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37.1 INTRODUCTION

This chapter describes the preparation, structures, and physical properties of
the known binary, ternary, and quaternary actinide chalcogenide compounds.
In discussing structures we rely almost exclusively on X-ray or neutron diffrac-
tion results from single crystals rather than from powders. Owing to the dearth
of measurements on single crystals, in discussions of physical properties we must
rely as well on the results from powders. In doing so we note the caveat that
physical properties of solid-state materials are often very sensitive to the pres-
ence of impurities, defects, and related phenomena that are often difficult to
detect by powder diffraction methods. For convenience the article is subdivided
according to composition (e.g. binary, ternary and multinary compounds).

37.2 BINARY ACTINIDE CHALCOGENIDES

The binary Th and U chalcogenides have been discussed earlier in Sections 3.7.5
and 5.7.5 of this series, respectively. A number of binary chalcogenides of
Np and Pu have been reported, many on the basis of the similarities of their
X-ray powder diffraction patterns to those of known U compounds. Table 37.1
summarizes the known, structurally-characterized binary actinide chalcogenide
stoichiometries, along with selected references. We will discuss these stoichio-
metries in turn.
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Table 37.1  Binary chalcogenide compounds of An = Th®, U°, Np, and Pu.

Th

U Np Pu

Representative references

AnyQs
AnQ S, Se, Te

AnQpx

An37xQ4

An,Q3 S, Se, Te

AnzQs

AH7Q12 S, Se

AnQZ—x

AnQ, S, Se, Te

An2Q5 S, Se

AHQ3 Te

AnQ3+x
AnQs

S
S, Se, Te S, Se S, Se, Te

S, Se, Te

Se, Te

S,Se, Te S, Se S, Se, Te

S,Se, Te S

Se, Te

S, Te

S, Se, Te S, Se, Te

Te S S

S, Se, Te S, Se Te

Te
Te

Zumbusch, 1940

d’Eye et al., 1952; d’Eye
and Sellman, 1954; Ferro,
1955; Kruger and Moser,
1967; Olsen et al., 1988;
Dabos-Seignon et al.,
1990; Wastin et al., 1995
Noel and le Marouille,
1984; Beck and Dausch,
1988, 1989a

Szytula and Suski, 1973;
Noel, 1985b; Shlyk

etal., 1995a

Zachariasen, 1949a;
Khodadad, 1961; Tougait
et al., 1998a; Tougait

et al., 2001

Moseley et al., 1972; Potel
et al., 1972; Tougait

et al., 1998c; Tougait

et al., 2001;

Zachariasen, 1949c;
d’Eye, 1953;Tougait et al.,
1998b

Haneveld and Jellinek,
1969;Noel et al., 1996
d’Eye, 1953; Marcon and
Pascard, 1966; Suski et al.,
1972;Mooney-Slater,
1977; Amoretti et al.,
1984; Beck and Dausch,
1989a; Daoudi et al.,
1996a; Noel et al., 1996;
Kohlmann and Beck, 1997
Noel and Potel, 1982;
Kohlmann and Beck,
1999;Stowe, 1996b;
Tougait et al., 1997a

Ben Salem et al., 1984;
Noel and Levet, 1989;
Stowe, 1996a; Kwak

et al., 2006

Stowe, 1997

Noel, 1984;Noel 1985a

“Also see Section 3.7.5.
Palso see Section 5.7.5.
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37.2.1 The U S; compound

From X-ray powder diffraction data U,S; has been described as a ““defect”” AnS
phase (An = actinide) wherein the primitive cubic cell, similar to that of US, has
an empty body center (normally filled in US) (Zumbusch, 1940). This creates
a structure similar to that of perovskite with octahedra of US¢ that are corner-
shared with U atoms in the square-planar open faces as if they were face-
centered on a cube (Fig. 37.1). The U—S distance is 2.747(1) A.

37.2.2 The actinide monochalcogenides AnQ

The phase diagrams of the binary actinide chalcogenides are particularly rich,
showing regions of solid solutions near stoichiometric AnQ; ., and AnQ,. 4,
where throughout this chapter we use the symbol Q = S, Se, or Te. The formal
oxidation states of the actinides in these compounds are open to question and
have been the subject of EXAFS studies that compare the binary oxides with
their chalcogenide counterparts (Conradson et al., 2004a; Conradson et al.,
2004b; Conradson et al., 2005).

Actinide monochalcogenides have been extensively studied. Nearly all crys-
tallize in the rock-salt (NaCl) structure type. Interatomic distances within
the AnQs octahedra are 2.841 A in ThS, 2.742 A in US, 2.768 A in PuS,
(Zachariasen, 1949d), 3.195 A in UTe, and 3.089 A in PuTe (Kruger and
Moser, 1967). ThTe forms in the CsCl structure type. The Th—Te distance in
the ThTeg cube is 3.312 A (d’Eye and Sellman, 1954; Haessler et al., 1976).

Fig. 37.1 Structure of UsS3 (U: black balls; USe: gray polyhedra; S: white balls).
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The synthesis of single crystals of US is noteworthy (Van Lierde and Bressers,
1966). It was carried out by the reaction of U metal powder with the stoichio-
metric amount of H,S gas at 500°C according to

Ug) + HaS(g) — 12USy() + 14U (37.1)
This mixture then was reacted at 1,900°C to give US according to
12USy(s) + 12U — USy) (37.2)

Because the melting points of US, (1,560°C) and US (2,460°C) are very differ-
ent, US can be prepared in single-crystal form by slow decomposition of a melt
of US;.«. To do this, reaction (37.1) is carried out with about 15% H>S in excess
to give a black nonreactive powder with a low melting point consisting of a
complex mixture of uranium polysulfides and free U. The temperature then is
raised to 1,700°C; reaction (37.2) proceeds slowly and is mainly controlled by
the evaporation of excess S. This evaporation first occurs on the free surface of
the melt, where a few US crystals are nucleated. Large crystals with a gold—silver
luster develop from the surface inside the melt, up to complete transformation
into US as the temperature is raised further to 1,900°C.

It is interesting that US was studied as a unique form of nuclear fuel in the
1960s and 1970s, as well as an additive to uranium carbide ceramics for fuel
elements and as molten salts for nuclear fuel (Neimark and Carlander, 1964;
Handwerk et al., 1965; Dell et al., 1967, Handwerk and Kruger, 1971; Lovell
et al., 1973; Kikuchi and Fukuda, 1974; Lovell and Van Tets, 1979).

The high-melting compounds NpQ and PuQ (Q =S, Se, Te) have been grown
as single crystals by means of the Czochralski crystal growth technique (Wastin
et al., 1995). Crystals of these monochalcogenides have also been grown by
heating their pressed pellets sealed in W crucibles to temperature ~50°C below
their melting points for several weeks (Mattenberger et al., 1984).

US, USe, and UTe were found to order ferromagnetically with Curie tem-
peratures between 180 and 104 K. The properties seem to depend on the
orientation of the applied magnetic field. The [111] direction of the lattice is
the easy magnetic axis (Wedgwood and Kuznietz, 1972; Busch and Vogt, 1978;
Mattenberger and Vogt, 1992; Vogt et al., 2001).

37.2.3 The compounds between AnQQ and AnQ,

A relatively large number of structurally-characterized compounds reside
between the AnQ cubic compounds and the chalcogen-rich AnQ, compounds.
The AnsQ4 body-centered cubic compound (Th;P, structure type) is known for
U selenides and tellurides. Single crystals of U;Se, were prepared by the thermal
decomposition of a-USe, at 1,400°C. Its structure comprises USeg polyhedra
that are face-sharing in a three-dimensional structure; U-Se distances range
from 2.980(2) to 3.128(2) A (Szytula and Suski, 1973; Noel, 1985b). Figure 37.2
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Fig. 37.2  Structure of UsSey (U: black, Se: white).

shows a rendering of the complex three-dimensional structure. No X-ray single
crystal structure has been reported for UsTey, but its structure was identified to
be of the ThsP, structure type by powder X-ray diffraction measurements
(Ferro, 1954). The crystal structure of U,g;Tes (also Th3P4 structure type)
was, however, determined from single-crystal diffraction data (Shlyk er al.,
1995a). Np3Q4 (Q = Se, Te), Am3Q4 (Q = Se, Te), and PusS, are also known,
but only powder diffraction data have been reported for these compounds
(Mitchell and Lam, 1970, 1971).

Several different sesquichalcogenide compounds are known for the An,Q3
solids. The o compounds of Th,S3, U,S53, and Np,S; are isostructural (Fig. 37.3).
In this structure the actinide is in a seven-coordinate monocapped trigonal-
prismatic S environment (Zachariasen, 1949d). U,Se; adopts the U,S; struc-
ture type, as deduced from powder diffraction data (Khodadad, 1959). Single
crystals of U,Tes, which have been prepared from a low-temperature (700°C)
stoichiometric reaction between the elements mixed with a small quantity of
CsCl, display the same structure type (Tougait et al., 1998a). Magnetic mea-
surements on a polycrystalline sample of U,Te; (of high purity as deduced
by Rietveld analysis) revealed a complex magnetic behavior with a ferromag-
netic ordering around 110 K and spin reorientations in the range of 85-105
and at 45 K.

In the cubic y compounds Ac,S3, Pu,S3, and Am,S; (Ce,S5 structure type) the
actinide is bound in a distorted square-antiprismatic Q coordination (Fig. 37.4)
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Fig. 37.3 (a) Structure of o-ThyS5 (Th: black; S: white), (b) coordination environment
of Th.

Fig. 37.4  Structure of y-PuySs (Pu. black; S: white).

(Zachariasen, 1949a). Orthorhombic 7-Pu,Te; and n-Np,Te; compounds have
been reported from powder diffraction data (Damien, 1973, 1974).

AnsQjs is a peritectic phase. For example, UsS5 decomposes into U,S3 and S
above 1,800°C. In the U3Ss structure, U is in two distinct coordination envir-
onments (seven- and eight-coordinate) with interatomic U—S distances ranging
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from 2.662(3) to 3.033(3)/&. Figure 37.5 shows the coordination environments
of the two U atoms that form a network of edge-sharing distorted square
antiprisms and monocapped trigonal prisms (Potel et al., 1972; Noel and
Prigent, 1980). U3Ses has the same structure. See also Section 37.3.13.

The An,;Q;> compound contains two crystallographically distinct An atoms
in a nearly hexagonal close-packed network of Q atoms in layers along the
hexagonal axis (Zachariasen, 1949c; d’Eye, 1953; Tougait et al., 1998b). One An
atom resides in a bicapped trigonal-prismatic coordination site that creates a
network with nearly perfect hexagonal holes along the c-axis. Figure 37.6a
shows a view of the structure of U;Te;, down the c-axis, where one unique U
atom has been removed. The missing U atoms are 50% present in trigonal-planar

Fig. 37.5 (a) Structure of U3Ss (U: black; S: white), (b) the coordination environment of
the two U atoms. The T- and 8-coordinated U atoms are shown as gray and black balls,
respectively.

Fig. 37.6 (a) A view of U;Te,, along the c-axis where U(1) sites are shown empty,; (b) a
view of the 50%-occupied U(1) sites perpendicular to the c-axis. Only the equatorial U—Te
bonds are shown (U: black; Te: white).
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sites along distinct chains (Fig. 37.6b). These sites along the c-axis are separated
by about 2.1 A, leading to nine-coordination of the U atom.

