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Uranium-containing polyoxometalates (U-POMs), an important class of actinide cluster compounds, are
the products of the assembly of uranium or uranium and POMs. These cluster compounds illustrate the
structural beauty and diversity of obtained U-POMs that can be achieved by the reaction of uranium or
uranium and POMs. The structural diversity is revealed by the classification of U-POMs in this review,
which are mainly divided into two parts, according to the main metal elements of the clusters, named
U-containing heteropolyoxometalates (U-hetero-POMs) and U-oxo-clusters. U-hetero-POMs are further
classified by development date from the end of the 20" century based on the basic building units, includ-
ing Keggin-type, Dawson-type, Silverton-type, hybrid structures, and cryptand structures. U-oxo-clusters
mainly include uranyl peroxide clusters, their derivatives, and U'"“-oxo-clusters and mixed-valence
U-oxo-clusters. This review provides a comprehensive summary of the synthesis and structures of
U-POMs as well as their characterization, properties, and applications. Finally, the development prospects
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rsc.li/frontiers-inorganic and directions for U-POMs in the future are also elucidated.

1. Introduction

Polyoxometalates (POMs) are the most representative metal
oxide clusters that self-assemble in solution with controllable
structures and give us a unique way to design and synthesize
metal oxide materials from the micro- to macro-scale. The
incomparable chemical compatibility of POMs makes them
ideal models to assess the influence of various elements on
the structures and properties across the periodic table of
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elements. Research on POMs has developed rapidly not only
based on the fascinating structures but also the applications
in various fields."® One notes that the research trends of
POMs have evolved from structure-driven research to perform-
ance-driven research in the past decades. In contrast, actinide-
related POMs are less explored even if the first actinide-con-
taining POMs were found more than 50 years ago.’ The studies
of actinide-containing POMs may be limited by the difficulties
in obtaining them and the radioactivity of actinides due to the
strategic significance of actinides related to national defense,
energy sources, and other fields, and the development of acti-
nide-containing POMs lags far behind other transition metal
(TM)-based POMs. But there are also several investigations on
actinide-containing POMs, involving Th, U, Np, Pu, and
Am.""” However, only U-related POMs are studied relatively
more due to the stability of isotopes and the difficulty in
acquiring the actinides.

Uranium is one of the most important strategic resources
in the nuclear industry and exhibits abundant oxidation states
from +2 to +6."®'® Uranium chemistry already developed into
the representative field of actinide chemistry.>*>* The most
stable state of +6 uranium atoms is to form linear uranyl ions
(U0,>") combining two oxygen atoms with triple bonds.
However, the two opposite oxygen atoms are inert under the
most common conditions. One uranyl ion could coordinate
with at most six oxygen atoms in a hexagonal bipyramid geo-
metry.>* While, 5-coordinated uranyl in pentagonal bipyramid
geometry is more commonly found. Uranium atoms with a +4
oxidation state exhibit different coordination behaviors, which
are more similar to other tetravalent transition metal ions
such as Zr*" and Hf*".>*® Tetravalent uranium also shows
more abundant coordination modes and the coordination
numbers could be 12 or higher.® Thus, the combination of
uranium atoms and traditional POMs has a strong coordi-
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nation basis. Besides, the polymerizable nature of uranyl ions
and tetravalent uranium salts in aqueous solutions makes
them easy to assemble into U-oxo-clusters, clusters built from
a certain number of UO,”" or U*" ions and bridging oxygen
linkers, which is also a significant category of POM
chemistry.'>"® One can see the trend that the research focus of
U-containing POMs (U-POMs) has gradually turned into struc-
ture-based performance research not only due to the develop-
ment tendency of chemistry but also the increasing numbers
of new U-POMs prepared in recent years.

To better summarize the structural features, the U-POMs in
this review are mainly divided into two parts, U-containing
heteropolyoxometalates (U-hetero-POMs) and U-oxo-clusters.
U-hetero-POMs are those POMs in which the early transition
metal elements (W etc.) are the main part of the clusters and
uranium is the heterometal ion. While U-oxo-clusters are those
POMs in which uranium atoms are the main building units of
clusters. Thus, the U-POMs discussed in this review are
divided into three parts: (i) U-hetero-POMs, which are classi-
fied based on the building units, including Keggin, Dawson,
Silverton, and so on; (ii) U-oxo-clusters reported in recent
years, including wuranyl peroxide -clusters, POM-related
uranium phosphates derivatives, U-oxo-clusters containing
other transition metals, and U“-oxo-clusters and mixed-
valence U-oxo-clusters; (iii) other types of U-POMs, which are
hard to classify. This review restricts our attention to U-hetero-
POMs and recent U-oxo-clusters containing four or more
essential uranium atoms. We focus on the development of
U-POMs with respect to the aspects of syntheses, structures,
properties, and applications. Finally, several directions for
further research are proposed.

2. Synthesis and structure of
U-POMs

2.1 U-hetero-POMs

U-hetero-POMs are built from traditional POM building units
with different kinds of lacunary precursors or from simple
starting materials (such as Na,WO,, heteroatom salts, etc.).
UO,(NO;), and UO,(OAc), (OAc = acetate) are the most com-
monly used uranium sources and the employment of UCl, or
U(SO,4), may introduce considerable uncertainty for the syn-
thesis of novel U-hetero-POMs due to the oxidation and richer
bonding ability of U". Those U-hetero-POMs based on Keggin-
type lacunary precursors are the most reported due to the
natural stability of Keggin-type lacunary precursors.
Consequently, the U-hetero-POMs here are divided up based
on the basic building blocks, including Keggin-type, Dawson-
type, Silverton-type, hybrid structures, and cryptand structures
(Table 1).

2.1.1 Keggin-type structures. It is known that Keggin-POMs
are the first and the most widespread kind of POMs to be
studied. Stable Keggin-type lacunary precursors and Keggin-
POM derivatives are also the most abundant. In most cases,
polyvacant polyoxotungstates (POWSs) are the most stable, and
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the basic mono-, bi-, and trivacant Keggin-type precursors
{XWi1}, {XWio}, {XWo} tolerate various heteroatoms including
B, Si, Ge, P, As, Sb, Bi, S, Se, Te, etc. Thus, Keggin-type
U-hetero-POWs are also the most studied. The first Keggin-type
U-hetero-POW for which a single-crystal structure was
recorded might be monovacant {GeWj;}-based Cs;,[U
(GeW11039),]-13-14H,0 reported by Tourné and co-workers in
1980 (Fig. 1a).>® Most of the Keggin-type U-hetero-POMs based
on trivacant precursors show similar sandwich structures in
which two trivacant {XWy} sandwich a tri- or tetranuclear
cluster containing 2 to 4 UO,>" or U*". The empty position in
the sandwich was occupied by H,O or counter cations such as
Na’, K", and NH," (Fig. 1b and c). Pope synthesized the first
series of typical sandwich-type U-hetero-POWs with the
general formula of [M,(UO,),(PW403,),]">~ (M = Na, K, NH,) in
1999 (Fig. 1b and c¢).*° [Na,(UO,),(PWo034),]">~ represented
the first typical sandwich structure, in which two {PWy} sand-
wiched a {Na,(UO,),} cluster to form the symmetrical
U-hetero-POWs  (Fig. 1b).  [K,(UO,),(PWo034),]">~ and
[(NH,),(UO,),(PW4034),]*>~ showed another typical asymmetri-
cal sandwich structure in which two uranyl ions and K' or
NH," were sandwiched with a triangular configuration
(Fig. 1c). Recently, our group also synthesized five
{Na,(UO,),(XWs034),}-based (X = P/Si) U-POMs with different
2D/3D structures, which revealed the significant influence of
counter cations on the spatial structures of U-POMs even if the
structures of {Na,(UO,),(XWo0j34),} were similar.>'** Our work
demonstrates that different reaction conditions provide the
assembly conditions for Na-H,O clusters with different coordi-
nation environments and different dimensions, which result
in different spatial structures.

Rusu studied the properties of four Keggin-type com-
pounds, including isotope exchange, spectroscopy, thermal
analyses, magnetic susceptibility, and paper electrophoresis in
1999 and 2000.°°® However, only the formulas, ie.,
Nay,[(UO)3(H,0)6(PW034),]-21H,0, Kio[UY(BW;;050H),]-23H,0,
K, JUVGeW,,030], and K;,[U™(GeWy,050),], were provided
without crystal data. Then, David prepared two sandwich-type
structures with formulas of Na,4[(U™0);(GeWo0;4)]-23H,0 and
Nag[UY (SbWo033),]-22H,0, but crystal data were also not
provided.®®®® The utilization of U(SO,),, prepared from
UO,(OAc), hydrate, should be a key factor for the formation of
these U™-hetero-POWS.

Compared with trivacant precursors, there are much fewer
Keggin-type bivacant precursors. As a result, there were only
two cases based on {y-Siw,,}, which were also reported by
Pope in 2002.>* In this work, Pope reported five Keggin-deriva-
tive U-hetero-POWs, among which [Nay(UO,),(SiWeO34),]"*"
showed a typical sandwich structure based on trivacant {SiWy}
(Fig. 1b). Another two tetramers [{M(OH,)},(UO,),(OH),
(SiW10036)4]*>", M = Na/K, are the only two bivacant precursor-
based structures (Fig. 1k and 1). The arrangement of four
uranyl ions in the two tetrameric structures was similar to the
{AsW,o}-based structures reported by Duval in 2018 (section
2.1.5).%* However, it could be found that Na* and K" in the two
structures displayed different arrangements. Na' ions are adja-

Inorg. Chem. Front,, 2022, 9, 5408-5433 | 5411
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Fig.1 View of Keggin-type U-hetero-POWSs. (a) [U(GeW1;030)-12"; typical structures of (b){Nay(UO,)>(XWoOsz4)} (X = Si, P, Ge, AsY), (c)
{M5(UO,)>(XWsOs34)2} (M = HO, NH4™, K¥; X = Si, P, AsY), (d) the “open” sandwich structure of {(UO,)>(H>0)-(XWsO33)5} (X = As", Sk, Te); (e)
(NH4)18[(NH4)12(U02(H20))6(U02(P2‘HzO))s((X-ASW9034)6]'74H20,' (f) [U4(l—l3'o)2(5iW9034)2(CH3COO)2]10_.' (g) [(UIv)s_s(UVIO)o_s(l-lz'OH)4(H3'O)4O

(OAC)(AsW4O33)51"~; (h)

[(U™)3(UY'0)3(uz-OH)4(p3-0) 4(AsWoO33)1*>~; (i)

[(U")6(3-OH)a(p3-0)4(AsWsO33) 412 ; (j) {Na@

[(SbW9033)2(U02)6(PO3OH)G]}IL; (k) [{K(OHZ))4(U02)4(OH)z(SiW10036)4]227,’ ) [{Na(OH2))4(U02)4(OH)z(SiW1oo36)4]227- Color codes: W, blue; UVI,
yellow; U", light green; Na, dark grey; K, lavender; P, magenta; Si and Ge, orange; As, purple; Te"V, pink; Sb", dark blue; O, red; C, light gray.

cent to each {SiW,,} but K" ions are located at the positions in
middle of two {SiW;}.

