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ABSTRACT: Transition-metal based polyoxometalate clusters have been known for
decades, whereas those built from uranyl peroxide polyhedra have more recently
emerged as a family of complex clusters. Here we report the synthesis and structures of
six nanoscale uranyl peroxide cage clusters that contain either tungstate or molybdate
polyhedra as part of the cage, as well as phosphate tetrahedra. These transition-metal—
uranium hybrid clusters exhibit unique polyhedral connectivities and topologies that
include 6-, 7-, 8-, 10-, and 12-membered rings of uranyl polyhedra and uranyl ions
coordinated by bidentate peroxide in both trans and cis configurations. The transition-
metal polyhedra appear to stabilize unusual units built of uranyl polyhedra, rather than

templating their formation.

—

1. INTRODUCTION

Metal-oxide clusters include the vast family of transition-metal
based polyoxometalates' "¢ and the more recently discovered
uranium-oxide cage clusters based on uranyl peroxide
polyhedra.”'® We have suggested that the latter may be
important products of the interaction of damaged nuclear fuel
with water (including seawater such as at Fukushima, Japan)
because the interaction of radioactivity with water creates the
peroxide that is necessary for formation of these clusters.'"'>
Uranyl peroxide clusters may provide important transport
mechanisms in geologic disposal scenarios for nuclear waste
and possibly even in natural systems. Toward an understanding
of the nanoscale behavior of uranium, we have developed and
characterized a family of uranyl peroxide cage clusters over the
past several years.>"°

In addition to the potential importance of uranyl peroxide
cage clusters in uranium environmental transport, they also
present the possibility of establishing nanoscale control of
uranium."”® An advantage of this may be reduced costs and
environmental impact of fabrication of new nuclear fuel and
waste forms, as well as for the reprocessing of used nuclear fuel.
Recently we have shown that it is possible to apply membrane-
based ultrafiltration methods to the recovery of nanoscale
uranyl peroxide clusters from aqueous solutions.'*

We are interested in extending the family of uranyl peroxide
cage clusters to include transition metals, thereby creating a
new class of nanoscale metal-oxo clusters that are hybrids of the
uranyl peroxide and transition-metal polyoxometalate families.
In the latter case, tremendous structural diversity has been
delineated over the past few decades, and a variety of
applications that span materials science, catalysis, and medicine
are emerging.” *>'> A few studies have shown that actinides
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may be linked to transition-metal clusters,'®">* several studies
examined clusters containing actinides as essential components,
together with transition metals,”>>° and we recently reported a
mixed uranyl-tungstate ring-shaped cluster.”’”

Here we provide a report of the synthesis of a novel family of
hybrid uranyl transition-metal cage clusters that we have
recently isolated and characterized in our laboratory. We focus
here on the unique structures and compositions of six hybrid
clusters revealed by crystallographic analyses, with particular
attention paid to their metal coordination environments and
overall connectivities. These clusters are novel because they
incorporate transition-metal polyhedra into the walls of cages
along with uranyl polyhedra. Previously, uranyl peroxide cages
that encapsulate transition-metal polyhedra have been
described,”® as have wheel-shaped clusters consisting of uranyl
peroxide polyhedra and tungstate polyhedra.””

2. EXPERIMENTAL SECTION

2.1. Cluster Synthesis. Caution: Although the UO,(NO;),-6H,0
used in these experiments contains isotopically depleted U, precautions for
handling radioactive materials should be followed and such work should
only be conducted by qualified personnel in suitable facilities. UO,(NO5),:
6H,0 (MV Laboratories, Lot no. P70SUA1), aqueous H;PW;,0,,
(10%, Sigma-Aldrich), aqueous H;PMo,,0,, (10%, Sigma-Aldrich),
H,0, (30%, Alfa-Aesar), LIOH-H,O (98%, Fisher), and H;PO; (98%,
Acros) were used as received. Distilled and Millipore filtered water
with a resistance of 18.2 M£2 cm was used in all reactions. We explored
aqueous systems containing various uranyl to transition-metal ratios,
and pH values. Most did not yield crystals or gave crystals of
previously known clusters.
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Table 1. Selected Crystallographic Parameters for the Cage Clusters under Study

UsW,Py, UpW,Py,
a (A) 26.272(3) 20.783(5)
b (A) 20.808(5)
c (A) 21.354(2) 34.724(9)
a (deg) 76.107(3)
B (deg) 80.701(3)
¥ (deg) 80.572(3)
volume (A3) 12764(2) 14263(6)
space group P6;/mmc P1
V4 2 2
ind reflections 3045 51495
unique F; > 4o0% 2636 24169
R“ 0.060 0.112
wR,* 0.166 0313
S 1.09 0.99