37.2.4 The AnQ; and AnQ,_, compounds

The AnQ, compounds, and their respective defect structures, AnQ,_,, are
very numerous. They crystallize in o (tetragonal), f (orthorhombic), and 7y
(hexagonal) structures (d’Eye, 1953; Marcon and Pascard, 1966; Suski et al.,
1972; Mooney-Slater, 1977; Amoretti et al., 1984; Noel et al., 1996; Daoudi
et al., 1996a; Kohlmann and Beck, 1997). US, is a line phase up to about
1,100°C where it begins to lose S to form US,_,, which melts above 1,800°C;
moreover, it forms a eutectic with U3Ss just above 1,700°C (Noel ez al., 1996).
The solid US,_, may be isolated at temperatures below 1,200°C in the a-phase,
whereas UTe; g7 has a primitive tetragonal structure. The structure of UTe; g7 is
reminiscent of layered tellurides in the rare-earth series where a double layer of
U and Te atoms in a pseudo-NaCl arrangement reside between square-planar
layers of Te atoms that are not fully occupied and have close Te—Te interactions
(3.0 A), Fig. 37.7 (Haneveld and Jellinek, 1969).

The o phases of UQ, (Q = S, Se) crystallize in a primitive tetragonal unit cell
that contains two crystallographically unique U atoms. The preparation of
single crystals of these compounds was performed by the gas-phase transport
method with bromine as transporting agent at 840-930°C. o-USe,, Fig. 37.8a,
crystallizes in a twinned SrBr,-type structure (Beck and Dausch, 1989a). Each
of the two unique U atoms, U(1) and U(2), is bonded to eight Se atoms. The
coordination of the U(1) atom is described as a distorted square antiprism with
interatomic distances ranging from 2.880 to 3.133 A (Fig. 37.8b), whereas the

Fig.37.7 Structure of UTe, g7 (U: black; Te: white). The Te—Te bonds are represented as
horizontal multi-banded bonds.
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Fig. 37.8 (a) Structure of a-USe,, (b) the distorted antiprismatic coordination of atom
U(Q1), and (c) the regular square antiprismatic coordination of atom U(2) (U: black;
Se: white).

U(2) atom is in a regular square-antiprismatic geometry with distances ranging
from 2.908 to 2.952 A. An earlier single-crystal refinement of ¢-US, and «-USe,
(Noel and le Marouille, 1984) led to partial occupancy and a composition
UQy g». This result may be in doubt given the tendency of these compounds to
be twinned.

Single crystals of f-UQ, (Q = S, Se) were also prepared with the vapor
transport method with bromine as the carrier gas (Noel et al., 1996). In addi-
tion, the reaction of UCl,, Al, and H,S at temperatures above 400°C was
reported as a practical high-yield preparation of -US, (Yoshihara et al.,
1967). f-UQ, (Q = S, Se), Fig. 37.9a, crystallize in an orthorhombic unit cell
(Suski et al., 1972; Noel et al., 1996). The one crystallographically unique U
atom is coordinated by nine Q atoms in a tricapped trigonal prism (Fig. 37.9b).

The U mixed chalcogenides [USSe, USTe, USeTe, USe,_,Te, (x =0.24, 0.72)]
isostructural to the f-UQ, phases also have been reported (Troc et al., 1994;
Noel et al., 1996). Magnetic measurements for single crystals of f-US, revealed
Curie-Weiss behavior in the temperature range 50-400 K and an effective
magnetic moment of ~3.1 ug. Deviation from the Curie-Weiss law was
observed at temperatures below 50 K (Suski e? al., 1972). Single-crystal magne-
tization studies of -USe, revealed ferromagnetism with a 7. ~ 14 K (Shlyk
et al., 1995b). Interestingly, magnetic studies on single crystals of the mixed
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Fig. 37.9 (a) Structure of 3-US,, (b) the coordination of the U atom with nine S atoms (U:
black; S: white) in a tricapped trigonal prism.

Fig. 37.10 (a) Structure of p-UQ, (Q = S, Se), (b) the coordination of U atoms with nine Q
atoms in a tricapped trigonal prism (U: black; Q: white).

U chalcogenides revealed much higher Curie temperatures in the range 24-85 K
(Troc et al., 1994; Noel et al., 1996).

y-US, and 7-USe, have hexagonal structures (Daoudi et al, 1996a;
Kohlmann and Beck, 1997). These compounds were prepared by a gas—
solid reaction of the binary UzQs (Q = S, Se) and H,S at 410°C or with a
solid-state reaction of stoichiometric amounts of UszQs and elemental Q in a
sealed fused-silica tube at the same temperature. In y-UQ,, Fig. 37.10a, both
crystallographically unique U atoms are bound to nine Q atoms in a tricapped
trigonal prism (Fig. 37.10b).
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Fig. 37.11 (a) Structure of o-UTe,,; (b) the coordination of U atom in a bicapped trigonal
prism (U: black; Te: white).

In contrast to these multiple structures of the UQ, (Q = S, Se) compounds,
UTe; crystallizes only in a body-centered orthorhombic cell that contains UTeg
bicapped trigonal prisms with U—Te distances of 3.201 and 3.076 A, Fig. 37.11
(Beck and Dausch, 1988).

37.2.5 The An,Qs compounds

The An>Qs compounds crystallize in a monoclinic or a pseudo-tetragonal
orthorhombic cell (Noel and Potel, 1982; Stowe, 1996b; Tougait et al., 1997a;
Kohlmann and Beck, 1999). In monoclinic U,Tes slabs of “UTe,” are stacked
with a van der Waals gap between, as shown in Fig. 37.12. The Te-Te bond-
ing leads to a U(IV) compound of formula U,Te3(Te,). Electrical resistivity
measurements on single crystals of U,Tes indicate semiconducting behavior
(Tougait et al., 1997a).

In the orthorhombic (pseudotetragonal) phase of Th,Ss (Noel and Potel,
1982), Fig. 37.13a, a three-dimensional interconnected network of ThS polyhe-
dra edge share and face share. These polyhedra are distorted tricapped trigonal
prisms with one of the normal capping sites replaced by an S—S dimer,
Fig. 37.13b. The interatomic Th-S distances range from 2.861(4) to 2.983(4)
A. The long interactions to the S-S dimer are 3.123(4) and 3.163(4) A. The S-S
distance is 2.117(7) A, a normal single-bond distance.

37.2.6 The AnQ3; compounds

There are a number of AnQ3; compounds: monoclinic «- and orthorhombic
p-UTe; and a monoclinic ZrSes-type phase for ThTe;, USes, and US;3 (Ben
Salem et al. 1984; Noel and Levet, 1989; Stowe, 1996a; Kwak et al., 2006).
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Fig. 37.12 The structure of U,Tes showing the stacking of U/Te slabs (U: black; Te:
white). Te-Te bonds are shown as horizontal multi-banded bonds.

The UQ3 (Q = S, Se, Te) compounds with the ZrSes-structure type have been
grown from chemical vapor-transport reactions with I, as the transport agent
(Noel, 1986). f-UTe; was prepared by a sealed-tube reaction of U and Te in a
1:4 molar ratio at 700°C. Crystals were obtained with the chemical vapor-
transport technique with the use of UBr4 (Noel and Levet, 1989). The a-UTes
phase, Fig. 37.14a, is related to the ZrSe; phase in that it contains edge-sharing
UTeg bicapped trigonal prisms with Te-Te distances of 2.751A along two short
edges. These trigonal prisms are arranged in layers that are capped on the top
and bottom by Te networks, Fig. 37.14b (Stowe, 1996a). The ;-UTej; structure
is also layered, Fig. 37.15a, but the U atom is in a distorted tricapped trigonal
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Fig. 37.13 (a) Structure of the orthorhombic Th,Ss. S—S bonds are shown as horizontal
multi-banded bonds); (b) a view of the Th coordination environment that shows how the S,
group is bound to the Th (Th: black, S: white).

Fig. 37.14 (a) A view parallel to the layers in a-UTes (monoclinic), (b) a view perpendicu-
lar to the layers showing the Te—Te network connected through U atoms (U: black; Te:
white). Te—Te bonds are shown as horizontal multi-banded bonds. Long Te—Te interac-
tions (3.35 A) are indicated with dotted lines.

prism with the longer Te-Te distance of 3.067 A between one edge of the
trigonal prism and two capping atoms that are part of a network of Te atoms,
Fig. 37.15b. This arrangement is similar to that found in NbSe; (Noel and
Levet, 1989). The USe; and monoclinic ZrSes structures are closely related,
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Fig. 37.15 (a) A4 view parallel to the layers in -UTes (orthorhombic); (b) a view perpen-
dicular to the layers showing the Te-Te network connected through U atoms (U: black;
Te: white). Te—Te bonds are shown as horizontal multi-banded bonds.

Fig. 37.16. For reference, in USe; the Se-Se bond distance is 2.363(1) A, a
typical single bond.

The magnetic properties of UQ3 (Q = S, Se, Te) measured on single-crystal
samples show that they have similar magnetic susceptibilities characterized by a
large anisotropy consistent with their anisotropic structure. They show antifer-
romagnetic transitions at 50, 45, and 5 K for the S, Se, and Te compounds,
respectively (Noel, 1986).

37.2.7 UTes

The UTes compound (Noel, 1984) forms a layered structure (Fig. 37.17a) that
is not related to that of UTes. This compound was prepared by a sealed-
tube reaction of the elements at 450°C for 3 weeks. Single crystals were grown
with chemical vapor transport with I, as the transport agent. This structure
comprises a network of highly-distorted bicapped UTeg trigonal prisms in
which there is a zigzag chain of Te atoms with a Te-Te distance of 3.140(1) A.
The Te atoms are in linear and right-angle geometries, Fig. 37.17b. Along with the
quasi-infinite chains of Te running through the structure, a Tes® unit [Te-Te
is 2.803(2) A] is also bound to U. Finally, there is a long U-Te interaction
[3.202 (2) A] that links the chains, as shown in Fig. 37.17b, with the next set of
chains in the layer and completes the ninth coordination position around U.
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Fig. 37.16 A view of the structure of USes for comparison to the o- and [f-UTes structures
(U: black; Se: white). Se—Se bonds are shown as horizontal multi-banded bonds. Long
Se—Se interactions (3.294 A) are indicated with dotted lines.

Fig. 37.17 (a) A view of the layered structure of UTes; (b) a view of the coordination
environment around U atoms and the quasi-infinite chains of Te (U: black, Te: white).
Te—Te bonds are shown as horizontal multi-banded bonds. Long Te—Te interactions
(3.428 A) are indicated with dotted lines.

37.3 TERNARY ACTINIDE CHALCOGENIDES

This subject was reviewed in less extensive form a decade ago (Narducci and
Ibers, 1998b).
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37.3.1 AnMQ compounds

Compounds of the AnMQ type are found for almost all permutations of
An = U, Th; M = O, N-Bi, Si—Sn; and Q = S, Se, Te, as well as for NpOS.
Table 37.2 lists the compounds of this type whose structures have been deter-
mined from single-crystal diffraction data. Generally, these compounds form
from stoichiometric reactions of the elements or from reactions of suitable
binaries with chalcogens at temperatures between 600°C and 1,050°C.

