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The compound La,U,Seq was obtained in high yield from the stoichiometric reaction of the elements in an Sb,Ses flux
at 1123 K. The compound, which crystallizes in a new structure type in space group Pmma of the orthorhombic system,
has a three-dimensional structure with alternating U/Se and La/Se layers attached via three independent, infinite
polyselenide chains. The U atom has a monocapped square antiprismatic coordination of Se atoms, whereas one La
atom is bicapped square prismatic and the other La atom is trigonal prismatic. La,U,Segq displays an antiferromagnetic
transition at Ty = 5 K; above 50 K, the paramagnetic behavior can be fit to the Curie—Weiss law, yielding a g Of
3.10(1) ug/U. The low-temperature specific heat of La,U,Seq exhibits no anomalous behavior near the Néel
temperature that might indicate long-range magnetic ordering or a phase transition. X-ray absorption near-edge
structure (XANES) spectra have confirmed the assignment of formal oxidation states of +-1lI for lanthanum and +1V for

uranium in La,U,Ses.

Introduction

The necessity of separating An’" species from Ln* species
(An = actinide; Ln = lanthanide) in the nuclear fuel cycle
has prompted significant solution chemistry in which the
structural relationships between the lanthanides and the
actinides have been examined.! To assess the differences in
chemical bonding, analogous An and Ln compounds have
been synthesized and characterized in the solid state. How-
ever, comparatively little work has been carried out on mixed
lanthanide/actinide solid-state systems.

The vast majority of extended solid-state structures incor-
porating both a lanthanide and an early actinide that have
been characterized either exhibit Ln/An disorder or are
ordered variants of known actinide or lanthanide binary
compounds. Disorder is the rule because the ionic radii of
Ln*" and An**, and to a lesser extent An*", are very similar
(Figure 1). Disordered examples, such as (Ln,Th)O, (Ln =
La, Nd, Sm, Gd),” (Ln,U)N (Ln = La—Nd, Sm, Gd, Dy,
Er),} (Ln,U);Q4 (Ln = La, Ce, Pr; Q = S, Se, Te),* (Ln,U)S
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(Ln = Pr,Nd),” and (Ln,U)Te; (Ln # Pm, Eu),*’ feature Ln
and An atoms occupying the same crystallographic site, thus
obscuring any differences in their bonding. There are also
instances where the lanthanide substitutes in a particular
position in an actinide binary to yield an ordered variant, or
vice versa. For example, the U;Ss structure type.,® with two
crystallographically unique U sites, can be rationalized as
(U3H),(UHH)(S%7)s. Analogues of this structure type have
been grepared where the Ln*" preferentially substitutes on
the U* site to give Ln,UQs (Ln = La—Sm; Q = S, Se).”!°
Similarly, the Tb,0,, structure type,'' with two crystallo-
graphlcally unique Tb sites, can be substituted with Ln and U
to give (Ln*")g(U*")O1, (Ln = La, Lu)."*" These ordered
variants provide some insight into the bonding differences
between Ln and An. However, a novel structure type would
provide a more useful comparison.

Although not derived from a binary compound,
YbyosUsz 7S5, is in fact isostructural with the known
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Figure 1. ITonic radii (A) versus number of f electrons for the Ln** and
the An"" (n = 3—6) cations.”’

interlanthanide Lu;;Ce4S»,."> To achieve charge balance for
this compound, the authors have suggested both mixed
oxidation states for U (+III and +IV) and Yb (+II and
+I1II), as well as fractional occupation of four of the eight
crystallographic sites occupied by the metals. These anoma-
lies may indicate possible disorder between U and Yb, as was
observed in Ln,UO,S; (Ln = Yb, Y).!¢

To the best of our knowledge, there are no new structure
types (not derived from a binary or a “pseudo-binary”
interlanthanide compound) in the literature where Th and
Ln occupy unique crystallographic sites, and only six where
U and Ln do: Cs;1Euy(UO,)»(P207)(PO,),"” Nd[(UO,);0-
(OH)(PO4),]- 6H,0," Ho[Nd»(H,0)1,UMo;,04]- 12H,0,"
(NH4)2(EI'2UMO12042)(H20)22,20 LH3UO()C13 (LH = La, Pr,
Nd),”" and EuUI4.*? Np is the only other actinide to form a
new structure type with Ln, in the compound La(NpO,);-
(NO3)6-nH20.23 In these seven compounds the Ln and An
atoms are surrounded by hard ligands, whereas softer ligands,
such as N, S, and Se, have proven to be more effective for the
separation of lanthanides from actinides. We report here the
synthesis, structure, and characterization of La,U,Seq, the
first ordered lanthanide/actinide chalcogenide with a novel
structure type.

