
yields a single signal located at 3.80 ppm, in agreement with the
solid-state symmetry of the anion (Figure 2).
Ligs_,Na,[(UO,)5,(0,)5,(P,0,)16]-nH,0, (2) (x = 34, n ~
275). The Li/Na salt of {U;,Pp4} crystallizes in monoclinic,
P2,/m (No. 11), monoclinic, C2/c (No. 15), and ortho-
rhombic, Imm2 (No. 44) space groups. The previously
reported” structure of the anion consists of 32 uranyl
polyhedra arranged into eight uranyl peroxide tetramers {U,}
cross-linked via 16 bis-bidentate Pp bridges, resulting in a
hollow, negatively charged (—68), wheel-shaped molecule
showing idealized D,; symmetry (Figure 1). The charge
balance of the system is afforded by a combination of hydrated
Li and Na ions. The molecular dimensions of the {U3,Pp¢}
anion in 2a are 2.46 X 2.46 X 1.32 nm® (e = 0.85). The average

U-0,, O0-0, U-O,,, and U-Op, bond lengths are

yb per
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Figure 3. Polyhedral representation of the Li/Na salt of {U;,Ppc}. (left) Pp bridges located in the equatorial region of the anion with the C,
rotation axis passing through the P—O—P bridge. (right) Pp bridges located in the polar regions of the anion showing dissimilar chemical
environment highlighted in magenta and teal. Yellow polyhedra represent uranium, and purple, magenta, and teal all represent phosphorus.

1.790(11), 1.475(19), 2.370(39), and 2.402(28) A, respectively.
The structure of {U;,Pp;s} shows one type of {U,} unit
(convex) characterized by two ~125° and two ~152° U—Pp—
U dihedral angles distributed between the equatorial and polar
regions of the anion, respectively. >'P NMR spectra obtained by
dissolution of pure crystals of 2a (2b or 2c) in ultrapure water
yielded three signals located at 1.97/2.04 (d, ¥J,_p = 13.7 Hz),
428 (s), and 4.88/4.95 (d, *J,_p = 13.7 Hz) ppm, with a 1:2:1
ratio, successively (Figure 2). We assign the signal observed at
428 (s) ppm to the group of Pp bridges located in the
equatorial region of the anion. This assignment is based on
their ratio within the structure and the symmetry relation of the
P atoms present within (Figure 3). The two doublets observed
at 1.97/2.04 and 4.88/4.95 ppm are assigned to the Pp bridges
located on the polar regions of the cluster. The signal splitting, ]
= 13.7 Hz, is comparable with previously reported values for
31p31p spin—spin coupling""** and is consistent with
distinctive chemical environments that are experienced by
individual P atoms present in these bridges (Figure 3).

Liz, Na,[(U0,)24(0,)54(OH)14(U0,)14(0,)54(P,07) 5]
nH,0, 3 (x ~ 31, n &~ 240). The Li/Na salt of the binary {U,,}-
{U,,Pp,,} cluster system crystallizes in the tetragonal P4/mbm
(No. 127) space group. Its crystal structure consists of 48
uranyl polyhedra arranged into 12 uranyl peroxide tetramers
{U,}, six of which are cross-linked via 24 y—OH bridges
resulting in a hollow, negatively charged (—24) {U,,} cluster
showing idealized O; molecular symmetry (Figure 4). The
molecular dimensions of the {U,,} anion are 1.43 X 1.44 X
1.45 nm® (e = 0.16). The average U-O,, 0—0, U-0O,,, and
U-OH bond lengths are 1.798(8), 1.483(3), 2.385(32), and
2.392(10) A, respectively. The remaining six {U,} subunits are
cross-linked via 12 bis-bidentate Pp bridges resulting in a
hollow, negatively charged (—48) {U,,Pp,,} cluster with
idealized D,;, molecular symmetry (Figure 4). The molecular
dimensions of the {U,,Pp;,} anion are 1.43 X 1.83 X 1.84 nm’
(e = 0.63). The average U-0,, 0-0, U-0,., and U-0,
bond lengths are 1.793(6), 1.479(6), 2.377(36), and 2.415(235
A, respectively. Consistent with its D, molecular symmetry, the
{U,,Pp;,} anion present in this system displays two distinct
types of {U,} units that are defined as convex (four units) or
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Figure 4. Polyhedral representation of the binary {U,,}-{U,,Pp;,}
system. The idealized D,;, symmetry observed for the {U,,Pp,,} is
caused by two concave {U,} units (red polyhedra). Yellow and red
polyhedra represent uranium; purple polyhedra represent phosphorus.

