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’ INTRODUCTION

The vast majority of quaternary uranium chalcogenides (Q =
chalcogen = S, Se, Te) also incorporate a transition metal and an
alkali metal or an alkaline-earth metal.1 Theoretical calculations
for the AMUQ3 (A = K, Rb, Cs; M = Cu, Ag; Q = S, Se)
compounds show that the electrons from A make little contribu-
tion to the density of states (DOS) near the Fermi level.2

Furthermore, it is to be expected that an s-block element will
have a negligible effect on the magnetic behavior of a compound.
In the search for new quaternary uranium chalcogenides, it is
desirable to replace the alkali metal or alkaline-earth metal with a
p-block element, or ultimately, a second transition metal or a
lanthanide.

The most obvious candidate for achieving this goal is to
replace the alkali metal with thallium. Tl prefers theþ1 oxidation
state similar to the alkali metals and exhibits other chemical
similarities as well.3 However, there are two significant differ-
ences between Tl and the alkali metals. First, because the electro-
negativity of Tl is much larger than that of the alkali metals
(2.04 vs 0.98 for Li),4 the bonding in the resultant compound

should be more covalent. Second, Tlþ possesses a lone pair of
electrons that can display stereoactivity, a feature lacking for the
alkali metals. Both of these differences may contribute to more
complex structures in the quaternary uranium chalcogenide
system. There is precedent for such ternary phases, such as
TlU2Se6

5 and Tl0.56UTe3.
6

We report here the syntheses, structures, and characterization
of the new compounds Tl3Cu4USe6 and Tl2Ag2USe4 as well as
provide a comparison to known layered quaternary actinide
chalcogenides. We present evidence that the formal oxidation
state of U is þ5 in Tl3Cu4USe6 and þ4 in Tl2Ag2USe4.

’EXPERIMENTAL METHODS

Syntheses. Caution! Great care must be exercised when handling Tl
and its compounds. When exposed to moisture, Tl forms TlOH, which is
soluble in water and is easily absorbed through the skin. Thus, contact with
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ABSTRACT: The compounds Tl3Cu4USe6 and Tl2Ag2USe4 were synthesized by the
reaction of the elements in excess TlCl at 1123 K. Both compounds crystallize in new
structure types, in space groups P21/c and C2/m, respectively, of the monoclinic system.
Each compound contains layers of USe6 octahedra and MSe4 (M = Cu, Ag) tetrahedra,
separated by Tlþ cations. The packing of the octahedra and the tetrahedra within the layers is
compared to the packing arrangements found in other layered actinide chalcogenides.
Tl3Cu4USe6 displays peaks in its magnetic susceptibility at 5 and 70 K. It exhibits modified
Curie�Weiss paramagnetic behavior with an effectivemagnetic moment of 1.58(1) μB in the
temperature range 72�300 K, whereas Tl2Ag2USe4 exhibits modified Curie�Weiss para-
magnetic behavior with μeff = 3.4(1) μB in the temperature range 100�300 K. X-ray
absorption near-edge structure (XANES) results from scanning transmission X-ray spectro-
microscopy confirm that Tl3Cu4USe6 has Se bonding characteristic of discrete Se

2� units,
Cu bonding generally representative of Cuþ, and U bonding consistent with a U4þ or U5þ

species. On the basis of these measurements, as well as bonding arguments, the formal oxidation states for U may be assigned asþ5
in Tl3Cu4USe6 and þ4 in Tl2Ag2USe4
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skin is to be carefully avoided, and appropriate gloves (e.g., nitrile) should
always be worn when handling Tl compounds.

Finely divided uranium powder was prepared by a modification of the
literature procedure.7 Uranium metal turnings (depleted, Oak Ridge
National Laboratory) were washed with concentrated HNO3 to remove
any coating of uranium oxide. The turnings were then rinsed with
deionized water and dried with acetone. The turnings were placed in a
Schlenk vessel and reacted with an atmosphere of H2 at 723 K to
produce UH3. UH3 was converted to finely divided U powder under
vacuum conditions at 773 K.

The remaining reactants were used as-obtained from the manufac-
turers. Reactions were performed in carbon-coated fused-silica tubes.
The tubes were charged with reaction mixtures under an Ar atmosphere
in a glovebox. The tubes were evacuated to 10�4 Torr and flame-sealed,
before being placed in a computer-controlled furnace. Selected single
crystals from each reaction were examined bymeans of energy dispersive
X-ray (EDX) analyses on a Hitachi S-3400 SEM.
Synthesis of Tl3Cu4USe6. The reaction mixture consisted of U

(0.13 mmol), Cu (0.25 mmol; Aldrich, 99.5%), Se (0.5 mmol; Cerac,
99.999%), and TlCl (0.83 mmol; Strem Chemicals). The reaction
mixture was placed in the furnace where it was heated to 1123 K over
26 h, kept at 1123 K for 7 days, and cooled at 2 K h�1 to 473 K, and then
the furnace was turned off. The product consisted of golden black blocks
of Tl3Cu4USe6 in about 10 wt % yield (based on Cu). Additionally,
green UCl4 was formed, which decomposed inmoist air. EDX analysis of
selected crystals showed the presence of Tl, Cu, U, and Se but not of Cl.
The compound is moderately stable in air.
Synthesis of Tl2Ag2USe4. The reaction mixture consisted of U

(0.13 mmol), Ag (0.25 mmol; Aldrich, 99.99þ%), Se (0.5 mmol), and
TlCl (0.83mmol). The reactionmixture was placed in the furnace where
it was subjected to the same heating profile as above. The product con-
sisted of long black needles of Tl2Ag2USe4 in about 20 wt % yield (based
on U). EDX analysis of selected crystals showed the presence of Tl, Ag,
U, and Se but not of Cl. The compound is moderately stable in air.
Structure Determinations. Single-crystal X-ray diffraction data

were collected with the use of graphite-monochromatized Mo KR
radiation (λ = 0.71073 Å) at 100 K on a Bruker APEX2 CCD
diffractometer.8 The crystal-to-detector distance was 5.023 cm. Crystal
decay was monitored by recollecting the 50 initial frames at the end of
the data collection. Data were collected by a scan of 0.3� in ω in groups
of 606 frames atj settings of 0�, 90�, 180�, and 270�. The exposure time
was 20 s/frame for both compounds. The collection of intensity data was
carried out with the use of the program APEX2.8 Cell refinement and
data reduction were carried out with the use of the program SAINT
v7.23a in APEX2.8 Face-indexed absorption corrections were performed
numerically with the use of the program SADABS.9 Then, the program
SADABS9 was employed to make incident beam and decay corrections.
The structures were solved with the direct methods program SHELXS
and refined with the least-squares program SHELXL.10 Each final
refinement included anisotropic displacement parameters and a second-
ary extinction correction. The program STRUCTURETIDY11 was used
to standardize the positional parameters. Additional experimental details
are given in Table 1 and the Supporting Information. Selected metrical
details are presented in Tables 2 and 3.
Magnetic Susceptibility Measurement. Magnetic susceptibil-

ity as a function of temperature was measured on samples of ground
single crystals of Tl3Cu4USe6 (5.00 mg) and Tl2Ag2USe4 (5.71 mg)
with the use of a QuantumDesign MPMS XL-7 SQUIDmagnetometer.
The samples were loaded into gelatin capsules. For Tl3Cu4USe6, field-
cooled (FC) susceptibility data were collected between 2 and 300 K at
applied fields of 500G, 1 kG, 10 kG, 20 kG, 40 kG, and 70 kG. Zero field-
cooled (ZFC) susceptibility data were collected only at an applied field
of 1 kG. For Tl2Ag2USe4, both ZFC and FC susceptibility data were
collected between 2 and 300 K at an applied field of 500 G.