Afterward, Pope reported two similar sandwich structures
based on {Sb™'W,} and {Te""Wo} (Fig. 1d).*® In both structures of
[(UO,)2(H,0)5(SbWo035),]"*~ and  [(UO,),(H,0),(TeWs033)5]">",
the trivacant {XW,} only offered four of the six unsaturated term-
inal oxygen atoms to coordinate with two uranyl ions. Thus, the
obtained sandwich structure showed a different “open” configur-
ation (Fig. 1d). Besides, [(UO,),(H,0),(TeW4035),]'>~ could also
be in situ synthesized from simple raw materials including TeO,,
U0,(NO;),-6H,0, Na,WO0,-2H,0 and NH,CL. In 2005, David sys-
tematically studied and compared the spectra of several
sandwich U-hetero-POWs with the general formulas of
[(UO)3(H,0)6(XWo034)o]"***~ (X = P/Si/Ge) and [Us(XWoOj33),]°"
(X = As/Sb/Bi).”° This work revealed the shifting law of bonds in
these sandwich U-hetero-POWSs and trivacant precursors {XWo}.

Subsequently, Khoshnavazi also in situ synthesized three
sandwich uranium-containing polytungstoarsenates using

5412 | /Inorg. Chem. Front., 2022, 9, 5408-5433

HAc, Na,W0,-2H,0, Na,HAsO,-7H,0, and UO,(OAc),-2H,0.>°
The addition of NaCl, NH,Cl, and KCl yielded
Nay,[Na,As,W,5U,05,]-35H,0, (NH,);5[NH,AS,W;5U,0,]17H,0,
and Kj;3[KAs,W;5U,05,]-10H,0, respectively. These U-hetero-
POWs exhibited similar structures with the general formula
[M,(UO,),(PWo034),]"*~ (M = Na, K, NH,) reported by Pope as
mentioned above (Fig. 1b and c). A Na salt based on {BiW,},
which was similar to K" and NH4" of [M,(UO,),(PWo034),]"*7,
was also successfully obtained by Alizadeh and the formula
was [Na(UO,),(H,0)4(BiWo033),]">~.*® In 2011, Mohadeszadeh
synthesized a rare  Keggin-{As"Wy}-based  hexamer,
(NH,)15[(NH)12(UO5(H,0))6(UO5(p2-Hz0))(0-ASW5034)6 ] 74H,O,
by the reaction of (NH,);3[NH;AS,W15U,05,]-17H,0 and (NH,)
Ce(S04)4-2H,0 in a pH = 3.5 solution (Fig. 1 and 2).*° This
hexameric polyanion is composed of six {As'Wo}, six four-
coordinated uranyl ions, and two trinuclear clusters {(UO,)s}.
Each {As"W,} is coordinated with three single uranyl ions and
one {(UO,);} to form a cage configuration.

This journal is © the Partner Organisations 2022
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Four years later, Duval reported four {SiWy}-based POMs,
among which a tetranuclear {UY (p3-0),}-based sandwich struc-
ture was constructed from two {SiW,} moieties (Fig. 1f).*® It
should be noted that [U,(j13-0),(SiWoO34),(CH;COO0),]"%" was
synthesized using UCl, in a pH = 4.7 acetate buffer, instead of
uranyl salts. However, one must admit that the combination of
uranyl and acetate buffer is very difficult to control due to
the fast formation and precipitation of Na[U"'0,(OAc);]. The
success of these U-hetero-POWs should be attributed to
the usage of UCl, for assembly and quick separation before
the formation of Na[UY'0,(OAc);]. After this work, Duval also
synthesized three multi-sandwich structures using a similar
method (Fig. 1g-i).*° Similar hexanuclear uranium clusters
with different ratios of substitutional-disordered U"/U"" were
stabilized by the coordination of three or four {As™Woy},
ie., [(U™)5.5(U""0)0.5(13-OH) 4(113-0)40(OAC),(AsW033)5]*
[(U™)3(U"'0)3(15-OH)a(p5-0)a(ASWo035)5]1'*7,  and  [(U™)s
(H3-OH)4(15-0)4(AsSWoO33)4]** . The former two compounds
were obtained from the same solution at different time. The
degree of oxidation with time from U to UY" could be revealed
from the formulas. By diluting the concentration of acetate
buffer and raw materials, crystals of Nay[(U™)e(nz-OH)4(ks-
0)4(AsW4033)4]-42H,0 were obtained without Na[UY'0,(OAc);].
In 2021, Kong and co-workers synthesized a novel sandwich
structure Na;,{Na@[(SbWy033),(UO,)s(PO;0H)¢}-xH,O (x =~
46), which was built from Keggin-{SbW,} and the central {Na@
(U0,)6(PO30H)} cluster (Fig. 1j).*' Two {SbWo} offered all six
unsaturated terminal oxygen atoms for coordination with six
uranyl ions. Na;,{Na@[(SbW¢033),(UO,)s(PO;0H)e]}-xH,O also
has the biggest uranium clusters among those Keggin-type
sandwich U-hetero-POWSs. Besides, this compound is also syn-
thesized by an in situ method from SbCl;, Na,WO,, NaOAc,
H;3PO,4, and UO,(NO3),-6H,0.

2.1.2 Dawson-type structures. Dawson-type POMs are the
second main category of POMs among thousands of derivative
structures. However, the number of reported Dawson-type
U-POMs to date is much lower than that of Keggin-type. Fewer
Dawson-type precursors may be responsible for the lower
number of Dawson-type U-hetero-POMs given the lacunary pre-
cursor synthesis strategy for the great majority of U-hetero-
POMs. The first Dawson-type U-hetero-POWSs were reported by
Rusu and co-workers without crystal structures in 1999.”" But
they provided the formulas, i.e., Na;g[(UO);(P,W;5056),] and
Na;g[(UO);(H,0)(P2W15056),]-27H,0. The study of spec-
troscopy and isotope exchange experiments was carried out.
The first Dawson-type U-hetero-POW with a definite structure
was reported by Pope in 2003 (Fig. 3).*”> The obtained
Nag,[(UO,)12(p3-0)a(p2-H20)12(PaW150s56)4]-77H,O0 product was
synthesized using the vapor diffusion of CH3CN into an
aqueous solution of trivacant Dawson-{P,W,s} and
UO,(NO3),-6H,0. In this polyanion, four groups of trinuclear
uranyl clusters {(UO,)s(n3-O)(p-H20)3} adopted a near-ideal
centrosymmetric arrangement around the center of symmetry.
Each trivacant Dawson-{P,W,5} offered six oxygen atoms to
coordinate with three {(UO,)3(p3-O)(p2-H,0)5}. Thus, the tetra-
hedral structure was formed by the sandwiching of four
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Dawson-{P,W;5} and four {(UO,)s(u3-O)(po-H,0)s}. Solvent
water molecules occupied the central hole in the polyanion.

In 2003, Antonio and Pope both reported a series of 1:2
sandwich structures based on U™ and monovacant Dawson-
{P,W;,} units with a similar formula of [U(P,W;,04¢;),]*¢~.****
Pope’s work represented the case of diastereomers in U-POMs
caused by the two isomers of {P,W;;}, e,
[U(al'PZW‘17O61)Z]16_7 [U(aI_P2W17061)(a2_P2W‘17061)]16_) and
[U(0P;W17061),]"® (Fig. 4). P-NMR revealed the interconver-
sion relationships of these compounds. Moisy also reported
similar Dawson-type An"(o,-P,W;5061), in 2009, including
[U(0-P;W17061),]"®” in the syn-conformation.*

B
k.

2x{(UO,)3}
6x{U0,}

” @ = {As'W,}
6x{AsYW,} C ={U0y}

Fig. 2 Structural representation of  [(NH4)12(UO2(H,0))e(UOx(p2-
H»0))6(a-AsWO34)6]*8~. Color codes are the same as in Fig. 1.

Fig. 3 View of [(UO,)12(i3-O)alpiz-H20)12(PoW15056)4132~. Color codes
are the same as in Fig. 1.

Fig. 4 Views of (a) [Ule-PaW37061)21"", (b))  [Ulay-P2W4;061)
(a2-PoW1706)1%8~, and () [Ula-PaW15061)51%~. Color codes are the
same as in Fig. 1.
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Chen and co-workers also reported a Dawson-like structure
based on a half-open {Si,W;g} unit in 2007, ie, Nas{K
[UO,(H,0)],(A-0-H;38iWo033),}.%° A {K[UO,(H,0)],} cluster was
captured by the open sites of half-open {Si,W;g}, which was
similar to Keggin-type dimeric structures. One year later, Kortz
synthesized a novel horseshoe-shaped Dawson-type structure
using KjsLi[HePyW24004]-33H,0 ({PsW,4}), UO,(NO3),, and
pH = 4 LiOAc/HOAc buffer (Fig. 5a).”” In the polyanion
[Li(H20)K4(H20)3{(U02)4(02)4(H20)2}2(PO;0H),PsW360136) 7,
two groups of tetranuclear uranyl peroxide -clusters
{(U0,)4(0,)4(H,0),} were stabilized by the coordination of
oxygen atoms offered by HPO,>~ and “U”-shaped trimeric
Dawson-{PsW3c}, which was in situ assembled from the
Dawson-type precursor {P;W,,}. It is worth noting that the
addition of 4-6 drops of H,0, and low reaction temperature
(50 °C), which are usually used for the synthesis of uranyl per-
oxide clusters, may be the key factors for the synthesis of these
POMs. However, it is a pity that there were no new Dawson-type
U-POMs until ten years later. In 2019, Duval reported the first
Dawson-{PgW,g}-based structure, [(UO,), ,(HCOO), g(PsW,450154)
Clg]***~, among which chloride was assembled into the struc-
tures of U-hetero-POMs for the first time.*® This compound is
also the first U-POM synthesized using a hydrothermal method.
The reaction of {PgW,g}, LiCl, and UO,(NO;),-6H,0 in HCOONa
buffer at 160 °C gave a mixture of insoluble residue and a clear
solution. Crystals of  (Kjj3Lig1Nay,)[(UO,)y 2(HCOO), g
(PgW450454)Clg]-89H,0 could be obtained by the evaporation of
this solution. It is known that there is a big typical central cavity
within {PgW,s} and various relatively light metal ions or clusters
can be captured in this cavity. But all the uranyl ions in
[(UO,);,(HCOO), 4(PsW,450154)Clg]*"*~ are located on both sides
of the {PgW,s} ring with disorder instead of in the central
cavity. The occupancies of Ul and U2 are 0.25 and 0.65,
respectively. Korenev and co-workers also reported two similar
{PsW.g}-based structures in 2019, but the uranyl ions were even
more  disordered.*> The formulas are  K,[(UO,)g
(PsW450154)]-50H,0-3LiCl  and  (NHj);6Hg[(UO,)s(PsW4gO154)]
50H,0. About one year later, Kortz synthesized a new {PgW,q}-
based  uranyl-peroxide-cluster-containing ~ POW,  KjgLi,,
[{(U0,)4(02)4}2(PsW4g0454)]-133H,0, among which two groups
of tetranuclear uranyl peroxide clusters {(UO,)4(0,),} were both

Fig. 5 Views of (a) [Li(H,O)K4(H20)3{(UO2)4(O2)4(H0)2}(POsOH),
P6W360136]25_ and (b) K18Li22[{(U02)4(02)4}2(P8W480184)]'133H20. Color
codes are the same as in Fig. 1; Li, pale blue.
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located in the central cavity of {PgW,g} (Fig. 5b).>° This is also
the first case in which such heavy atom clusters were assembled
in the central cavity of {PgW,s}. Several potassium ions were
also captured in the central cavity.