There are two distinct subtypes of this group, both of which are related to the
PbFCI structure type. Both subtypes include nine-coordinate An cations in a
capped square-antiprismatic environment. Four M atoms form the “bottom”
square face, whereas 4 + 1 Q atoms make up the top face and cap. The prisms
share edges and corners to form layers that stack with an atom sequence
M—-An—Q—Q—An—M. The two subgroups adopt either the anti-Ti,Bi struc-
ture type (UGeTe) or the PbFCI structure type. The difference between the two
structures lies in the way the antiprisms are connected. For the former, the
antiprisms stack directly on top of one another, sharing 4M faces (Fig. 37.18a).
For the latter, the true PbFCI structure (Fig. 37.18b), the slabs formed by these
antiprisms are offset so that they share edges of the 4M faces. Which structure
type a given compound will possess is dependent on the radius ratio ry:rg and
the size of An. If ryiirg is small and An is large the compound will adopt the
anti-Ti,Bi structure type. If the situation is reversed, An is small and ry:rq is
large, the compound will adopt the PbFCI structure type.

Physical properties of some of these AnMQ compounds have been measured,
usually on powders. Neutron diffraction measurements at 4.2 K on powders of
UAsSe and USbSe (Leciejewicz and Zygmunt, 1972) show these compounds to
have a simple uniaxial ferromagnetic structure with the magnetic moment of
1.5(1) pup of U aligned along the fourfold axis. Specific heat measurements on
UAsS, UAsSe, and UAsTe indicate ferromagnetic ordering at 125.8, 108.8, and
62.8 K, respectively (Blaise et al., 1980). Magnetization measurements on UASS,
UAsSe, and UAsTe have also been performed (Bazan and Zygmunt, 1972).

From measurements on single crystals it was found that UPS orders ferro-
magnetically in a similar manner below 118 K (Kaczorowski et al., 1994). Both
in the ordered and paramagnetic regions UPS exhibits considerable magnetic
anisotropy. Above T, the electrical resistivity decreases logarithmically with
increasing temperature. *'P NMR Knight shift measurements confirm axial
symmetry of the P environment in UPS, but indicate that the environments
are lower in UPSe and UPTe (Zogal and Zygmunt, 1982). Electrical resistance
and thermoelectric power measurements on ThPS show it to be a metallic
conductor (Wawryk et al., 2005).

A powder neutron diffraction study shows ferromagnetic ordering of UNSe
below 52 K with a magnetic moment for U of 0.85(16) up aligned along the
fourfold axis. Heat capacity measurements on UNTe and UNSe were also
performed (Amoretti et al., 1986).
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Fig. 37.18 (a) Structure of AnMQ with the anti-Ti»Bi structure; (b) structure of AnMQ
with the PbFCI structure (An: black; Q. white; M: gray).

A powder neutron diffraction study of UGeS, UGeSe, and UGeTe (Ptasiewicz-
Bak et al, 1978) indicates that the magnetic moments in these compounds
align ferromagnetically at 88, 73, and 40 K with magnetic moments for U of
1.26, 1.50, and 0.26 pg, respectively. Interestingly, the UGeSe and UGeTe
magnetic cells coincide with the chemical unit cells, whereas the magnetic cell
of UGeS is doubled along the fourfold axis.

Measurements on single crystals showed that UOSe orders antiferromagne-
tically at 7 = 100(2) K and exhibits very strong anisotropy in its susceptibility
vs. temperature dependence (Kaczorowski et al., 1993). A later study (Amoretti
et al., 1995) found Ty = 55 K. Magnetic measurements on polycrystalline
samples of NpOS and NpOSe indicate antiferromagnetic ordering below
2 and at 11 K, respectively (Amoretti et al., 1989).

37.3.2 AnMQ, compounds

In a study of the phase relationships in the US-CaS, US-SrS, and US-BaS
systems (Komac et al., 1971) the compounds UMS,, M = Ca, Sr, Ba, were
found. From powder diffraction data UCaS, and USrS, were assigned to
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space group 143d of the cubic system. The proposed structure leads to some
unlikely interatomic distances. NpCuSe, (Wells ez al., 2009) crystallizes in the
LaCuS, structure type (Julien-Pouzol et al. 1981). The structure comprises
stacking of CuSey4 tetrahedral layers and double layers of NpSe; monocapped
trigonal prisms.

37.3.3 AnMQ;3 compounds

Many compounds of this formula are known (Table 37.3). All form at high
temperatures from stoichiometric reactions of the elements in their pure states,
or more commonly from the binary chalcogenides. In order to grow single
crystals, I, is typically used as a transport agent. These compounds all possess
the basic elements of the perovskite (ABQj3) structure; namely, chains of corner-
shared BQg octahedra, with A cations in the interstitial sites. Typically U or Th
occupies the eight-coordinate A interstitial site with the smaller metal centering
the BQg octahedron. In BaUS;, Ba occupies the A site and U the B site as Ba**
has a larger crystal radius than U** (1.3 A vs 0.89 A).

There are two main subclasses of this structure type. Most of the ABQ;
compounds crystallize in a three-dimensional structure (space group Pnma);
however when B = Sc, Fe, or Mn the compounds crystallize in a layered
structure (space group Cmcm). The former structure, as illustrated by that of

Table 37.3 Known AnM Q5 structures.

Compound References Structure type
ThMgTe; Narducci and Ibers, 2000 Cmem
ThMnSe; Ijjaali et al., 2004 Cmcem
ThMnTe; Narducci and Ibers, 2000 Cmem
UBaS; Brochu et al., 1970b; Lelieveld, 1980 Pnma
UCoS; Noel et al., 1971;Chenevier et al., 1981 Pnma
UCoSes Noel, 1974 Pnma
UCrS, Noel, 1973; Noel et al., 1975b Pnma
UCrSes Noel, 1974 Pnma
UFeS; Noel et al., 1971; Noel and Padiou, 1976b Cmem
UFeSes Noel, 1974 Cmem
UKSes Padiou and Guillevi, 1969 unknown
UMnSe; Noel, 1974; Ijjaali et al., 2004 Cmem
UNiS; Noel et al., 1971 Pnma
UNiSes Noel, 1974 Pnma
UPdSes Daoudi and Noel, 1989 Pnma
URhS; Daoudi and Noel, 1987 Pnma
URuS; Daoudi and Noel, 1987 Pnma
UScS; Julien et al., 1978 Cmem
UTlg s6Tes Tougait et al., 1997b Cmcem
UVS; Noel, 1973 Pnma

UVSe; Noel, 1974 Pnma
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Fig. 37.19 Structure of UCrS; (U: black, Cr: gray, S: white).

UCrS; (Fig. 37.19), comprises chains of corner-shared BQg octahedra; these
chains are then linked together through corners of the octahedra to form a
three-dimensional structure. In the normal perovskite (CaTiO3) structure, the A
cations (Ca) are coordinated to 12 anions at the corners of a cuboctahedron.
However, in the related U and Th compounds the environment of the A sites is
distorted in such a way that A is coordinated to eight anions at the corners of a
bicapped trigonal prism. This distortion arises from tilting of the BQg octahe-
dra, which is necessary to accommodate the smaller size of the A cation. PdUSe;
(Fig. 37.20) offers an interesting exception to the usual perovskite structure.
Because Pd prefers square-planar coordination, the B octahedral site is dis-
torted in such a way that the two apical Se atoms are removed from the
coordination sphere of Pd.

The reason for the formation of layered (Cmcm) structures for the Sc, Fe,
and Mn compounds has never been adequately addressed. These compounds
(Fig. 37.21) form slabs of BQg octahedra sharing corners in one direction and
edges along the other. The U or Th atoms, still with the eight-coordinate bicapped
trigonal-prismatic coordination environment, occupy the interlayer sites.

A limited number of measurements of the physical properties of these
AnMQ; compounds have been made. UMnSes (Ijjaali ef al., 2004) is a ferro-
magnet with 7, = 62 K. ThMnTes is also a ferromagnet with 7, = 70 K
(Narducci and Ibers, 2000). UPdSe; is an antiferromagnet with a Néel temper-
ature Ty of 11 K (Daoudi and Noel, 1989). Neutron diffraction measurements
on powders of UCrSe; and UVS; (Wolfers and Fillion, 1977) found significant
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Fig. 37.20 Structure of UPdSes (U: black; Pd: gray, S: white).

Fig. 37.21 Structure of UFeSs (U: black; Fe: gray; S: white).

spin density located more than 2 A from any atom. This was attributed to an
extended 6d,. orbital of U.

37.3.4 AnMQg compound

The only compound of this stoichiometry is CsUTes (Cody and Ibers,
1995) (Fig. 37.22). It was formed in an attempt to synthesize a quaternary Cs/
Ag/U/Te compound by reacting elemental Ag, U, and Te with a Cs,Te; flux.
The compound has a one-dimensional structure unique to the ternary uranium
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Fig. 37.22  Structure of CsUTeg (U: black; Te: white; Cs: gray).

chalcogenides. U atoms are coordinated to nine Te atoms in a tricapped trigonal
prismatic environment. These UTey prisms share triangular faces to form
infinite chains. Two capping Te atoms from neighboring chains are bound by
a distance of 2.795(9) A to link two chains together. Cs atoms are situated
between the ;[UzTem]z* chains, coordinated to nine Te atoms.

37.3.5 AnM,Q, compound

The mixed halide chalcogenide compound Thl,Te; forms from the reaction of
the elements at 500°C (Rocker and Tremel, 2001). It has the NbCl,S, structure
type. Binuclear [Thy(Te,),]*" units with square antiprismatically coordinated
Th atoms are linked together by I~ anions to form sheets, Fig. 37.23.

37.3.6 AnM,Q3; compound

The compound K,UTe; (Stowe and Appel-Colbus, 1999) was prepared by the
reaction of U and K,Te; at 600-800°C. The structure contains regular UTeg
octahedra, Fig. 37.24. The structure is layered with anionic slabs of [UTes]* ",
which adopt the same motif as AlCl;. The K cations are found between the
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Fig. 37.24  Structure of K;UTes (UTeg: gray polyhedra; K: black balls).
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layers. Alternatively, K,UTe; can be viewed as an ordered low-symmetry
variant of the NaCl structure (e.g. [Ko.¢7Uo.33]Te).

37.3.7 AnM,Q,4 compound

UPd,S, (Daoudi and Noel, 1985) forms from the stoichiometric reaction of US,
with elemental Pd and S at 900°C. Its structure contains a three-dimensional
connected network of square-planar PdS, units and USg polyhedra that can
best be described as deformed square antiprisms (Fig. 37.25).

37.3.8 AnM,Q¢4 compound

The compound ThP,S is a simple salt of Th** and the ethane-like thiohypo-
phosphate anion [P,Sg]*~ (Fig. 37.26). It was prepared from the stoichiometric
mixture of the elements at 500°C (Simon et al., 1982). The compound UP,Sq
(Do et al., 1993) is isostructural with ThP,Sg.

37.3.9 AnM;Q4 compound

UPd;S4 (Daoudi and Noel, 1986a) was prepared from the stoichiometric reac-
tion of US, with elemental Pd and S at 900°C. Its structure (Fig. 37.27) is of the
platinum-bronze structure type. It comprises cubic USg units stacked along the
corners of the unit cell, stitched together through square-planar PdS, units.

Fig. 37.25 Structure of UPdyS4 (U: black; Pd: gray, S: white).
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Fig. 37.26  Structure of ThP>S¢ (Th: black; P: gray, S: white).

Fig. 37.27 Structure of UPd3Sy (U: black, Pd: gray; S: white).