Experimental Section

Synthesis. The following reagents were used as obtained:
U turnings (depleted, Oak Ridge National Laboratory), La
(Cerac, 99.9%), Se (Cerac, 99.999%), filings from Ba rod
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(Johnson Matthey, 99.5%), Sb (Aldrich, 99.5%), and Sb,Se;
(Alfa, 99%) Fmely divided U powder was prepared by a
modification®* of the literature procedure.?> The remdmmg
reactants were used as obtained. Reactions were carried out in
fused-silica tubes. The tubes were charged with reaction mix-
tures under an Ar atmosphere in a glovebox and then they were
evacuated to ~10* Torr and flame-sealed. Selected single
crystals from each reaction were examined with an energy-
dispersive X-ray (EDX)-equipped Hitachi S-3400 scanning
electron microscope.

The reaction mixture consisted of 0.13 mmol of U, 0.13 mmol
of La, 0.13 mmol of Ba, 0.13 mmol of Sb, and 0.76 mmol of Se.
The reaction mixture was placed in a computer-controlled
furnace where it was heated to 1123 K in 17 h, kept at 1123 K
for 6 days, cooled to 673 Kin 150 h, annealed at 673 K for 7 days,
and then the furnace was turned off. The product consisted of a
few black metallic blocks of La,U,Seq in about 5% yield (based
on U) and an amorphous black melt. EDX analysis of selected
crystals showed the presence of La, U, and Se, but not of Ba or
Sb. Although the black metallic sheen of the crystals dulls to a
bronze upon extended exposure to ambient conditions there is
no evidence of structural decomposition.

A crystal from this synthetic procedure was utilized for the
collection of single-crystal X-ray diffraction data and subse-
quent structure determination. A rational synthesis was devised
to yield sufficient material for physical property measurements.
Here, the reaction mixture comprised a stoichiometric combina-
tion of the elements: 0.13 mmol of U, 0.13 mmol of La, and 0.59
mmol of Se, together with 0.21 mmol of Sb,Se; added as flux.
The heating profile was the same as that described above. The
product consisted of a near quantitative yield of black metallic
blocks of La,U,Seq, as well as a few black prisms of La,USes, 10
both of which could be manually separated from the shiny black
columns of Sb,Ses.

Structure Determination. Single-crystal X-ray diffraction
data were collected with the use of graphite-monochromatized
MoKa radiation (A = 0.71073 A) at 100 K on a Bruker
SMART-1000 CCD diffractometer.?® The crystal-to-detector
distance was 5.023 cm. Crystal decay was monitored by recol-
lecting 50 initial frames at the end of the data collection. Data
were collected by a scan of 0.3° in @ in groups of 606 frames at
¢ settings of 0°, 90°, 180°, and 270°. The exposure time was 20 s
frame~'. The collection of intensity data was carried out with
the program SMART.?® Cell refinement and data reduction
were carried out with the use of the program SAINT v7.23a in
APEX2.?” Face-indexed absorption corrections were performed
numerically with the use of the program SADABS.*® The
program SADABS was also employed to make incident beam
and decay corrections.

The structure was solved with the direct-methods program
SHELXS and refined with the full-matrix least-squares program
SHELXL.?® The identities of the metal (M) sites were assigned
on the basis of M—Se distances. The nine-coordinate site
exhibits M—Se distances less than 3.0 A, which is appropriate
for U4+ glOIllC radius 1.19 A) as opposed to La** (ionic radius
1.356 A) ? The final refinement included anisotropic displacement
parameters and a secondary extinction correction. The program
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STRUCTURE TIDY? was employed to standardize the
atomic coordinates. After refinement of this model for
La,U,Seq, the site occupancies of the three metal positions were
allowed to vary. The resultant formula was Las g63)U1 04(3)S¢€0.
The values of R(F) and Ry(F,?) decreased from 0.0264 and
0.0741 to 0.0255 and 0.0709, respectively. These improvements
were deemed to be inconsequential, given the uncertainties
inherent in the determination of composition from X-ray
diffraction data.’! Additional crystallographic details are given
in Table 1 and the Supporting Information. Selected metrical
details are presented in Table 2.