Recently, our group and Zhang’s group reported the first
two uranium-containing selenotungstates based on tetravacant
Dawson-{Se,Wy4} (Fig. 6).>" The reaction of Na,WO,-2H,0,
Na,SeOj3, and UO,(NOs),-6H,0 in an aqueous solution yielded
two sandwich-type Dawson POWS, ie., Naz[H;9(UO,),(p2-O)
(SeaW1405,),]-41H,0  and  (NHy)10[H4(SeO),(UO,),(H,0),
(HzSe,W1,405,)(Se,W1,405,)]-66H,0. In the former one, two
{o-Se,W1,} sandwiched four halves of positionally disordered
uranyl. In the latter polyanion, two {y-Se,W,,} sandwiched two
uranyl and two {Se™VO}. It is also worth noting that this work
represents two rare in situ synthesis cases among U-hetero-
POMs. Different pH and counter cations ((CH;),NH-HCI and
NH,Cl) were the significant factors of the one-pot synthesis
procedures.

2.1.3 Silverton-type structures. The Silverton-type struc-
tures are one of the earliest U-hetero-POMs to be studied.’ All
these Silverton-type U-hetero-POMs are based on the typical
Silverton-type (UMo0,,0.,,)®” anion. To the best of our knowl-
edge, these Silverton-{UMo,}-based POMs were all reported by
Torchenkova and co-workers from the former Soviet Union
during 1981-1990 (Fig. 7).">**"° Different metal ions, includ-
ing sc**, vO**, Fe**, Ni**, cu®', Nd**, Er**, Th**, and UO,*",

Fig.6 Views of (a) [(UO,)(p-O)(Se;W140s2),1%%~  and  (b)
[(Se0)2(UO,)»(H20)2(Ho5e,W1405,)(SeaW 140520144~ Se'V,  pink;  other
color codes are the same as in Fig. 1.

Fig. 7 Views of the Silverton-type {UMo;,}-based structures. (a)
[(VO)2(H20)4(UM01,042)1%7;  (b)  [(UO,)2(H20)3(UM01,042)1*7;  (c) [Th
(H,0)3(UMO,04,)]*". Color codes: Mo, blue; UY, light green; UV,
yellow; Th", violet; V: turquoise.
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were incorporated into the structure by the coordination of
three terminal oxygen atoms of {UMo,,} with a similar formula
of {M,(H,0),(UM0,,0,,)} (a=10r2;b=0,3,4,6,12; c=2 or
4). However, most of them are 0D structures, only Th*" and
UO,*" incorporated compounds showed extended structures.
[Th(H,0)5(UMO;,0,,)]*” is a 1D chain built from Th*" and
(UMo04,04,)%7, alternately. [(UO,),(H,0)3(UMo0;,04,)]*”  rep-
resented a rare inorganic (4,4)-connected 2D network if {UMoy,}
clusters were regarded as nodes.

2.1.4 Hybrid structures. Loosely, there are only four cases
that are constructed from more than one basic building block
to date. The first was one of the three similar triangular sand-
wich structures reported by Pope in 2001, ie., [(UO,);(H,0)s
A53W290104]19_; [(Uoz)s(H20)6A53W300105]15_; and
[(UO,)3(H,0)6A83W5oV™V0105]"7 (Fig. 8a-c).°® The first one
[(UO,)3(H,0)5A83;W500104]"° could be viewed as a hybrid struc-
ture based on a Keggin{AsWo} and a Dawson-like
{(AsWy),(W,)} unit, which was in situ transformed from
Na,;[NaAs;W,00140]-60H,O (Fig. 8a). The other two com-
pounds were classified as cryptand structures. The second case
of a hybrid structure was reported by Pope in 2002.>* The reac-
tion of Nag[AsWy0;3]27H,0 and UO,(NO3),:6H,0 in an
aqueous  solution resulted in the formation of
(NH4)17[(UO,)3(H20)4A83W5600,4]-16H,O and part of Keggin-
{AsW,} in situ transformed into Dawson-like {As,W,} (Fig. 8d).
This {As,W,,} unit is not the classical monovacant Dawson-
{As,W;,} and is built from two rare Keggin-{AsWg} units and
one bridging {WOs}. As a result, one {AsWs} and one {As,W,,}
sandwiched three uranyl to form a triangle configuration. The
third one is an iso-heteropolytungstate, [(H3SbW;;05,)
UY(HW;044)]'"", which was constructed from a monovacant
Lindqvist-{Ws;} and a monovacant Dawson-{Sb™W,,}.%*
Significantly, this compound was synthesized from simple
materials and is the first case of an in situ synthesized U-POM
as far as we know.

Recently, our group and Zhang’s group reported a new
uranium-containing selenotungstate that consisted of one
Anderson-{SeW,} unit and three Keggin-{SeW,} units (Fig. 9).®*

(@ (b)

Fig. 8 Views of @ [(UO,)5(H20)5As5W20010412%", (b)
[(UO2)3(H20)6As3W 3001051, (€) [(UOZ)3(H20)6As3WooV'VO1051'~, and
(d) [(UO,)3(H20)4As3W260441Y"~. Color codes are the same as in Fig. 1.
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Q 3x{SeW,}

Fig. 9 View of [(UO,)3(Se0s)sNas(H-0)6(SeWsO,1)(SeWoOs3)31%~. Color
codes are the same as in Fig. 6.

In this hybrid polyanion, [(UO,);(SeO;);Nas(H,0)s(SeWsO0,1)
(SeW,033)5]*' ™, a rare {Se;U;Na;} cluster was surrounded by
one Anderson-{SeW,} and three Keggin-{SeW,} units from four
directions to form a bouquet-like structure. This Anderson-
{SeWs} is different from traditional Anderson units and can be
viewed as a derivative of Keggin-{SeW,,} removing the top and
the bottom {W3} units. This compound was also a rare case of
an in situ synthesized U-POM.

2.1.5 Cryptand structures. Compared with lacunary POMs,
cryptand POMs show more rigid coordination sites.
Meanwhile, the assembly ability of cryptand POMs is also
limited by their stability and the sizes of open sites. The
Preyssler-type [PsW300110]">” ({PsWs0}) is a typical cryptand
POM and is also one of the earliest models used to study the
reactions between POMs and actinides. In 1993, Pope used
{PsW,,} to capture various transition metal ions.””> The U** ion
was successfully assembled in the central cavity of {PsW3,} by
ion exchange under high-temperature reflux conditions
(140-180 ©°C). Three years later, Pope reported a similar
ammonium salt with a formula of (NH,);[U(H,0)
PsW300110]-12H,0 (Fig. 10).%® Single-crystal data revealed the
positional disorder of U*" within the cavity. The U*" ion and
an additional H,O are located on the Cs axis of {PsWs}.
Compared with the U*" ion, the central H,O was closer to the
central position.

Another typical cryptand POM is [As;W40O140]”%"
({AssWyo}).”® {As;W,4o} exhibits two kinds and five in total
coordination sites, theoretically. These two kinds of coordi-
nation sites are called S1 (the only one positioned at the center

Fig. 10 View of [U(H,0)PsW300130]*!". Color codes are the same as in
Fig. 1.
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Fig. 11 Views of (a) two kinds of coordination sites S1 and S2 in
{AssW.40} and (b) [Na(UO2)35(OH)(H20)6As W 400140(WO)I*8~. Color codes
are the same as in Fig. 1.

of {As;Wy,}) and S2 (doubled at two positions between two
opposite {AsWo} sub-units) (Fig. 11a). The first {As,W,o}-based
structure was one of the five cases of U-hetero-POMs reported
by Pope in 2002 (Fig. 11b).>* The tetramer [Na(UO,);(OH)
(H,0)6A8,W 400140(WO)]'®~ was synthesized from UCl, and
Na,,[NaAs,;W,400140]-60H,0 and crystallized from solution at
room temperature. However, only three uranyl were assembled
in the open sites of {As,;W,}. U1 and U2 at S2 in this structure
were both coordinated by two unsaturated oxygen sites from
the {AsW,o} part of {As,W,,}, two single H,0, and a p,-OH. But
U3 exhibited positional disorder with a 5-coordinated W atom
at another two S2 sites.

It is interesting to note that the three {As,W,.}-based
U-hetero-POMs were also synthesized using UCl, and
Na,,[NaAs, W 400140]-60H,O by Duval in 2018 (Fig. 12).°* By
changing the amounts of UCl, or {As,W,,}, three similar tetra-
mers were obtained from a similar HCOONa/HCOOH buffer at
room temperature, namely [{U(p,-OH);(5-0)}AS,W,400140]>> 7,
[{U,(12-0)(HCOO)3}As,W40140]*°7, and  [{Uy4(1-0),(HCOO),}
As;W,00140]°". But the U* ions in [{U,(py-OH)3(py-O)}
AS W ,400140]>>~ were all positionally disordered with 0.5 occu-
pancy for each S2 position. In [{Uy(p,-O)(HCOO)s}
AS W ,400140]”°7, two U*" ions were connected by three p,-
formate and a p,-O at two S2 positions. One of the {AsW} sub-
units was also transformed into a different configuration. The
four U*" ions in [{Us(py-0)2(HCOO)4}ASsW 460140]>°~ were all
located at S2 sites and an additional Na* was also assembled
at the S1 site.

Besides, the above-mentioned [(UO,)3;(H,0)sAs3W300105]">~
and [(UO,);(H,0)sA8;W,6V " O105]""~ could also be viewed as

Fig. 12 Views of (a) [{Ux(a-OH)s(ua-O)}AssW4001401%%, (b) {Ua(p»-O)
(HCOO)3}As4W4001401°", and (c) [{Ua(pt2-O)o(HCOO)4}As4W4001401°°.
Color codes are the same as in Fig. 1.
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cryptand-based structures (Fig. 8b and c).®® Three {AsW,} were
linked by {W3} and {VW,} to form new {As;W3,} and {As;W,oV}
building units with a triangular configuration. Three uranyl
ions were coordinated by the oxygen atoms of the open sites. It
was notable that the three atoms in {VW,} exhibited positional
disorder and the occupancies of V. and W were 1/3 and 2/3 in
total, respectively. The other cryptand-based structures were
the four {PgW,g}-based structures as mentioned in section
2.1.2.