37.3.10 AnM,4Qg compound

The only example of this stoichiometry is the compound K,USeg (Sutorik and
Kanatzidis, 1997a), which was prepared by the reaction of U, K»Se, and Se at
300°C. The structure comprises a single [U(Se»)4]* "anion (Fig. 37.28) separated
by K" cations. The anion has pseudo-D,q symmetry.
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Fig. 37.28 Structure of the [U(Ses)a]*™ anion (U: black, Se: white).

The material displays paramagnetic behavior from 120 K upwards, with
Lerr = 3.82 up at 300 K, consistent with a formal oxidation state of U of +4. A
magnetic transition is observed at about 90 K, followed by antiferromagnetic
ordering at 65 K.

37.3.11 AnMg4Qg compounds

These compounds (An = U, Th) (Daoudi et al., 1996b), which are non-stoichio-
metric, were synthesized by stoichiometric reactions of AnQ,, MoQ», and Mo
powder at approximately 1,300°C. They crystallize with the typical Chevrel-
phase structure (Chevrel ez al., 1971) with Mog octahedra capped by eight Q
atoms on each face and An atoms coordinated by eight Q atoms in the cubic
vacancies (Fig. 37.29).

Valence electron counts for typical Chevrel phases show that the Mog core
has 20 e¢~. Subsequent filling of the vacancies by metal atoms leads to charge
transfer from the metal to the Mog core, up to a total of 24 ¢~. No compounds
are known that have a total count of exactly 24 e~. U*" and Th*" ions should
supply exactly 4 e~ per cluster. However, from single-crystal determinations the
actual compositions are Uy goMogSeg and Thg g1 M0gSs.

The compounds Np; ;- (MogSeg (Damien et al., 1981; de Novion et al., 1981)
and An;,,MogSeg (An = Pu, Am) (de Novion et al., 1981) were prepared by
reacting NpSe; or AnSe, (An = Pu, Am) with Mo and Se powders. Whereas the
Np compound displays a superconducting critical temperature at 5.6(1) K the
Pu and Am compounds show no superconducting transitions down to 2.5 and
3.5 K, respectively.

37.3.12 An,MQ, compound

The compound U,PdS, (Daoudi and Noel, 1986b) forms from the stoichio-
metric reaction of US, with elemental Pd and S at 900°C. Its structure
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Fig. 37.29 Structure of AnMogQs (An: black; Mo: gray,; Q: white).

(Fig. 37.30a) contains seven-coordinate U atoms in irregular polyhedra. The U
atoms are coordinated to three S atoms of a triangular face and four additional
S atoms of the opposite square face (Fig. 37.30b). Pd atoms occupy the centers
of highly distorted S, tetrahedra (Fig. 37.30c) formed from the S atoms of the
triangular faces of the US; units.

37.3.13 AnM,Qs5 and An,MQ5 compounds

Most of the AnMQ; compounds (Section 37.3.3) decompose into an AnM»Qs
phase upon heating at temperatures above 1,200°C. These AnM»Qs compounds
can be synthesized in a rational manner by reactions of the binary metal
chalcogenides at 800-1,300°C. Ternary compounds of the type AnM»Qs and
An,MQs5 (An=U; Q =S8, Se) are found for M = La—Gd (Tien et al., 1975; Noel
and Prigent, 1980; Slovyanskikh et al., 1984), Ca, Ba, Sr, Pb (Brochu et al.,
1970a, Brochu ez al., 1972, Potel et al., 1975), as well as Ti, Zr, Fe, Co, and Ni
(Noel et al., 1971, Noel, 1973, Noel, 1974, Noel and Padiou, 1976a). It has been
postulated that, owing to ionic sizes involved, only the lighter lanthanides will
form this structure type (Noel and Prigent, 1980). Most of these compounds are
isostructural with the U;Qs parent structure (see Section 37.2.3). However the
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Fig. 37.30 Views of (a) the structure of U,PdS, with bonds to Pd atoms removed for
clarity, (b) US7 polyhedron; (¢) PdSy squashed tetrahedron (U.: black; Pd: gray; S: white).

Fe, Co, and possibly Ni compounds form structures, shown in Fig. 37.31, that
are more closely related to those of the AnMQ3 compounds.

The U;Qs structure (Potel et al., 1972) (Fig. 37.5) possesses two crystallo-
graphically independent U sites, one monocapped octahedral and one bicapped
trigonal prismatic. The formal charges can be assigned as U*"(U>"),(Q*")s,
because there are no Q—Q bonds. The U*" cations occupy the bicapped trigonal
prismatic sites. Both divalent and trivalent metal ions can be substituted into the
U3Qs structure to form compounds of formula M, U;_,Qs. For the divalent
cations the maximum value of x is 1, because as M>" substitutes for U>" another
U** converts to U*". Such a substitution reduces the symmetry of the structure
from orthorhombic to monoclinic (with f = 90°), with subsequent splitting
of the bicapped trigonal prismatic site into two crystallographically distinct
positions. The non-uranium metal atoms always substitute into one of the
bicapped trigonal prismatic sites, perhaps because of their larger ionic radii,
greater than 1.00 A in most cases. The same situation is observed in the only
structurally characterized and related Th compound, Th,SrSes (Fig. 37.32)
(Narducci and Ibers, 1998b). For the trivalent cations the maximum value
of x is 2, corresponding to the formula M,UQs, and to substitution of the
U?* site [(M?),U*"(Q*")s]. In this instance the structure remains orthorhombic
and isostructural with U;Qs.

The unusual structure of U,PbSes is shown in Fig. 37.33. It comprises a
network of one-dimensional corner-sharing PbSe, trigonal bipyramids, with
the lone pair on Pb occupying one of the equatorial positions. These chains
penetrate a three-dimensionally connected network of USeg distorted octahedra
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Fig. 37.31 Structure of AnyM Qs for M = Fe, Co, and possibly Ni (An: black; M: gray,
S: white).

sharing corners and edges as well as a set of bicapped trigonal prismatic USeg
polyhedra (Potel et al., 1975).

37.3.14 An,AQg compounds

The actinide compounds of formula An,AQg (A = alkali metal or TI) have
generally been prepared by the reactions of the elements or by the reaction of the
actinide with the appropriate polychalcogenide flux. These compounds present
interesting problems in chemical bonding and formal oxidation states. When
Q = Te, the known compounds CsTh,Teg (Cody and Ibers, 1996), Tl; 1,U,Teq
(Tougait et al., 1997b), and KTh,Teg (Wu et al., 1997) crystallize in space group
Cmcem of the orthorhombic system. These compounds are isostructural; the
layered structure features not only isolated Te®~ species but linear, infinite one-
dimensional Te chains with Te—Te distances approximately 0.35 A longer than
that of a typical Te—Te single bond. When Q = Se, the known compounds
KTh,Seg (Choi et al., 1998), RbTh,Ses (Choi et al., 1998), CsU,Seg (Chan et al.,
2004), and KU,Seq (Mizoguchi et al., 2006) crystallize in space group Immm of
the orthorhombic system. These compounds, which are isostructural, have a
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Fig. 37.32 Structure of Th,SrSes. Bonds to the Sr atoms have been removed for clarity.
The Sr atoms sit in the eight-coordinate bicapped trigonal-prismatic sites (Th: black;
Sr: gray; S: white).

Fig. 37.33 Structure of U,PbSes viewed down to the a-axis. (U: black; Pb: gray; Se:
white). PbSey trigonal pyramids are depicted as a polyhedral representation.
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layered structure that differs in its stacking pattern from that of the Cmcm
structure. The Immm structure contains discrete Se”~ species and infinite one-
dimensional Se chains with Se—Se distances about 0.35 A longer than a typical
Se—Se single bond. The only known S analogue is K 91U 79S¢ (Mizoguchi et al.,
2006). In this compound the infinite S chains display alternating S—S distances
of 2.097(5) A (a single bond distance) and 3.295(5) A (a nonbonding distance).

The An,AQg structure is closely related to those of UTe, (Beck and Dausch,
1988) and ZrSe; (Furuseth et al., 1975, Furuseth and Fjellvag, 1991). In these
two binaries, metal atoms are again coordinated by eight Q atoms in a bicapped
trigonal prism. These prisms link together by sharing vertices and capping Q
atoms to form infinite chains. In UTe, these chains form a three-dimensional
network by sharing the uncapped faces of the MQg prisms, as shown in
Fig. 37.34a. In ZrSe; the layers are separated by a van der Waals gap
(Fig. 37.34b). In the An,AQq structure, these A cations force the layers apart
by weakly coordinating to the eight Q atoms of the uncapped faces
(Fig. 37.35a.). The isostructural compounds Th,CuTeq (Narducci and Ibers,
1998b) and U,Cuy 75Teq (Huang and Ibers, 2001) are also known. They possess
a three-dimensional structure with the Cu atoms formally bound tetrahedrally
to four Te atoms, two from each uncapped face (Fig. 37.35b).

It has been postulated that in the Th,ASes (A = K, Rb) compounds the Se
atoms in the [Th,Seg] layers accept extra electrons from the A atoms, thereby
breaking one out of four Se,>~ bonds (Choi er al, 1998). This picture is
supported by a variety of physical measurements on these compounds
(Choi et al., 1998). This formulation leaves Th with the expected formal oxida-
tion state of +4. On the basis of XPS measurements on a powder sample

Fig. 37.34  Comparison of the structures of (a) UTe, and (b) ZrSes (U: black, Zr: gray, Se
or Te: white). Te—Te and Se—Se bonds are shown as horizontal multi-banded bonds.
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Fig. 37.35 Comparison of the structures of the AnyA Qs compounds. (a) A = K, Cs, T, (b)
A = Cu (An: black; A: gray,; Q: white). Q—Q bonds are shown as horizontal multi-banded
bonds.

a formal oxidation state of +4 was assigned to U in KU,Seq (Chan et al., 2004).
A comparison of KU,Ses and Kgo91U; 79S¢ (Mizoguchi et al., 2006) offers
further insight into the bonding in the An,AQg family. From charge balance
the formal oxidation state of U is +4 in the latter compound. The electron
responsible for the reduction of the Se—Se single bond in the Se,>~ species
in KU,Se, cannot reduce the stronger S—S single bond in the S,>~ species
because of the relatively higher position of the S 3p o* orbital compared to
the Se 4p o* orbital. Electron insertion into the S,>~ dimer chain leading to a
delocalized S chain with S—S distances longer than a normal single bond does
not lower the total energy of the system as effectively as the formation of
cationic vacancies. The structural difference between the sulfide and the selenide
arises because the S valence states are more localized (anionic) than are the Se
and Te states. Therefore, a compensation takes place via the formation of
cationic vacancies that results in the observed formulation K¢ 9;U; 79S¢. Appar-
ently, the formation of cationic vacancies is also more facile than reduction of
the U*" ion.

37.3.15 An,M,Q compounds

Compounds of the type An,N>Q, where An = U, Th and Q = S, Se, Te, form
from reactions of the binary chalcogenides with dinitrogen at 1,500-1,700°C
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Fig. 37.36  Comparison of the structures An,N,Q as viewed down the b-axis: (a) Q = S,
Se, and (b) Q = Te (An: black,; N: gray; Q: white).