Magnetic Susceptibility Measurements. Magnetic susceptibi-
lity as a function of temperature was measured on a 26.25 mg
sample of ground single crystals of La,U,Sey with the use of a
Quantum Design MPMS5 SQUID magnetometer. The sample
was loaded into a gelatin capsule. Both zero-field cooled (ZFC)
and field-cooled (FC) susceptibility data were collected between
2 and 300 K at an applied field of 500 G. All data were corrected
for electron—core diamagnetism.>

Specific Heat Measurement. The specific heat C,, of La,U>Seg
was measured in the temperature region 1.8 to 20 K with the use
of a Quantum Design Physical Properties Measurement System
(PPMYS). A 6.0 mg quantity of single crystals was mounted with
grease on the base of a heat-capacity puck. Similar measure-
ments of the base and grease without the sample provided the
background correction.

Scanning Transmission X-ray Microscopy (STXM) Spectro-
microscopy. STXM spectromicroscopy at the Advanced Light
Source-Molecular Environmental Sciences (ALS-MES) Beam-
line 11.0.2 was utilized to record images, elemental maps, and
X-ray absorption near-edge structure (XANES) spectra at the
La 3d5/2 3/2" edges (M5 4) the U 4d5/2 3/2" edges (N5 4) and Se
2p3)2,1/2-edges (Ls») from Ld2U2569 to obtdm element-specific
oxidation state information.*>* *° The radioactive samples were
powdered and sealed between two thin (100 nm) silicon nitride
windows with epoxy before transfer to the He-purged STXM
instrument. The spatial resolution for the La and U images and
spectra was 40 nm, whereas for Se spectromicroscopy this was
50 nm. The errors in peak energy assignments are 0.04 eV for La
and U 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 previously described in
detail; spectra were extracted from image stacks (a complete set of
registered ima%es collected sequentially at each photon energy of a
spectral scan).”* All spectra were normalized to the incoming flux
by integrating over the response from areas without sample
particulates. Linear backgrounds were subtracted from most
spectra; they were then smoothed and renormalized. The ALS
operated at 500 mA of continuously stored electron beam during
the data collection. The following compounds used as reference
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Table 1. Crystal Data and Structure Refinement for La,U,Seg

fw (g/mol) 1464.52
space group Pmma

Z . 2

a(A) 10.920(2)
b (A) 5.6100(11)
¢ (A) 10.703(2)
V(A% 655.7(2)
T (K) 100(2)

1 (A) 0.71073
pe (gem ™) 7.418
u(mm™ ) 55.938
R(F)* 0.0264
R(F,2)? 0.0741

“R(F) = leFl \FH/ElF | for F,? > 20(F,"). ”RH(F ) = {>ow-
(F,>— F, )/ZuF 172 for all data. For FJ2 < 0,w ! = oXF,%); for
F2=0,w ' = ?(F,?) + (0.02 x F,»%

Table 2. Selected Interatomic Distances (A) and Angles (deg) for La,U,Seg

La(1)=Se(1) x 2 3.0373(9) Se(3)—Se(3) 2.712(3), 2.748(3)
La(1)=Se(2) x 2 3.333(2)  Se(4)—Se(d) 2.803(3), 2.807(3)
La(1)-Se(4) x 4 3.1642(8) Se(5)—Se(5) 2.796(3), 2.814(3)

La(1)—Se(5) x 2 3.335(2) La(l)---U 4.3930(7)
La(2)—Se(2) x 2 3.140(2) La(2)---U 4.5502(8)
La(2)—Se(3) x 4 3.1364(8) U---U 5.327(1)

La(2)—Se(5) x 2 3.140(2)

U—Se(1) 2.8915(8)  Se(1)—Se(1)—Se(1) 180
U—Se(2) x 2 2.9588(7)  Se(2)—Se(2)—Se(2) 180
U—Se(3) 2.976(1)  Se(3)—Se(3)-Se3)  179.90(5)
U—Se(4) x 2 3.0140(9)

U—Se(5) x 2 3.0361(9)

U—Se(3) 3.040(1)

materials for the XANES spectra were synthesized accordmg to
literature procedures: 3- USe,, ™ USes,*® and RbAuUSe;. %

