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ABSTRACT: A novel uranium heteropolyoxometalate,
[H3O]4[Ni(H2O)3]4{Ni[(UO2)(PO3C6H4CO2)]3-
(PO4H)}4·2.72H2O, has been prepared under mild
hydrothermal condit ions using the diethyl(2-
ethoxycarbonylphenyl)phosphonate ligand and in situ
ligand synthesis of the HPO4

2− anion. The cluster is
derived from a common UO7, pentagonal bipyramid and is
constructed by employing nickel(II) metal ions as linkers.
The 3d−5f heteropolyoxometalate core incorporates 12
classical pentagonal uranyl groups and four Ni2+ octahedral
units.

Polyoxometalate clusters have been the subject of intense
inquiry for decades owing to their unique structures and

versatile properties that give rise to applications in a variety of
areas ranging from water oxidation1 to antiviral activity.2 While
these clusters are well-known from the d block, only recently
have polyoxometalate clusters been extensively developed for
actinides.3 While it is unlikely that these clusters will have the
same applications as those with transition metals owing to their
radioactivity, uranyl peroxide clusters hold promise for
applications in mass-based separations of used nuclear fuel,
and large clusters of plutonium (e.g., plutonium colloids) may
be important in the transport of plutonium in the environ-
ment.3a,4 Mixed 5f− and 4f−3d clusters are also of interest
owing to the possibility of the magnetic coupling between the
metal centers that may lead to the development of single
molecule magnets.5a,b The incorporation of uranium atoms in
heteropolytungstates has been investigated for use in
sequestration and storage of actinide waste.5c−e

It has recently been shown that uranyl peroxide cluster
chemistry can be expanded substantially through the
incorporation of different anions such as oxalate,6 phosphate,7

and phosphonates.8 We recently demonstrated that diphosph-
onates can be used to assemble hexanuclear clusters with
thorium and plutonium, and many other uranium/thorium-
based clusters with hexanuclear structures have been reported.9

Herein, we demonstrate that a heteropolyoxometalate cluster
can be assembled with uranyl, UO2

2+, and a first-row transition
metal using a 1,2-carboxyphenylphosphonate to assemble the
cluster. This cluster is formulated as [H3O]4[Ni(H2O)3]4{Ni-
[(UO2)(PO3C6H4CO2)]3(PO4H)}4·2.72H2O (NiUcppe) and
is easily synthesized from common starting materials using
traditional hydrothermal methods.10

This compound crystallizes in the cubic space group F4̅3c.11

The cluster possesses T symmetry and consists of a core of 12
uranyl pentagonal bipyramids and four nickel(II) octahedra
with four additional nickel(II) octahedra decorating the exterior
of the cluster, as shown in Figure 1. The T symmetry group is
the pure rotation subgroup of the Td group, and the topology
of this polyoxometalate cluster is similar to the Td class of
classical M12O40 polyoxometalates.12 The ligand that bridges
between the metal centers and terminates the surface of the
cluster is 1,2-carboxyphenylphosphonate. Each of the UO7

polyhedra shares an edge to form dimers that are connected
via the PO3 moiety. The nickel(II) metal ion octahedra are
positioned at the four corners of a tetrahedron linking the
uranyl dimers to form the {(UO2)12Ni4} core. The cluster is
approximately 1.2 nm in diameter from the oxygen atoms of the
uranyl centers and 1.4 nm from the diagonal of the oxygen
atoms of the Ni2+ ion centers on the periphery. While one of
the carboxylate oxygen atoms of the same ligand coordinates to
the four nickel(II) metal ions in the 5f−3d polyoxo core; the
second oxygen atom of the carboxylate moiety coordinates to
the other four Ni2+ ion centers that are on the exterior of the
cluster. The carboxylate moiety exclusively binds the softer
metal cations, while the phosphonate moiety preferentially
binds the uranyl centers. This trend is similar to what we have
reported.13a,b This cluster is quite distinct from the uranyl
peroxide clusters reported by Burns and co-workers, which are
typically constructed from only uranyl peroxide hexagonal
bipyramids, except for in a recently reported work where one of
the fragments consists of two uranyl peroxide pentagonal
bipyramids.7a This structure to our knowledge contrasts
dramatically from the most common U6O8 topology of
uranium clusters that are known, with the exceptions being
discrete decanuclear oxo/hydroxo clusters, a dodecanuclear
oxide cluster, and 16 uranium atoms consisting of fused
octahedra, [U16O22(OH)2] cores.

