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ABSTRACT: A new noncentrosymmetric U4+-containing
fluoride, U3F12(H2O), has been synthesized via a mild
hydrothermal route and its crystal structure determined by
single-crystal X-ray diffraction. The material exhibits a
complex three-dimensional structure that is based on
[U6F33(H2O)2)]

9− hexanuclear building units consisting of
corner- and edge-shared UF8, UF9, and UOF7 polyhedra.
Powder second-harmonic generation (SHG) measure-
ments revealed that the SHG efficiency for U3F12(H2O)
is comparable to that of α-SiO2. Magnetic susceptibility
measurements indicated that the U4+(f2)-containing ma-
terial exhibits a singlet ground state at low temperature. IR
and UV−vis reflectance spectra were obtained, and the
thermal behavior was investigated by thermogravimetric
analysis.

Among actinide elements, the chemistry of uranium
continues to be of particular interest because of unresolved

issues related to long-term nuclear waste storage and because of
the interest in advanced fuel rod assemblies.1 To date, the
majority of uranium chemistry research has focused on materials
containing the fully oxidized U6+ species rather than on materials
containing the reduced U4+ species, in spite of the fact that U4+-
containing materials can exhibit not only intriguing, complex
structures because of its high coordination number but also
interesting magnetic and electronic behavior because of the
presence of unpaired f electrons.2 Relatively fewer materials
containing U4+ have been reported compared to U6+-containing
materials, which motivated us to explore new, facile synthetic
routes to prepare materials containing U4+ cations.
The synthesis of U4+-containing materials can be achieved via

either of two general approaches, namely, utilization of U4+-
containing precursors or the in situ creation of U4+ from U6+-
containing precursors.3 Although some convenient U4+-contain-
ing precursors are available, syntheses using these precursors
require synthetic conditions under which the reduced oxidation
state of uranium is preserved.3a In the latter case, a reducing agent
is necessary to complete the redox reaction, which, however,
simplifies maintainance of reducing conditions during the
synthesis. It is well-known that organic species, such as polyols,
oxalic acid, acetate, etc., have the ability to reduce metal cations in

solution.4 We decided to apply this approach to the creation of
U4+-containing materials. We chose uranyl acetate dihydrate as a
convenient startingmaterial because it combines being a uranium
source with the acetate species, a known organic reducing
agent.4b Although several materials containing U4+ have been
reported, many of them contain mixed-valent uranium species,
suggesting that controlling the uranium oxidation states during
syntheses remains a challenge.5 Herein we describe a facile
synthetic route to create, in situ, U4+ cations under acidic, mild
hydrothermal conditions, which we applied toward the synthesis
of a new uranium fluoride, U3F12(H2O), at relatively low
temperatures. During the mild hydrothermal reaction, the U6+

species in the uranyl acetate dihydrate was completely reduced to
U4+ cations in a dilute hydrofluoric acid environment, as
evidenced by the intense green color of the products.
Interestingly, we discovered that the presence of a catalytic
amount of either copper metal or copper(II) salts is essential for
the reduction process because in its absence only a yellow, U6+-
based solution is obtained.
In this Communication, we report on the synthesis, structure,

optical characterization, and magnetic properties of the newly
synthesized U3F12(H2O), which can also function as a precursor
to preparing additional new U4+-containing materials.
Single crystals of U3F12(H2O) were synthesized via a mild

hydrothermal route using UO2(CH3CO2)2·2H2O, Cu-
(CH3CO2)2·2H2O, and dilute HF. The mixture of reactants
was placed into a 23 mL Teflon-lined autoclave that was closed,
heated to 200 °C, held for 24 h, and cooled slowly to room
temperature [see the Experimental Section in the Supporting
Information (SI) for details]. Green needle crystals were
obtained along with copper metal, which was selectively removed
by dissolving it in concentrated HNO3. The presence of copper is
necessary to obtain the high-quality crystals shown in Figure 1 in
nearly quantitative yield. The powder X-ray diffraction (XRD)
pattern of ground single crystals is in excellent agreement with
the powder pattern calculated using the single crystal data
(Figure S1 in the SI). We tested other copper sources, including
Cu0 powder, Cu(NO3)2·2.5H2O, Cu(SO4)2·5H2O, and
CuCl2·2H2O, under the same reaction condition. In all cases,
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we obtained crystals and powder of U3F12(H2O). In the absence
of a copper source, U3F12(H2O) could not be synthesized.
Although the role of copper is unclear, we suspect that copper
catalytically promotes the reduction of U6+ to U4+, which is
essential for the formation of U3F12(H2O) crystals.
U3F12(H2O), isostructural with Np3F12(H2O),