U,sMo,Py, UsoWePyg UyMo,Py6 UysWePs
20.7645(14) 22.660(4) 29.395(2) 29.632(3)
20.7997(14) 26.287(5) 25.553(2)

34.591(2) 39.993(7) 27.939(2) 34.132(4)
76.443(1) 72.184(3)
80.917(1) 88.286(3)
80.419 68.547(2)

14210(2) 21018(6) 20986(3) 29970(6)
PI PT Pmn2, P4/n
2 2 2 2
46920 17404 20663 18816
33545 9905 18115 14893
0.061 0.086 0.057 0.094
0.185 0.259 0.174 0242
1.00 1.00 1.32 1.00

aRl = z”Fol - |Fc||/z|F0| RWZ(FOZ) = [Z[W(Foz - Fcz)z]/ZWFo4]l/2'

The uranium transition-metal clusters presented herein are
designated as UW P, or UMo;P;, where integers i, j, and k designate
the number of U, W or Mo, and P atoms present in the cluster,
respectively. In all cases the yields of crystals containing the clusters
were low, typically only a few crystals.

UsoWePyo. [(UO3)50(05)42(WO30H)(H,PO,)50(OH)s-
(H,0),5]"®" was synthesized by loading UO,(NO;)-6H,0 (0.5 M,
0.1 mL), H,0, (30%, 0.1 mL), LiOH (2.38 M, 0.1 mL), aqueous
H;PW,,0,, (10%, 0.1 mL), and H;PO; (0.5 M, 0.12 mL) into a 2 mL
glass vial, giving an initial pH of 5.8. The solution was left standing
open to air, and UggW4P,, clusters crystallized within 3 weeks. Energy
dispersive spectroscopy (EDS, see below) provided an estimated
U:W:P atomic ratio of 50:6:22.

UssMosPis. [(UO,)44(0,)35(H,PO,) 14 (HPO,),(MoO30H),-
(OH),5(H,0),,]*~ was synthesized as for UsW,P,,, except that an
aqueous Hy;PMo,,0,, solution (10%, 0.1 mL) was used instead of
H;PW,04 and 0.1 mL of H;PO; solution was used. The initial
solution pH was 6.0, and Uy Mo,P 4 clusters crystallized within 2
weeks. EDS analysis provided an estimated U:Mo:P atomic ratio of
44:3:20.

UpsW,Py . [(Uoz)zs(02)24(W030H)4(H2P04)12(Hzo)12]207 was
synthesized as for UsgW¢P,,, except that the volume of H;PW,,0,
aqueous solution was reduced to 0.05 mL. The initial measured pH
was 6.2. UysW,P}, clusters crystallized within 2 weeks. EDS analysis
provided an estimated U:W:P atomic ratio of 28:5:14.

UzeM0,P15. [(UO,)125(0,)14(MoO;0H),(H,PO,) 1, (H,0) 1,17~
was synthesized as for U,W,P;,, except that an aqueous
H;PMo,,0,4, solution was used instead of H;PW,0,, The initial
measured pH was 6.2. EDS analysis gave an estimated U:Mo:P atomic
ratio of 28:5:15.

UrgW,Py . [(Uoz)18(02)15(W206(OH)3)(H2P04)12(H20)6J9_ was
synthesized as for UsyW¢P,, except that the volumes of H;PW,,0,,
and H;PO; solutions were reduced to 0.05 and 0.075 mL, respectively.
This resulted in an initial solution pH of 6.5. UjsW,P,, clusters
crystallized within 2 weeks. EDS analysis gave an estimated U:W:P
atomic ratio of 18:2:14.

UgsWePas. [(UO,)45(0,)1n(WO,0H)6(H,PO,),4(HPO, )] "*™ was
synthesized as for U;gW,P},, except that 0.025 mL of H;PW,,0,,
solution was used. The initial pH of the solution was 8.4 and U,sW,P 4
clusters crystallized within 2 weeks. EDS analysis gave an estimated
U:W:P atomic ratio of 48:8:53.

2.2. Crystal Structure Analysis. Our past experience studying
uranyl peroxide cage clusters has demonstrated that crystal-structure
determination for such crystals is difficult, and results will be inferior to
those generally expected for inorganic solids.'® Although the positions
of the U atoms and their coordinating O atoms are normally well-
defined, H,O groups and counterions located between and inside the
clusters are seldom fully determined. Uranium dominates the X-ray
scattering, which makes precise determination of O atom locations

difficult. Relatively large portions of the crystals contain relatively low
electron density, as compared to uranium, and as a result diffraction
data are seldom attainable above about 4S5 deg in two theta (MoKa
radiation), and substantial portions of the measured reflections are
weak. The locations of H atoms are not attainable, and usually the data
do not support refinement of anisotropic displacement parameters for
the O atoms or lighter cations. Despite these various shortcomings, X-
ray diffraction provides the details of the connectivity of the cage
clusters, with U—O bond length errors of about 0.02—0.04 A, and
lacking crystals with dimensions of several millimeters that would be
suitable for neutron diffraction, provides the best opportunity to
characterize the structures of such clusters.