(Benz and Zachariasen, 1969). These compounds possess elegant structures that
are closely related to the AnMQ family. There are two subgroups of the
An,N,Q type, again as a function of ionic size (Benz and Zachariasen, 1970).
When Q =S, Se the compounds adopt the Ce,O,S structure type, as shown in
Fig. 37.36a. The An atoms have a capped triangular antiprismatic environment.
Three Q atoms comprise one face of the prism, whereas four N atoms make up
the opposite face and cap. The antiprisms share corners in one dimension and
edges along the other to form slabs that stack by sharing corners and caps of the
common faces. The Ce,O,S structure type cannot accommodate Te with its
larger ionic radius. Thus, the compounds An,N,Te adopt a body-centered
tetragonal structure, shown in Fig. 37.36b. Once again, An atoms are sand-
wiched between N and Te layers and are found in distorted square-antiprismatic
sites. In this subgroup these antiprisms lack additional capping Q atoms and the
An atom is only eight-coordinate. As expected, the An atoms also sit much
closer to the N atoms than to the Q atoms and therefore the prisms are highly
distorted.

The same structural subgroups are seen in the An,O,Q compounds. Thus, the
compound Pu,0->Se (Zachariasen, 1949b) adopts the Ce,O,S structure, whereas
the compound U,0O,Te (Breeze et al., 1971) adopts the An,N,Te structure.

The magnetic structures of U,N,S and U,N,Se (Leciejewicz et al., 1975) and
of U,N,Te (Leciejewicz et al., 1977) have been determined from neutron dif-
fraction studies of the powders. The magnetic moments were found to be 1.4,
2.3, and 2.50(5) ug, respectively. The magnetic cells of U,N,S and U,N,Se were
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found to be the same as the crystallographic ones. U,N,Te shows a ferromag-
netic alignment of the magnetic moments below 68 K with the magnetic direc-
tion forming an angle of 70(5)° with the tetragonal axis. From measurements of
the magnetic susceptibilities it was determined that Pu,O,S and Pu,0,Se pow-
ders were antiferromagnetic with Néel temperatures of 28 and 34 K, respecti-
vely; both compounds were found to be semiconductors with band gaps of
about 0.5 eV (Costantini et al., 1983).

37.3.16 An,M;(Qg compound

The only known compound of this stoichiometry is Teg[U,Bro] (Beck and
Fischer, 2002). This compound, which was prepared by the reaction of TeBry,
UBrs, and SiBry at 200°C, consists of one-dimensional [Teg>*], cations and one-
dimensional [U,Bry> ], anions. These ions are arranged in a simple tetragonal
rod packing (Fig. 37.37). The formal oxidation state of U is +4.

37.3.17 AnzMQs5 compounds

The isostructural compounds U3Ge, 7 Tes and UzSng sTes (Tougait et al., 2002)
were prepared by heating U;Tes with Ge or Sn at 850°C. In the structure there
are both UTeg bicapped trigonal prisms and UTe; seven-octahedra. The three-
dimensional packing of these polyhedra results in distorted hexagonal cavities
where Ge or Sn reside (Fig. 37.38).

These compounds are hard ferromagnets with ordering temperature of 135
and 140 K for the Ge and Sn compounds, respectively. At low temperatures

Fig. 37.37 Structure of Teg[UyBryg) as viewed down [101] (UTe;: gray polyhedra; Br:
gray balls; Te: white balls). Te—Te bonds are shown as horizontal multi-banded bonds.
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Fig. 37.38 Structure of UsGey 7 Tes as viewed down the a-axis (U: black, Ge: gray; Te:
white).

they display large magnetocrystalline anisotropy with origin on the domain wall
and pinning at the magnetic domain boundaries.

37.3.18 AnzMQg4 compounds

In addition to the UScS; (Julien ez al., 1978) and UgScQ7 (Q =S, Se) (Tien and
Rodier, 1979), the compound UsScSe is known (Rodier and Tien, 1976).
It forms from the reaction of UO, with Sc,O3 in a stream of H,S at 1,350°C.
The structure of U3ScS¢ (Rodier and Tien, 1976) is shown in Fig. 37.39. Though
overall it bears a close resemblance to the Cmcm AnMQ; compounds
(Section 37.3.3), the U coordination environments are closer to those found in
the An,M,Qs structures (Section 37.3.13). There are three crystallographically
unique U atoms in U3ScSg; two are in bicapped trigonal-prismatic sites and the
third is in a seven-coordinate capped octahedral site. ScS¢ octahedra are linked
through edges to form infinite, though isolated, chains.

37.3.19 An;M,;Q; compounds

The compounds U;Cu,Q; (Q = S, Se) (Daoudi et al., 1996¢) form from the
reaction of the metal chalcogenide binaries at 600°C. The structure of Us;Cu,Q~
(Fig. 37.40) contains trigonal planar CuQ; units that stack along the corners of
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Fig. 37.39  Structure of UsScSg as viewed down the c-axis (U: black; Sc: gray; S: white).

Fig. 37.40 Structure of UsCuyQ; as viewed down the c-axis (U.: black; Cu: gray,
Q: white).
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the unit cell. Double chains of UQg polyhedra run through the middle of the
unit cell, with CuQ, squashed tetrahedra filling in the holes between UQg units.
This structure is isotypic with LazCuSiS;, where SiS4 and CuS; polyhedra are
found (Daoudi et al., 1996c¢).

37.3.20 AnyM4Q3 compound

The novel material U4O4Tes (Noel et al., 1995) was prepared accidentally when
Us;Tey powder was heated to 1,560°C in an alumina crucible. The structure of
this unusual material is shown in Fig. 37.41. The structure is an intergrowth of
the unit cell of U,O,Te (Breeze et al., 1971) between two unit cells of UOTe (the
PbFCl structure, Fig. 37.8b).

Fig. 37.41 Structure of Us04Tes as viewed approximately down the b-axis (U: black;
O: gray, Te: white).
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Fig. 37.42 Structure of UsCuyS,5 as viewed approximately down [010] (U: black,; Cu:
gray; S: white).

37.3.21 AngM,Q;3 compounds

The compounds UgCu,Qq3 (Q = S, Se) (Noel, 1980) form from the reaction of
the metal chalcogenide binaries at 800°C. The structure of UgCu,S;3 (Noel and
Potel, 1985) (Fig. 37.42) comprises layers of trigonal CuQs units and dodecahe-
dral and bicapped trigonal UQg polyhedra; the layers alternate Cu—U—U—Cu.
Magnetic susceptibility measurements on powders indicate that these com-
pounds are Curie-Weiss paramagnetic above 70 and 40 K, respectively. No
magnetic ordering is observed down to 4.2 K.

37.3.22 AngM,Q;55 compounds

Compounds of the type UsM»,Q;s5.5 (M = Rh, Ir; Q = S, Se) (Daoudi and Noel,
1996) form from reactions of UQ, with M and Q at temperatures near 1,100°C,
but UgRh,S;5 5 forms in the reaction of US, with Rh and S in a stream of H,S at
1,400°C. These compounds crystallize with a three-dimensional channel struc-
ture built up of MQg octahedra surrounded by UQg bicapped trigonal prisms
(Fig. 37.43).

37.3.23 AngMQ;; compounds

Compounds of the type UgMQ;; are formed at approximately 1,000-1,200°C
from either stoichiometric reactions of the elements or from combinations of the
binary metal chalcogenides. They are known for Q = S, Se and M = Mg, Sc—Ni
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Fig.37.43  Structure of UsM> Q5.5 as viewed down the c-axis (U: black; M = Rh, Ir: gray;
Q = S, Se: white).

(Noel et al., 1971; Noel, 1973; Noel, 1974; Noel et al., 1975a; Vovan and Rodier,
1979; Kohlmann et al., 1997). No related Th compounds have been reported.

The UgMQ7 compounds crystallize in the structure shown in Fig. 37.44. U
atoms are located in three crystallographically distinct sites: one bicapped
trigonal-prismatic and the other two highly deformed dodecahedral. MQgq
octahedra sit at the corners of the unit cell and at the center of one face. They
are isolated from each other by the various U polyhedra. Thus, the MQgq
octahedra share no Q atoms with each other. The structure is built up from
chains of the U polyhedra. The bicapped trigonal prisms share edges and caps to
form infinite chains (P). The two distinct dodecahedra form edge-shared chains
(D). These chains alternate P-D—P—D—P—. M atoms fill the octahedral holes
formed by the chains.

37.4 QUATERNARY ACTINIDE CHALCOGENIDES

The introduction of additional elements increases the complexity of the struc-
tures in these materials. Synthetically this can be challenging, because simple
binary and ternary compounds are thermodynamically favored and compete
with the more complex compositions. Quaternary compounds with actinides
have only recently been investigated. Therefore, the known quaternary actinide
chalcogenide compounds are relatively few in number compared to the ternary
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Fig. 37.44  Structure of UsM Q17 as viewed down the c-axis (U: black; M: gray; Q: white).

and binary compounds. Quaternary compounds are known mainly for U and
Th, but there are some examples of Pu-containing compounds. All quaternary
actinide chalcogenides described below were isolated by reactive flux methods
(Sunshine et al., 1987; Kanatzidis and Sutorik, 1995), unless otherwise noted.
The quaternary actinide chalcogenides with well-determined crystal structures
are listed in Tables 37.4 and 37.5.

37.4.1 AMAnNQj; compounds

Many quaternary actinide chalcogenide compounds have the general formula
AMANQ; (A=K, Rb, Cs; M = Cu, Ag; An = U, Th; Q =S, Se, Te) and adopt
the layered KZrCuS; structure type (Mansuetto et al., 1992). The structure of
these materials is built from edge-shared AnQg octahedra and MQy tetrahedra,
as illustrated for RbCuUS; in Fig. 37.45. The quaternary U chalcogenides with
the KZrCuS; structure type are the compounds KCuUS;, RbCuUS;, RbA-
gUS;, CsCuUS;3, CsAgUS3, RbAgUSes, and CsAgUSe; (Yao et al., 2008), as
well as KCuUSe; (Sutorik et al., 1996), CsCuUSe; (Huang et al., 2001), and
CsCuUTe; (Cody and Ibers, 1995). From charge balance considerations and
the absence of short Q—Q distances, a formal oxidation state of +4 may be
assigned for the U atoms in all these compounds.

Electrical conductivity versus temperature data revealed that CsCuUS; is
a semiconductor with a band gap energy of ~0.3 eV (Yao et al, 2008).
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Table 37.5 The known quaternary thorium and plutonium chalcogenides.

Compound References Structure
AsTh(PS,); (A = K, Rb, Cs) Hess et al., 2001 Discrete
Cs4ThyP4Sesq Briggs Piccoli et al., 2001 Three-dimensional
a-A,ThP3Sey (A = K, Rb) Briggs Piccoli et al., 2000 Layered
p-K,>ThP3Seq Briggs Piccoli et al., 2002 Layered
KCuThS; Selby et al., 2005 Layered
K,>Cu,ThS, Selby et al., 2005 Layered
K3Cu;3Th,S, Selby et al., 2005 Layered
Cs4ThyPgS g Chan et al., 2005 Layered
Ki0Th3(P2S7)4(PS4)3 Hess et al., 2001 Layered
KThSb,Seg Choi et al., 1997 Three-dimensional
Cs4Th,yPsSe Briggs Piccoli et al., 2000 Chain
Rb7Th2P65621 Chan et al., 2005 Chain
K;3Pu(PSy),» Hess et al., 2002 Chain
APuP,S;(A = K, Rb,Cs) Hess et al., 2002 Layered

Fig. 37.45 (a) View of the layers of RbCuUSs down the c-axis, with the Rb* ions
intercalated between the layers (U: black,; Cu: light gray,; S: white; Rb: dark gray); (b) a
single layer of RbCuUS5 (USg: gray polyhedra; CuSy: striped polyhedra).