Scanning Transmission X-ray Microscopy (STXM) Spec-
tromicroscopy. STXM spectromicroscopy at the Advanced Light
Source-Molecular Environmental Sciences (ALS-MES) Beamline 11.0.2
was utilized to record images, elemental maps, and X-ray absorption
near-edge structure (XANES) spectra at the Se 2p3/2,1/2 edges (L3,2),

Table 1. Crystal Data and Structure Refinements for
Tl3Cu4USe6 and Tl2Ag2USe4

a

Tl3Cu4USe6 Tl2Ag2USe4

fw 1579.06 1178.35

space group P21/c C2/m

Z 4 2

a (Å) 14.962(3) 14.4919(5)

b (Å) 11.400(2) 4.2301(2)

c (Å) 7.6223(2) 9.4745(4)

β (deg) 94.32(3) 127.300(1)

V (Å3) 1296.5(4) 462.02(3)

Fc (g cm�3) 8.090 8.470

μ (mm�1) 72.808 72.058

R(F)b 0.0449 0.0371

Rw(Fo
2)c 0.0996 0.1196

a For both structures,T = 100(2) K and λ = 0.71073 Å. b R(F) = ∑||Fo|�
|Fc||/∑|Fo| for Fo

2 > 2σ(Fo
2). c For Fo

2 < 0, w�1 = σ2(Fo
2); for Fo

2 g 0,
w�1 = σ2(Fo

2) þ (0.03 � Fo
2)2 (Tl3Cu4USe6) and w�1 = σ2(Fo

2) þ
(0.04 � Fo

2)2 (Tl2Ag2USe4).

Table 2. Selected Interatomic Distances (Å) and Angles
(deg) for Tl3Cu4USe6

Cu(1)�Se(1) 2.434(2) U(1)�Se(1) � 2 2.725(2)

Cu(1)�Se(2) 2.582(3) U(1)�Se(2) � 2 2.806(1)

Cu(1)�Se(3) 2.427(2) U(1)�Se(3) � 2 2.832(2)

Cu(1)�Se(3) 2.557(2) U(2)�Se(4) � 2 2.726(2)

Cu(2)�Se(1) 2.516(2) U(2)�Se(5) � 2 2.771(1)

Cu(2)�Se(2) 2.457(2) U(2)�Se(6) � 2 2.850(2)

Cu(2)�Se(2) 2.481(2)

Cu(2)�Se(3) 2.440(2) Tl 3 3 3 Se 2.990(2)�3.670(2)

Cu(3)�Se(4) 2.439(2) Cu(1) 3 3 3Cu(1) 2.597(4)

Cu(3)�Se(5) 2.604(2) Cu(1) 3 3 3Cu(2) 2.582(3)

Cu(3)�Se(6) 2.447(2) Cu(1) 3 3 3Cu(2) 2.618(3)

Cu(3)�Se(6) 2.563(2) Cu(3) 3 3 3Cu(3) 2.571(3)

Cu(4)�Se(4) 2.511(2) Cu(3) 3 3 3Cu(4) 2.627(3)

Cu(4)�Se(5) 2.477(2) Cu(3) 3 3 3Cu(4) 2.654(3)

Cu(4)�Se(5) 2.498(2)

Cu(4)�Se(6) 2.440(2) Se�Cu�Se 98.66(8)�124.68(8)

Table 3. Selected Interatomic Distances (Å) and Angles
(deg) for Tl2Ag2USe4

Ag�Se(1) � 2 2.671(2) Se(1)�Ag�Se(1) 104.73(8)

Ag�Se(1) 2.799(2) Se(1)�Ag�Se(1) 115.91(5)

Ag�Se(2) 2.638(2) Se(1)�Ag�Se(2) 104.93(6)

U�Se(1) � 2 2.853(2) Se(1)�Ag�Se(2) 109.36(7)

U�Se(2) � 4 2.881(1) Se(1)�U�Se(1) 180

Se(1)�U�Se(2) 85.52(4)

Ag 3 3 3Ag 2.904(2) Se(2)�U�Se(2) 85.53(5)

Tl 3 3 3 Se 3.120(2)�3.618(2) Se(2)�U�Se(2) 180
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Cu 2p3/2,1/2 edges (L3,2), and U 4d5/2,3/2 edges (N5,4) from Tl3Cu4-
USe6 to obtain element-specific oxidation state information.12�15 No
XANES spectra were obtainable from soft X-ray core levels of the Tl N1�7

(4s, 4p, 4d, and 4f edges, respectively). The radioactive samples were
powdered and sealed between two thin (100 nm) silicon nitride
windows with epoxy before transfer to the He-purged STXM instru-
ment. The spatial resolution for the Cu and U images and spectra
was∼40 nm, whereas for Se spectromicroscopy, it was∼50 nm. The errors
in peak energy assignments are 0.05 eV for Cu andU spectra and 0.13 eV
for the Se spectra (refer to the Supporting Information for additional
experimental details). The ALS-MES STXM data collection has been
described in detail; spectra were extracted from image stacks (a complete
set of registered images collected sequentially at each photon energy of a
spectral scan).16 No sample degradation was observed during the period
of data collection. All spectra were normalized to the incoming flux by
integrating over areas without sample particulates. XANES spectra had
linear backgrounds subtracted; they were then smoothed and renorma-
lized as described below. The ALS operated at 500 mA of continuously
stored electron beam during data collection. The following U reference
materials for XANES spectra were synthesized according to literature
procedures: β-USe2,

17 USe3,
18 and RbAuUSe3.

19 (UO2)4O(OH)6 3 6H2O
(Schoepite) was obtained from material prepared at LBNL. The Cu
reference materials, Cu2O and CuSe, were obtained from Alfa Aesar,
whereas CuO was obtained from Baker.