6 crystallizes in
the noncentrosymmetric monoclinic space group Cm and
exhibits a three-dimensional crystal structure consisting of
corner- and/or edge-shared UF8, UF9, and UOF7 polyhedra
(Figure 2). There are four crystallographically unique U4+

cations, only two of which are bonded to oxygen atoms from
water molecules in addition to fluorine atoms. The most
interesting structural feature is the presence of the hexameric
building unit, [U6F33(H2O)2]

9−, as shown in Figure 3. The

[U6F33(H2O)2]
9− units are connected to each other exclusively

through fluorine atoms to build up a complex three-dimensional
network. The oxygen atoms of the water molecules are bonded to
the U(3)4+ and U(4)4+ cations, where they reside in terminal
positions. In each hexamer, the UF8, UF9, and UOF7 polyhedra
are linked via corner-sharing, except for two edge-shared U(2)F9
polyhedra. The U(1)F8 and U(2)F9 polyhedra in the hexamer
contain four terminal fluorine atoms that are further connected
to three U4+ cations through two corner-sharing and one edge-
sharing linkage, while the U(3)OF7 and U(4)OF7 polyhedra
include three terminal fluorine atoms that are further linked to

three U4+ cations. As a result, each hexamer is surrounded by 18
additional U4+ cations in all three crystallographic directions
(Figure S7 in the SI), creating a complex structure. The U(1)4+

and U(2)4+ cations in the U(1)F8 and U(2)F9 polyhedra exhibit
U−F bond distances of 2.246(5)−2.498(6) Å and are located in a
distorted square antiprismatic and a monocapped distorted
square antiprismatic coordination environment for U(1) and
U(2), respectively. Both U(3)4+ and U(4)4+ cations are found in
similar distorted square antiprismatic UOF7 polyhedra, and the
U−O/F bond distances range from 2.252(6) to 2.504(9) Å. The
local coordination environments of all U4+ cations are shown in
Figure S7 in the SI. Bond valence sum calculations resulted in
values of 4.06−4.15 for the U4+ ion, consistent with the expected
values as well as supporting the presence of the U4+ oxidation
state.
The formula of the title compound can also be written as

(UF4)3(H2O) to emphasize the close compositional and
structural relationship with UF4, which can be prepared via
several routes and which crystallizes in the monoclinic space
group C2/c.7 Although both materials exhibit a similar chemical
composition and both are built up of hexameric building units,
the individual building units are not the same. UF4 is composed
of (U6F38)

14− building blocks rather than the [U6F33(H2O)2]
9−

building blocks found in U3F12(H2O) (Figures S8 and S9 in the
SI). Also, U3F12(H2O) contains corner- and edge-sharing UF8,
UF9, and UOF7 polyhedra, whereas UF4 contains only corner-
sharing UF8 polyhedra. In addition, fewer additional U

4+ cations
are bonded to the hexameric units in U3F12(H2O) because of the
occurrence of edge-sharing polyhedra that are not observed in
UF4.
The IR spectrum for U3F12(H2O) reveals two bands around