An interesting theoretical study (periodic DFT spin band-structure calcula-
tions) was performed for CsCuUS; and CsAgUS;. The results indicated an
overall antiferromagnetic order for these compounds. The energetically-favored
magnetic structure for both compounds consists of U-atom based spins aligned
parallel within the layers and antiparallel between adjacent layers (Yao et al.,

2008).
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The only example of a quaternary Th chalcogenide with the KZrCuS; struc-
ture type is the compound KCuThS; (Selby et al., 2005). The structure of this
compound in comparison to the structures of two other quaternary thorium
sulfides is discussed in Section 37.4.17.

37.42 AU,SbQq

The alkali chalcoantimonate U compounds KU,SbSeg and RbU,SbSg display a
layered structure and crystallize in the polar noncentrosymmetric space group
Cm (Choi and Kanatzidis, 1999). The U atoms adopt a bicapped trigonal
prismatic coordination geometry (Fig. 37.46b). The coordination environment
of U consists of two S,>~ units forming the parallel edges of the prism and four
S?~ units occupying the apex and capping positions. The trigonal prisms form
chains along the a-axis by sharing their triangular faces. The chains share
capping S atoms, thus forming sheets (Fig. 37.46a).

The structure of KU,SbSeg is identical to that of RbU,SbSg (Choi and
Kanatzidis, 1999). However, these structures display different superstructures.
The superstructure of RbU,SbSg has a periodic arrangement of Rb and Sb
along all the axes whereas that in KU,SbSeg has well-ordered K and Sb atoms in
every other layer but disordered K and Sb atoms in the remaining layers.

Fig. 37.46 (a) The structure of RbU,SbSg viewed down the c-axis (SbSy: gray polyhedra;
U: black; Rb: gray; S: white); (b) the U coordination environment. S—S bonds are shown as
horizontal multi-banded bonds.
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RbU,SbS; is a semiconductor with a band gap close to 1.4 eV. Magnetic
susceptibility data indicated an effective magnetic moment ~3.2 ug, relatively
close to the calculated value for U*" (3.58 up).

37.4.3 K6CU12U2815

An example of a quaternary uranium sulfide with a three-dimensional cubic
structure is the compound KgCu;,U,S;5 (Sutorik ef al., 2000). Its structure is
constructed from US¢ octahedra interconnected through CuSs trigonal planar
units. Straight columns of alternating USg and CuS; polyhedra are thus formed
(Fig. 37.47). The three-dimensional framework is built by the interconnection of
neighboring columns through S atoms of CuS; units (Fig. 37.47). Viewed
parallel to the a-axis of the structure, small channels hosting K atoms are
apparent. One of the many interesting features of this structure is the observed
distance of 3.017(3) A between neighboring U and Cu atoms. This short

Fig. 37.47 (a) View of the structure of KsCui,U,S 5 down the c-axis (USs: gray poly-
hedra; CuSs: striped polyhedra; K: black); (b) interconnection of four chains of USs/CuS3
polyhedra through SCuy units (S: white; Cu: black); (¢) a single chain of USs/CuS;
polyhedra.
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distance is similar to that in the UCus intermetallic compound (2.916 A)
(Baenziger et al., 1950) and implies direct U—Cu bonding.

The isostructural compounds RbsCu;>,U>S;5 and RbsCu;,U>S;5 have also
been synthesized. The oxidation state of U in these compounds is puzzling and it
is currently under investigation (Yao et al., 2010).

37.4.4 KzCll:;USs

K,Cu3USs is another quaternary compound in the system K/U/Cu/S (Gray
et al., 2007). It displays a new structure type crystallizing in the orthorhombic
space group Cmcm. The structure of the material is layered, consisting of
gO[UCu355]2* slabs (Fig. 37.48a). These slabs are made of edge-shared CuS,
tetrahedra and US¢ octahedra. The octahedral-tetrahedral packing pattern for
K,Cu3USs is oct tet tet tet oct (Fig. 37.48b) and is different from other known
octahedral-tetrahedral packing patterns.

If the compound contains Cu in the +1 oxidation state, then charge balance is
achieved with U in the +5 oxidation state. Magnetic susceptibility data revealed
Curie-Weiss behavior in the temperature range 130-300 K with an effective mag-
netic moment of 2.45 pg, very close to the calculated value of 2.54 py for U*.
Bond valence calculations are also consistent with U>". No EPR signal from
Cu?" was detected, even at temperatures as low as 4.2 K, consistent with the
presence of only Cu'". Hence, K,Cu;USs appears to be another rare example of
a uranium chalcogenide in which the U has a formal oxidation state of +5.

37.4.5 CSgUs(P3S10)2(PS4)6

The uranium chalcophosphate CsgU5(P5S10)2(PS4)s (Hess et al., 2001) has a
complex three-dimensional structure (Fig. 37.49a). In this structure the U atoms
possess a +4 formal oxidation state and are eight-coordinated. The USg units
can be described as bicapped trigonal prisms. The fundamental building block is
a trimer, which consists of three U atoms each sharing two edges with the other
two and two PS,>~ units capping the top and bottom of the trimer (Fig. 37.49b).
The trimers are connected with additional U atoms through PS4~ groups,
thus forming a layer in the ab plane. One of the interesting features of this
structure is the presence of a new chalcophosphate unit, namely the [P3S;0]°~
anion (Fig.37.49b). This unit comprises three corner-sharing PS, tetrahedra.
It is the [P3S1o]°~ groups that connect the individual layers along the c-axis
creating a three-dimensional structure with tunnels running along all crystallo-
graphic axes.

37.4.6 A11U7(PS4)]3 (A = K, Rb)

The isostructural A;;U7(PSy)13 (A = K, Rb) compounds (Gieck and Tremel,
2002) are another set of unusual quaternary uranium sulfides. The structure of
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Fig. 37.48 (a) View of the layers of K>CusUSs down the c-axis, with the K" ions inter-
calated between the layers (U: black; Cu: light gray, S: white; K: dark gray); (b) a single
layer of KyCusUSs (USg: gray polyhedra; CuS,: striped polyhedra).

Fig. 37.49 (a) View of the three-dimensional structure of CsgUs(P3S10)2(PS4)¢ down [101]
direction showing channels that contain Cs* ions (USs: gray polyhedra; P: small black
balls; S: white balls; Cs: large black balls); (b) the central trimer of USg polyhedra
connected with additional polyhedra through PS;>~ and P3S\y>~ units along the b- and
c-axes respectively (P atoms of PSy>~ : small black balls; P atoms of P3S1o° - large black
balls; S: white balls;, USs: gray polyhedra).
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these compounds is based on U;(PSy);3 helices (Fig. 37.50). In each helix, U
polyhedra are connected through double-bridging and chelating PS>~ groups
(Fig. 37.50d,e). There are eight- and nine-coordinated U atoms in the structure.
The USg polyhedra can be described as bicapped trigonal prisms (Fig. 37.50c¢);
the USy polyhedra are tricapped trigonal prisms (Fig.37.50b). Four of the
helices centered about the four-fold inversion axes (of the space group I42d)
surround a relatively large pore with a diameter of ~5 A that contains most of
the A atoms (Fig. 37.50a). The connection of the helices creating this pore is
made through PS>~ units, each of which bridges two helices. A second smaller
pore, where also some of the A atoms are located, is formed by the interconnec-
tion of four helices through triply-connecting PS4*~ groups. The remainder of

Fig. 37.50 (a) View of the three-dimensional structure of K1 U;(PS4)13 down the c-axis.
Gray polyhedra represent PSy>~ units (U: black; K: gray; S: white), (b) USy tricapped
trigonal prisms; (¢) USg bicapped trigonal prisms, (d) U;(PS4)13 helices viewed down the
c-axis; (e) the helices viewed along the c-axis (the arrow indicates the repeat distance).
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the A atoms are situated between PS,>~ units within the helices. The oxidation
state of the U in A;;U7(PSy4);3 should be +4, based on charge balance consid-
erations.

Magnetic susceptibility studies for the K analogue show modified Curie—
Weiss behavior in the temperature range 70-300 K and an antiferromagnetic
transition around 60 K. The magnetic moment is 2.54 pug/U, substantially lower
than the theoretical value for U*" ions (3.58 pg). This large reduction of the
magnetic moment was attributed to crystal field interactions.

37.47 AsAn(PS,); (A = K, Rb, Cs; An = U, Th)

KsU(PS,); is the only example of a quaternary (non-oxo) uranium chalcogenide
with molecular [U,(PS4)e]'°” dimers (Hess er al, 2001). These dimers
(Fig. 37.51a) are separated by K" ions. The U atoms are eight-coordinated in
a dodecahedral geometry. The two U centers are bridged through two PS,*~
units, and the coordination sphere of each U atom is completed by four S atoms
provided by two face-capping PS,>~ groups.

The diffuse reflectance UV-vis electronic spectrum of KsU(PS4); contains a
ligand-to-metal charge-transfer peak at ~1.7 eV, which is characteristic of U**
ions (a similar absorption peak was also observed in the spectrum of
CsgUs(P3S10)2(PSy4)s, Section 37.4.5).

A5sTh(PS4); (A = K, Rb, Cs) constitute compounds with a discrete dimeric
structure (Hess et al., 2001). The most striking difference between the structures
of AsTh(PS4); (A = K, Rb, Cs) and KsU(PS,); is the coordination mode of
one of the capping PS,*~ units. In the Th compound this unit caps a triangular
face of the nine-coordinated Th atoms (Fig. 37.51b), whereas the corresponding
unit in the U compound is edge-bridging (Fig.37.51a).

37.4.8 Ba4Cl'2U89

Ba,Cr,USy (Yao and Ibers, 2008) represents the first chalcogenide compound in
the perovskite-related (A3A’BQg)m(A3B3Qy), family (A =Ba; A’ =U; B=Cr;m
=3;n = 1). It crystallizes in the noncentrosymmetric trigonal space group P321.
Its structure comprises CroUSo®~ chains consisting of face-sharing CrSq octahe-
dra and USq trigonal prisms in the sequence oct oct tp oct oct tp (Fig. 37.52).
Because there are no S—S bonds in the structure, a formal oxidation state of +4
was assigned to the U atoms.

37.4.9 BazcuZU85

The alkaline-earth chalcogenide Ba,Cu,US5 was obtained in a two-step reac-
tion from BaS, Cu,S, and US; at 1,050°C for 4 d (Zeng et al., 2008). Ba,Cu,US;
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Fig. 37.51 (a) The discrete binuclear compound KsU(PSy4); (U: black, P: dark gray; S:
white; K ions were omitted for clarity); (b) the discrete binuclear compound CssTh(PS,);
(Th: black; P: dark gray; S: white; Cs* ions were omitted for clarity).

crystallizes in a new structure type in space group C2/m of the monoclinic
system and features io[CuzUS5]4* layers separated by Ba®" ions, Fig.37.53a.
The two-dimensional go[CuzUSS]“* layer is built from USg octahedra and CuS,
tetrahedra. The connectivity of the MS, polyhedra within the layer in the [001]
direction is oct tet tet oct tet tet, Fig.37.53b. A magnetic moment of 2.69(2) pg
was obtained from the magnetic susceptibility data and no magnetic ordering
was observed down to 2 K.