concave (eight units). Convex units are characterized by four
~103° U-Pp—U dihedral angles and concave units by two
~103° and two ~141° U-Pp—U dihedral angles mirroring the
previously reported Na/K salt.”” Charge balance is afforded by
a combination of hydrated Li and Na ions. *'P NMR spectra
obtained for a solution of 3 in ultrapure water yields two signals
at 3.80 and —2.31 ppm with a 4.5:1 ratio, respectively (Figure
S7). The signal observed at 3.80 ppm is assigned to the
{U,4Ppy,} anion in its O, conformation, and that at —2.31 ppm
is assigned to uncoordinated Pp, the presence of which is
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Figure S. Ball-and-stick representation of the quasi-hexagonal pores present in the {U,,Pp,,} anion. (left) Solvated Li tetrahedron present within the
hexagonal pore of 2a. (right) Sodium cation occupying the same pore space within the structure of 2b. Yellow, purple, red, blue, and orange spheres
represent uranium, phosphorus, oxygen, lithium, and sodium, respectively. Red and orange dashed lines represent H-bonds and strong ionic

sodium—oxygen interactions.

attributed to partial decomposition of {U,Pp;,}. Sample
impurity of this magnitude is unlikely according to the results
obtained via ICP-OES (see Supporting Information). This
unique system demonstrates Pp bridge pliability, as it assumes a
favorable lower-symmetry (D,;,) conformation in the solid state
(increased packing efficiency) and higher O, conformation
upon dissolution. Similar conformer discrepancy (ie. solid
state vs solution) has been previously noted for phosphine
functionalized uranyl peroxide nanoclusters.™

Multiplicity of Observed Unit Cells and Refinement of
Cation Positions. Depending on the pH of the system, the
size of the cation, and the strength of its interactions with the
surface of the anion, specific cluster topologies can crystallize in
various crystal systems, or in the same system with different
unit cells. This behavior has been previously noted for the Li
salt of the {U,} cluster.”” Comparison of structures of
{U,4Pp;,} obtained in this study reveal that the pseudohex-
agonal pores are occupied either by Li (1a, Figure Sa) or Na
cations (1b, Figure Sb). It is likely that the observed
nonpreferential binding of lighter alkali metals to the surface
of uranyl peroxide nanoclusters led to two Li/Na ratios
observed for {U,,Pp;,} systems (1:1 for pH = 7—8, and 3:1 for
pH = 9). The cluster {U,,Pp;,} crystallizes with Li and Na
counter cations in two different ratios (one for 1a and 1b and
another for 1c). The *'P NMR and Raman spectra of materials
corresponding to the different cation ratios are indistinguish-
able, indicating that the identity of the cations is more
important than their relative abundances. The solvent and
cation-accessible voids within the unit cell of 1a are estimated
to be 4102 A% or 57.1% (see Supporting Information). Because
of the considerable void space noted for la, some of the
crystallographically determined cation positions, especially
those of lighter elements, are probable rather than absolute
positions within the structure. As such, implementation of
partial occupancy treatment during the refinement of cation
and solvent molecules was considered appropriate and
consistent with the previously noted solid-state mobility of
lighter alkali metals in the {U,,} and {U,g} systems. "

Solution Speciation. Characterization of species present in
solution prior to crystallization was performed using a
combination of SAXS and traditional *P NMR measurements.
SAXS is an effective tool for in situ studies of nanocluster self-
assembly.”**”*~* Herein we implement 3P NMR as a
complementary characterization technique allowing for deter-
mination of all phosphorus-containing species irrespective of

their size, charge, or shape. A summary of results observed via
SAXS, 3'P NMR, and single-crystal X-ray diffraction measure-
ments is presented in Figure 6.

pH
10 A

® {U2Pp12}

NMR SAXS XRD

Figure 6. Schematic representation of the results obtained from solid-
state (XRD) and solution mode (NMR, SAXS) measurements of
systems containing stoichiometric amounts of uranium and
pyrophosphate (U/Pp = 2:1) as a function of pH.