2.2 U-oxo-clusters

U-oxo-clusters discussed in this review are those structures
that could be defined as POMs and uranium and oxygen
atoms are the main building units of the structures. Uranium
shows unique self-assembly modes in aqueous solution, which
are distinctly different from traditional POMs built from early
T™M (W, Mo, etc.). Uranyl ions are always assembled into
capsule-like uranyl peroxide clusters or other similar uranyl-
oxo-clusters in the presence of H,O, or other organic or in-
organic ligands, while tetravalent uranium is easy to hydrolyze
into U™-oxo-clusters with various structures. It is worth noting
that there are no known U -containing peroxide clusters due
to rapid oxidation caused by H,0,. Burns is the pioneer in the
field of actinide oxo-clusters, especially uranyl peroxide clus-
ters, and Nyman also made outstanding contributions in this
field.'®”*7® One finds that the chemistry of uranyl peroxide
clusters has already developed into a significant field from
structure-driven to deeper research of chemical behaviors and
has broadened the scope of POMs.”” %® The U-oxo-clusters dis-
cussed in this section were mainly reported in recent years.
2.2.1 Uranyl peroxide clusters and POM-related uranyl per-
oxide phosphate clusters. Most of the uranyl peroxide clusters
can also be called uranyl peroxide capsules due to their
hollow-shell structures and uranyl peroxide rings or crowns.
Various organic and inorganic ligands have been used as
linkers of the clusters among those uranyl peroxide clusters.
The organic ligands are mainly various organic phosphoric
acids as well as oxalic acid (ox). Sun summarized the structural
chemistry of uranium phosphonates based on the structures
of organic phosphonate ligands and the hetero-metals.®!
Inorganic ligands include PO,*~, HPO;>7, P,0,*~ (Pp), NO;™,
WO0,>~, M0oO,>~, and other anions in addition to O,>”. Those
previously reported uranyl peroxide clusters from {Uje} to
{U;24} showed abundant topologies but could also be divided
into two categories.”® The first kind of uranyl peroxide clusters
built only from uranyl ions, 0,>7, and OH™ are the most
typical representatives of uranyl peroxide capsules. The biggest
case is the highly symmetrical {Ug} cluster ([UO,(O,)
(OH)]60>°"). These kinds of uranyl peroxide capsules could be
viewed as the combination of 4/5/6-membered uranyl polygons
or bigger secondary building units (SBUs) of {(UO,),(0,).} by
sharing edges. The other kinds of uranyl peroxide clusters are
those clusters in which different {(UO,),(O,),} SBUs are linked
by various organic and inorganic ligands as mentioned above.
In consideration of the concept of polyoxometalates, only
those structures with typical clusters are discussed here. These
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Table 2 Summary of typical uranyl peroxide clusters

Codes Formula Shape SBUs of clusters Ref.
{Use} [(UOZ)15(02)24(OH)8]24;2 Bowl-like {Ua} quadrangle, {U} hexagon 82
{Uy(hedp)s} :(UOZ)IG(Oz)lﬁ(hedp) ] Cage {Ua} ring, {Ug} double ring 83
{Us6(hedp)sPa} :(Uoz)lé(oz)s(OH) [(hedp)s(P 04;3] Cage {U,} ring, {(UQZ)Z(OH)Z} . 83
{U1sPp,Pcpe} :(UOZ)IS(OZ)ls(OH)Z( P)s(PP)-] 8: Cage {Us} double ring, {Us0} ring 84
{U14Ppe} [(UO2)15(02)15(0H)4(Pp)s (1'1322(_))4] Cage {Ug} double ring, {Us0} tr%ple ring 85
gm}{Pth} :Eggz%lgggzgzez('OH)z(PPb) 4] gage ggi double ring, {U,,} triple ring 36
20 A 2)20{Y2)30 age 5/ pentagon 7
{Usor} [(U0,)20(0H)16(05)28]>~ Crown-like {U;} pentagon 82
{U2oPs} [(U0,)20(02)27(HPO,)s]**~ Cage {Us}, {Ug} ring 88
{U20P12} :(Uoz)zo(02)24(HPO4)6(H2PO4) 176~ Cage {Ug} ring 88
{U20Ppea) [(U02)20(02)24(Pp)e]” Cage {Uy0} triple ring 84
{U20Ppen} ;(U02)20(02)24(PP)6]3i_ Cage {Us}, {Us0} rir}g ‘ 84
{U20Pp1o} [(U02)20(02)20(PP)10]**~ Cage {Ug} double ring, {U,,} quadruple ring 84
{U20PP10a} [(U02)20(02)20(PP)10] "~ 0 Cage {Us}, {Uy} ring ) 85
{Uzo(hedp)o} [(UO5)20(02)20[(hedp)s0] ™ Cage {Us}, {(UO2)10(02)10} rings 83
{Up0(Ppb)10} (Uoz)zo(oz)zo(PPb)1o40_ Cage {Us}, {Uyo} ring 89
{Us0(Ppb)s} [(U02)20(02)24(Ppb)s)**~ Cage {U,0} triple ring 89
{U21Ppo} [(U02)21(02)21(Pp)s(OH);]**~ . Cage {U,} ring, {Ug} triple ring 85
}Un?} &UozgzzEoz)ﬁs(?P())s)]zo(Hzo)lo] Cage }(U?2)4((212)4}, J%U(iz} " 90
Usqg UO,)24(0OH),4(05)24 Cage U,} quadrangle, {Ug} hexagon 91
{Unar} [(UO,),4(OH)36(02)12]** " Crown-like {Us} hexagon . . 82
{Up4Ppo} [(UO,)24(02)25(PP)o(OH) 4]~ Cage {Ua} ring, {Ug} double ring, {Us,} triple 85
ring
§U24PCP1}(>)} &UozgmE02324EP013’)1]04(5120)4]40_ Cage EUﬁ, {Ug} rings 85
Uz4Pp1> UO2)24(02)24(PP)12] Cage U,} ring 84
EUuEfpéz}) ) EUOZ%MEOZ%MEECEL)Z]?:; Cage EU% ring 84
Uz4(hedp)y, UO;)54(02)z4(hedp)ia] Cage Uy} ring 83
{U.6Ppe} [(Uoz)zs(oz)as(PP)e]Si_ Cage {Us} pentagon . . 84
{U26Pp11} [(UO5)26(02)25(Pp)11] 3881 Cage {Us} ring, {(UO,)y6} triple ring 84
{Uq4(Ppb)s} [(Uoz)zs(oz)xx(ngb)e] Cage {Us} pentagon, {Us} hexagon 89
{Uss} [(UO5)2(02)42]**~ , Cage {Us} pentagon, {Ug} hexagon 91
{Uss4} [(UO2)25(02)28(OH)28] "~ Cage {U.} quadrangle, {Us} pentagon, {Ue} 92
hexagon
{Uzgp} [(UOZ)ZS(OZ)ZO(HPO%)M(HZO)12] Cage {(U02)4(02)4}, {(U0,),(0,)} 90
{Uso} [(U0,)30(02)56(OH)o** Cage %U;l} quadrangle, {Us} pentagon, {Ue} 92
exagon
{Usoa} [(U02)30(02)30(0H)50]**~ Cage %U4} quadrangle, {Us} pentagon, {Ue} 93
exagon
{Us0Pps} [(U02)30(02)39(PP)6]**~ Cage {Ug} ?ng}, I113owl—like {U,4}: {Us} penta- 93
gon, {Ug; hexagon
{U30PP100xs} [(U02)30(02)30(PP)10(0x)s]™ o Cage {Us}, {Uso} rings 94
{U30Pp1,P} [(UOz)so(Oz)zo(Pp)u(ng)(H20)5]° - Double cage {Us}, {U;} rings 93
{Usz} [(UO,)32(OH)3(02)3,] Cage {U,} quadrangle, {Us} pentagon, {Ue} 91
hexagon
{Usr} [(U02)32(02)40(OH)24£07 Crown-like {Us} pentagon, {Us} hexagon 95
{U32Pp1e} [(UO,)32(02)32(PP)16] %; Cage {U,} ring 84
{Use} [(U02)36(02)41(OH)26] >~ Cage {Us} pentagon, {Us} hexagon 96
{Us6a} [(U02)36(02)36(OH)56]**~ Cage £U4} quadrangle, {Us} pentagon, {Ug} 92
exagon
{U360%6} [(U02)36(02)45(0X)6]**~ . Cage Bowl-like {Uyg} septuple ring 97
{U34Pp1oNt,} [(UOZ)SB(02)40(Pp)10(1\1003)4]l Cage {Ug} double ring, {U,,} triple ring 94
{Uso} [(UO2)40(OH)40(02) 0]~ Cage {U.} quadrangle, {Us} pentagon, {Ue} 98
hexagon
{Uao(hedp),o} [(Uoz)m(Oz)4o(hedp)zgro_ Cage {U,} ring 83
{Uao} [(U02)42(02)42(OH)4o ]~ Cage {U,} quadrangle, {Us} pentagon, {Ue} 93
hexagon
{U4,Pps} [(U0,)42(02)a2(OH)36(Pp)s]**~ Cage %U4} quadfang}lz, {Us} pentagon, {Us} 93
exagon, {U; o} decagon
{Uaa} [(U02)44(02)6s] ™'~ . Ellipsoid cage {Us} pentagon, {Us} hexagon 9%
{Uuaa} [(UO2)44(02)14(0H)44] Dumbbell-like {U,} quadrangle, {U,} hexagon, {Ug} 92
octagon
{U45Ppas} [(U02)45(02)4a(Pp)2s]”*” Cage {Ua}, {Us} rings, {(UO5)3(0,)2} 83
{Uso} [(UO2)50(0H)5(02)s50]>"~ Cage {Us} pentagon, {Us} hexagon 98
{Us00%a0} [(UO2)50(02)13(OH)4(Ox)0]*°~ Cage {Us} ring, {Us} double ring 99
{Us4Pp27} [(U0,)54(02)54(Pp)z7]"**~ Cage {U4}, {Us} rings 85
{Uso} [(U0,)(0,)(0H)]s0™"~ Cage {Us} pentagon, {Ug} hexagon 9%
{Us00x30} [(UO2)50(02)60(0x)30]* Cage {Us} ring 97
{Usa(hedp)s.} [(UO2)64(02)a(hedp)s] 25~ Cage {U,} ring 83
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Codes Formula Shape SBUs of clusters Ref.
{U,5Uy0r} or [(UO,)65(02)74(0H)16(NO3)16(H20)16] "~ {U,g}: cage {Uy,g}: {Us} pentagon, {Us} hexagon; 100
{Uss} {Uyor}: saddle-like  {Uyor}: {Us} quadrangle, {Us} pentagon
ring
{U1200%o0} [(U02)120(02)120(0X)s0]**~ Double-layer cage  {Us} rings 99
{U124P30} [(UO,)124(02)152(PO4)16(HPO4)5(H,PO,)5(OH),(H,0),4]**~  Five cages Bowl-like {U, g} septuple ring, {U;c} 101
combined triple ring, {Us} ring
structure

Abbreviation: hedp = (1-hydroxyethane-1,1-diyl)bis(phosphonic acid), Pcp = methylenebis(phosphonic acid), Ppb = benzene-1,2-diphosphonic

acid.

uranyl peroxide clusters could be classified according to the
numbers of uranyl moieties in the cluster and then their topol-
ogies. The typically reported uranyl peroxide clusters are sum-
marized in Table 2.”° Those uranyl peroxide clusters contain-
ing other TM ions are classified in section 2.2.2. Being
different from traditional POMs, the counter cations are found
to be one of the most important factors influencing the assem-
bly progress, structures, states of aggregation, and
solubilities of uranyl peroxide clusters, sometimes even more
important than pH.*”®'%> The attractiveness of uranyl per-
oxide clusters is not only their varied topology but also the
interesting space chemistry within the inner cavities of the
cages. 03104

In 2017, Burns synthesized the only two uranyl peroxide
phosphate  clusters with pn'n> peroxide bridges,
Li;Na;»{(S0,)CNa;,C[(UO,)50(0,),7(HPO,)s]} and  LiNaye_
{(SO4)CNa1,C[(UO)20(02)24(HPO,)s(HaPOL)s |} (Fig. 13).
Different amounts of Na,SO; and H;PO, and different basic
pH values resulted in the two similar but different uranyl per-
oxide phosphate clusters. The inner cores were both
{Na;,(SO,)} clusters, which were further surrounded by
different fullerene-like {U,,} phosphate shells.®® At the end of
2018, Burns reported six new uranyl peroxide phosphate clus-
ters, and P,O,'” and methylenebis(phosphonic acid) ((CH,)
(PO5H,),, Pcp) were used as bridging ligands (Fig. 14).%° The
obtained {Ulspps}; {Uzopploa}, {U21PP9}, {U24PP9}, {U24PCP10},
and {Us4Pp,;} show different topologies of uranyl peroxide
clusters, which were constructed from different SBUs of clus-
ters linked by P,0,*” or Pcp ligands. The compositions of
these uranyl peroxide phosphate clusters are summarized in
Table 3.