37.4.10 (UO),ExS;, (UOS),LuS

The compounds characterized as (UO),ErS; (Jaulmes et al, 1986) and
(UOS)4LuS (Jaulmes et al., 1990) were prepared by means of a high-tempera-
ture (1,800°C) solid-state reaction of UOS with ErS or LuS. In (UO),ErS;, the
U atoms are coordinated by four O and four S atoms (Fig. 37.54a). The
structure is made of sheets of face-sharing UO4S4 polyhedra alternating with
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Fig. 37.52 (a) View of the unit cell of BayCryUSo down the c-axis, (b) view of a single
chain of BayCryUSg along the c-axis (U: black, Ba: large gray,; Cr: small gray; S: white).

Fig. 37.53 (a) View of the structure of Ba,Cu,USs down the b-axis, (b) view of a single
layer of Ba,CuyUS's along the b-axis (U: black; Ba: large gray, Cu: small gray, S: white).

sheets of ErSg octahedra. (UOS)4LuS displays a two-dimensional framework
where two (UOS), sheets alternate with (LuS) sheets (Fig. 37.54b). There are two
crystallographically unique U atoms in this structure. One is eight-coordinated
by four O and four S atoms whereas the other is nine-coordinated by four O and
five S atoms.

For charge balance both compounds as formulated require mixed oxidation
states for U, namely +4 and +3. However, the solution and refinement of single-
crystal X-ray data collected for “(UO),YbS;”, prepared at 1,000°C, is identical
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"'F'|| |l||"'~\.

Fig. 37.54 (a) The structure of (UO),ErSs made of alternating sheets of UO4S4 polyhedra
and ErSe octahedra (UO4Sy: gray polyhedra; ErSe: striped polyhedra; O: dark gray balls;
S: white balls), (b) the structure of (UOS)4LusS constructed by double sheets of UO4Sy and
UQO4Ss alternated by sheets of LuS octahedra (UO4S4 and UO4Ss: gray polyhedra; LuSs:
striped polyhedra; O: dark gray balls; S: white balls).

with the earlier results save for the presence of Yb/U disorder (Jin et al., 2009).
The actual formula is (Ug 5Ybg sOS),YbS; charge balance is achieved with Yb
+3 and U solely in the +4 oxidation state.

37.4.11 Na4(U02)CuZS4, CS4(U02)(Sz)3, Na4(U02)(Sz)3'N33S4

Three oxysulfides with U in its highest possible oxidation state of +6, namely the
compounds Nay(UO,)Cu,S4, Css(UO»)(S,);, and Nay(UO,)(S,)3-NasSy, have
been reported. The isolation of these compounds from polychalcogenide fluxes
indicates that the uranyl cation, UO,>*, can be chemically compatible with such
fluxes to form strong U—S bonds. Nay(UO,)Cu,S, is a layered material (Sutorik
and Kanatzidis, 1997c). Its layers are constructed from UO,>* cations
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Fig. 37.55 (a) View of a single layer of Nas(UO,)Cu,Sy4 down the a-axis (CuSy: striped
polyhedra; U: black balls; O: gray balls; S: white balls; Na" ions were omitted for clarity);
(b) the structure of the mononuclear [(UO-)(S»)s]*~ (S—S bonds are shown as horizontal
multi-banded bonds).

and Cu,Sg'?~ clusters, which provide the four S atoms that complete the
octahedral coordination about U (Fig. 37.55a). The layers contain relatively
large channels of approximate dimensions 6.4 A x 93 A. Interestingly, the
U—Cu bonds are short (~3.1 A) indicating partial bonding interactions between
U and Cu atoms.

Both the Cs4(UO,)(S,); and Nay(UO»)(S,)3-NasS; compounds (Sutorik and
Kanatzidis, 1997a) contain the mononuclear discrete [(UO,)(S,)s]*” anion
(Fig. 37.55b). The U atom is connected with three 1>-S,>~ units and two
terminal O atoms. Considering a hypothetical atom at the midpoint of each
7°-S,>unit, the coordination geometry of the U metal center may be viewed as
trigonal bipyramidal.

37.4.12 Rb4U4P4SGZ6 and CS4Th4P4SCZ6

Chalcophosphate anions are P/Q-containing anions with oxidized P atoms
(usually in the +4 or +5 oxidation state). Examples are [PSes]*~ and [P>Seq]* .
The chalcophosphate Rb,U4P4Ses (Chondroudis and Kanatzidis, 1997) has a
three-dimensional structure Fig. 37.56a. The coordination environment of
each U atom consists of two PSe,°~ units, two chelating Se,>~ groups, and
one Se’~ unit. The overall coordination geometry for all U atoms is tricapped
trigonal prismatic. Two U prisms form U,Se;4 dimers by sharing triangular
faces. Neighboring dimers share edges, thus forming chains along [100]
(Fig. 37.56b). The three-dimensional framework is constructed by the cross
linking of these chains at four sides by PSes> groups (Fig. 37.56a) There are
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Fig. 37.56 (a) View of the three-dimensional structure of Rb,UyP4Sess down the b-axis
(USeq: gray polyhedra; Rb: large gray balls; P: small gray balls; Se: white balls), (b)
representation of a chain of USeg prisms running along a-axis; (c) view of a dimer of Th
atoms (large black balls) in CsyThaPiSesq showing the P»Ses®™ unit made of two PSes*™
units (P: gray,; Se: white) joined by one Se atom. Se—Se short interactions are shown as
horizontal multi-banded bonds, whereas the longer Se—Se interactions in the P>Ses®™ unit
are shown as dotted lines.

relatively large cavities of 7 AxS5A along [010]. The Rb atoms located in these
cavities are disordered and easily exchangeable by smaller Li atoms. The for-
mula RbsU4P4Se,¢ is charge-balanced with U in the +5 oxidation state. The
compound shows Curie—Weiss behavior in the temperature range 70-300 K.
The derived effective magnetic moment is 1.85 pp, lower than the theoretical
value for U" (2.54 ug). Additional studies ought to be conducted to verify or
rule out the presence of U in an oxidation state of +5. This is a very unusual
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oxidation state for U in solid-state chalcogenides, but it is not unknown (see
Section 37.4.4). The diffuse reflectance mid-IR spectrum of RbsU4P4Seoe
showed a broad peak at ~3,900 cm ™! that was assigned an f'-f! transition.
The analogous Cs4ThyP4Se»s compound displays a three-dimensional frame-
work structure (Briggs Piccoli et al, 2001), identical to the structure of
Rb4U4P4Ses. The formula [Cs,Th, (P2Seq)(Ses)-], seems to be charge-balanced
only with the Th atoms in the +3 oxidation state (considering a charge of —4 for
the P,Sey unit). However, magnetic measurements revealed that the compound
is diamagnetic, thus supporting the presence of Th** centers. It was claimed that
the extra two electrons needed for the charge balance are located on the central
Se atom of a dimeric P>Seo®~ unit (Fig. 37.56¢). This unit was not considered
in the above description of the structure of RbyU4P4Sess, because the central
Se of this group is separated by 2.64-2.65 A from the closest Se atoms of the two
corner PS, units. According to the VSEPR model, the presence of an extra pair
of electrons in the central Se atom of the P,Seq®™ unit would induce a trigonal
bipyramidal geometry for this Se atom and consequently, a linear Se—Se—Se
moiety. Indeed, the Se—Se—Se angle is ~171°. Clearly, in view of the Th results
the formal oxidation state of U in RbyU4P4Se,4 presents an interesting puzzle.

37.413 K,UP;Seo and A,ThP;Se, (A = K, Rb)

Two polymorphs of K>,AnP;Sey are known. a-K,UP3Seq (Chondroudis and
Kanatzidis, 1996) is another example of a layered material (Fig. 37.57a, b). It
contains two crystallographically unique U atoms that are coordinated by nine
Se atoms in a tricapped trigonal prismatic geometry (Fig. 37.57c, d). All Se
atoms are provided by P,Ses* ™ units. The basic building block of the structure
is a U,Sey4 dimer that is formed by face sharing of two individual USeq poly-
hedra (Fig. 37.57c, d). Each dimer shares its two apical corners with two
adjacent dimers, thus forming chains running along the c-axis (Fig. 37.57b).
The chains are interconnected through P,Seg* ™ units to form layers (Fig. 37.56a,
b). There are several bonding modes of the P,Ses* ™ bridges in this structure,
which serve to stitch the U,Se;4 dimers into a chain (Fig. 37.57c, d). The
a-A,ThP;Sey (A = K, Rb) compounds (Briggs Piccoli et al., 2000) are isostruc-
tural to a-K,U3P5Se,.

K,UP;Sey shows Curie—Weiss behavior above 100 K and an effective mag-
netic moment of 3.72 pg, a value consistent with the presence of the U** cation.
Below 100 K an antiferromagnetic order was observed.

The compound -K,ThP3Seq is also known (Briggs Piccoli et al., 2002). It also
is a layered structure. The Th atoms coordinate with nine Se atoms (all provided
by P,Ses*™ units) in a tricapped-trigonal prismatic geometry (Fig. 37.58a, b).
The ThSey units are corner sharing along the b-axis and are arranged in a zigzag
fashion. To form the layer, the chains of the ThSeq polyhedra are joined through
P,Ses*™ groups (Fig. 37.58b). The interconnection of the ThSe, chains creates a
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Fig. 37.57 (a) The structure of K;UP3Seg viewed down the a-axis (USey. gray polyhedra;
PSey: striped polyhedra; K: black balls); (b) a single layer of K, UP3Seq viewed down the b-
axis (USeq: gray polyhedra; P: gray balls; Se: white balls), (c) representation of the binding
modes I and II for the PrSes*~ groups (USeq: gray polyhedra; P: gray balls; Se: white
balls); (d) representation of the binding mode III for the P,Se¢*™ groups (USeq: gray
polyhedra; P: gray balls; S: white balls).

layer with relatively large openings (4 A x 11.5 A). Note that both o- and
p-polymorphs were found in the same reaction products, indicating a possible
equilibrium between these two phases. Both compounds are based on the same
selenophosphate building blocks and display the same coordination geometry
for the Th atoms. However, the a-phase displays a dense layered structure,
whereas the structure of the f-phase is based on corrugated layers.

37.4.14 Cs,Hg,USes

The compound Cs,Hg,USes was obtained from the solid-state reaction of U,
HgSe, Cs,Ses, Se, and CslI (as flux) at 850°C (Bugaris et al., 2009). This material
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Fig. 37.58 (a) The layered structure of p-K>ThP3Seg viewed down the b-axis, (b) a single
layer of B-K>ThP3Sey viewed down the a-axis (ThSey: gray polyhedra; P.: gray balls;
K: black balls; Se: white balls).

crystallizes in a new structure type in space group P2/n of the monoclinic
system. The structure contains gO[ngUSe5]2_ layers separated by Cs"* cations
(Fig. 37.59a). Within the layers are distorted HgSe, tetrahedra and regular USeq
octahedra (Fig. 37.59b). In the temperature range of 17-300 K Cs,Hg,USes
displays Curie—Weiss behavior with e = 3.82(2) pp. The compound exhibits
semiconducting behavior in the [010] direction; the conductivity at 298 K is 3 x
1073 S/cm. Formal oxidation states of Cs/Hg/U/Se may be assigned as +1/+2/
+4/-2, respectively.
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Fig. 37.59 (a) View of the structure of Cs,Hg,USes down the b-axis; (Cs. black non
bonded; U.: black bonded; Hg: gray, Se: white) (b) view of a single layer of Cs;Hg,USes

down the c-axis.
i ; L et

3.065(1) A

Fig. 37.60 (a) View of the layered structure of CsTiUTes down the a-axis (UTeg.: black
polyhedra; TiTeq: striped polyhedra; Te: white balls; Cs: gray balls); (b) the UTeg bicapped
trigonal prism with indication of the short [3.065(1) A] Te—Te interactions.