SAXS profiles for all but the pH = 4 system indicate the
presence of hollow spherical nanoclusters (Figure 7). Guinier
analysis of the low-q regions provides radii of gyration (R,)
ranging from 7.65 + 0.05 to 9.01 + 0.06 A. The profile for
solution with pH = 4 yields R; = 3.86 + 0.05 A. A summary of
the SAXS results is available in Supporting Information. For the
solutions considered in this study, the value of R; initially
increases from 7.65 + 0.05 A (pH = 10) to 9.01 + 0.06 A (pH
= 6) and consequently decreases to 8.32 + 0.06 (pH = S) and
386 + 005 A (pH = 4). The progressive, rather than
immediate change of R, across pH conditions suggests
heterogeneity of the system and as such represents the average
size of species present in solution. Co-crystallization of {U,,}
{U,4Ppy,} provides evidence for simultaneous existence of two
cluster species and corroborates the hypothesis of heteroge-
neous systems. Moreover, the statistical average of R, obtained
for {U,,} and {U,,Pp,,} using the Crysol software™ (7.59 A,
see Supporting Information) is in good agreement with the
values observed for the two solutions yielding the co-
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Inorg. Chem. 2017, 56, 5478—5487


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b00649/suppl_file/ic7b00649_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b00649

Inorganic Chemistry

10%
=2
(2]
=
2o
£
1024
> 10%4
‘@
(=
5]
£ 10%4 Uz4Ppy2 crystals
—— UgzpPpqe Crystals
T T T

0.1 0.2

q(A")

0.5

Figure 7. SAXS curves obtained from variable pH reaction mixtures
(top) and crystals of {U,,Pp,} and {Uy,Pp ¢} dissolved in ultrapure
water (bottom).

crystallized system (Ry ;o = 7.65 = 0.0 A, Ryg = 7.87 £ 0.05 A).
Comparison of these values with those obtained from
dissolution of the binary system would be unreliable due to the
partial decomposition of {U,,Pp;,}, as indicated by *P NMR
spectra (see above). The increasing R, with maximum
observed for solution at pH = 6 (9.01 + 0.06 A), may indicate
preferential formation of {U,,Pp,,} under acidic conditions.”’

Overall, the pH-dependent change in R, values of cluster-
bearing solutions coupled with our ability to crystallize the Li/
Na salt of {U,,Pp,,} across a range of pH values (pH = 7—9)
agree with its predicted R, value of 8.44 A and acid-promoted
assembly. Unanticipated behavior occurred over the pH range
from 4 to 6. While the Guinier analysis of scattering curves
indicates the presence of {U,Ppj,} at pH = 5—6 and the
absence of any cluster species at pH = 4, the only species

observed in the crystalline form in that pH range is the Li/Na
salt of {Uj,Pps}. Similarly, comparison of SAXS curves
obtained by dissolution of crystalline {U,,Pp;,} and
{U3,Ppy6} with those obtained from reaction mixtures provides
no evidence of {U;,Pp,¢} presence in solution (Figure 7),
emphasizing the need for additional solution studies.

To further probe the complex system revealed by the SAXS
studies, and to gain size-independent information about
solution speciation, *'P NMR spectra were collected for all
pH-adjusted reaction mixtures containing stoichiometric
amounts of uranium and pyrophosphate. Most spectra show
that the pH of the solution affects the quantity of the {U,,Pp;,}
anion present in solution, with highest in situ determined yields
(90.54%) observed at pH = 6 (6 = 3.8 ppm, Figure 2). The
NMR spectra were not normalized. Line broadening of some
signals (e.g, pH = 4) results in their relatively low intensity as
compared to those for solutions at other pH values. NMR
spectra showing positions of signals arising from the minor
species are in the Supporting Information. The concentration
of {U,,Pp;,} in solution declines below pH = 6 in accordance
with SAXS scattering profiles. This result illustrates the acid-
promoted nature of {U,,Pp,,} formation (up to pH = 6), as
well as its limited pH stability (pH < 6). Contrary to the results
noted for the Na/K salt of {U,,Pp;,},”” 3P NMR spectra
obtained from the Li/Na system show only two major signals,
one of which corresponds to the intact cluster (5 = 3.8 ppm)
and the other that is assigned to an uncoordinated
pyrophosphate/small uranyl—peroxo pyrophosphate unit (5 =
—3.67 to —9.47 ppm). The range of chemical shifts observed
for the latter species is attributed to the progressive protonation
of the pyrophosphate unit at lower pH.”" These findings reveal
preferential formation of {U,,Pp;,} containing topological
squares in systems containing early alkali metals in agreement
with trends predicted by density functional theory.””** The lack
of other major signals in the *'P NMR spectra indicates the
ephemeral and reactive nature of intermediates such as a
pyrophosphate bound tetramer {U,Pp,_,} (x = 1-3). Because
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l pH=10
[
l pH=9
3 2 1
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Figure 8. *'P NMR spectra of saturated systems (left) and detailed view of saturated systems at pH = 4—6 with signals corresponding to {U,,Pp,,}

and {U3,Ppy¢} anions indicated in red and purple circles, respectively.
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of a lack of NMR-active nuclei within the basic uranyl peroxide
building blocks, it is difficult to identify their specific roles in
the formation of {U,,Pp;,} and/or {U3,Pp;¢}-