’RESULTS AND DISCUSSION

Syntheses. Golden black single crystals of Tl3Cu4USe6 were
obtained in 10 wt % yield by the reaction of U, Cu, Se, and excess
TlCl at 1123 K. The reaction carried out under identical
conditions, but with Ag substituted for Cu, produced long black
needles of Tl2Ag2USe4 in approximately 20 wt % yield. Efforts to
synthesize the sulfide and telluride analogues of either compound
were unsuccessful.
There are numerous examples in the literature of the use of

alkali halide or alkaline-earth halide salts as fluxes in solid-state
syntheses of chalcogenides. Often, the halide salt is added to the
reaction mixture to aid in the crystallization of the targeted
product. For example, the syntheses of U3Te5,

20 Cu0.78U2Te6,
21

Ba2Cu2US5,
22 and BaCuDyTe3

23 require the uses of CsCl, KI,
NaBr, and BaCl2, respectively. Less commonly, the halide salt is
added in excess not only to aid in crystallization but also as a
source of either an alkali-metal element or an alkaline-earth
element. KCuUS3

2 and CsAuUTe3
19 were synthesized with an

excess of KBr and CsCl, respectively, as opposed to the much
more common route involving alkali-metal polychalcogenides,24

which was used for all other U-containing compounds of the
KCuZrS3 structure type.

25

The current compounds, Tl3Cu4USe6 and Tl2Ag2USe4, are
the first solid-state thallium chalcogenides to be synthesized with
the use of excess TlCl as a reactive flux. Previous syntheses of
thallium chalcogenides had involved either Tl metal26 or binary
Tl chalcogenides.6,27 How the reaction of U, Cu or Ag, and Se
with TlCl proceeds is not known. It is clear that some Tl is
incorporated into the final quaternary products, and that UCl4 is
formed. The UCl4 decomposes upon exposure to moist air, and
the major products, Tl3Cu4USe6 and Tl2Ag2USe4, can be
mechanically separated from the reaction mixtures.
Structure of Tl3Cu4USe6. Tl3Cu4USe6 crystallizes in a new

structure type (Figure 1) in space group P21/c of the monoclinic
system. The asymmetric unit comprises two U atoms, each at an
inversion center, along with three Tl, four Cu, and six Se atoms,
all in general positions. Each U atom is octahedrally coordinated

by six Se atoms. Each Cu atom is tetrahedrally coordinated by
four Se atoms. Atoms Tl(1) and Tl(2) are coordinated to six Se
atoms in a trigonal prism, and atom Tl(3) is coordinated to
seven Se atoms with a capped trigonal prismatic geometry. The
structure consists of ¥

2 [Cu4USe6
3�] layers separated by Tlþ

cations. There are alternating layers of U(1)Se6 octahedra with
Cu(1)Se4 and Cu(2)Se4 tetrahedra and U(2)Se6 octahedra with
Cu(3)Se4 and Cu(4)Se4 tetrahedra. Within the ¥

2 [Cu4USe6
3�]

layer (Figure 2), each USe6 octahedron shares six edges and four
corners with the surrounding CuSe4 tetrahedra. The Cu(1,3)Se4
tetrahedra share one edge and two corners with USe6 octahedra,
as well as three edges and one corner with CuSe4 tetrahedra. The
Cu(2,4)Se4 tetrahedra share two edges with USe6 octahedra, as
well as two edges and three corners with CuSe4 tetrahedra.
Within the ¥

2 [Tl3Se6
9�] layer, each Tl(1)Se6 trigonal prism

shares two faces, two edges, and three corners with neighboring
polyhedra. Each Tl(2)Se6 trigonal prism shares one face, five
edges, and one corner with adjacent polyhedra, and the Tl(3)Se7
capped trigonal prism shares one face, five edges, and two corners
with its neighbors. There are no Se�Se bonds in the structure.
The shortest Se 3 3 3 Se interaction is 4.15 Å.
Structure of Tl2Ag2USe4. Tl2Ag2USe4 crystallizes in space

group C2/m of the monoclinic system in a new structure type.
The structure of this compound (Figure 3) is closely related to
the K2Cu2CeS4 structure type,

28 which is also in the space group
C2/m. The two structures display the same layers (¥

2 [Ag2USe4
6�]

and ¥
2 [Cu2CeS4

6�]), but these are packed differently. Tl2Ag2USe4
possesses cell constants that are similar to those of TaTe2;

29

Figure 1. The crystal structure of Tl3Cu4USe6, viewed down c*.

Figure 2. The two-dimensional ¥
2 [Cu4USe6

3�] layer in Tl3Cu4USe6,
viewed down a*.
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however, the compounds are not isotypic. The only other com-
pounds that adopt the K2Cu2CeS4 structure type are Na2Cu2ZrS4

30

and K2Cu2ThS4.
31 However, the respective reduced cells of these

three compounds and that of the current Tl2Ag2USe4 differ and
cannot be transformed into one another. The ionic radius of six-
coordinate U4þ (0.89 Å)32 is near that of Ce3þ (1.01 Å), and seven-
coordinateTlþ is slightly larger thanKþ (1.59Å vs 1.46Å).The ionic
radius of Ce3þ is given because K2Cu2CeS4 has been formulated as
(Kþ)2(Cu

þ)2(Ce
3þ)(S2�)3(S

�). Therefore, the change in struc-
ture typemay result from thepresence of four-coordinateAgþ, whose
radius is approximately twice that of Cuþ (1.0 Å vs 0.6 Å).
The asymmetric unit of Tl2Ag2USe4 contains the following

atoms (and their site symmetries): U (2/m), Ag (m), Tl (m),
Se(1) (m), and Se(2) (m). Each U atom is octahedrally
coordinated by six Se atoms. Each Ag atom is tetrahedrally
coordinated by four Se atoms, and each Tl atom is coordinated
by seven Se atoms in a capped trigonal prismatic geometry. The
structure of Tl2Ag2USe4 consists of ¥

2 [Ag2USe4
2�] layers sepa-

rated by Tlþ cations. Within the ¥
2 [Ag2USe4

2�] layer (Figure 4),
each USe6 octahedron shares edges with neighboring USe6
octahedra in the [010] direction and also shares four edges and
two corners with adjacent AgSe4 tetrahedra. Every AgSe4 tetra-
hedron shares one corner in the [100] direction, as well as
two edges with USe6 octahedra. The AgSe4 tetrahedra also
share corners in the [010] direction, as well as two edges with
neighboring AgSe4 tetrahedra. Within the ¥