37.4.15 CsMUTes (M = Ti, Zr)

CsMUTes (M = Ti, Zr) compounds have a layered structure that is built from
UTeg bicapped trigonal prisms that share a common edge and TiTeq octahedra
that share faces (Cody and Ibers, 1995; Kim et al., 2006) (Fig. 37.60a). The
Te—Te interactions (3.065(1) A) observed within the layers are longer than a
single bond (Fig.37.60b). This chain of short Te—Te interactions could induce
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high conductivity in the material; however, the room-temperature conductivity
measured along the direction of the Te—Te chain is low (1.2(9) x 107°
Q 'em™"). CsTiUTes is paramagnetic with an effective magnetic moment
of 2.23 pg, close to the calculated value for U" (2.54 up). Again given the rarity
of U species in chalcogenide chemistry, additional characterization of the
oxidation state is desirable.

37.4.16 CsgHfsUTes¢

CsgHfsUTes ¢ (Cody and Ibers, 1995) consists of HfyTe;s¢* and Hf,UTe;s*~
chains (Fig. 37.61). The U atoms adopt an eightfold coordination. The Te—Te
distances in this compound are very short (2.70-3.07 A) and therefore simple
electron counting and oxidation-state formalisms are difficult to apply.

37.4.17 KCUThS3, KzCUzThS4, K3CU3Thzs7

KCuThS;, K,Cu,ThS, and K;Cu;3Th,S; are layered compounds (Selby ef al.,
2005). KCuThS; is isostructural to KZrCuS; whereas the other two compounds

Fig. 37.61 (a) The [HfsTeys.q)*™ chain (Hf: gray; Te: white); (b) The [Hf>UTe1s]*™ chain
(U: black). Te—Te bonds are shown as horizontal multi-banded bonds.
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Fig. 37.62 View of the layered structures of (a) KCuThSs, (b) KyCuyThS,, and (c)
K5CusThyS, (Th: black; Cu: dark gray; S: white balls; K were omitted for clarity).

have closely related structures. There is an interesting relationship among the
structures of the three materials. Each layer of KCuThS; is built from alternat-
ing single lines of ThS¢ octahedra and CuS, tetrahedra (Fig. 37.62a), whereas
the layer of K,Cu,ThS, consists of alternating single threads of ThS¢ octahedra
and double threads of CuS, tetrahedra (Fig. 37.62b). A hybrid of the structures
of KCuThS; and K,Cu,ThS; is the structure of K3;Cu;Th,S5. It is composed of
single and double threads of CuS, tetrahedra separated by threads of ThSg
octahedra (Fig. 37.62c).

KCuThS3, K,Cu,ThS,, and K3CusTh,S; are semiconductors with band gaps
of 2.95, 2.17, and 2.49 eV, respectively. These band gaps were rationalized on
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the basis of the continuity of the CuS, framework; Th*" with an 5/ electronic
configuration was deemed less important in influencing the band gaps of these
compounds. K,Cu,ThS, with double threads of CuS, tetrahedra displays more
extended Cu—S interactions and consequently more diffuse bands and a smaller
band gap than the other compounds. KCuThS; with only single threads of CuS,
tetrahedra contains the least diffuse bands and the lowest band gap energy,
whereas K3;Cu3Th,S;, which contains both single and double threads of CuS,
tetrahedra, shows an intermediate band gap.

37.4.18 CS4Th4P6SIS

Cs4ThyPsS;g has a layered structure (Chan et al., 2005), Fig. 37.63a. Two cry-
stallographically unique Th centers can be found. One of them is coordinated to

Fig. 37.63 (a) View of the structure of Cs4Th4PsS1s down the c-axis, (b) representation of
a layer of Cs4ThaPsS1g showing the connectivity of tetramers of ThSe and ThS)o units
through P»S¢*™ groups; (¢) the tetramer of two ThSyo units (core of the tetramer) and two
ThSy units (edges of the tetramer) (ThSy and ThS\o: gray polyhedra,; P: small gray balls;
S: white balls, Cs: large black balls).
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ten S atoms in a sphenocoronal geometry. The second is bound to nine S atoms
in a distorted tricapped trigonal prism. All S atoms are provided by P,S¢*~
groups. The building block in this structure is a tetramer of Th polyhedra
(Fig.37.63b). Each tetramer contains two 10- and two 9-coordinated Th
atoms. The ten-coordinated Th atoms constitute the core of this tetramer and
are edge-shared, whereas the nine-coordinated Th atoms cap the tetramer and
each shares a triangular face with each of the ten-coordinated Th centers. To
form the layers, the individual tetramers are linked through P,S¢*~ groups
(Fig.37.63c).

37.4.19 K;Th3(P,S7)4(PSys);

K 0Th3(P,S7)4(PSy); displays a layered structure (Hess et al., 2001). It contains
two crystallographically independent Th atoms (Thl, Th2), both coordinated
with eight S atoms in a dodecahedral geometry. Adjacent Th2 atoms are
bridged through P,S;*~ units, whereas Th2 atoms are connected with Thl
centers by either P,S,*~ or PS>~ groups. A single layer of K;oTh3(P,S7)4(PS4);
comprises two intertwined chains with the arrangement Th2-P,S;-Th1-PS;-Th2
(Fig. 37.64). The intertwined chains create channels running along the b-axis.

37.4.20 KThSb,Seq

KThSb,Seq displays an interesting three-dimensional structure (Fig. 37.65a)
with K atoms filling tunnels running parallel to the a-axis (Choi et al., 1997).
It contains nine-coordinated Th*" atoms in a tricapped trigonal prismatic
geometry. A notable feature of the structure is the presence of double chains
of Th atoms running parallel to [100] (Fig. 37.65b). The single chains com-
prise ThSeq prisms sharing opposite triangular faces and are bridged through
Se,>~ groups to form the double chains. Interestingly, each Se,” unit is bound
to four Th atoms. The double chains are separated by [SbsSeo], blocks
(Fig. 37.65a). The Sb atoms are coordinated with six Se atoms in a distorted
octahedral geometry and the SbSeq octahedra are connected to each other by
edge sharing.

Fig. 37.64 View of a single layer K oTh;(P2S7)4(PSy4); down [101] (ThSg: black poly-
hedra; ThySg: gray polyhedra; P—S units: striped polyhedra).
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Fig. 37.65 (a) View of the structure of KThSb,Ses down the a-axis, (b) representation of
the double chain of ThSeg prisms running parallel to the a-axis (SbSs: gray polyhedra; K:
dark gray balls; Th: black balls; Se: white balls).

37.4.21 Cs4Th2P55e17

Cs4Th,PsSe 7 displays a structure (Briggs Piccoli ez al., 2000) with similarities to
that of the A,ThP;Seq (A = K, Rb) compounds (Section 37.4.13). The structure
of Cs4Th,PsSe;; is also based on dimers of Th polyhedra sharing triangular
faces that are connected by adjacent dimers through their apical Se atoms to
form chains (Fig. 37.66a, b). Unlike the structure of A,ThP;Sey in which all Th
centers are nine-coordinated, the structure of Cs4Th,PsSe;; contains both eight-
and nine-coordinated Th atoms. The eight-coordinated Th atom adopts a bi-
capped trigonal prismatic geometry. The nine-coordinated Th center does not
display a coordination geometry similar to that of the Th atoms in A,ThP;Ses.
Rather the coordination environment around the nine-coordinated Th atoms
includes an 7>-Se,> unit. If we consider the Se,” group to occupy a single
coordination site, then the overall coordination geometry of the nine-coordi-
nated Th atom can be described as bicapped trigonal prismatic (Fig. 37.66¢).

37.4.22 Rb7Th2P68e21

Rb;Th,P¢Se>; has a one-dimensional chain structure (Chan et al., 2005). Each
of the two crystallographically unique Th atoms (Th1 and Th2) is coordinated
by eight Se atoms in a distorted bicapped trigonal prismatic geometry. Thl and
Th2 polyhedra share one Se atom and they are further connected through
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Fig. 37.66 (a) View of the structure of Cs4ThyPsSey; down the a-axis (ThSeg and ThSey.:
gray polyhedra; P: small dark gray balls; Se: white balls; Cs: large dark gray balls), (b) the
chains of Th polyhedra connected by P>Ses*™ units; (¢) the nine-coordinated Th atom (black
ball) in bicapped trigonal-prismatic geometry.

threefold coordination of two PSe,’~ units. By bridging adjacent Th1-Thl
polyhedra through two PSes*~ groups, a tetramer of Th polyhedra is created.
The chain is then formed by the interconnection of neighboring tetramers
through P»Ses*~ groups (Fig. 37.67).

37.4.23 K3PU(PS4)2

K;3Pu(PS,), has a chain structure (Fig. 37.68) (Hess et al., 2002). It contains
PuSg bicapped trigonal prisms. Each PuSg polyhedron shares two of its edges
with two other PuSg polyhedra to form Pu(PS4),>~ chains. All S atoms belong
to PS,>~ units. These share three of their S atoms with the Pu centers leaving the
fourth S atom available for ionic interactions with the K atoms. The Pu center
has a formal oxidation state of +3.
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Fig. 37.67 The chain structure of Rb;ThyPsSesy (Th: black; P: gray; Se: white).

Fig. 37.68 The structure of KzPu(PS,), viewed down the c-axis (PuSy: black polyhedra;
P: gray balls; S: white balls; K: black balls).

37.4.24 APuP,S; (A = K, Rb, Cs)

The APuP,S; (A = K, Rb, Cs) compounds are isostructural and display
a layered structure (Fig. 37.69a, b) (Hess et al., 2002). The Pu atoms are co-
ordinated with eight S atoms, provided by the P,S;*~ units, in a distorted square
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Fig. 37.69 (a) The structure of KPuP,S; viewed down the c-axis; (b) a single layer of
KPuP,S; viewed down the a-axis (PuSsg: black polyhedra; P: gray balls; S: white balls; K:
black balls).

antiprismatic geometry. The fundamental building block of the structure is a
dimer of PuSg polyhedra sharing one edge. The dimers are linked through
corner-sharing PuSg units. In addition, the P,S;*~ groups further connect the
PuSg polyhedra in a chelate fashion. Corrugated layers with channels running
perpendicular to the layer are formed by the arrangement of the corner- and
edge-sharing PuSg polyhedra and the multidentate P,S;*~ groups. The formal
oxidation state of Pu is +3 from charge balance and the optical transitions seen
in the diffuse reflectance spectra of these materials.
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LIST OF ABBREVIATIONS

An actinide
DFT density functional theory
EXAFS extended X-ray absorption fine structure

°C degree Celsius

e electron

eV electron volt

EPR electron paramagnetic resonance

IR infrared

K kelvin

M elements N—Bi, Si—Pb, metal

oct octahedron

Q chalcogen: S, Se, or Te

T. Curie temperature

T~ Néel temperature

tet tetrahedron

tp trigonal prism

uv Ultraviolet

VIS visible

VSEPR  valence shell electron pair repulsion

XPS X-ray photoelectron spectroscopy

UB Bohr magneton
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