Further inspection of *P NMR spectra for uranyl peroxide
solutions reveals signals between —0.41 ppm (pH = 9) and
—4.05 ppm (pH = 4) present at low intensity under most pH
conditions (pH = S to 10), with these becoming a major species
only at pH = 4. Akin to the uncoordinated/small uranyl
peroxide pyrophosphate species, the range of observed
chemical shifts shows a strong dependence on the pH of the
system, likely due to progressive protonation of the associated
Pp units. We assign the signals in that chemical shift range to
the coordinated uranyl peroxide tetramer unit {U,Pp,_,} based
on its relatively low abundance in systems displaying intact
clusters and significant peak broadening (pH = 10, —0.56 ppm,
full width at half-maximum (fwhm) = 2849 Hz). The Ry
obtained from the Guinier analysis of the X-ray scattering curve
at pH = 4 (3.86 + 0.05 A) is in accord with the calculated R,
for an isolated {U,} unit (3.91 A, see Supporting Information).
This result, paired with severe broadening of *'P NMR signals
observed at —3.26 (fwhm = 30.08 Hz) and —4.0S ppm (fwhm
= 81.86 Hz) at pH = 4 (see Figure S8), suggests a complex
interconversion between {U,Pp,_,} units.

SAXS curves and 1D *'P NMR spectra obtained from
reaction mixtures do not indicate the presence of the {U;,Pp,¢}
anion in any of the examined solutions. This result is
unexpected, because most actinyl peroxide nanoclusters have
been shown to assemble in solution within hours to
days,””**7° although formation of more complex structures
may require more time.”**° For instance, a time-resolved study
of the self-assembly of a hybrid uranium-transition-metal cluster
indicated that prior to the formation of the final products, other
nanosized objects assembled and subsequently dissociated in
the reaction mixture.”® In a study of studtite dissolution, the
initial species was identified as {U,g}, which over time gradually
reacted to yield {U,,} as the final product.”’

Saturation Effects. To evaluate aging and concentration
effects, reaction mixtures were allowed to age and slowly
evaporate until crystallization. The crystals were recovered and
characterized (see above). Subsequently, saturated solutions
were transferred into NMR tubes, and 3P NMR spectra were
collected (Figure 8). Quantification of the results obtained
from these *'P NMR spectra is not possible due to the variable
quantities of crystalline products formed, including species
containing non-stoichiometric amounts of U/Pp (e.g, {Uy}-
{UyPpo}).

All saturated, crystal-yielding systems (pH = 4—10) gave
NMR signals corresponding to {U,,Pp;,} (6 = 3.80 ppm), an
uncoordinated/small uranyl-peroxo pyrophosphate unit (5 =
—3.50 to —7.18 ppm), and a pyrophosphate coordinated
uranyl-peroxide tetramer, {U,Pp,_,} (§ = —0.46 to —1.56
ppm). In addition to the signals observed under nonsaturated
conditions, weak signals (~2% relative abundance) are
observed, indicating the presence of the {Uy,Pp;¢} anion at
pH = 4—6 (Figure 8) suggesting that its formation is
thermodynamically favored. The low abundance in solution
and high crystal yields can be explained by low experimental
solubility of {Uy,Pp;s} resulting in constant removal of the
cluster from solution via crystallization followed by assembly of
{U;,Pp;¢} from residual constituents present in the reaction
mixture.

To validate our NMR peak assignments, a diffusion-ordered
spectroscopy (DOSY) experiment was performed for the pH =
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S saturated solution, because this system provided the highest
signal-to-noise ratio. In addition to measuring the viscosities
and diffusion coefficients of the mother liquor (see Supporting
Information), two standard solutions were prepared by
dissolution of crystalline Li/Na salts of {U,Pp;,} and
{Uy,Ppig}, and these provided hydrodynamic radii R;, of
1489 + 007 A and 1695 + 028 A, respectively (see
Supporting Information). Each measured hydrodynamic radius
exceeds the crystallographically determined value due to a
solvation shell containing water molecules and alkali metal
cations, as expected. The experimental values obtained for the
reference materials follow the anticipated size trend
(Ru{U,Pp1,} < Ru{U;,Ppy4}), thereby providing evidence for
each anion stability upon dissolution, and may be compared
with the previously reported R, value of 15.0 + 0.1 A for the
{U24PP12}-32