2 [Tl2Se4
6�] layer,

each TlSe7 trigonal prism shares three faces and four edges with
adjacent TlSe7 polyhedra. There are no Se�Se bonds in the
structure. The shortest Se 3 3 3 Se interaction is 3.80 Å.
Layered Quaternary Actinide Chalcogenides. Although

there are examples of quaternary actinide chalcogenides with

one-dimensional (Cs8Hf5UTe30.6)
33 or three-dimensional (K6Cu12-

U2S15)
34 structures, the vast majority adopt two-dimensional

layered structures (Table 4). For the purposes of this compar-
ison, we will consider only compounds with an alkali metal
(or Tl) or alkaline-earthmetal, a transitionmetal, an actinide, and
a chalcogen. The most common subset of this family of com-
pounds is AMAnQ3 (A = K, Rb, Cs; M =Cu, Ag, Au; An = Th, U,
Np; Q = S, Se, Te);2,19,31,33,35�38 these crystallize in space group
Cmcm of the orthorhombic system in the KCuZrS3 structure
type.25 This structure is particularly stable, as evidenced by the
fact that it is the only one to display substitution on the alkali-
metal/alkaline-earth metal, actinide, and chalcogen sites. It is one
of two structure types, along with CsMUTe5 (M = Ti, Zr),39 also
to exhibit variation on the transition-metal site. There are only
single examples and no analogues of the other layered quaternary
actinide chalcogenides.
The KCuZrS3 structure can be derived from that of UI3,

40 as
previously discussed.33 The UI3 structure contains UI8 bicapped
trigonal prisms, with both tetrahedral and octahedral holes.
Placing Fe into the empty octahedral sites and replacing I with
S yields the structure of FeUS3.

41,42 The addition of Cu into the
vacant tetrahedral sites, the substitution of Zr for Fe, and the
replacement of U with K gives the KCuZrS3 structure type. The
AMUQ3 compounds in the KCuZrS3 structure type feature two-
dimensional ¥

2 [MAnQ3
�] layers stacked in the [010] direction,

with alkali-metal cations intercalated between the layers. The
layers contain alternating MQ4 tetrahedra and AnQ6 octahedra.
The other layered quaternary actinide chalcogenides, with the
exception of CsMUTe5 (M = Ti, Zr) and Cs2Pd3USe6,

43 present
variations on this theme ofMQ4 and AnQ6 packing within layers,
separated by intercalated cations. All of the other examples either
belong also to the orthorhombic system or descend in symmetry
to the monoclinic system.
Note that there are four combinations of octahedral and

tetrahedral packing in the layered quaternary actinide chalco-
genides (Table 4). The first and simplest packing sequence is oct
tet oct tet, as noted for the AMUQ3 compounds. The second
packing sequence is oct tet tet oct, as observed in five diffe-
rent structure types (Ba2Cu2US5,

22 Cs2Hg2USe5,
44 Tl3Cu4USe6,

K2Cu2ThS4,
31 and Tl2Ag2USe4). Tomove fromK2Cu2ThS4 and

Tl2Ag2USe4 to Ba2Cu2US5, the alkali metal (or Tl) with an

Figure 3. The crystal structure of Tl2Ag2USe4, viewed down b.

Figure 4. The two-dimensional ¥
2 [Ag2USe4

2�] layer in Tl2Ag2USe4,
viewed down a*.

Table 4. Layered Quaternary Actinide Chalcogenides

compound(s)a
crystal

system

space

group

polyhedral

packingb reference

AMAnQ3 orthorhombic Cmcm oct tet oct tet 2, 19, 31,

33, 35�38

CsMUTe5 orthorhombic Pmma oct btp btp oct 39

Cs2Pd3USe6 orthorhombic Fmmm tp sp sp tp 43

K3Cu3Th2S7 orthorhombic Pbcn oct tet oct tet tet 31

K2Cu3US5 orthorhombic Cmcm oct tet tet tet oct 45

Ba2Cu2US5 monoclinic C2/m oct tet tet oct 22

Cs2Hg2USe5 monoclinic P2/n oct tet tet oct 44

Tl3Cu4USe6 monoclinic P21/c oct tet tet oct this work

K2Cu2ThS4 monoclinic C2/m oct tet tet oct 31

Tl2Ag2USe4 monoclinic C2/m oct tet tet oct this work
a For the listed compound(s), A = alkali metal, An = actinide, M =
transition metal, and Q = chalcogenide. b For the given representations
of polyhedral packing, btp = bicapped trigonal prism, oct = octahedron,
sp = square plane, tet = tetrahedron, and tp = trigonal prism.
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oxidation state of þ1 is replaced by a Ba2þ cation, necessitating
an additional chalcogenide anion (Q2�). To interchange between
Ba2Cu2US5 and Cs2Hg2USe5, the Ba

2þ cations are replaced by
Csþ cations, and consequently the Cuþ cations are replaced by
Hg2þ cations to maintain charge balance. To move from
Cs2Hg2USe5 to Tl3Cu4USe6, the two Hg2þ cations are isoelec-
tronically substituted by four Cuþ cations, and a Se2� anion is
inserted, which requires an additional charge of þ2 to preserve
charge balance. This is achieved by the addition of Tlþ (2Csþ

become 3Tlþ) and the oxidation of U4þ in Cs2Hg2USe5 to U
5þ

in Tl3Cu4USe6.
The third packing sequence, oct tet oct tet tet, is found in

K3Cu3Th2S7.
31 It is a combination of the previous two. The

fourth combination of octahedral and tetrahedral packing is oct
tet tet tet oct, as observed in K2Cu3US5.

45 Two layered quaternary
actinide chalcogenides do not obey this packing of octahedral
AnQ6 and tetrahedral MQ4 units into layers separated by alkali
metal (or Tl) or alkaline-earthmetal cations. The first, CsMUTe5
(M = Ti, Zr), features two-dimensional ¥

2 [MUTe5
�] layers

stacking in the [010] direction. These layers contain MQ6

octahedra and UTe8 bicapped trigonal prisms, which pack in
the sequence oct btp btp oct. The other compound is Cs2Pd3USe6,
with two-dimensional ¥

2 [Pd3USe6
2�] layers in the [010] direc-

tion, made up of square planar PdSe4 units and USe6 trigonal
prisms packing in the sequence tp sp sp tp.
Except for Cs2Pd3USe6 and Tl3Cu4USe6, all of the other

layered quaternary actinide chalcogenides feature edge-sharing
of the AnQ6 (or AnQ8) polyhedra with one another in the
direction perpendicular to the packing with the MQ4 (or MQ6)
polyhedra. The ¥

2 [Pd3USe6
2�] layer of Cs2Pd3USe6 contains

USe6 trigonal prisms separated from one another by hexagonal
Pd6Se12 rings. Within the ¥