Results

Synthesis. La,U,Seq was originally obtained from the
reaction of U, La, Se, Ba, Sb, and Se at 1123 K in an
attempt to produce a quaternary Ba/La/U/Se phase with
Sb acting as a flux. Small black metallic blocks of
La,U,Sey were produced in approximately 5% yield,
based on U. The majority product was an amorphous
black melt. A rational synthesis was sought to prepare
additional material for physical property measurements.
Numerous trials confirmed that the presence of Ba in the
reaction mixture was not essential to the formation of
La,U,Seq. A 2:2:9 stoichiometric ratio of the elements
was reacted with various agents (LaCls, CsCl, I,, Sb) to
induce crystallization, but the yield of product was mini-
mal (< 10%)in each case. Finally, a synthesis utilizing the
stoichiometric combination of the elements in a Sb,Se;
flux at 1123 K afforded a near quantitative yield of
La,U,Seq. Sb,Se; had previously been shown to act as
an effective flux for the synthesis of some interlanthanide
compounds, such as Ln;LuSes (Ln = La, Ce)*' and
EuLn,Se, (Ln = Tb—Lu).** A few black prisms of La,-
USes' also formed; this compound is an ordered variant
of the U;Ss structure type.8

(38) Noél, H.; Potel, M.; Troc, R.; Shiyk, L. i 1996,
126, 22-26.

39) Kwak, J.-eun; Gray, D. L.; Yun, H.; Ibers, J. A. p i

2006, 62, i86—i87.

(40) Bugaris, D. E.; Ibers, J. A. .2009, 182,2587-2590.

(41) Jin, G. B.; Choi, E. S.; Guertin, R. P.; Brooks, J. S.; Booth, C. H.;
Albrecht-Schmitt, T. E. . 2007, 46, 9213-9220.

(42) Jin, G. B.; Choi, E. S.; Guertin, R. P.; Albrecht-Schmitt, T. E. L Solid

Siddniali 2008, 181, 14-19.



Article

® © o0
La(l) La2) U Se

Figure 2. Crystal structure of La,U,Seq, viewed down [010].

Se(5) chain

Figure 3. Uranium selenide layer in La,U,Seo, featuring the infinite
Se(5) polyselenide chain, as viewed along [001].

Structure. La,U,Sey crystallizes in a new structure type
(Figure 2) in space group Pmma of the orthorhombic
system. The asymmetric unit of La,U,Sey contains the
following atoms (and their site symmetries): U (.m.);
La(l) (mm?2); La(2) (mm?2); Se(1) (mm?2); Se(2) (.m.); Se(3)
(.m.); Se(4) (.2.); and Se(5) (m..). Atom U is coordinated
by nine Se atoms in a monocapped square antiprism;
atom La(1) is coordinated by 10 Se atoms in a geometry
most closely resembling a bicapped square prism; and
atom La(2) is coordinated by eight Se atoms in a bicapped
trigonal prism.

The complex three-dimensional structure of La,U,Seq
consists of alternating U/Se and La/Se layers that stack in
the [001] direction. Within the U/Se layer (Figure 3), each
USey unit shares an edge and a corner with neighboring
USeg units in the [100] direction, and shares two corners in
the [010] direction. The Se(5) atoms form infinite linear
chains in the [010] direction. In these chains the Se—Se
distances alternate between 2.796(3) and 2.814(3) A. The
shorter Se—Se distances in the chains constitute the
shared edges between USeo units within a layer.

The next layer in the [001] direction contains only
La(1)Se,( bicapped square prisms that point successively
up or down as one proceeds along the [100] direction.
Each La(1)Se;o unit shares edges with its neighbors in the
[100] direction, and shares two corners in the [010] direc-
tion (Figure 4). The Se(4) atoms form infinite linear
chains in the [010] direction. In these chains the Se—Se
distances alternate between 2.803(3) and 2.807(3) A. The
statistically insignificantly longer Se—Se distances of the
chains form the edges shared between adjacent La(1)Se),
units.
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Se(4) chain

Figure 4. La(1) selenide layer in La,U,Sey, featuring the infinite Se(4)
polyselenide chain, as viewed along [001].

Se(d
5

chain

@ © 'y

Figure 5. La(2) selenide layer in La,U,Sey, featuring the infinite Se(3)
polyselenide chain, as viewed along [001].

Continuing in the [001] direction one finds another
U/Se layer, identical to the first, followed by a layer
containing only La(2)Seg bicapped trigonal prisms. These
La(2)Seg polyhedra point successively up or down along
the [100] direction. Each La(2)Seg unit shares edges
with neighboring La(2)Seg units in the [010] direction
(Figure 5). The Se(3) atoms form a third polyselenide
chain, this time extending in the [100] direction, with
distances alternating between 2.712(3) and 2.748(3) A.
The Se—Se—Se angle is 179.90(5)°. The longer Se—Se
distances of the chain constitute the edges shared between
adjacent La(2)Seg units.