A sphere of three-dimensional X-ray diffraction data was collected
for a suitable crystal corresponding to each cluster at 100 K using a
Bruker Platform goniometer, an APEX CCD detector, and MoKa
radiation from a conventional sealed-source tube. A semiempirical
correction for absorption was applied to the full sphere of data in each
case using the program SADABS.”® Data were integrated using the
Bruker APEX II software,®® and the SHELXTL system of programs>"
was used for solution and refinement of the structures. Selected
crystallographic parameters are provided in Table 1; full details are in
the Supporting Information. Solvent accessible void space contained
within cages UsoWgPy, UyuMo,P14, and UysMo Py, are 1497, 1247,
and 448 A% according to calculations done using the algorithm in
Squeeze.

The structure determinations did not provide reliable positions for
the Li cations or lattice water, due to the dominance of U in scattering
X-rays, and possibly due to disorder. Nyman recently reported that Li
cations in specific structures based on clusters of uranyl polyhedra are
mobile in the solid state,*” which could be the case in the currently
studied compounds.

Bond-valence sums were calculated®*** for each site in each
structure. The sums incident at the metal sites are consistent with
assigned formal oxidation states, as expected for the oxidizing
conditions of the synthesis experiments. The sums incident upon O
atoms bonded to uranyl cations were used to assign the corresponding
O atom as O*7, OH™, or H,0.

2.3. Infrared Spectroscopy. An infrared spectrum was obtained
for single crystals containing one of U,gW,P},, UsWiP,s, U gW,P,,
UsoWgPy, or UyyMo,P 4 using a SensIR technology IlluminatIR FT-IR
microspectrometer. A single crystal was placed on a glass slide, and the
spectrum was collected with a diamond ATR objective from 650 to
4000 cm™" with a beam aperture of 100 ym. The spectra are given in
the Supporting Information. Bands at ~912 cm™" are due to uranyl ion
asymmetric stretches, those at ~980 cm™" are due to vibrations of W—
O bonds in tungstate, bands in the range of 1000 to 1400 cm™" are
attributed to the asymmetric stretching vibrations of P—O bonds, and
those in the range of 3000 to 3500 cm™ and a strong band at 1650
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cm™! are assigned to the O—H vibrations in hydroxyl groups

(excluding 1650 cm™") and water molecules.

2.4. Energy Dispersive Spectroscopy. Energy dispersive spectra
were collected for single crystals containing each cluster using a LEO
EVO-S0XVP variable-pressure/high-humidity scanning electron mi-
croscopy. Spectra for each compound confirm the presence of U, W/
Mo, P, O and gave ratios in approximate agreement with those from
the crystal structure determinations. Li cannot be detected using this
method.

3. RESULTS

The crystallographic studies indicate that six nanoscale cage
clusters consisting of uranyl polyhedra, phosphate tetrahedra,
and tungstate or molybdate polyhedra self-assembled in
aqueous solution under ambient conditions and subsequently
crystallized. In each case cage clusters formed in which the
inner and outer walls of the clusters are bounded by the
relatively unreactive O atoms of the uranyl ions. The cage
clusters are anionic, and it is likely that many of the
nonbridging O atoms of the phosphate or transition-metal
polyhedra are protonated. Full protonation is assumed for the
purposes of stating their chemical formulas here. Any remaining
negative charge is balanced in the crystals by Li counter cations
that are likely both encapsulated in the cages, and located
outside of the clusters. In the subsequent sections we examine
the coordination environments of the various cations, and their
connectivity into cage clusters.