2 [Cu4USe6
3�] layer of Tl3Cu4USe6,

each USe6 octahedron is completely isolated from all surround-
ing USe6 octahedra by intervening CuSe4 tetrahedra.
Magnetic Susceptibility of Tl3Cu4USe6. Figure 5 displays

the magnetic behavior of Tl3Cu4USe6. The overall magnetic
susceptibility increases upon cooling, with two prominent peaks
around 5 and 70 K. The inset shows the field dependence of peak

positions. The peaks are robust and are nearly independent of
applied magnetic field strengths and ZFC and FC conditions.
The origin of the two peaks is currently unknown. The shape of
the peaks is more cusp-like than the broad maxima usually
originating from the crystal electric field (CEF) effect. TheWeiss
temperature estimated from the modified Curie�Weiss fitting
(see below) is small but positive, indicating ferromagnetic
interaction. It is possible that the origin of the 70 K peak is
similar to that of another U5þ chalcogenide, K2Cu3US5,

45 where
a maximum in the magnetic susceptibility around 94 K was
ascribed to a magnetic or structural phase change, possibly
coupled to a Cu�U charge transfer. This possibility is supported
by the robustness of the 70 K peaks and the fact that the USe6
octaheda are well separated by CuSe4 tetrahedra.
To apply themodifiedCurie�Weiss law(χm=χ0þC/(T� θp)),

in the temperature range above 70 K, diamagnetic contributions
from both the core electrons and sample holder were subtracted
from the magnetic susceptibility data. The fitting results give
temperature-independent terms χ0 equal to 4.30� 10�3 emumol�1

(500G) and 4.38� 10�3 emumol�1 (1 kG). The positive χ0 can

Figure 5. The magnetic susceptibility (χm) versus T for Tl3Cu4USe6. The inset shows the field dependence of the peak temperatures.

Figure 6. Isothermal magnetization measurements for Tl3Cu4USe6 at
2, 10, 65, and 70 K.
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be attributed to Pauli paramagnetism from conduction electrons
or ferromagnetic impurities. Ferromagnetic impurities are less
likely considering the synthetic procedure and the isothermal
magnetization data shown in Figure 6. The existence of conduc-
tion electrons should be verified by further measurements.
The resulting plot of 1/(χm � χ0) versus T (H = 500 G) for

Tl3Cu4USe6 is shown in Figure 7. In the temperature range
72�300 K, the fit to the data results in values of 0.289 emu K
mol�1 and 18(2) K for the Curie constant C and the Weiss
constant θp, respectively. The effective magnetic moment, μeff, as
calculated from the equation μeff = (7.997C)1/2 μB,

46 is 1.58(1)
μB. If Tl3Cu4USe6 contains U

4þ and only one Cu2þ cation (as
well as three Cuþ cations for charge balance), the calculated
effective magnetic moment is 3.98 μB. However, if Tl3Cu4USe6
contains only U5þ and diamagnetic Cuþ, the calculated effective

magnetic moment is due entirely to the free-ion moment for U5þ

(2.54 μB for the Russell�Saunders coupling scheme and 1.73 μB
for the spin-only model).47 On the assumption that only U
possesses a magnetic moment (see below), the reduced effective
magnetic moment can be due to CEF effects with energy level
splittings comparable to the measured temperatures. A number
of other U5þ compounds have effective magnetic moments of
less than 2.0 μB, including UCl5 (1.26 μB),

48 UO2Br (1.76
μB),

49 LiUO3 (1.81 μB),
48 and K(UO)Si2O6 (1.32 μB).

50

Magnetic Susceptibility of Tl2Ag2USe4. The magnetic
behavior of Tl2Ag2USe4 (Figure 8) is significantly less com-
plex than that of Tl3Cu4USe6. Upon application of the
modified Curie�Weiss law, the magnetic susceptibility data
for Tl2Ag2USe4 yield a temperature-independent term χ0 equal
to �4.8(2) � 10�3 emu mol�1. This value represents the

Figure 7. Plot of 1/(χm � χ0) versus T for Tl3Cu4USe6, showing a straight-line fit to the modified Curie�Weiss law.

Figure 8. Plot of 1/(χm � χ0) versus T for Tl2Ag2USe4, showing a straight-line fit to the modified Curie�Weiss law.
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diamagnetic contributions from both the core electrons and the
sample holder. The resulting plot of 1/(χm � χ0) versus T for
Tl2Ag2USe4 is shown in Figure 8. Above 100 K, the modified
Curie�Weiss fit to the data results in values of 1.46(1) emu
K mol�1 and �41(1) K for the Curie constant C and the Weiss
constant θp, respectively. The negativeWeiss constant (�41(1) K)
indicates antiferromagnetic interaction, and the effective
magnetic moment, μeff, is 3.4(1) μB. This effective magnetic
moment is comparable to the values of the free-ion moments
for U3þ (3.62 μB) and U4þ (3.58 μB), as calculated from L�S
coupling.47 Some other U4þ selenides exhibit similar effective
magnetic moments, including Cu2U6Se13 (3.27 μB/U),

51

Rh2U6Se15.5 (3.41 μB/U),
52 Ir2U6Se15.5 (3.43 μB/U),

52 and
KCuUSe3 (3.65 μB).

36 The linear behavior of the inverse
magnetic susceptibility deviates significantly at low tempera-
tures, which is often ascribed to the CEF effect of the 5f
electrons.
Scanning Transmission X-Ray Microscopy (STXM) Spec-

tromicroscopy. Figure 9 shows a normal contrast image of the
Tl3Cu4USe6 particle collected at 737 eV from which XANES
spectra were recorded. The X-ray image shows that the particle is
uniform in composition on the nanometer scale. A summary of
the XANES peak positions is given in Table 5.
Selenium XANES. The Se 2p3/2,1/2 near-edge spectra re-

corded from USe3, Tl3Cu4USe6, β-USe2, RbAuUSe3, and ele-
mental Se are shown in Figure 10. All of the Se XANES spectra
have had linear backgrounds subtracted, have been five-point
smoothed, and have been normalized to the signal at 1520 eV.
The Se 2p3/2,1/2 transitions indicated in Figure 10 occur at about
1433.9 and 1474.3 eV.53 XANES spectroscopy at the 2p edge has
not been employed extensively to determine oxidation states of
Se-containing materials; however, there have been some investi-
gations.54,55 The β-USe2 and RbAuUSe3 materials, both of which
contain only discrete Se2� units, provide reference spectra. The
USe3 spectrum is representative of a mixture of discrete Se2�

anions and diselenide (Se2
2�) units.