The layers of La,U,Sey stack in the sequence USe
La(1)Se USe La(2)Se USe as a consequence of bonding
between layers (Figure 6). A given USey unit shares two
edges and two faces with the La(1)Se;q units above it, as
well as an edge with the next USey unit. The same USey
unit also shares four edges with La(2)Seg units below it, as
well as an edge with the subsequent USeg unit. The shorter
Se—Se distances of the Se(3) and Se(4) polyselenide chains
form the shared edges between USey units stacked in the
[001] direction. A given La(1)Se;( unit shares four edges
and four faces with the closest USey units, as well as two
edges with more distant La(2)Seg units. The longer Se—Se
distances of the Se(5) polyselenide chain constitute one of
the sets of edges shared between La(1)Se;o and La(2)Seg
units stacked in the [001] direction. Each La(2)Seg unit
shares eight edges with the nearest USey units, as well as
two edges with further La(1)Se;, units.

Magnetic Susceptibility Measurement. The inverse
magnetic susceptibility of La,U,Sey for both ZFC
and FC data, as a function of temperature, is shown in
Figure 7. The magnetic susceptibility of La,U,Seg shows


http://pubs.acs.org/action/showImage?doi=10.1021/ic902503n&iName=master.img-001.jpg&w=114&h=133
http://pubs.acs.org/action/showImage?doi=10.1021/ic902503n&iName=master.img-002.jpg&w=138&h=121
http://pubs.acs.org/action/showImage?doi=10.1021/ic902503n&iName=master.img-003.jpg&w=130&h=147
http://pubs.acs.org/action/showImage?doi=10.1021/ic902503n&iName=master.img-004.jpg&w=130&h=104

2572 Inorganic Chemistry, Vol. 49, No. 5, 2010

Figure 6. Polyhedral representation of the three-dimensional, multi-
layered structure of La,U,Sey, as viewed down [010].
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Figure 7. Inverse magnetic susceptibility (1/yy,) vs T for La,U,Ses.
(Inset: The low temperature magnetic susceptibility (y,,) vs 7 for
La,U,Sey, showing Ty = 5 K).

amaximum at 7 = 5 K (see inset in Figure 7), indicative
of an antiferromagnetic transition. A number of ternary
transition metal uranium selenides, including MUgSe;
(M = Ti—Ni),” M,U¢Se;s s (M = Rh, Ir),** and Cu,Us;-
Se;,exhibit antiferromagnetic transitions. The Néel
temperatures range from a low of 5.5 K in TiUgSe;7 to
a high of 75 K in Ir,U¢Se; 5 s.

For La,U,Sey, the inverse magnetic susceptibility data
vary linearly with temperature above 50 K and can be fit
to the Curie—Weiss law y ' = (T — 0,)/C. The values of
the Curie constant C and the Weiss constant 6, are
2.409(9) emu K mol™ ! and —38.5(7) K, respectlvely
The large negative value of 6, for La,U,Seq is consistent
with the antiferromagnetic ordering, as observed in other
transition-metal uranium selenides, such as TiUgSe;;
(TN =55 K 0 = —40 K) and VU8S617 (TN = 31 K,
0, = =70 K) “and Cu,U;Se; (T = 13K, 0, = —28
K).* The effective magnetic moment, Uerrs AS calculated
from the equation uer = (7.997C)"2 uB,% 1 3.10(1) up/U.
This effective magnetic moment can be compared to
the values of the free-ion moments for U™ (3.62 up),

(43) Noél, H.; Troc, R. . 1979, 27, 123-135.

(44) Daoudi, A.; Noél, H. . 1996, 233, 169-173.

(45) Daoudi, A.; Lamire, M.; Levet, J. C.; Noél, H. i RN
1996, 123, 331-336.

(46) O’Connor, C. NG 1982, 29, 203-283.

Figure 8. Specific heat (C},) vs T for La,U,Se,.

U*" (3.58 _/413) and U™ (2.54 ug), calculated from L-S
coupling.*” No magnetic measurements exist for U(III) or
U(V) selenides, but the value of ueg of 3.10(1) ug/U for
La,U,Sey is within the range of measured values for other
U(V) selenides, 1ncludmg 3.0 up/U for VUgSe;7,%* 3.2 up/
U for MgUgSe;.* 3. 27 ﬂB/U for Cu,UgSes,*® and
3.3 ug/U for CoUgSe;-.* The fact that the observed
effective magnetic moments for these compounds are
lower than the theoretical free-ion moment for U(IV)
has been attributed to crystal-field effects.*