3400 and 1600 cm−1, which are attributable toO−H vibrations in
the water molecules (Figure S2 in the SI). The bands around 650
cm−1 are due to U−F vibrations. The UV−vis diffuse reflectance
spectrum shows several absorption bands due to the f−f
transition of the U4+ cation, consistent with reports on U4+-
containing materials in the literature.8 The band gap, estimated
by the onset of the absorption edge, is 3.8 eV, indicating
semiconducting behavior (Figure S3 in the SI).
The thermal behavior of U3F12(H2O) was investigated using

thermogravimetric analysis (TGA) up to 900 °C under a
nitrogen gas flow (Figure S4 in the SI) There are two weight loss
steps observed in the TGA data, one near 350 °C and one near
800 °C. A powder XRD analysis of the residue from the 350 °C
weight loss was consistent with the presence of UF4 (major) and
UO2 (minor) (Figure S5 in the SI). This is consistent with the
water molecules reacting with the uranium rather than being
released intact. Consequently, the observed weight loss of 3.9%
at 350 °C is likely due to the release of 2HF (calcd 4.2%) rather
than the release of H2O (calcd 1.9%). Heating the material in air
above 400 °C resulted in the formation of U3O8, indicating, not
unexpectedly, that U3F12(H2O) oxidizes when heated in the
presence of oxygen (Figure S6 in the SI).
Second-harmonic generation (SHG) measurements were

performed on U3F12(H2O), as it crystallizes in a noncentrosym-
metric space group (Figure S10 in the SI). Powder SHG
measurement using 1064 nm radiation revealed that the SHG
efficiency of U3F12(H2O) is comparable to that of α-SiO2 in the
particle size range of 45−63 μm. This weak SHG efficiency is not
unexpected because of small local dipole moments of 0.75−3.26
D9 due to rather symmetrical local coordination environments,
as opposed to materials that exhibit strong SHG efficiencies
owing to highly asymmetric coordination environments.10

Figure 1. Optical (left) and scanning electron microscopy (right)
images of single crystals of U3F12(H2O).

Figure 2. Ball-and-stick representation of U3F12(H2O) along the b and c
axes.

Figure 3. Ball-and-stick and polyhedral representation of the
hexanuclear building unit [U6F33(H2O)2]

9− found in U3F12(H2O).
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Additional SHGmeasurements with particle sizes of 20−125 μm
indicated that U3F12(H2O) exhibits type 1 nonphase-matching
behavior.11

The temperature dependence of the magnetic susceptibility
for U3F12(H2O), measured in an applied field of 1000 Oe, is
shown in Figure 4. No differences are found between the zero-

field-cooled (zfc) and field-cooled (fc) data. The susceptibility
increases gradually with decreasing temperature and begins to
deviate from Curie−Weiss behavior below approximately 100 K.
This deviation is ascribed to the loss of thermally accessible
excited states at low temperatures and the formation of a singlet
A1 ground state.

3a As shown in the inset, the inverse susceptibility
data were fit to the Curie−Weiss law, χ = C/(T − θ), where C is
the Curie constant and θ is the paramagnetic Weiss constant. On
the basis of the linear fit in the high temperature range (100−350
K), values of 4.64 emu·K·mol−1 and −152.9 K for C and θ,
respectively, were extracted. From the Curie constant, the
effective magnetic moment of 3.52 μB for the U4+ cation was
calculated, which is in excellent agreement with the theoretical
value of 3.58 μB calculated from the Russell−Saunders coupling
scheme for a 3H4 ground state. As seen in Figure S11 in the SI, the
χmT value decreases with decreasing temperature, which is
consistent with the UIV species attaining a singlet ground state at
low temperature. The χmT value tends toward zero below
approximately 50 Kwith a minimum value of 0.144 emu·K·mol−1

at 5 K. It is likely that the magnetic features at low temperature
are a result of the depopulation of ligand-field levels; however,
the presence of antiferromagnetic interactions cannot be ruled
out, as was also observed in other knownmaterials containing the
U4+ cations.12

Preliminary experiments have demonstrated that U3F12(H2O)
can be used effectively as a U4+ source in the synthesis of other
U4+-containing materials. This work will be communicated by us
in the near future.
In conclusion, a new uranium fluoride has been synthesized via

a convenient in situ redox reaction in an acidic medium aided by
copper. The crystal structure exhibits a complex three-dimen-
sional network consisting of hexanuclear building units. The
material shows only weak SHG behavior. The magnetic property
measurements revealed that the U4+ cation exhibits a non-
magnetic singlet ground state at low temperatures.
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U3F12(H2O) measured in an applied field of 1000 Oe. Inset: inverse
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