Fig. 13 Views of (a) LisNa12{(SO4)cNas»,Ccl(UO;)20(0)27(HPO,4)¢l} and (b)
LixNaje_x{(SO4)cNa;»,Cl(UO5)20(02)24(HPO4)6(H2PO4)6l}. Color codes are
the same as in Fig. 1.

5418 | /norg. Chem. Front., 2022, 9, 5408-5433

Burns also used high-temperature drop solution calorime-
try to study the enthalpies of formation of several uranyl per-
oxide clusters and the disassembly and assembly process from
Li4Na,4{[(U0,)(02)]24(P207)12} to Lins[(UO,)(0,)(OH)],4 and a
series of uranyl peroxide clusters containing {U,4Ppis},
{U26Ppe}, {Uas}, {U22(POs)s0}f, and {U,g(POs),s} with different
counter cations.’®>'% Then, the transformation from studtite
to different uranyl peroxide clusters was also investigated. The
chains of uranyl peroxide polyhedra in studtite, [(UO,)(O,)
(H,0),](H,0),, were converted into two kinds of uranyl per-
oxide clusters under different conditions, i.e., {Uss} and {Uy},
which was revealed by Raman spectra and electrospray ioniza-
tion mass spectrometry (ESI-MS).'°” Whereafter, a novel uranyl
peroxide cluster, K3,(UO,)10(05)26(0OH),(Ppb)s-65H,0 (Ppb =
benzene-1,2-diphosphonic acid), was synthesized with a new
“open oyster” structure. Abundant hydrogen bonds, w---m,
and K---m interactions, and K-O bonds supported the for-
mation of the supramolecular structures. This {U,o} cluster
could also transform into a typical {U,s cage,
K24(UO,)24(02)24(OH)»4-nH,0, with an octanuclear K-cluster
within the central cavity.?® The reaction of Ppb and UO,(NO;),
in a basic solution could also result in three new organic-in-
organic  hybrid wuranyl peroxide clusters [(UO,),
(02)20(PPb)10]"*7,  [(UO2)26(02)s5(PPb)e]**”,  and  [(UO5)z0
(0,)24(Ppb)e]**~.% The two {Uy,} clusters both showed similar
fullerene topology, while the {U,¢} cluster exhibited a distorted
polyhedron with more than 15 faces. Nyman investigated the
influence of three organic solvents (acetone, CH;CN, and
EtOH) in the synthesis of different fragments of uranyl per-
oxide clusters.”” A new Anderson-like hexameric cluster, {K@
(UO,)6(0,)9(OH)s}, was successfully isolated, which was the
second stable ligand-free SBU of normal uranyl peroxide clus-
ters (Fig. 15a). The first one, pentameric {K@(UO,)5(0,)s}, was
also reported by Nyman in 2019 (Fig. 15b).'%® Besides, Forbes
also synthesized a hexametric {(UO,)s(O,)s(HPO,)s} in the
absence of H,0, (Fig. 15¢)."° An interesting peroxide process
occurred with the help of trace levels of benzaldehyde and air.
The raw material (aminomethyl)phosphonic acid in situ trans-
formed into HPO,>~ in the solution of methanol and benzyl
alcohol with NaOH.

At the end of 2021, LaVerne and co-workers investigated the
solid-state transformations of Ca,[UO,(0,);]-9H,0 and
Lis[(UO,)(0,);]-10H,0 under y-irradiation.'*° Single-crystal and
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Fig. 14 Views of (a) {U1gPpe}, (b) {U20Pp10a}, (€) {U21Pps}, (d) {U24Ppg}, (€) {U24Pcpio}, and (f) {Us4Pp27}. Color codes are the same as in Fig. 1.

Table 3 Summary of the structures of {U1gPpe}, {U20PpP10a}, {U21Pps}, {U24Ppo}, {U24Pcpio}, and {UssPp27}

Codes Formula SBUs of clusters Linkers

{Ulsppe} [(Uol)l8(02)1S(OH)4(P24007_)6(H20)4]287 {(UOZ)S(OZ)S}y {(UOZ)10(02)10} . 6 P20747 -
{Uzoppma} [(Uoz)zo(oz)zo(on7)1o] o 2 x {(U02)5(02)5}1 {(UOZ)IO(OZ)lo} ring 2 x5 P,0; o
{U1Ppo} [(U02)21(02)21(P207)9(0H)3]42 3 x{(U0,)4(02)4}, {(U02)s(02)s} 3 and 551 P,0,
{U24Ppo} [(U03)24(02)25(P207)o(OH)4 ]~ g {(U0,)4(02)a}, {(UO2)s(02)s}, {(UO2)12(02)12} 9 PO, ~
{U,4Pcpyo} [(UO,)24(02)24(0;sPCH,PO; )1 4(H,0)4]*° 2 X {(U0,)4(02)a}, 2 X {(UO,)5(0,)s} ring 2 x 4 and 2 Pcp*
{Us4Pp27} [(UOZ)54(02)54(1)207)27]108_ 11 x {(UO,)4(02)4}, 2 x {(UO,)5(0,)s} 27 P,0,*"

" H
LA AITRA L ATY
> w] LK o

AL TR
e =

Fig. 15 Views of (a) {K@(UO,)s(O2)s(OH)g}, (b) {K@(UO,)s(Oy)s}, and (c)
{(UO,)6(02)6(HPO4)e}. Color codes are the same as in Fig. 1.

powder X-ray diffraction and Raman spectra revealed the
different decomposition of peroxide groups into hydroxyl
groups, which was influenced by Ca** and Li*. For
Ca,[U0,(0,);5]-9H,0, the products were a mixture of amor-
phous uranium phase and Ca(OH),. The product of Li,[(UO,)
(0,)3]-10H,0 was uranyl oxyhydrate. Very recently, Burns also
used y-ray radiation to promote the conversion of Li,[UO,(0O,);]
into Liy[(UO,)(0,)(OH)],4 in aqueous solutions.'™* They used
ex situ Raman spectroscopy and '®0 labeling to track this
transformation and found the dependence relationship
between LiyJUO,(0,);], intermediates of uranyl peroxide clus-
ters, and the radiation dose. These two works show us direct
cases to understand the formation mechanism of POMs from
monomer to derived species.

This journal is © the Partner Organisations 2022

2.2.2 U-oxo-clusters containing other transition metals.
This kind of U-oxo-cluster is mainly structures incorporating
other TM ions. The introduction of a TM into U-oxo-clusters
could result in more abundant coordination and connection
modes. Burns synthesized a series of U-oxo-cluster phosphates
incorporating Mo or W in 2014."** In these U-oxo-clusters,
different uranyl peroxide clusters were connected by phosphate
tetrahedra and Mo- or W-polyhedra to form different cage
structures that showed similar corresponding uranyl peroxide
clusters topologies, which were named {U;sW,Ps,},
{U28W4P12}; {U23M04P12}, {U44M02P16}) {U48W6P48}7 and
{UsWeP,0}. The number of UO,>" increased from 18 to 50.
Mo- or W-polyhedra all served as linkers at the peaks in place
of uranyl. Besides, all these compounds were synthesized in
typical acidulous or circumneutral aqueous solutions contain-
ing H3PO;, H,0,, and LiOH. The dissociation of H;PM0,,0,¢
or H;PW,,0,, provided the corresponding MoQ,>~ or WO,>~
ions.

In 2015, Burns reported two uranyl-vanadium oxide clus-
ters, [(UO,)y(VigO46)]>” and  [(UOy)z0(V205)10(SO4)10]>°”
(Fig. 16)."** The {U,Vy¢} cluster could be viewed as a substi-
tution product of the {Vig} cluster with two uranyl ions. The
{UyVao} cluster represents a unique nano uranyl-vanadium
wheel. Ten uranyl pentagonal bipyramids are connected by
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Fig. 16 Views of (@ [(UO,)2(V16046)1%~ and (b)
[(UO5)20(V20,)10(504)101°~. Color codes: U, yellow; V, turquoise; Na,
dark grey; S, pink; O, red.

sharing vertices to form two pentagon-like {U,} rings. The two
{U,0} rings are further stabilized by the zigzag {V,o} ring and
S0,>” to build the unique wheel. Additional symmetric ten
halves of Na ions are captured by the cavity of the wheel. One
year later, Burns reported the first uranium-vanadium-phos-
phorus peroxide cage cluster with a formula of
[(U0,)48(02)12(VOs5)6(POL)4s]*~ (x ~ 102), which showed an iso-
structure to {U,sWeP4g} reported in 2014."'* Subsequently,
Burns synthesized an organic-inorganic hybrid uranium-iron
cage cluster from a solution containing UO,(NO;),, H,0,,
LiOH, 3,3-diphosphono-propanoic acid (C3P,), and FeCl;
(Fig. 17)."*® One C;P, was oxidized to the ligand 2,2-bis(phos-
phonato)acetate (C,P,) to combine with one Fe®". Three Fe**
were connected by PO,*~ and three j1,-OH to form a trinuclear
cluster {Fe3(OH)3(PO,4)(C,P,)}. Four uranyl were connected by
four p,-0,>” to form a {(UO,)4(0,),} cluster. Thus, eight
{Fe;(OH)3(PO,)(C,P,)} clusters and six {(UO,)4(0,),} clusters
were connected by the phosphate groups of C,P, to form the
cage cluster [Lig(UO,)ps(FeOH),4(05)24(PO4)s(CoP2)24]%% . This
cage could be simplified as a nonstandard quadrangular dode-
cahedron if Fe trimers and U tetramers were considered as 3-
and 4-connected nodes, respectively.