Specific Heat Measurement. The temperature depen-
dence of the specific heat, C},, was collected between 1.8
and 20 K with no applied field (Figure 8). There is neither
long-range ordering nor a phase transition at or around
5 K (Tw). The specific heat is of the form C, = yT + BT,
where v is the electronic contribution and f§ is the lattice
contribution. For the temperature range 10 K < 7T <
20 K the data can be fit to afford the values v = 336(3)mJ
K ?mol " and # = 1.00(1) mJ K~* mol~'. The Debye
temperature @D, can be estimated from the equatlon p=
(127*nR)/(50p°), where R is the gas constant and 7 is the
number of atoms per formula unit.*’ A value of 293(1) K
is found for ®p. A comparison with literature values is
complicated by the fact that very few specific heat mea-
surements have been performed on uranium chalcogen-
ides, and, to the best of our knowledge, none on ternary
chalcogenide compounds. Some values of y, 5, and Op
for binary uranium chalcogenides are summarized in
Table 3. The values of 8 and ©p for La,U,Sey are
consistent with those values determined for the binary
uranium chalcogenides. Conversely, the value of y is
significantly larger for La,U,Sey than for any of the
binary uranium chalcogenides. Yet, it is too small to be
indicative of heavy fermion behavior where y is typically
larger than 1 J K2 mol~".* Some uranium intermetal-
lics, including UBe;3™° and UPts,”! are heavy fermion
materials.

(47) Kittel, C. Introduction to Solid State Physics, Tth ed.; Wiley: New York,
1996.

(48) Nogl, H. . 1980, 72, 45-49.

(49) The Specific Heat of Matter at Low Temperatures; Tari, A., Ed.;
Imperial College Press: London, 2003.

(50) Ott, H. R.; Rudigier, H.; Fisk, Z.; Smith, J. L. jiiesssbaizeg. 1983,
50, 1595-1598.

(51) Stewart, G. R.; Fisk, Z.; Willis, J. O.; Smith, J. L. it
1984, 52, 679-682.
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Table 3. Heat Capacity Data for Selected Uranium Chalcogenides
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compound T (K) y (mJ K ?mol ™) B (mJ K *mol™") Op (K) reference
La,UsSeo 1.8 < T <20 336(3) 1.00(1) 293(1) this work
uUs 125 < T < 455 253 0.330 181 77
UsS; 160 < T < 300 44(3) 0.304(9)" 3.2(1) x 10° 78
USe 012 <T<12 14.7(6) 0.763(9)" 172(2) 79
U,Ses 160 < T < 300 99(8) 1.0(1)* 2.1(2) x 10? 78
UTe 012 <T<12 10.3(4) 2.03(3)" 124(2) 79

“Calculated from the equation 8 = (12n4nR)/(5@)D3).

Figure 9. Four images of the particle obtained from powdered
La,U,Sey, from which XANES spectra were collected: normal contrast
image obtained with a photon energy of 1415.0 eV (upper left); an
elemental map of La obtained by subtraction using photon energies of
828.0 and 834.6 eV with the regions containing La shown as white using a
standard gray scale (upper right); an elemental map of U obtained by
subtraction using photon energies of 728.0 and 737.0 eV with the regions
containing U shown as white (lower left); and an elemental map of Se
obtained with photon energies of 1425.0 and 1452.0 eV with regions
containing Se shown as white (lower right).

Scanning Transmission X-ray Microscopy (STXM)
Spectromicroscopy. Figure 9 shows a normal contrast
image as well as the respective elemental constituent maps
of the La,U,Sey particle from which XANES spectra
were recorded. The X-ray images show that the particle
is uniform in composition at the nanometer scale. No
sample degradation was observed during the period of the
data collection.

Lanthanum XANES. The La 3d-edge XANES spec-
trum from La,U,Seq as collected (normalized to the
photon flux) is shown in Figure 10 with the atomic-like
La 3ds), 3> white line transitions being the most notice-
able features appearing at 834.6 and 851.0 eV, respec-
tively. The La spectrum is characteristic of a trivalent
species, including the small feature at 830.4 ¢V, as judged
by comparison to previous results that exhibit these
features at these energies with the same spin—orbit split-
ting of 16.2 eV.>*>?

Uranium XANES. The U 4d-edge XANES spectrum
from La,U,Sey is shown in Figure 11 along with those
from -USe, and RbAuUSes. The latter have had back-
grounds subtracted whereas that from La,U,Seg has not.
All spectra have been 3-point smoothed and normalized
to the U 4ds), feature. The distinct U 4ds;, and U 4ds),

(52) Thole, B. T.; van der Laan, G.: Fuggle, J. C.; Sawatzky, G. A.;
Karnatak, R. C.; Esteva, J.-M. “ 1985, 32,

5107-5118.