9h,i

Owing to the high symmetry, the cluster only contains one
crystallographically unique uranium center that is coordinated
by two nearly linear oxo atoms, forming a UO2

2+ unit, and the
OUO bond angle is 178.1(3)° with normal UO bond
distances of 1.778(6) Å and 1.757(6) Å. Five oxygen atoms are
coordinated to the uranyl center in the equatorial plane leading
to U−O bonds that range from 2.306(7) to 2.544(6) Å; the
longest bond corresponds to μ2-O bridging atoms of the
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dimers. The calculated bond-valence sum of the uranium center
is 6.03 and is in agreement with U(VI).14

The P(1)−O bond distances from the 2-carboxyphenyl-
phosphonate ligand ranging from 1.544(7) Å to 1.568(6) Å
correspond to μ2-O bridging atoms and are longer than the
terminal P(1)−O(5) of 1.518(6) Å. A single phosphate anion
connects three uranyl dimers and is generated in situ via
decomposition of some of the ligand. The P(2)−O bond
distances from the phosphate moiety range from 1.487(7) Å to
1.607(18) Å. It is unlikely that this phosphate ion exists as
PO4

3− because only three of the P−O bonds are equidistant
and (HPO4)

2− is essential to balancing the charge. There are
two crystallographically distinct nickel(II) metal ion centers in
this structure. Ni(1) forms six bonds with carboxylate and
phosphonate oxygen atoms, and the Ni−O bond distance
average is 2.046(6) Å. Ni(2) is coordinated by six oxygen atoms

that range from 2.054(8) to 2.160(10) Å. Three equidistant
oxygen atoms are from carboxylate moiety, and the remaining
three are from water molecules. The packing diagram shows
voids that are filled with disordered water and hydronium ions.
These nickel metal ions have bond valences and absorption
spectra that are consistent with divalent oxidation states, as
shown in the Supporting Information.
The absorbance spectra for this uranyl heteropolyoxometa-

late and UO2(NO3)2·6H2O were collected (see Supporting
Information). The characteristic equatorial U−O charge
transfer band and axial UO charge transfer band (vibronic
coupling) were observed around 325 and 423 nm, respectively,
which correspond to the UO2(NO3)2·6H2O spectrum.13a An
additional absorbance peak was also observed around 753,
which corresponds to the d−d transition of the Ni2+ metal ion.
Although there is no clear difference in the position of the
observed peaks relative to absorption spectra of two copper(II)
complexes we reported before, the vibronic coupling of the CT
bands is clearly observed here.13b

The fluorescence spectra for this compound and
UO2(NO3)2·6H2O were also collected under the same
experimental conditions and procedures and are shown in the
Supporting Information. It has been demonstrated that the
incorporation of Cu(II) metal ions resulted in the quenching of
emission from uranyl complexes because of the overlap of
emission from uranyl cations and the d−d absorption band of
copper(II) ions, yielding energy transfer and nonradiative
decay.13d−f Interestingly, we have also documented lumines-
cence properties in [Cu(H2O)]2Cu(H2O)2[(UO2)-
(PO3C6H4CO2H)(PO3C6H4CO2)]2 complexes, and the mech-
anisms of the emission from uranyl compounds are most often
difficult to explain.13b,g The luminescence spectrum of NiUcppe
d iffers f rom that o f the benchmark compound
(UO2(NO3)2·6H2O). Five prominent peaks are clearly resolved
for NiUcppe at about 488, 514, 543, 584, and 611 nm; these
correspond to electronic and vibronic transitions S11−S00 and
S10−S0v (v = 0−4). The most intense peak is positioned at 543
nm. The luminescent spectrum for the benchmark compound
showed well-resolved sharp vibronic peaks at 487, 509, 532,
558, 586, and 612, and the most intense peak (S10−S00) is
positioned at 509 nm. This uranyl heteropolyoxometalate
exhibits a slight red shift of 35 nm compared to the benchmark
compound. The slight difference observed in this compound
and the benchmark may be attributed to the coordination
environment around the uranium center, ligand field effects,
and incorporated transition metals. The fluorescence spectra
also differ from those reported for the uranyl carboxyphenyl-
phosphonate compound, UO2(PO3HC6H4CO2H)2·2H2O.

13b

This nickel-containing uranyl polyoxometalate displayed a
s l i g h t r e d s h i f t o f 1 5 n m c o m p a r e d t o
UO2(PO3HC6H4CO2H)2·2H2O. The fluorescence spectra
observed here are similar to those reported for Cs+/Ba2+ and
[Cu (H 2O) ] 2Cu (H 2O) 2 [ (UO2 ) (PO3C 6H 4CO2H) -
(PO3C6H4CO2)]2.

13a−c

In the low wavenumber regions of the IR spectra the 664.9
cm−1 peak is indicative of O−P−O bending, and the 704.5 and
736.1 cm−1 peaks are dominated by phenyl ring and P−C
stretching vibrations. The symmetric stretching mode of the
uranyl cation, the UO2

2+ unit, is observed at 833 cm−1, while
the antisymmetric stretching modes are observed at 932.8 and
969.7 cm−1. The two peaks at 1079 and 1144 cm−1 are at
expected values for P−O and PO symmetric and
antisymmetric stretching modes of phosphonates. The band

Figure 1. Both polyhedral and ball-and-stick representations of
[H3O]4[Ni(H2O)3]4{Ni[(UO2)(PO3C6H4CO2)]3(PO4H)}4·2.72H2O.
UO7, pentagonal bipyramids = green, Ni2+ = blue, phosphorus =
magenta, oxygen = red, carbon = black, and hydrogen = white.
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at 1385 cm−1 is characteristic of the O−C−O symmetric
stretching of the carboxylate groups. The small peak at 1485
cm−1 is due to a phenyl ring stretching vibration. The peaks
from 1538 to 1588 cm−1 are associated with the O−C−O
antisymmetric stretching vibrations. The broad bands around
3080 cm−1 are associated with the overlap of O−H stretching
of P−OH and free water/hydronium molecules.15