3.1. Uranyl Coordination Environments. The uranium is
hexavalent in each of the clusters reported here, as expected
given the experimental conditions, and as shown by the
presence of uranyl ions in the crystal structures and prominent
modes corresponding to uranyl ion vibrations in the infrared
spectra. In all cases the U®" cations are present as typical dioxo
(UO,)* uranyl cations with U—O bond lengths of ~1.8 A and
O—-U-0 bond angles of ~180°. Each of these uranyl ions is
coordinated by five or six ligands that are arranged at the
equatorial positions of pentagonal or hexagonal bipyramids,
respectively. However, the details of the coordinating ligands is
richly diverse in these clusters, with 10 different configurations
represented over the various clusters (Figure 1). In three of
these, there are two peroxo ligands that are bidentate to the
uranyl ion in a cis arrangement, where they form two of the
equatorial edges of hexagonal bipyramids (Figure la—c). The
coordination environments about the uranyl ions in these cases
are completed by two hydroxyl ligands (Figure 1la), one
hydroxyl ligand and a monodentate (HPO,)*~ ligand (Figure
1b), or two monodentate (H,PO,)'” ligands (Figure 1c). Two
configurations have uranyl ions with two bidentate peroxo
ligands in a trans arrangement along equatorial edges of
hexagonal bipyramids (Figure 1d,e). In one case, the uranyl ion
is also coordinated by a hydroxyl ligand and a H,O group, with
these also in a trans arrangement (Figure 1d). In the other, the
coordination environment is completed by one H,O group as
well as either one (WO;0H)'", one (MoO;0H)'", or one
(HPO,)*” ligand (Figure le). Two uranyl configurations
contain a single bidentate peroxo ligand along one equatorial
edge of a hexagonal bipyramid (Figure 1fg). The uranyl
polyhedra are completed by two bidentate (H,PO,)' ligands
(Figure 1f), or by two hydroxyl ligands in a trans arrangement,
as well as one bidentate (HPO,)*~ ligand (Figure 1g). Three
configurations contain no peroxo ligands (Figure 1h—j). In
these cages, hexagonal bipyramidal coordination environments
are created about the uranyl ion by two bidentate (H,PO,)”
ligands in a cis arrangement as well as two hydroxyl ligands

@
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Figure 1. Coordination environments about the uranyl ions in the
hybrid uranyl-transition-metal clusters under study. Uranyl bipyramids,
phosphate tetrahedra, and tungstate square pyramids are shown in
yellow, red, and green, respectively. In the ball-and-stick representa-
tions, uranium, phosphorus, transition-metal, and oxygen atoms are
shown in yellow, red, green, and orange, respectively.

(Figure 1h), or by three bidentate (H,PO,)'” ligands (Figure
1i). A uranyl pentagonal bipyramid includes three monodentate
(HPO,)*” ligands, and a (WO,OH)*” square pyramid
contributes two vertices (Figure 1j). In comparison with
other cage clusters built from uranyl peroxide polyhedra, all of
these configurations except that shown in Figure 1a are novel.®

3.2. Transition Metal Coordination Environments. In
UsoWeP,yo UiMo,Pyg, UygW,Pyy, and UygMo,Py, all of the
transition metals are tetrahedrally coordinated by O/OH. The
single symmetrically distinct W site in U;sW,P}, is in a
strongly distorted octahedral coordination environment. Three
W-0 bond lengths are short at 1.78 A, and three W—OH
bond lengths are 2.18 A. The calculated bond-valence sum is
5.85 valence units, consistent with the expected formal valence.
These W—OH/O bond lengths are comparable to those
reported in a variety of uranyl tungstates.’>>® In U,;sWP,, the
three symmetrically distinct W®" cations each occur in square
pyramidal coordination environments with apical nonbridging
hydroxyl.

3.3. Phosphate Coordination Environments. All P
cations in the clusters reported herein are coordinated by
four O/OH anions in tetrahedral arrangements with typical
bond lengths.

3.4. The U5;,W¢P,, Cage Cluster. U, WP, is a highly
complex cage cluster that consists of S50 uranyl ions, 6
(WO;0H)'~ tetrahedra, and 20 (H,PO,)'" tetrahedra (Figure
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2), where protonation of terminal O atoms bonded to W and P
is assumed. It also contains 42 peroxo ligands, eight hydroxyl

Figure 2. Polyhedral representations of cluster UssW4P,, and its
building units. Uranyl polyhedra that are connected to three and two
other uranyl polyhedra are shown in yellow and purple, respectively.
(a) Equatorial region. (b) Polar region. (c) Equatorial region with only
the uranyl polyhedra shown. Phosphate tetrahedra and transition-
metal polyhedra are shown in red and green, respectively.

ligands bonded to uranyl ions, and 18 H,0 groups, all that
coordinate uranyl ions. The cage has composition
[(UOZ)50(02)42(WO3OH)5(H2PO4)20(OH°)8(HZO)18] 1", The
dimensions of the cluster are 21.7 by 24.5 A, as measured from
the outer edges of bounding O atoms.