53) Shuh, D. K.: Terminello, L. J.; Boatner, L. A.; Abraham, M. M.
. 1993, 307, 95-100.

Normalized Absorption (Arbitrary Units)

8!;0 841-0 Béﬂ 860 870
Photon Energy (eV) I

Figure 10. Lanthanum 3ds, 3/, absorption spectrum as collected from
La'_;U'_;seg.

transitions are the most prominent features of these
spectra. The broad feature between white lines has been
observed previously in U spectra. It is independent of the
oxidation state of U, but it has yet to be assigned.
However, the broad feature in the RbAuUSe; spectrum
beginning just after 760 eV and tailing into the U 4d;),
features is absorption from the Au constituent at ~ 763
eV (Au 4s). These transitions from the U 4d orbitals
primarily probe unoccupied states with U 5f character.
The charge-state shift of the U 4ds, transition can be used
to assign an effective oxidation state based on the energy
of the U 4ds), transition. When coupled with the 4ds),
transition, it can provide additional information on
bonding characteristics.>* ¢

The U 4ds), and U 4d;), transitions for La,U,Seq are
found at 736.9 and 778.3 eV, respectively. These compare
well to the corresponding U 4d-edges energies obtained
from a well-characterized U*" reference material,
RbAuUSe;, at 736.9 and 778.1 eV. Furthermore, the
spectrum of another similar U*" selenide, 8-USe,, has
4d-edges at 736.6 and 777.8 eV. Although not shown in
Figure 11, USe; has a U 4ds), transition at 736.9 eV.
Other common U*" solid-state materials such as UCly
and UO, have 4ds), transitions at 737.1 and 738.5 eV,
respectively, whereas the U*" complex with 2,6-bis-
(2-benzimidazyl)pyridine (BBP), [U(BBP);]Cl;, has U
4d-edge transitions at 736.9 and 778.4 eV. The U materi-
als in this study have 4ds), transitions that lie above the

(54) Nilsson, H. J.; Tyliszczak, T.; Wilson, R. E.; Werme, L.; Shuh, D. K.
I 2005, 383, 41-47.

(55) Nilsson, H. J.; Tyliszczak, T.; Wilson, R. E.; Werme, L.; Shuh, D. K.
In Recent Advances in Actinide Science; May, L., Bryan, N. D., Alvares, R., Eds.;
Royal Society of Chemistry: London, 2006; pp 56—58.

(56) Moore, K. T.; van der Laan, G. i 2009, 8/, 235-298.
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Figure 11. Uranium 4ds; 3, absorption spectrum as collected from
La,U,Sey (top), -USe, (middle), and RbAuUSe; (bottom).

transition energy of 736.6 eV that has been determined
for a well-characterized U*" complex, [U(BBP)5]15.>*>’
Recently, the 4ds,-edge position for another U’ com-
plex, (CpSiMe;);UAICp*, was found at 736.7 eV.> The
lower energy charge-state boundary is set by U metal with
a U 4ds), transition at 736.4 eV.”

The branching ratio (4ds»:4d5,) derived from the peak
intensities of La,U,Seg is similar to those observed from
-USe,, the BBP complexes, and RbAuUSe; (part of the
4ds), feature is augmented from Au 4s absorption). The
energy position of the U 4ds), transition of La,U,>Sey is
above the energies observed for metallic U and nearly
all U*" complexes, and within the range established for
similar U*" materials. Thus, the charge-state shift of
La,U,Seq corresponds to a U+t species. Note that the
U 4ds), charge-state shift of 5-USe, is on the boundary of
the U*"-U*" charge states.

Selenium XANES. The Se 2ps), i/» near-edge spectra
recorded from USes;, La,U,Seo, 5-USe,, RbAuUSes, and
elemental Se are shown in Figure 12. Backgrounds were
subtracted from these Se XANES spectra; they were
then 5-point smoothed and normalized to the signal at
1520 eV. The 2ps» 1> transitions indicated in Figure 12
occur at about 1433.9 and 1474.3 eV. XANES spectro-
scopy of the Se 2p-edge has not been employed extensively
to determined oxidation states of Se materials; however,
there have been some investigations.*”* The RbAuUSes
and (-USe, spectra provide well-characterized reference
materials known to contain only discrete Se*” anions.
Because USe; can be represented formally as (U*")-
(Se*)(Sex* ). its spectrum should display both Se®”
and Se,” components.
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Figure 12. Selenium 2p;, ; » absorption spectrum obtained from USes,
La,U,Sey, f-USe,, RbAuUSes, and elemental Se (top to bottom).