The P DOSY NMR results obtained for the pH = 5
saturated solution are shown in Figure 9. The observed Ry, value
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Figure 9. *'P DOSY NMR spectra showing size-dependent diffusion
coeflicients obtained from saturated reaction mixture at pH = S.

in conjunction with the NMR peak position and integrated
intensity ratios indicate that the signals observed at 1.80/1.86
(d, YJp_p = 13.5 Hz, R, = N/A), 4.14 (s, R, = 17.88 + 0.67 A),
and 4.81/4.88 (d, *Jo_p = 13.5 Hz, R, = N/A) are from intact
{U;,Ppys}. The signal at 3.80 ppm assigned to {U,,Pp;,}
yielded R, = 13.69 + 0.19 A, confirming initial assignments.
The differences in the observed R, values obtained for
{U,4Ppy,} and {U;,Pp;¢} in ultrapure water and reaction
mixtures arises from the dissimilar response of these anions to
the constituents present in solution, resulting in slight
variations of the associated solvation shell. The signals observed
at —0.84 and —5.66 ppm provided an Ry, of 5.57 + 0.06 and
4.02 + 0.0S A, respectively. We assign the —0.84 ppm signal to
{U,Pp,_,} on the basis of the observed Ry, value, the predicted
size of this species, and results obtained from *P NMR and
SAXS measurements of pH = 4 solution. Specifically, the
Guinier analysis of the scattering curves obtained for this
system provided an R value of 3.86 + 0.06 A, which paired
with the anticipated size range for {U,Pp,_.} (3.91-5.13 A),
and *'P NMR measurement was assigned to the species
observed at —0.84 ppm. Lastly, the signal observed at —5.66
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ppm (R, = 4.02 + 0.0S A) is assigned to the uncoordinated
pyrophosphate/small uranyl-peroxide pyrophosphate unit.

Amphoteric Nature of Uranyl Peroxides. The results
presented herein demonstrate retention of basic uranyl
peroxide building units such as {U,} from the earliest stages
of the reaction, followed by their pH-dependent assembly/
disassembly. These moieties exhibit a unique amphoteric
nature, as under alkaline conditions they condense to form
uranyl peroxide nanoclusters (e.g,, {U,,}) > then, provided the
right chelating agents and a source of protons, disassemble into
the original constituents and condense via an acid-promoted
mechanism into functionalized uranyl peroxide nanoclusters
(eg, {UyPpp,}).”> Because of the nature of their one-pot
synthesis many uranyl peroxide nanoclusters have been
assumed to form through a rather straightforward process
where the constituents present in solution rapidly self-assemble
to yield the final product.”**”***” Results obtained herein
suggest that, in certain systems, formation of these nanostruc-
tures follows a well-defined reaction pathway consisting of
multiple assembly/disassembly steps characterized by retention
of the originally formed cyclic uranyl peroxide units. Figure 10
summarizes the generalized, acid-promoted reaction pathway
for the formation of {U;Pps} starting under alkaline
conditions and in situ preassembled {U,,}.

{U24} b’ 1 alkaline
l+H+ - >

{U4} {(

l+ H*, P,0,* +';

{UaPpax} g

l+ H* >
{U24Pp12}

A

{UsPpax} F/jﬁ

v
{U32Pp1e} %\k -‘

acidic

Figure 10. Schematic of the generalized acid-promoted formation of
the {U3,Pp;s} anion.

B CONCLUSIONS

The information obtained from systems containing stoichio-
metric amounts of uranium and pyrophosphate spanning a
range of pH conditions provided insights into the mechanisms
of uranyl peroxide nanocluster self-assembly. Formation of a
novel binary {U,}-{U,,Pp;,} cluster system under alkaline
conditions provided evidence for the coexistence of different
cluster species in solution and demonstrated that the Pp bridges
undergo conformational changes upon crystallization. Acid-
promoted formation of {U,,Pp,}, followed by its dissociation
and reassembly into {U;,Pp;}, provides an example of
hierarchical cluster synthesis requiring formation of a sacrificial
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cluster, whose components are scavenged to assemble a final
product. The topological consistency observed across the range
of studied pH values suggests the relative persistent character of
the initially formed uranyl peroxide building blocks and
highlights their amphoteric nature, allowing for assembly of
clusters both in alkaline as well as acidic media. This study
represents an important step toward controllable synthesis of
task-specific uranyl peroxide nanoclusters.
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