The uranyl ions in Us WP,, are each present in hexagonal
bipyramids, with five different coordination environments that
correspond to those shown in Figure 1b,c,eh,i. The
connectivity of just the uranyl polyhedra is shown in Figure
2¢. Thirty-two uranyl polyhedra share three of their edges with
other uranyl polyhedra, and these are shown in yellow in Figure
2. These form two distinct structural units. One of these
consists of eight 3-connected uranyl polyhedra, six of which
form a six-membered ring by sharing edges (Figure 2e). Two 3-
connected uranyl polyhedra are attached to the outside of the
ring in a trans arrangement. There are three such units in the
cluster, and they are distributed about the equatorial region in
the representation given in Figure 2a. The other 3-connected

uranyl polyhedra are located in the polar regions and form two
tetramers in which the central uranyl polyhedron shares edges
with each of the other three polyhedra (Figure 2f). These
tetramers are a subunit of the eight-membered units described
above. All of the 3-connected uranyl polyhedra either contain
two bidentate peroxo ligands in a cis arrangement, or no peroxo
ligands.

The structural units consisting of 3-connected uranyl
polyhedra are linked into the Us,W(P,, cage cluster through
18 uranyl hexagonal bipyramids that contain two peroxo ligands
in an unusual trans arrangement, shown in purple in Figure 2.
Each of these is 2-connected to other uranyl polyhedra, with
the result being both seven and eight-membered rings of edge-
sharing uranyl bipyramids. Two (H,PO,)” ligands that are
bidentate to uranyl ions project into the void space formed by
each eight-membered ring (Figure 2i). A single (H,PO,)”
ligand that is bidentate to a uranyl ion projects into the void
space of each of the six-membered rings (Figure 2g). Each of
the (WO3;0H)"~ tetrahedra occur in the middle of the seven-
membered ring, where they share three of their vertices with
adjacent uranyl polyhedra (Figure 2h).

The U—(0,)—U dihedral angles are of particular importance
where the bridge is peroxo, as a bent configuration is expected
and provides the curvature that induces cage cluster
formation.”** The dihedral angles range from 129.9 to 146.2°.

3.5. The U,,Mo,P,, Cage Cluster. U,,Mo,P,4 consists of
44 uranyl ions, 2 (MoO;OH)!~ tetrahedra, 14 (H,PO,)'”
tetrahedra, and 2 (HPO,)*” tetrahedra (Figure 3) and has

Wy <
L))
: i'?ysq“{vp
<,“!‘t‘<v !

Figure 3. Polyhedral representations of cluster U,,Mo,P s and its
building units. Legend as in Figure 2. Panels (a) and (b) show
equatorial views highlighting different coordination environments. (c)
Polar view.

composition [(UO,)44(0,);5(H,PO,)14,(HPO,),(MO;0H),-
(OH),5(H,0),,]**", where protonation of the terminal O
atoms bonded to Mo and P is assumed. Its dimensions are 19.2
by 25.1 A, as measured from the outer edges of bounding O
atoms. All of the uranyl ions are present in hexagonal
bipyramids, but there are seven distinct coordination environ-
ments that correspond to those shown in Figure 1a,b,d,e,gh,i.
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The uranyl polyhedral portion of the cluster is shown in
Figure 3d. Thirty of the hexagonal bipyramids share three
equatorial edges with other bipyramids (shown in yellow),
whereas 14 only share edges with two (shown in purple).
Consider first the 3-connected polyhedra, which form three
distinct structural units. Two of these are identical to the eight-
membered unit and tetramer observed in Uy W,P,, (Figure
3gh), although U,,Mo,P,4 contains only one eight-membered
unit and two tetramers. The third structural unit consists of 14
hexagonal bipyramids that are linked into two five-membered
and two six-membered rings (Figure 3e). This configuration is a
common feature in clusters built solely from uranyl polyhedra.®
Note that the 3-connected uranyl polyhedra contain either one
or two bidentate peroxo ligands. The 2-connected polyhedra
each contains two peroxo ligands in a trans arrangement, where
they link the structural units consisting of 3-connected
polyhedra. In a departure from the connectivity themes of
UsoWiP,, two of the uranyl hexagonal bipyramids that share
only two edges with other bipyramids are linked through the
sharing of a single vertex most clearly seen in Figure 3c,d. The
result is a cage cluster that contains five-, six-, seven-, and eight-
membered rings of edge-sharing uranyl polyhedra, as well as
four-membered rings where the linkages are both through edge
and vertex sharing.

The two (MoO;OH)™ tetrahedra and two (HPO,)>”
tetrahedra occur at the center of seven-membered rings,
where they share vertices with three uranyl polyhedra,
analogous to the (WO;OH)" tetrahedra in Ug,W4P,, (Figure
1h). Fourteen (H,PO,)'” tetrahedra are bidentate to uranyl
ions and extend into the void space of the eight-membered
rings of uranyl polyhedra, as in UsoW(P,, (Figure 1i).

Where the bridge between uranyl ions is bidentate peroxide,
the U—(O,)—U dihedral angles range from 126.4 to 147.5° in
UyMo,yP 6.