The Se L-edge XANES spectrum of Tl3Cu4USe6 shown
in Figure 10 has distinguishable features centered at about
1436.4 eV (A), a very broad feature extending between ∼1440
and 1460 eV (B), a distinct peak at 1479.1 eV (C), and a final
broad feature appearing at 1481.3�1500 eV (D). The β-USe2 Se
2p spectrum is similar to that of Tl3Cu4USe6, with the exception

of more well-resolved features at A and C. The XANES spectrum
of the RbAuUSe3 reference for Se

2� has a small feature at 1436.6
eV, a broad, smooth feature from about 1400 to 1460 eV, no
sharp feature in location C, and a final broad feature starting at
1473.9 eV and extending out to 1500 eV. The RbAuUSe3
reference spectrum is nearly identical to that of Tl3Cu4USe6.
The reference spectrum for mixed Se speciation, USe3, has
features at 1436.1 eV, a broad feature at ∼1440 eV, a notable
peak at 1477.2 eV, and another broad feature starting at 1480 eV
and extending to 1500 eV.
The Tl3Cu4USe6 Se 2p spectrum does not exhibit a prominent

feature at A and has differences in line shape near B compared to
the spectrum of USe3. Moreover, there is no direct evidence for
the existence of chain or polymeric Se bonding characteristics
based on the spectra of known reference materials.55 That the Se
2p spectrum from Tl3Cu4USe6 is nearly the same as the spectra
obtained from β-USe2 and RbAuUSe3 is strong evidence that it
contains only Se2� units.

Figure 9. A normal contrast image collected from a particle obtained
from powdered Tl3Cu4USe6 with a photon energy of 737 eV.

Table 5. XANES Transition Maxima (eV)

Se compound

Se 2p3/2
(L3) [A]

feature

[B]

Se 2p1/2
(L2) [C]

feature

[D]

USe3 1436.1 yes 1477.2 yes

Tl3Cu4USe6 1436.4 yes 1479.1 yes

β�USe2 1437.7 1478.5 yes

RbAuUSe3 1436.6 yes yes

Se (elemental) 1435.3 yes 1476.1 yes

Cu compound Cu 2p3/2 (L3) Cu 2p1/2 (L2)

CuO 931.6 939.9 951.4

Tl3Cu4USe6 932.7; 934.7 937.7 ∼946 ∼953

CuSe 931.5 933.8 938.4 951.1; 953.5

Cu2O 933.7 938.3 946.7 953.5

U compound U 4d5/2 (N5) U 4d3/2 (N4)

(UO2)4O(OH)6 3 6H2O 738.4 779.8

Tl3Cu4USe6 737.0 778.4

β-USe2 736.6 777.8

RbAuUSe3 736.9 778.1

Figure 10. Selenium 2p3/2,1/2 near-edge spectra obtained from particles
of USe3, Tl3Cu4USe6, β-USe2, RbAuUSe3, and elemental Se (top to
bottom, respectively). The spectra have been normalized to unity at
1520 eV.
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Copper XANES. The Cu 2p-edge XANES spectra from CuO,
Tl3Cu4USe6, CuSe, and Cu2O are shown in Figure 11. All of the
spectra in Figure 11 have had linear backgrounds subtracted and
have been normalized to unity at the Cu 2p3/2 feature for relative
line shape comparison. Monovalent, formally Cuþ species yield
Cu 2p spectra with a leading Cu 2p3/2 feature at 932.5�933.5 eV
with additional material-specific features that may appear before
940 eV and followed by the Cu 2p1/2 spin�orbit partner at about
953.5 eV.56 Somewhat similar to monovalent Cu spectral fea-
tures, metallic Cu shows simultaneous features at approximately
934.0 and 937.5 eV. In the Cu 2p spectra shown in Figure 11,
there is no evidence for the presence of metallic Cu. Spectra of
divalent, formally Cu2þ species show a well-defined, intense
singular Cu 2p3/2 peak around 931.0 eV that can exhibit small
peaks on the high energy side depending on the material and are
accompanied by the spin�orbit component at an energy∼20 eV
higher, as shown by CuO in Figure 11. The Cu2þ Cu 2p3/2 peak
is about 25 times more intense than the same feature from Cuþ

materials.57 The spectra of Cu species that are formally trivalent,
Cu3þ, are characterized by Cu 2p3/2 peaks at about 934 eV with
the corresponding spin�orbit peak 20 eV higher.58 Cu3þ spectra
also show a small, broad feature at 941 eV. The Cu 2p spectra of
Cu3þ materials sometimes show components of Cu2þ spectra
resulting from impurities or destabilization under vacuum con-
ditions. A detailed summary of Cu 2p XANES spectroscopy is
available.57

Prior to the interpretation of the Cu 2p XANES from
Tl3Cu4USe6, it is important to verify and understand the XANES
spectra from the monovalent reference materials used in this
investigation, Cu2O and CuSe. Note that CuSe is a compound of
Cuþ rather than of Cu2þ.59 In all spectra collected here, the Cu
2p1/2 peak manifold structure reflects that of the corresponding
Cu 2p3/2 manifold but is broadened by the Cu 2p3/2 continua
and other contributions.60 The prototypical Cu 2p XANES
spectrum of the reference material Cu2O has been collected
and interpreted in several previous investigations.56 In Figure 11,
the intensity of the Cu 2p3/2 feature at 933.7 eV in the Cu2O
spectrum collected here is greater (∼3�) relative to that from
the corresponding lead Cu 2p3/2 feature in CuSe and Tl3Cu4-
USe6 before normalization. There is also a well-developed 2p1/2
feature at 953.5 eV that yields a spin�orbit split of 19.8 eV. Thus,
the Cu2O spectrum corresponds nicely to those recorded pre-
viously with the unusual intensity of the Cuþ 2p3/2 peak

attributed to a structure in which Cu is linearly coordinated to
two oxygen nearest neighbors.61

The spectrum of CuSe shown in Figure 11 has two prominent
features in the Cu 2p3/2 region. The first peak at 931.5 eV we
attribute to Cu2þ impurities, given that the intensities of Cu2þ

features are much greater than those of Cuþ. The second peak at
933.8 eV is characteristic of a normal Cuþ material, in energy
being comparable to that of Cu2O with a much lower intensity
for reasons previously mentioned. As observed in general for
monovalent Cuþ materials, the exact energy of the primary Cu
2p3/2 Cu

þ feature as well as any additional fine structure on the
high energy tail of the primary peak arematerial-specific, and thus
in CuSe these vary slightly from those of other Cuþ species,
including Cu2O.