In 2019, Nyman investigated the influence of different
counter cations on the hydrolysis of U(SO,), and a series of
U™-oxo-sulfate clusters were obtained based on 6-, 70-, or
84-nuclear U™-oxo-clusters (Fig. 18)."'*'” Lanthanides from
La to Ho (except Pm) resulted in the formation of ten similar
clusters of [Ug(OH)4(0)4(SO4)12]">~ ({Ue}). While heavy lantha-
nides and Y** with smaller ionic radiuses resulted in a kind of
hollow supercluster with more than 84 uranium atoms based
on a body-centered-like cubic cluster, {[Us(OH)4(0)4]14(SO4)x}

Fig. 17 Views of (a) [Lig(UO5)24(FEOH)24(02)24(PO4)s(C2P2)241%8~, (b) the
simplified diagram, and (c) the simplified quadrangular dodecahedron.
Color codes: U, yellow; Fe, turquoise; O, red; P, pink; C, gray; Li, pale
blue.
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{Us} {Uzo}

{Usdy}
Ln=Er~Lu

Fig. 18 Views of the (a) {Ug}, (b) {Us0}, and (c) {Ug4} clusters. Color
codes: UV and {Ug} units, light green and dark green; lanthanides and
TM ions, turquoise; S, pink; O, red.

({Ug4}, x = 108 for Y, 111 for Er, and 110 for Lu). The introduc-
tion of TM ions (Cr, Mn, Fe, Co, Ni, Zn) could yield wheel-
shaped clusters of [U;o(OH)36(0)64(SO4)6a]'>~ ({U-0}). Different
counter cations and amounts of raw materials also led to
different connection modes of these clusters. This series of
U-oxo-clusters could also be classified as U™-oxo-clusters due
to the +4 valence of all the uranium atoms.

In 2021, Burns developed two kinds of uranyl vanadates
with core—shell structures, which could be classified as U-oxo-
clusters containing other transition metals (Fig. 19).**® {UgV¢}

Fig. 19 Views of the (a) monomer, (b) dimer, and (c) 1D chain of {UgVe}
and (d) 1D chain of {UgVs}. In the {UgVe} dimer, the {PO,4} linker is rep-
resented with positional disorder. Carbon atoms for diethyl phosphate
are omitted for simplicity. Color codes: U, yellow; V, turquoise;
P, magenta; O, red.
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and {UsV3} could be obtained with different extended struc-
tures from an ionic liquid solution containing 1-ethyl-3-
methylimidazolium  diethyl phosphate (EMIm-Et,PO,),
UO,(NO3),, NavO;z;, and/or VOSO,, and Na,WO,. The
monomer, dimer, and 1D chain of {UgV¢} and 1D chain of
{UsV3} represent a new series of U-oxo-clusters incorporating
vanadium atoms.

2.2.3 U"-oxo-clusters and mixed-valence U-oxo-clusters. U-
oxo-clusters built from low valence U" are usually obtained
from the hydrolyzation of U" salts or the reduction of uranyl
under specific conditions. Due to the similarity of some
+4 metal ions, UV could assemble into a hexanuclear U™-
cluster {UgO4(OH),} or {UgOg},"****° which was similar to the
{Zrs04(OH),} cluster in the famous metal-organic framework
UiO-66. Various ligands were used to stabilize these U-oxo-clus-
ters, such as carboxylic and N-heterocyclic ligands.
Considering the correlation to the theme of this review, those
metal-organic compounds with U-oxo-clusters that could be
viewed as coordination polymers or metal-organic frameworks
are not discussed here and other metal-organic U-oxo-clusters
are selectively discussed.>”*?*712¢

Salmon and co-workers solvothermally synthesized a novel
octanuclear U™-oxo-cluster, (Hpy),[UsLsCl;o04]-10py (H,L =
N,N'-bis(3-hydroxysalicylidene)-1,2-phenylenediamine) as early
as 2004 (Fig. 20)."*” This octanuclear cluster could be viewed
as a combination of two parallelogram-like tetranuclear clus-
ters linked by four ps;-O atoms and further stabilized by four
Schiff base ligands, two p,-Cl, and eight terminal Cl ions. In
2016, Mazzanti and co-workers isolated a star-shaped U-oxo-
cluster, among which five uranyl ions and a pentavalent
uranium atom were linked by bridging p;-O linkers to form a
pentagram configuration (Fig. 21a and b)."*® The photolytic
reduction of uranyl resulted in these mixed-valence U-oxo-clus-
ters. Two similar mixed-valence U-oxo-clusters, [U(UO,)s
(15-0)5(PhCOO)5(Py);]  and  [U(UO,)5(13-0)s(PhCOO)s(Py);]
[UO,(PhCOO),(Py),]-2Py, were synthesized using a photolysis
procedure with UO,(NO3), in pyridine and the vapor diffusion
of hexane into the pyridine reaction mixture. Besides, they also
obtained a {UNUY} cluster, {{K(Py),].[K(Py)],[U16024(PhCOO),,
(Py),]}, using a similar method (Fig. 21c and d). A similar
{UNUY} cluster, {K(MeCN)],[U;60,5(0OH),(PhCOO),,]}-4MeCN,
was also reported by Mazzanti in 2011 (Fig. 21e and f)."*° In
this work, they also synthesized two similar {U;o} clusters

Fig. 20 (a) Ball-and-stick and (b) polyhedral views of [U8L4Cl1004]2’.
Color codes: UV, light green; Cl, bright green; C, gray; O, red; N, dark
blue.
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Fig. 21 Views of (a and b) [U(UO;)s(u3-0)s(PhCOO)s(Py)/], (c and d) {[K
(Py)2]2[K(Py)]2[U16024(PhCOO)24(Py)2]}, (e and f) [U1008(OH)6(PhCOZ)14I4
(H»0),(MeCN),]. Color codes: U", green; UY, brown; UY!, yellow; I, violet.
Other color codes are the same as in Fig. 1.

using [U™I3(THF);] as the uranium source, ie.,
[U1005(OH)6(PhCO,)41,(H,0),(MeCN),]  and  [U;,0g(OH),
(PhCO,)12.7913.5(H20)4(MeCN),],I-4MeCN. The average valence
of uranium atoms should be +4 according to the bond valence
sum (BVS) results and charge balance.

In 2018, Knope and co-workers synthesized a {UsO4(OH)4}-
based 4-hydroxybenzoate, UgO,(OH),(4-HB);,(H,0)6-12H,0
(4-HB = 4-hydroxybenzoate), and another similar Th-cluster
under a nitrogen atmosphere.’*®  UgO4(OH),(4-HB)y,
(H,0)s-12H,0 is a typical 0D U"-oxo-cluster stabilized by
ligands. They comprehensively investigated the structural chem-
istry of these two clusters via various means. Lin and co-workers
investigated the influence of counter ions (Na' to Cs') in the
assembly of U™-oxo-sulfate clusters."*" Na* and Rb" induced the
formation of 0D {UsO,(OH),} clusters with different packing
structures, but Cs" resulted in a different trinuclear {Us(p5-O)}-
based 2D lamellar structure. These U™-oxo-sulfates were syn-
thesized by the reduction of uranyl in an aqueous solution with
Zn amalgam. Nyman also synthesized a {Ug}-based cluster
(U(H,0)4.5),Us(OH)4(0)4(SO04)10(H,0)s using U(SO,), (Fig. 22)."
Each {U,O,(OH),} cluster was coordinated with 12 SO,>~ and
connected with four single U". Thus, a 4-connected dia-like 3D
structure was constructed through the symmetrical extension of
{U¢04(OH),} clusters and single U" atoms.

In addition to the above {UsO,(OH),} cluster, the hydrolyza-
tion of UCl, could also yield U™-oxo-clusters with bridging Cl

Fig. 22 Views of the (a) monomer and (b) three-dimensional structure
of (U(H20)4.5)2Us(OH)4(0)4(S04)10(H20)s. Color codes: UV, green; S,
pink; O, red.
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ions. Knope synthesized a series of multinuclear uranium clus-
ters under solvothermal conditions."** UCI, hydrolyzed into
four U-oxo-clusters in a solution of THF with a little water, i.e.,
[U4Cl100,(THF)6(2-FA),]-2(THF),  [UgO4(OH),4(H,0)3(2-FA)y,]-7
(THF):(H,0), [UsO4(OH),4(H,0),(2-FA);,]-8.76(H,0), and
[U35Cl45056(H20)50]-m(H,0)-n(THF) (2-FA = 2-furoic acid,
THF = tetrahydrofuran). The U™-oxo-clusters were tetranuclear
[U4(p3-0),Cly], two hexanuclear {UgO,(OH),}, and a mixed-
valence {Usg} cluster (Fig. 23a). A similar {Usg} cluster was
first reported by Loiseau with the formula of
U3g056Clig(THF)g(bz),4-8THF (Hbz = benzoic acid) in 2013
(Fig. 23b)."** This kind of {Ug} cluster could be viewed as a
derivative of a face-centered cubic {U,4} cluster. Six tetranuclear
{U4} clusters combined with the six faces of {U,4} to form the
{Usg} cluster. But it should be noted that there were no
additional organic ligands in  [U3gClyn0s6(Hp0)a0]-
[U35Cl4,056(H,0),0] was stabilized by bridging Cl ions and water
molecules and was a pure inorganic cluster, while
[U35056Clig(THF)g(bz),4] was stabilized by the coordination of
terminal benzoic acid and THF ligands. Loiseau also syn-
thesized a similar {Uzs} cluster with the formula
[U35056Clyo(H20),(ipa)so)-(ipa), (ipa = isopropanol) in 2018
(Fig. 23¢),"*® but the terminal ligands were ionized isopropanol
molecules. In 2019, Mazzanti also reported a series of U™-oxo-
clusters with multiple U-framework structures, including plani-
form  [UgO4(PhCOO)s4(Py)s],  fusiform  [U;3K404,(OH),
(PhCOO0),,Cl,]Cl, and [U;3K,04(OH),(PhCOO0),,Cly6]Cl, heart-
like [U16015(0OH)g(PhCOO),6(Py)s], oblate spheroidal
[U,4030(OH),(PhCOO0);4(Py),Cl;] and  cubic  [U;5056Clyg
(PhCOO0),,(CH3CONH,),,]."*® Significantly, this {Usg} cluster
also exhibits a similar structure to the above three {Usg} clusters
(Fig. 23d).

To investigate the kinetic formation of the {U,g} cluster,
Loiseau studied the evolution of the products of this solvo-
thermal reaction over time and found a new cationic {U;,}
cluster, [U;,0,(OH),Clo(H,0)o(bz)s(gly)s(0x)s]** (Hbz = benzoic
acid, gly = glycolate, ox = oxalate), with a quadrahedron con-
figuration (Fig. 24a and b)."*” Glycolate and oxalate were in situ

Fig. 23 Views of (a) [U3gCly2056(H20)20], (b) [U3g0s56Clig(THF)g(bz)24],
(c) [U38056Clao(H20)(ipa)2ol. and  (d) [U35056Cl1g(PhCOO0),,
(CH3CONHy)10]. Color codes are the same as in Fig. 20.
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Fig. 24 (a) Ball-and-stick and (b) polyhedral views of
[U1207(0H)4Clo(H20)s(bz)s(gly)s(ox)s]**; (c) view of [U14Og(OH)4Clg
(H0)16(1,2,3-Hbtc)glox)slac)sl. Color codes are the same as in
Fig. 20.

formed from THF and benzoic acid. This {U;,} cluster could be
viewed as a derivative of {UsO,(OH),} combining three binuc-
lear uranium clusters at three adjacent positions of
{U04(OH),}. All the uranium atoms in {U;,} are in the +4
valence state. Additional [(UY'0,)Cl,]*~ balanced the charge.
Subsequently, Loiseau also synthesized a {Uy,} cluster with the
formula [U4,05(OH),Clg(H,0)16(1,2,3-Hbtc)g(0x)4(ac)s] (1,2,3-
Hzbtc = benzene-1,2,3-tricarboxylic acid) (Fig. 24c)."*® This
{Uy4} cluster could also be viewed as a derivative of
{Us04(OH),}, which combined four groups of binuclear
uranium clusters at the four equatorial positions of
{Us04(OH),4}.