3.6. The Uy,gW,P,, and U,sMo,P,, Cage Cluster.
U,sW,P,, consists of 28 uranyl ions, 4 (WO;OH)~ tetrahedra,
and 12 (H,PO,)*" tetrahedra (Figure 4) and has composition

Figure 4. Polyhedral representations of cluster U,yW,P;, and
U,sMo,P ), and their building units. Legend as in Figure 2.

[(Uoz)28(02)24(W030H)4(H2PO4)12(H20)12]207; where all
of the terminal O atoms bonded to P and W are assumed to
be protonated. U,sMo,P, is derived from this cluster simply by
replacing (WO;OH)~ by (MoO;OH)". Its diameter is 19.6 A,
as measured from the outer edges of bounding O atoms. All of
the uranyl ions are in hexagonal bipyramidal coordination
environments. There are three distinct uranyl coordination
environments corresponding to those shown in Figure lce,i.
The uranyl polyhedral portion of Uy,W,P,, is shown in
Figure 4b. Uranyl hexagonal bipyramids either share three or
two of their equatorial edges with other bipyramids.
Considering first only the 3-connected bipyramids, shown in
yellow, there is one distinct structural unit that is identical to
the tetramers found in U, Mo,P;¢ and U;oW(P,, (Figure 4c).

12881

Four such units occur in the cluster, where they are linked
through 12 2-connected uranyl hexagonal bipyramids, all of
which share trans peroxo edges with adjacent polyhedra (Figure
4d). As in U,Mo,P ¢ and UggWP,,, the connectivity of the
uranyl polyhedra results in both six- and eight-membered rings
of polyhedra.

The 12 (H,PO,)” tetrahedra in U,gW,P,, are structurally
analogous to those in U,Mo,P 4 and UsyWP,, in that they are
bidentate to a uranyl ion and extend into the void space within
the eight-membered rings of uranyl polyhedra (Figure 2i). The
(WO,0H)™ tetrahedra are at the centers of the six-membered
rings of uranyl polyhedra, where they share three of their
vertices with uranyl polyhedra (Figure 4e). This configuration
differs from that found in U,;Mo,P; and U ,W(P,, in which
the (MoO;OH) ™ and (WO,0H)" tetrahedra are at the centers
of seven-membered rings (Figure 2h).

Where uranyl ions are bridged by bidentate peroxide, the U—
(0,)-U dihedral angles in U,gW,P;, range from 130.9 to
134.5°.

3.7. The U,3W,P,, Cage Cluster. U;;W,P,, consists of 18
uranyl ions, 2 (WO,;(OH),)*” octahedra, and 12 (H,PO,)~
tetrahedra (Figure S) and has composition [(UO,);5(0,);s-

Figure S. Polyhedral representations of cluster UgW,P,, and its
building units. Legend as in Figure 2.

(W,04(0OH);)(H,PO,),,(H,0)s)°", where protonation of
nonbridging O atoms bonded to W or P is assumed. Its
diameter is 16.4 by 18.2 A, as measured from the outer edges of
bounding O atoms. The clusters are linked into a chain in the
extended structure through the sharing of a face between
(WO,(OH);)*" octahedral, in contrast to all other reported
uranyl peroxide cage clusters, which crystallize without direct
linkages between them. The shared face corresponds to three
symmetrically identical OH™ groups, with three identical W—0O
bond lengths of 2.18(1) A. This general type of linkage of
clusters into chains is also observed in transition-metal POM
chemistry.>**® All of the uranyl ions are part of hexagonal
bipyramids, with three different coordination environments that
are shown in Figure lcef.

Only six of the uranyl hexagonal bipyramids in U ;gW,P},
share edges with three other bipyramids, and the 3-connected
polyhedra are isolated from each other. They are linked
through 12 2-connected polyhedra; half have a single bidentate
peroxo ligand, and the others have two bidentate peroxo ligands
in a trans arrangement. Linkage of the uranyl polyhedra results
in two six-membered rings at the polar regions of the cluster,
and three 10-membered rings located about the equatorial
region of the cluster.

The (WO;(OH);)®™ octahedra are located at the center of
the six-membered rings of uranyl polyhedra, where they share
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three of their vertices with different uranyl polyhedra (Figure
Sb). The (H,PO,)” tetrahedra are each bidentate to a uranyl
ion, and four are directed into the void space within the 10-
membered rings of uranyl polyhedra.

Where uranyl ions are bridged by bidentate peroxo ligands,
the U—(0,)—U dihedral angles range from 133.2 to 135.4°.