In conclusion, the assembly of the heteropolyoxometalate
cage cluster described herein demonstrates that uranium
polyoxometalates are not limited to U6O8 topology and that
a mild hydrothermal in situ ligand synthetic approach can be
used in the discovery of 5f−3d clusters that can be developed
into a larger family of uranyl-based polyoxometalates in the
future.15a We also demonstrate the importance of using an
ortho-substituted phenylphosphonate ligand in stabilizing a
high nuclearity uranyl polyoxometalate cage cluster.
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(1) (a) Geletii, Y.; Botar, B.; Kögerler, P.; Hillesheim, D.; Musaev, D.;
Hill, C. Angew. Chem., Int. Ed. Engl. 2008, 47, 3896−3899. (b) Sartorel,
A.; Carraro, M.; Scorrano, G.; Zorzi, R. D.; Geremia, S.; McDaniel, N.
D.; Bernhard, S.; Bonchio, M. J. Am. Chem. Soc. 2008, 130, 5006−
5007.
(2) (a) Shigeta, S.; Mori, S.; Yamase, T.; Yamamoto, N.; Yamamoto,
N. Biomed. Pharmacother. 2006, 60, 211−219. (b) Long, D.;
Tsunashima, R.; Cronin, L. Angew. Chem., Int. Ed. Engl. 2010, 49,
1736−1758.
(3) (a) Burns, P. C. Mineral. Mag. 2011, 75, 1−25. (b) Duval, P. B.;
Burns, C. J.; Clark, D. L.; Morris, D. E.; Scott, B. L.; Thompson, J. D.;
Werkema, E. L.; Jia, L.; Andersen, R. A. Angew. Chem., Int. Ed. Engl.
2001, 40, 3357−3361.
(4) Soderholm, L.; Almond, P.; Skanthakumar, S.; Wilson, R.; Burns,
P. Angew. Chem., Int. Ed. Engl. 2008, 47, 298−302.
(5) (a) Kozimor, S. A.; Bartlett, B. M.; Rinehart, J. D.; Long, J. R. J.
Am. Chem. Soc. 2007, 129, 10672−10674. (b) Benelli, C.; Gatteschi, D.
Chem. Rev. 2002, 102, 2369−2387. (c) Kim, K.; Pope, M. J. Am. Chem.
Soc. 1999, 121, 8512−8517. (d) Kim, K.; Pope, M. J. Chem. Soc.,
Dalton Trans. 2001, 986−990. (e) Mal, S. S.; Dickman, M. H.; Kortz,
U. Chem.Eur. J. 2008, 14, 9851−9855.
(6) Ling, J.; Wallace, C. M.; Szymanowski, J. E. S.; Burns, P. C.
Angew. Chem., Int. Ed. Engl. 2010, 49, 7271−7273.
(7) (a) Ling, J.; Qiu, J.; Szymanowski, J. E. S.; Burns, P. C. Chem.
Eur. J. 2011, 17, 2571−2574. (b) Unruh, D. K.; Ling, J.; Qiu, J.;

Pressprich, L.; Baranay, M.; Ward, M.; Burns, P. C. Inorg. Chem. 2011,
50, 5509−5516.
(8) Ling, J.; Qiu, J.; Sigmon, G. E.; Ward, M.; Szymanowski, J. E. S.;
Burns, P. C. J. Am. Chem. Soc. 2010, 132, 13395−13402.
(9) (a) Diwu, J.; Good, J. J.; Di Stefano, V. H.; Albrecht-Schmitt, T.
E. Eur. J. Inorg. Chem. 2011, 1374−1377. (b) Mokry, L. M.; Dean, N.
S.; Carrano, C. J. Angew. Chem., Int. Ed. Engl. 1996, 35, 1497−1498.
(c) Berthet, J. C.; Thuery, P.; Ephritikhine, M. Inorg. Chem. 2010, 49,
8173−8177. (d) Berthet, J.; Thuery, P.; Ephritikhine, M. Chem.
Commun. 2005, 3415−3417. (e) Mougel, V.; Biswas, B.; Pecaut, J.;
Mazzanti, M. Chem. Commun. 2010, 46, 8648−8650. (f) Takao, S.;
Takao, K.; Kraus, W.; Emmerling, F.; Scheinost, A. C.; Bernhard, G.;
Hennig, C. Eur. J. Inorg. Chem. 2009, 4771−4775. (g) Nocton, G.;
Pecaut, J.; Filinchuk, Y.; Mazzanti, M. 2010, 46, 2757-275. (h) Nocton,
G.; Burdet, F.; Pecaut, J.; Mazzanti, M. Angew. Chem., Int. Ed. 2007, 46,
7574−7578. (i) Biswas, B.; Mougel, V.; Pećaut, J.; Mazzanti, M. Angew.
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