56 In CuSe, there is a broad feature originating
at ∼938 eV stretching to 940 eV that is also associated with
Cuþ species, and upon close inspection this feature can be found
in the Cu2O spectrum. A faint feature centered at 946.0 eV is also
apparent in the CuSe spectrum; a similar feature is present in the
Cu2O spectrum. The fine features on the higher energy side of
the primary Cuþ Cu 2p3/2 peak in the CuSe spectrum are more
apparent than those from Cu2O, because of the unusually high
intensity of the primary Cuþ Cu 2p3/2 peak in the Cu2O
spectrum and the method used to normalize the spectra for
presentation in Figure 11.
Turning now to Tl3Cu4USe6, we show its Cu 2p XANES

spectrum in Figure 11. Upon initial inspection it does not closely
resemble spectra of the Cu reference materials. An important
observation is that the intensity of its overall XANES spectrum is
similar to that from CuSe rather than those from the two oxides
Cu2O (Cuþ) and CuO (Cu2þ). The most notable feature is the
absence of sharp transitions in the Tl3Cu4USe6 spectrum that
would be expected for a Cu2þ species. Instead, the Tl3Cu4USe6
2p3/2 region is composed of three broad, distinguishable, and
convoluted features. The first feature resides on the low-energy
shoulder of the second and most prominent peak at 934.7 eV.
The first feature, which does not correspond to a peak found in
either reference spectrum, precedes by 1 eV the onset of the
energy at which a Cuþ peak would be expected. The main
Tl3Cu4USe6 peak resides 1 eV toward higher energy from those
found in the reference materials. The third Tl3Cu4USe6 feature
corresponds to similar features at the same energies observed in
the reference materials, albeit the intensity of the feature in Cu2O
is obscured by the overall intensity of the main line. The region
from 940 to 950 eV has an uneven background, and no features
are resolved with certainty. Lastly, the Tl3Cu4USe6 Cu 2p1/2
manifold shows no distinct structure other than replication of the
overall shape of the Cu 2p3/2 region with less amplitude and
resolution.
To summarize, the overall intensity of the Cu 2p XANES

spectrum gives strong evidence for a Cuþ species. Importantly,
there is no signature Cu2þ transition that occurs at a well-defined
energy with a substantial cross-section. The two convoluted lead
peaks in the Tl3Cu4USe6 2p3/2 regionmake the overall transition
appear broad, possibly because there are four crystallographically
independent Cu atoms in the structure. However, these lead
peaks are centered around Cuþ transition energies and are
comparable in general profile to the same feature in the CuSe
spectrum. Similar spectra for monovalent species have been
recorded for complex tetrahedrites.62 Trivalent Cu3þ would exhibit
features at about 934 eV accompanied by another at 941 eV, and
neither is observed. We conclude that the formal oxidation state
of Cu in Tl3Cu4USe6 is þ1.

Figure 11. Copper 2p3/2,1/2 near-edge spectra obtained from particles
of CuO, Tl3Cu4USe6, CuSe, and Cu2O (top to bottom, respectively).
The spectra have been normalized to unity at the Cu 2p3/2 feature.
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Uranium XANES. The U 4d-edge XANES spectra from
Tl3Cu4USe6 and reference materials are shown in Figure 12.
The U spectrum from Tl3Cu4USe6 has not had the back-
ground subtracted, whereas the other three U spectra have had
linear backgrounds removed. All U spectra have been three-
point smoothed and normalized to the U 4d5/2 feature. The
most prominent features in Figure 12 are the U 4d5/2 and U
4d3/2 white-line transitions. These transitions from the U 4d
orbitals primarily probe unoccupied states with U 5f character.
The charge state shift of the U 4d5/2 transition can be used to
assign an effective oxidation state based on its energy.14,15,63

The broad feature centered at about 760 eV between white
lines has been observed previously in U spectra but has yet to
be assigned. However, the broad features in the RbAuUSe3
spectrum beginning just after 760 eV and tailing into the
U 4d3/2 features are absorption from the Au constituent at
∼763 eV (Au 4s).
The maxima of the U 4d5/2 and U 4d3/2 transitions for

Tl3Cu4USe6 are located at 737.0 and 778.4 eV, respectively.
The 4d transition energies from Tl3Cu4USe6 correspond to U
4d-edge energies obtained from similar constituent-containing
and well-characterized U4þ referencematerials. These transitions
are comparable to those in RbAuUSe3 at 736.9 and 778.1 eV and
those in β-USe2 at 736.6 and 777.8 eV.55 A dissimilar
U4þ material, namely, the coordination complex [U(BBP)3]Cl4
(BBP = 2,6-bis(2-benzimidazyl)pyridine), has U 4d-edge transi-
tions at 736.9 and 778.4 eV. More traditional U4þmaterials such
as UCl4 and UO2 have 4d5/2 transitions at 737.1 and 737.5 eV.

64

The Tl3Cu4USe6 4d5/2 transition energies lie well above the
transition energies of 736.6 and 736.7 eV determined for the
U3þ complexes [U(BBP)3]I3 and (CpSiMe3)3U-AlCp

*, respec-
tively.14,65 The lower energy charge state boundary is set by U
metal with aU 4d5/2 transition at 736.4 eV. TheU

6þ 4d5/2 charge
state energies for uranyl species start at about 738.4 eV, as shown
by the (UO2)4O(OH)6 3 6H2O (Schoepite) spectrum in Figure 12,
whereas there have yet to be studies of a U6þ uranate.64

The charge state of U in Tl3Cu4USe6 is definitely notþ3, nor
is itþ6. The U 4d5/2 transition energy in Tl3Cu4USe6 is toward
the upper energy range of U4þ materials of this class and that
anticipated for possible U5þ species, such as K2Cu3US5.

45 Unfor-
tunately, we were unable to collect reproducible data from

K2Cu3US5 owing to the extremely small amount of single crystals
that could be prepared.
The branching ratio (4d5/2/4d3/2) derived from the peak

intensities of Tl3Cu4USe6 is similar to those observed from
β-USe2, BBP complexes, and RbAuUSe3 but different from those
observed for uranyl U6þ materials (see Schoepite spectrum).
The energy position of the Tl3Cu4USe6 U 4d5/2 transition
effectively rules out the U oxidation states of þ6 and those less
thanþ4. However, the current U 4d5/2-edge XANES spectra do
not enable us to assign an exact charge state of U in Tl3Cu4USe6,
though they are consistent with U4þ and possibly U5þ species.
Formal Oxidation States.We will first consider Tl2Ag2USe4.

Because there are no Se�Se bonds in the structure, the formal
oxidation states of Tl, Ag, U, and Se may be assigned as þ1,þ1,
þ4, and �2, respectively. An oxidation state of þ4 for U is
consistent with the magnetic data presented above. The U�Se
distances of 2.853(3) and 2.881(1) Å (Table 3) are near those of
2.8715(4) and 2.8723(5) Å in CsAgUSe3,

2 which also contains
octahedral U4þ. The Ag�Se interatomic distances of 2.638-
(2)�2.799(2) Å in Tl2Ag2USe4 are within the range of those of
2.585(1)�2.954(1) Å for tetrahedral Agþ in CsAg5Se3.

66 The
Tl 3 3 3 Se distances of 3.120(2)�3.618(2) Å are within the range
of 3.024(3)�3.849(3) Å found in Tl4Nb2Se11.

67 There are short
Ag 3 3 3Ag distances (2.904(2) Å) in Tl2Ag2USe4, which are only
slightly longer than the Ag 3 3 3Ag distances observed in Ag metal
(2.88 Å),3 and significantly less than the van der Waals diameter
(3.44 Å).68 These short Ag 3 3 3Ag distances are indicative of
d10�d10 interactions.69 Examples of other solid-state Ag chalco-
genides that display d10�d10 interactions include CsAg3S2,

70

K2Ag4Se3,
71 and CsAg5Se3.