In 2021, Tkeda-Ohno and co-workers synthesized a rare
Keggin-type {Uy3} cluster, [U;3(CH30);35,Cl, 305], with mixed-
valence U" and UY (Fig. 25)."*® This compound was syn-
thesized from a solution of methanol with [U™CI(S)-(PEBA)]
((S-PEBA = (S,S)-N,N’-bis(1-phenylethyl)benzamidinate) or
[U™Cl,(salen),(MeOH),] (Hysalen = N,N-bis-(salicylidene)ethyl-
enediamine). Single-crystal structure and BVS results revealed
that the valence state of the central uranium atom in {U;3} was
+5 and the other 12 uranium atoms were in the +4 valence
state. Ionized MeOH acted as bridging and terminal ligands to
stabilize this Keggin framework. Substitutionally disordered Cl
ions occupied the equatorial position. This {U;;} cluster is the
first U-based Keggin-type cluster, which broadens the range of
POMs.

At the beginning of 2021, Wang’s group reported a tabular
mixed-valence enneanuclear uranium cluster,
[H;0'J[UY(U"0,)5(13-0)s(PhCOO),(Py(CH,0),)s(DMF),] (Ph =
phenyl, Py = pyridyl, DMF = N,N-dimethylformamide), which
was dexterously synthesized from a mixed solution of DMF,

Fig. 25 (a)

Ball-and-stick and  (b)
[U13(CH30)35 7Cl, 30g]. Color codes are the same as in Fig. 21.

polyhedral  views of
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Scheme 1 Schematic diagram of the synthesis and structure of [HzO*1[UY(UY'0,)g(i3-0)s(PhCOO),(Py(CH,0),)4(DMF),]. Color codes are the same

as in Fig. 21.

methanol, and ethanol with UO,(NO;),-6H,0, macrocyclic oli-
goboronate, and benzoic acid (Scheme 1)."*° The tetrameric
borates in situ transformed into ionized pyridine-2,6-diyldi-
methanol ligands under solvothermal conditions, which
might be the crucial factor for this synthesis. The central
uranium ion was in an octahedral geometry and the valence
was demonstrated to be +5 by various means. Density func-
tional theory (DFT) and electronic spectroscopy revealed the
outstanding semiconductor property of [H;0'[UY(UY'0,)g
(13-0)s(PhCOO),(Py(CH;0))4(DMF),].

2.3 Other types of U-POMs

In addition to the above types of U-POMs, there are also other
structures that are hard to classify as above. Due to the unique
bonding law of uranium, fewer U-oxo-clusters are built from
typical building units of POMs. Uranyl peroxide clusters and
their derivatives are the most common compounds to be seen.
There were several Lindqvist-type U-POMs in the early
stage.">'* In 2001, Clark and co-workers synthesized the first
Lindqvist-type uranium cluster with crystal structures, ie.,
[Cpa(bpy)2][UsO13] (Cp = 1,2,4-tBusCsH,, bpy = 2,2-bipyridine),
which was stabilized by the coordination of two kinds of aro-
matic ligands (Fig. 26)."*" The average valence of U atoms
should be +5 in consideration of charge balance and magnetic
susceptibility. Then, Burns reported a non-normal wheel-
shaped POM, {[W;0,]5[(UV0,),(1-0,)]5}%°7, in 2012
(Fig. 27)."** This compound was synthesized from a basic solu-

Fig. 26 View of [Cp4(bpy),l[UgO;3]. Color codes are the same as in
Fig. 21.
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Fig. 27 View of {[W50,]5[(U"'0,),(1-0,)153*°". Color codes are the
same as in Fig. 1.

tion of UO,(NO3),, H,0,, LiOH, NaOH, and H3;PW;,0,,. Being
different from monovacant Lindqvist-{Ws}, the {Ws} units in
{[W50,115[(UY"0,),(11-0,)]5}*°~ were in a planar configuration
and the central W atom was in a tetragonal pyramid geometry.
Six uranyl groups were connected by bridging-0,>~ two by two.
Three {Ws} and three binuclear uranium clusters were linked
alternately to form a triangular arrangement.

Although a series of Silverton-type U-containing polyoxomo-
lybdates (U-POMos) were reported very early, there were still no
other types of U-POMos until Nyman reported a U-POMo, i.e.,
5Na[UNa(MogP,03,H-),]-(H,0),."*> But there are no typical
U-O-Mo bonds in this compound; this is one of the features
of traditional POMs. The U*" cations are linked by Anderson-
like {Mogc} moieties through the connection of PO,>". This is
also the first U-POMo, except for the Silverton-type structures
mentioned above.

Furthermore, Nyman also synthesized two Lindqvist-type
U-containing  polyoxoniobates (U-PONbs), ie., [((UO,)
(HZO))SNb46(U02)2013SHS(H20)4]24_ and [(Nb;O2,H,)s
(UO,),(H,0)s]**"; these are also currently the only two
U-PONbs (Fig. 28)."** However, there is significant disorder of
uranyl ions in both structures. The structure of [((UO,)
(H,0))3Nb46(UO,),0136Hs(H,0),]** ™ could be divided into two
parts, namely three ordered uranyl ions as linkers and two
groups of {Nb,} triquetrous trimers linked by {NbO,} or dis-
ordered {UO,}. For the other U-PONbs, two of the three kinds
of uranyl ions exhibit positional disorder around a center of
symmetry in [(Nb,;O,,H,)4(UO,),(H,0)s]**". The occupancies
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Fig. 28 Views of (a) [((UOZ)(H20))3Nb45(U02)20135H5(H20)4]24’ and (b)
[(Nb7O2,H2)4(UO,)-(H,0)61?%~. Color codes are the same as in Fig. 1; Nb,
lime.

of U2 and U3 are 0.5 and 0.25, respectively. Each {Nb,} cluster
is connected with two U1, one U2, and three U3 to form a sym-
metric tetrahedral sandwich structure. These two U-PONbs
were synthesized by a similar vapour diffusion method from
EtOH diffusing into a solution containing TMAg[Nb;,0,¢] and
Li,[UO,(0,);]. The utilization of these two raw materials
instead of the normal K salt of {Nb,c} and UO,(NO3), may be
the significant factor for the construction of the only two
U-PONDs.

Besides, there is a type of uranium hydroxide cluster
outside the above classification, which might be more appro-
priately called inorganic uranium mineral compounds, but
their single-crystal structures are rarely reported.”® Recently, a
new uranium oxide hydrate with a 3D framework was obtained
by Zhang and co-workers. [U(H,0),[{[(UO,;)10010(OH),][(UO,)
(H20),]} was hydrothermally synthesized from schoepite at
high temperature (240 °C) (Fig. 29)."*> Single-crystal structure,
BVS, and other characterization methods demonstrated the
presence of mixed-valence U™ and UY".

3. Characterization, properties, and
applications

Early research on U-POMs may be limited by research con-
ditions and only spectroscopy and electrochemistry investi-
gations were carried out for most of the U-POMs."*® X-ray
single-crystal diffraction came into service at the end of the
20th century.>*®*™° In addition to X-ray single-crystal diffrac-
tion, basic spectroscopy investigations were carried out for
most of the U-POMs, including FT-IR, Raman, UV/vis, elec-

Z il

(‘,‘
3 //‘ <45

Fig. 29 View of [U(H,0),{[(UO3)10010(OH),1[(UO,4)(H,0),1}. Color codes
are the same as in Fig. 1.
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tronic spectra and so on.®*"®” Nuclear magnetic resonance
(NMR) spectroscopy of characteristic elements (P, W, etc.) was
also utilized to study the structure and solution behaviors of
some U-POMs.?>*?*%° Magnetic properties were investigated for
some U-POMs due to the paramagnetic nature of U™/
Vo8 133,139.141 Maometic susceptibility tests could also verify
the valence of uranium atoms. Other normal characterization
methods such as TGA and PXRD were also investigated for
several U-POMs. However, it should be noted that, maybe due
to the strong absorption effects in X-ray diffraction, most of
the reported PXRD results for U-POMs did not show diffraction
peaks as clearly as those of other POMs.?** In recent years,
small-angle X-ray scattering (SAXS) was used to investigate
POMs in solution, especially uranyl peroxide clusters."*” The
sizes of POMs in solution could be revealed by the SAXS
results and thus the free states of POMs in solution could be
indicated. SAXS was also used to study the solution assembly
and behavior of uranyl peroxide clusters.'*® Burns also used
neutron diffraction to study the crystal structures of
Nay4Kg[(U0,)24(02)24(P207)12][103],:140H,0 and {Use}, which
revealed abundant structural information beyond that
obtained from X-ray diffraction."*"*° In addition to BVS and
X-ray photoelectron spectroscopy (XPS), X-ray absorption near
edge structure (XANES) spectroscopy could also help to deter-
mine the valence of uranium atoms.™®® Besides, ESI-MS is a
powerful way to study species in solution and understand the
assembly of complicated molecules. Burns used Raman spec-
troscopy and ESI-MS to study the dissolution of UO, in a basic
solution containing XOH (X = Li, Na, K) and H,0,."”" This
process was found to be linearly dependent on the concen-
trations of alkali, which could rival the usage of boiling HNO;.
Several uranyl peroxide clusters were formed in this process.
This work could help to control the dissolution and separation
of UO, in solution. Finally, density functional theory (DFT) cal-
culations could also help people to learn the structure of
several U-POMs."??!*>1%2 perhaps the vacuum conditions of
the scanning electron microscope (SEM) and transmission
electron microscope (TEM) make solvent-rich U-POM crystals
decompose easily; SEM and TEM technology are occasionally
used to observe U-POMs,'3>133,137,133-155

In terms of properties and applications, only a few investi-
gations were carried out in addition to magnetic studies.
Firstly, early research revealed that the study of U-POWs could
help people to dispose of radioactive elements because POWs
exhibited outstanding thermal stability and radioresistance.
Those obtained U-POWs may benefit the development of the
immobilization, enrichment, and separation of
radionuclides.>>***'3%157 The residue of U-POWs after high-
temperature calcination could result in uranium-containing
tungsten bronzes, which may provide a direction for handling
radioactive materials.'*®

Secondly, due to the luminescent nature of uranyl ions,
U-POMs may also exhibit good luminescence properties, but
there were no studies on the luminescence properties of
U-POMs until recently.*"*>** In 2021, Kong’s group systemati-
cally studied the temperature-dependent photoluminescence
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Fig. 30 (a) Solid-state photoluminescence emission spectra of
Na@UgPgs and UO,(NO3),:6H,0 (lex = 441 nm, normalized intensity); (b)
emission map of spectra recorded from 100 to 300 K; variation trend of
emission peaks depends on temperature for (c) Na@UePs and (d) Us.
Reprinted with permission from ref. 41 and 62. Copyright 2021 American
Chemical Society and 2022 Elsevier, respectively.

properties of  Na;{Na@[(SbWyO33)2(UO,)s(PO;0H)e|}-xH,O
(Na@UgPg) for the first time (Fig. 30a-c)."' Na@UgPs displayed
a similar emission peak shape to that of UO,(NO3),-6H,0. The
solid-state photoluminescence quantum yield of Na@UgP¢ is
33%. When the temperature increases from 100 to 300 K,
Na@UgPs shows a relatively stable emission from 100 to 200 K
and then the emission intensity sharply decreases from 200 to
300 K. The dominant non-radiative transitions should be
responsible for this phenomenon at high temperatures.
Whereafter, our group and Zhang’s group also studied the
temperature-dependent ~ properties  of = K; 5Naj3,5[(UO,)3
(Se03);Nas(H,0)6(SeW0,,)(SeW053)5]-26H,0 (U;).°> While the
solid-state photoluminescence quantum yield of Uz is 72%.
What is noteworthy is that Na@U¢Ps and U; show different
emission trends depending on temperature. U; undergoes a
decrease and then increases with increasing temperature, which
could result from changes in non-radiative decay and radiative
decay (Fig. 30d). The temperature-dependent photo-
luminescence properties of Na@UgPs and U; demonstrate that
U-POMs have great potential as luminescent materials.