3.8. The U ,gW,P,s Cage Cluster. U, WP, consists of 48
uranyl ions, 6 (WO,OH)*" square pyramids, 24 (H,PO,)”
tetrahedra, and 24 (HPO,)*” tetrahedra (Figure 6) and has

Figure 6. Polyhedral representations of cluster U,W4P,e and its
building units. Legend as in Figure 2.

composition [(UO0;)45(0,)1,(WO,OH)s(H,PO,),4-
(HPO,),4]"®", where it is assumed that all of the nonbridging
O atoms bonded to W or P are protonated. Its diameter is 26.5
A, as measured from the outer edges of bounding O atoms.
Uranyl ions are present in both pentagonal and hexagonal
bipyramids. Their coordination environments are shown in
Figure 1fj.

In U,sW¢P 4 all of the uranyl hexagonal bipyramids share two
equatorial edges with other bipyramids. Pentagonal bipyramids
share one edge with a hexagonal bipyramid, and two vertices
with two different pentagonal bipyramids. Although the cluster

appears very complex in its representation, it consists of only
two structural units that are defined in Figure 6. One of these is
a four-membered ring of vertex-sharing pentagonal bipyramids,
with a (WO,OH)?" square pyramid located at the center of
each ring, where it shares edges with each of the four uranyl
bipyramids (Figure 6b). This unit is very similar to those found
in dedecaniobate Keggin ions,*' as well as in uranyl
chromates.*>** The other structural unit consists of two uranyl
hexagonal bipyramids that are bridged by a peroxo ligand that is
bidentate to each uranyl ion. Each of these hexagonal
bipyramids is also coordinated by two bidentate (H,PO,)'~
tetrahedra (Figure 6¢). These two structural units are linked by
the sharing of polyhedral edges between uranyl pentagonal and
hexagonal bipyramids, and single vertexes between (HPO,)*~
tetrahedra and uranyl pentagonal bipyramids. The result is a
cage cluster with porous walls that contain the first examples of
12-membered rings of uranyl polyhedra.

4. DISCUSSION

The hybrid actinide—transition metal clusters reported here all
self-assemble in aqueous solution under ambient conditions
when uranyl nitrate, H;PO;, peroxide, and polyoxometalates
containing either Mo or W are combined. Simple evaporation
of the solutions eventually induces crystallization, which
facilitated structure characterization. All of these clusters
contain peroxo ligands that bridge between uranyl ions,
which encourages formation of nanoscale cage clusters, rather
than extended structures. The U—(O,)—U dihedral angles of
the peroxo bridges range from 126.4 to 147.5° in these clusters,
consistent with our previously reported cage clusters as well as
density function theory studies.***

The topologies of the clusters reported herein depart
substantially from those based only on uranyl polyhedra.®
Where cage clusters are built from uranyl polyhedra only, every
polyhedron shares three of its equatorial edges, at least two of
which correspond to peroxo ligands, with other uranyl
polyhedra.® Several of these have fullerene topologies consisting
of 12 topological pentagons as well as hexagons. Others include
squares in their topologies, in combination with pentagons and

35]{3315 +2%‘4- +18 @+6p—>
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Figure 7. Polyhedral building units of uranyl peroxide phosphate transition-metal cage clusters under study. Legend as in Figure 2.
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hexagons. In clusters containing phosphate and transition
metals, uranyl polyhedra are also connected into larger rings
consisting of 7, 8, 10, or 12 members, as well as four- and six-
membered rings that differ from those found previously in cage
clusters, in which four uranyl ions are bridged by four bidentate
peroxo ligands. The inclusion of uranyl hexagonal bipyramids
with two peroxo ligands in a trans arrangement fosters
formation of the larger rings and is an unusual feature that
has only been found in two clusters previously.*’

Self-assembly of topologically complex clusters such as those
reported here likely involves the preformation of subunits in
solution, and these may be influenced by the Li counterions.
Possible assembly mechanisms, beginning with specific subunits
built of uranyl polyhedra and phosphate tetrahedra, are shown
for each cluster in Figure 7. Note that only two types of
subunits are necessary, together with isolated polyhedra, to
form clusters UsoWiP,,, UyMo,P ¢, and U,gW,P,. In the case
of U sW,P,,, one subunit is combined with isolated polyhedra.
For U,sW¢P s, two subunits only are required.

Each of the clusters reported here contains uranyl hexagonal
bipyramids with two peroxo ligands in trans arrangements.
These assume a fundamental structural role in the clusters, as
they link uranyl polyhedra by sharing each of their bidentate
peroxo ligands. Clusters built from uranyl polyhedra alone
contain uranyl hexagonal bipyramids that have either two or
three peroxo ligands. Where two are present, they are almost
always in a cis configuration, and the bipyramid shares both of
these, as well as a third edge defined by two hydroxyl groups,
with other uranyl polyhedra. Such clusters self-assemble in
alkaline aqueous solutions, with pH values in the range of 9—
13. Topologically similar clusters where oxalate or pyrophos-
phate ligands bridge between uranyl polyhedra, rather than two
hydroxyl groups, form over a broader range of pH, from 4 to
10. The major exception is found in two chiral uranyl peroxide
cage clusters that are built dominantly from belts of uranyl
polyhedra, in which some of the uranyl ions are bonded to two
bidentate peroxo ligands in a trans arrangement.” These
clusters formed in a solution with a pH of 6.0.