66

Bond valence analysis72 provides an empirical means of
assigning formal oxidation states. Because it is based on data
from interatomic distances, we would expect it to provide results
consistent with the arguments above. Indeed it does, as the Bond
Valence Calculator73 yields the following oxidation states for
Tl2Ag2USe4: U, 3.60; Ag, 1.24; and Tl, 1.44.
We turn now to crystallographic evidence that bears on the

question of the formal oxidation states of the metals in
Tl3Cu4USe6. Because there are no Se�Se bonds in the structure
of Tl3Cu4USe6, each Se atom can be considered a discrete Se2�

anion. Although Tl can be eitherþ1 orþ3, it is overwhelmingly
found as þ1 (analogous to alkali-metal cations) in ternary and
quaternary chalcogenide systems. The Tl 3 3 3 Se distances of
2.990(2)�3.670(2) Å (Table 2) are consistent with those of
3.000(6)�3.787(7) Å found for Tlþ in Tl4SiSe4.

74 Thus, the
combined formal oxidation states of four Cu atoms and one U
atom must be þ9 in Tl3Cu4USe6 in order to achieve charge
balance. Possible formal oxidation states of Cu are þ1 and þ2,
although þ2 is unknown in chalcogenides, and its presence
would be inconsistent with the XANES results. Likely formal
oxidation states of U are þ4 and þ5, as supported by the XANES
results. Moreover, U3þ rarely occurs and U6þ is unknown in
chalcogenides, and neither is consistent with the XANES results.
The limited number of U3þ chalcogenide compounds includes
UTe2,

75U3S5,
76U2Q3 (Q=S, Se, Te),77�79 ScUS3,

80 and ScU3S6.
81

The only known uranium chalcogenide that may contain U6þ is
A6Cu12U2S15 (A =K, Rb, Cs),34,82 which has previously been hypo-
thesized to contain U5þ and S� but may alternatively contain U6þ.
The Cu�Se interatomic distances in Tl3Cu4USe6 of

2.427(2)�2.669(2) Å (Table 2) are comparable, though slightly
longer than those found inCsCuUSe3 (2.458(1) and 2.526(2) Å),

37

which contains Cuþ. Because the ionic radius of Cu2þ (0.57 Å) is

Figure 12. Uranium 4d5/2,3/2 absorption spectrum collected from
particles of (UO2)4O(OH)6 3 6H2O (Schoepite), Tl3Cu4USe6, β-
USe2, and RbAuUSe3 (top to bottom, respectively) with the spectra
normalized to the U 4d5/2 feature.



6665 dx.doi.org/10.1021/ic200565n |Inorg. Chem. 2011, 50, 6656–6666

Inorganic Chemistry ARTICLE

smaller than that of Cuþ (0.6 Å),32 the Cu�Se distances would
in fact be shorter if Cu2þ were present, which is not the case.
TheU�Se interatomic distances range from 2.725(2) to 2.850(2)

Å in Tl3Cu4USe6, which are shorter than those found for other USe6
octahedra in U4þ compounds. For comparison, the U�Se intera-
tomic distances in CsAgUSe3

2 are 2.8715(4)�2.8723(5) Å, and
those in Cs2Hg2USe5

44 are 2.872(1)�2.902(1) Å. Because the
ionic radius of six-coordinate U decreases upon going from
U4þ to U5þ (0.89 Å vs 0.76 Å),32 interatomic distances should
decrease accordingly. Unfortunately, there are no known U5þ

selenides in the literature for comparison. However, this
expected decrease is found for compounds with US6 octahe-
dra, where the U�S interatomic distances decrease from
2.714(1)�2.7165(9) Å in KCuUS3,

2 which contains U4þ, to
2.587(1)�2.6827(9) Å in K2Cu3US5,

45 which contains U5þ.
Similar to Tl2Ag2USe4, Tl3Cu4USe6 features short Cu 3 3 3Cu

distances, which range from 2.571(3) to 2.654(3) Å (Table 3).
These distances are only slightly longer than the Cu 3 3 3Cu distances
observed inCumetal (2.56Å)3 and significantly less than the van der
Waals diameter (2.8 Å).68 Short Cu 3 3 3Cu distances, such as those
observed in Tl3Cu4USe6, are indicative of d

10�d10 interactions.69

Such interactions have beenobserved in anumberof other solid-state
Cu chalcogenides, includingNa2Cu4S3,

83 Cs2Cu5Se4,
84 Cs3Cu8Se6,

85

and Tl5Cu14Se10.
86 Note that d10�d10 interactions are absent in

Cu2þ compounds. Thus, their presence in Tl3Cu4USe6 is further
support for Cuþ rather than Cu2þ in the compound. The only
other U5þ solid-state chalcogenide, K2Cu3US5,

45 also exhibits
short Cu 3 3 3Cu distances (2.7093(5) Å).
Once again, bond valence analysis72 supports these formal

oxidation states of þ1 for Cu and þ5 for U. The BondValence
function in PLATON87 provides the following oxidation states in
Tl3Cu4USe6: U(1), 4.85; U(2), 4.77; Cu(1), 0.83; Cu(2), 0.78;
Cu(3), 0.85; andCu(4), 0.77. Thus, themagneticmeasurements,
the XANES measurements, and the crystallographic results
provide consistent evidence for a formal oxidation state of þ5
for U in Tl3Cu4USe6.
Speculation on the Syntheses of U5þ Compounds. U5þ

systems are of particular interest because of their 5f1 electronic
configuration. The study of such systems allows for a better
understanding of what contribution the 5f orbitals make to
structure, bonding, and physical properties. Recent work in
uranium organometallic chemistry has demonstrated the use of
Cuþ halides as agents for the oxidation of U4þ complexes to U5þ

complexes.88,89 The present compound, Tl3Cu4USe6, was syn-
thesized from U, Cu, Se, and TlCl; the solid-state U5þ chalco-
genide, K2Cu3US5,

45 was synthesized from K2S, UCl4, S, and
CuCl. Perhaps the current synthesis of Tl3Cu4USe6 is generating
CuCl and UCl4 in situ via the reaction of TlCl with Cu and U.We
speculate that syntheses that make use of U, Cu, and halide salts
may provide additional U5þ compounds.
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bS Supporting Information. Crystallographic files in CIF
format for Tl3Cu4USe6 and Tl2Ag2USe4 and additional details
on the XANES measurements. This material is available free of
charge via the Internet at http://pubs.acs.org.
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