Thirdly, most U-hetero-POMs should retain the catalytic
characteristics of POMs and uranium compounds. Thus,
U-hetero-POMs could be used as bifunctional Lewis acid-base
catalysts in organic synthesis. However, there were also no
studies on the catalytic activities of U-hetero-POMs until
recently. Our group synthesized six U-POWs to catalyze the syn-
thesis of sulfonyl pyrazoles and/or 3H-benzo[b][1,4]diazepines,
namely  Na;;H(H,0)3:[Na(UO,)(PWoO3,4)],-7H,O  (UPWe-1),
Na,5(H,0),0[Na(UO,)(PW403,)],-7H,0  (UPWy-2), NayosH; 5
(H20)36[Na(UO,)(0-SiWo034)]5-2.5H,0  (USiWy-1), Na,4(H,0)36
[Na(UO,)(a-SiWg034)],-4H,0 (USiW,-2), (Se,Uy)Naz[Hyo
(U0,),(p2-0)(Se,W1405,),]-41H,0  (Uy), and (NH,)10[H4(SeO),

This journal is © the Partner Organisations 2022
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60~80 min

Yield: 91~99%

Catalyst: USiWg-2
Substrate 1: R'=H

Substrate 2:

Reaction conditions: 1 (1 mol (1 mol), USiWg-2 (0.5 mol%), DMC (0.1 mL), 60°C, 1 h
Yield: 98~99%

Catalyst: U,
Substrate 1: R" = H, 4-CHs, 4-C
Substrate 2:

Reaction conditions: 1 (1 mol), 2 1 mol), U2 (0.2 mol%), solvent-free, 80°C, 1 h

Yield: 93~99%

Scheme 2 Summary of the synthesis of sulfonyl pyrazoles catalyzed by
UPWS,-1, USiWg-2, and U,.

(U0,),(H,0),(H,Se,W1,405,)(Se,W1405,)]-66H,0 (Se,U,), which
demonstrated the catalytic activities of U-POWs (Schemes 2
and 3).>"*? These catalytic systems showed advantages such as
benign conditions, excellent yields, good compatibility, and
atom efficiency.

Fourthly, U-oxo-clusters including uranyl peroxide clusters
and other similar POMs are a broad category of compounds
with a high density of uranium atoms. Therefore, the study of
U-oxo-clusters may benefit the development of nuclear fuel

cycle technologies and mixed oxide (MOX) nuclear fuel.'>*'

@[ _USiWy-2 (0.5 mol%) _
o]
NH, M DMC, 60 °C

-------------------------- Selected examples -------------------------

@t::} Seaciewg

30 min, 97% 30 min, 96% 30 min, 94%
- X o
F N= N= Cl N=
30 min, 95% 60 min, 95% 60 min, 98%

Scheme 3 Substrate scope for the synthesis of benzodiazepines cata-
lyzed by USiWs-2. Reaction conditions: diamines 1 (1 mmol), 2 (1 mmol),
catalyst (0.5 mol%), DMC (0.1 mL) or solvent-free; isolated yields.
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Besides, the ion-rich nature of uranyl peroxide clusters and
other similar clusters make them good for ion storage. Yin’s
group recently synthesized a kind of hybrid nanocomposite for
solid-state electrolytes using {Uso} (LissKi6[UO(O,)(OH)]s0)
and cationic surfactants.'® The cavity makes capsule-like
{Uso} a good storage and transportation node for Li". Different
surfactants could regulate the microphase-separated structures
of the nanocomposites from lamellar to columnar structures.
This work represents a new direction for the application of
uranyl peroxide clusters.

Finally, Wang’s work revealed the n-type semiconductor
behavior of [H;07][UY(UY'0,)s(13-0)s(PhCOO),(Py(CH,0),)4
(DMF),]."*° Due to the unique tabular mixed-valence structure,
the central UY could act as an electron donor under X-ray radi-
ation. [Hz0 [UY(UY"0,)s(j15-0)e(PhCOO0),(Py(CH,0),)4(DMF),]
could produce a photocurrent, which makes it a potential
X-ray detecting semiconductor material. This work shows us
the potential of U-oxo-cluster-based semiconductor materials
due to the multivalent nature of uranium.

4. Summary and outlook

In summary, one could be aware that the development of
U-POMs is still relatively slow despite the early study of
U-POMs beginning in the 1990s. Most of the reported
U-hetero-POMs and the two main categories of U-oxo-clusters
were structure-driven studies. In contrast, the focus of research
on mainstream POMs has developed from structure-driven
research to performance-driven research. The current situation
for U-POMs is that knowledge of the structural diversities and
involved elements is still deficient, and the applications of
U-POMs are still less explored even though there are dozens of
U-POMs. In terms of numbers, although the number is rela-
tively small, there are still dozens of U-hetero-POMs and uranyl
hydroxide clusters. In contrast, U™-oxo-clusters are sporadi-
cally reported and the number is quite low. In terms of syn-
thesis, the U-hetero-POMs are still less explored not only due
to the difficulty in controlling the self-assembly process of
POMs but also the limitations of the vacancy-directed synthetic
strategy. Almost all the U-hetero-POMs are synthesized using
polyvacant anionic precursors. There were fewer than ten cases
of U-hetero-POMs in situ synthesized until recently. U-oxo-clus-
ters reported in recent years have gradually developed from
pure inorganic structures to organic-inorganic hybrid struc-
tures. However, the discovery of new topologies of uranyl per-
oxide clusters has gradually slowed down in recent years,
which may be because of the limitations of applications due to
the soluble nature of uranyl peroxide clusters and expensive
costs of synthesis. Meanwhile, the much rarer U™-oxo-clusters
are always synthesized using organic solvent and some ligands
under solvothermal synthesis. But the organic ligands are still
limited to organic phosphonic acids for uranyl peroxide clus-
ters and a finite number of ligands for U™-oxo-clusters even if
there are multiple changes to these ligands. Thus, the research
prospects of U-POMs are still attractive.
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From the viewpoint of synthesis and structures, research on
U-POMs still exhibits great possibilities.

(i) First, most U-hetero-POMs are synthesized by a precursor
approach from an aqueous solution at room temperature.
There were fewer than ten cases synthesized from simple
materials, i.e., in situ methods. Thus, the utilization of in situ
and hydrothermal methods may result in more unprecedented
POMs with various structures.

(if) Second, most of the U-POMs are pure inorganic com-
pounds crystallized from an aqueous solution. Thus, these in-
organic U-POMs may exhibit considerable solubility in polar
solvents, which limits their application in some fields such as
catalysis and the immobilization and enrichment of radio-
nuclides. Referring to other POMs, especially lanthanide-con-
taining POMs, the introduction of organic ligands may make
the obtained U-POMs more insoluble and diverse. Interesting
properties and applications may also be discovered related to
these molecules. The study of organic-inorganic hybrid
U-POMs may show more possibilities and expansive prospects.

(iii) Third, the synthesized U-hetero-POMs for now mainly
focus on POWs, but other POMs are rarely involved, such as
Mo, V, Nb, and Ta. Thus, it should be recognized that the
study of U-POMs lags far behind other POMs, which may be
limited by the synthesis method. More synthesis strategies
could be applied according to other POMs. More synthesis
methodologies should be introduced by referring to the syn-
thesis of metal-organic frameworks. Synthesis strategies such
as hydrothermal, solvothermal, ionothermal, microwave, ultra-
sonic, mechanochemical, and in situ ligand reactions should
be applied more, especially for U-oxo-clusters.

(iv) Fourth, due to the unique bonding nature of uranium
atoms, the formation of uranyl peroxide clusters and metal-
organic U-oxo-clusters is more common, but typical types of
POMs (Keggin, Lindqyist, etc.) are hard to see. Thus, the syn-
thesis of U-oxo-clusters with typical types of POMs still faces
challenges and risks. For solvothermally synthesized U™-oxo-
clusters, the introduction of more different kinds of ligands
into U-oxo-clusters could result in unpredictable changes and
may help to broaden the scope of U-POMs.

From the perspective of applications, research on most of
the U-POMs was only based on the characterizations of the
structures by spectroscopic methods. Only a few studies on
U-POMs have addressed applications such as magnetism, cata-
lysis, temperature-dependent fluorescence, and the immobiliz-
ation and enrichment of radionuclides. Thus, performance-
oriented research on U-POMs requires more work. Firstly, only
a few cases of magnetism studies of low valent U-POMs
revealed their potential as magnetic materials such as single-
molecular magnets. But this research is all superficial and
deeper investigations are needed with reference to lanthanide-
containing POMs. Secondly, Kong’s and our work demon-
strated the U-POMSs’ luminescence ability. U-POMs may exhibit
good potential as luminescent materials such as probes and
imaging agents, as well as for application in radioactive
medicine.*"®* Thirdly, our work revealed the thermocatalytic
activities of U-POWs for the synthesis of N-heterocyclic com-
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pounds, and more catalytic systems should be explored.*®**
Fourthly, the application in solid-state electrolytes and ion
transport for ion-rich uranyl peroxide clusters is also a direc-
tion for traditional U-oxo-clusters.'®® Fifthly, for those mixed-
valence U-oxo-clusters, the inner charge-transfer property
makes them potential semiconductor materials."*® Thus, semi-
conductor-related applications may be another remarkable
direction for those U-oxo-clusters, such as photoelectric con-
version, sensors, devices, and so on. Finally, considering the
optical nature of uranium and uranyl compounds and the cata-
lytic advantages of POMs, the application of photocatalysis
may be an attractive outlet for U-POMs, especially for those
mixed-valence uranium-containing U-POMs. U-POMs may
show great potential in the field of photocatalysis, including
photocatalytic organic synthesis, photocatalytic degradation of
pollutants, photocatalytic hydrogen production, and so on.
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