Studtite, (UO,)(0,)(H,0),, forms when peroxide is added
to acidic through circum-neutral aqueous solutions containing
uranyl ions. It contains chains of uranyl hexagonal bipyramids
that share peroxo ligands that are in trans arrangements about
uranyl ions along the chain length.* H,0 groups occupy the
other equatorial vertices also in a trans arrangement. As such,
the uranyl ion coordination environment in studtite is very
similar to that found for the trans peroxo uranyl hexagonal
bipyramids in each of the clusters reported here. The only
difference is that one equatorial H,O group of the studtite
configuration corresponds to an O atom of an oxyanion in the
clusters. As such, it appears that the coordination of uranyl by
two peroxide ligands in a trans arrangement is favored in
aqueous solutions with acidic to circumneutral pH, with the cis
arrangement of peroxide ligands dominant under alkaline
conditions. Factors that influence the linkage of uranyl ions
through peroxide under acidic conditions have not been
rigorously evaluated. However, in the absence of alkali or
alkaline earth counterions, studtite forms, but where counter-
ions are present they may template formation of rings of uranyl
ions bridged by peroxide, and therefore cage clusters.

Introduction of phosphate and tungstate or molybdate into
cage clusters built from uranyl polyhedra has produced major
topological departures from those clusters that are built only
from uranyl polyhedra. Synthesis experiments conducted with

similar systems under more alkaline conditions generally
produced clusters built from uranyl polyhedra only. Reduction
of the solution pH appears to favor uranyl hexagonal
bipyramids with peroxo ligands in a trans arrangement, as
discussed above. Such bipyramids have a profound impact on
the topologies of the resulting clusters, arguably much more so
than either the phosphate, tungstate, or molybdate polyhedra.
The connectivities of the six cage clusters reported here have
uranyl polyhedra that are linked directly to two or three other
uranyl polyhedra, giving cages formed by the uranyl polyhedra
alone (Figures 2—6) . The phosphate, tungstate, and molybdate
oxyanions assume an essential role in stabilizing the clusters,
both by bridging between different uranyl polyhedral units, and
by coordinating the uranyl ions in specific ways to meet their
bonding requirements.

The molybdate and tungstate do not appear to direct the
formation of the clusters examined here, but rather they
stabilize the observed configurations. Specifically, novel rings of
seven uranyl polyhedra occur in UsyW(P,, and UyMo,P 4 that
contain three uranyl ions that are coordinated by two peroxide
ligands in a trans configuration, and four containing two
peroxide in cis configurations (Figures 2h and 3b). This
relatively large ring is presumably stabilized by the (WO;OH)~
tetrahedron that lies within, where it shares vertices with each
of three uranyl polyhedra that contain peroxide ligands in a
trans arrangement. In U,sW,P),, U,sMo,Py,, and U W,P ),
there are novel six-membered rings of uranyl polyhedra
(Figures 4e and 6b). In previously reported uranyl peroxide
cage clusters, six-membered rings invariably involved uranyl
ions coordinated by two peroxide in a cis arrangement, or three
peroxide. As such, the shared edges between uranyl polyhedra
that defined the rings are also in a cis configuration, which gives
a compact ring. In UyW,P,,, U,sMo,Py,, and U gW,P), six-
membered rings of uranyl polyhedra contain uranyl ions with
two peroxide ligands in a trans arrangement that are shared
with adjacent uranyl ions, resulting in a more open ring. In
UpsW,Py, and U,sMo,P;, (MoO;OH)™ or (WO;0H)~
tetrahedra occur within these rings and presumably stabilize
them, as each tetrahedron is linked to three different uranyl
polyhedra of the ring. In the case of U;jW,P;, a
(WO4(OH);)* octahedron is at the center of the six-
membered ring, where it shares three O atoms with three
different uranyl polyhedra.

In summary, uranyl peroxide cage clusters form under mildly
acidic and circumneutral aqueous conditions in the presence of
phosphate, molybdate, or tungstate and adopt new cage
topologies that incorporate transition-metal polyhedra within
the cage walls. These clusters contain larger rings of uranyl
polyhedra than those that contain only uranyl polyhedra, and
provide rare examples of clusters that contain uranyl ions
coordinated by two bidentate peroxo ligands in a trans
arrangement.
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