The Se L-edge XANES spectrum of La,U,Seq shown in
Figure 12 has distinguishable features centered at about
1438.1 eV (A), a broad feature extending between
~1440—1460 eV (B), a distinct peak at 1478.9 ¢V (C),
and a final broad feature appearing at 1481.3—1500 eV
(D). The 5-USe, Se 2p spectrum is nearly identical to that
of La,U,Sey. The XANES spectrum of RbAuUSe; has a
very small feature at 1436.6 ¢V, a broad, smooth feature
from about 1440—1460 eV, no feature in location (C), and
a final broad feature starting at 1473.9 eV extending out
to 1500 eV. The reference for mixed Se speciation, USes,
has features at 1437.7 eV, a broad feature present from
1439.2 to 1461.5 eV, a notable peak at 1478.5 eV, and a
broad feature from 1481.3 to 1500 eV.

The Se 2p spectrum from the La,U,Sey is nearly the
same as the spectra obtained from S-USe, and RbAu-
USe;. However, the La,U,Seq spectrum does not exhibit
the prominent feature at (A) and has differences in line
shape near (B) when compared to the spectrum from
USe;. Thus, the Se 2p spectra provide support for the
presence of discrete Se’” units in La,U,Sey but do not
provide evidence for the existence of Se,” .

Formal Oxidation States

The complex structure of La,U,Seq complicates the assign-
ment of formal oxidation states to the elements. La is
unequivocally +III, as supported by both XANES and
the normal La—Se distances. These La—Se distances_are
3.0373(9) to 3.335(2) A, versus 2.9830(7) to 3.2235(37) A in
LaCuSe,,** and 2.960(1) to 3.377(1) A in LaYbSe5.°

The Se atoms in La,U,Sey have the following interactions:
Se(1): U and La(1); Se(2): U and La(2); Se(3): La(l) and
Se(3); Se(4): La(2) and Se(4); Se(5): U and Se(5). Atoms Se(1)
and Se(2), having interactions only with the metals, are
discrete Se’” anions, which can be seen in the Se XANES
spectrum. Assignment of formal oxidation states to atoms
Se(3), Se(4), and Se(5) is problematic, given that each takes
part in a linear infinite chain with Se—Se distances ranging
from 2.712(3) to 2.814(3) A. These distances are significantly
longer than that of an average Se—Se single bond in o-Seg

(62) Tjjaali, I.; Mitchell, K.; Ibers, J. A. . 2004, /77,
760-764.

(63) Mitchell, K.; Somers, R. C.; Huang, F. Q.; Ibers, J. A. jomebissis
Chem. 2004, 177, 709-713.
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(2.30(2) A)64 orin USe;(2.361(2) A) ! but much shorter than
the sum of the van der Waals radii of two Se atoms (3.64 A)
Some other known compounds exhibit longer than expected
Se—Se bond distances, including Nb,Sey (2.663(2) A) 63
K;CuNb,Se;; (2.726(3) A),%® Rb;,Nb,Sess (2.644(2) A),"
KpTaSess (2.6409(12) A),*® and Cs,ThyP,Sers (2.645(2)
A) ? However, none of these compounds contains an infinite
polyselenide chain as does La,U,Seq. Their unusual Se
coordination environments have been assigned, in some cases
rather arbitrarily, as follows: Nb,Seg has an Ses*™ anion,
K3CHNb2S€12 has a Se4 dnlOH Rb]szzse35 and KlzTaz-
Sess each have an Se,>~ anion, and Cs,ThyP4Ses has a near
linear Se; fragment in a P,Seo* ™ anion.

From the Se XANES spectrum of La,U,Sey we cannot
assign oxidation states to the Se(3), Se(4), and Se(5) atoms.
Given our inability to assign formal oxidation states to all of
the Se atoms in La,U,Sey, we cannot assign an oxidation state
to the U atom by charge balance. Formal oxidation states for U
of +III, +IV, +V, and +VI are found in solid-state com-
pounds, with the +1V oxidation state favored in chalcogenides.
Let us consider these possibilities in turn. Given that La,U,Sey
is magnetic and that a compound of La(III) and U(VI) would
be diamagnetic, the + VI oxidation state for U is not possible.
The e value of 3.10(1) up/U for La,U,Seq is not indicative of
U(V), but does correspond with the measured values for other
U(IV) selenides in the literature. However, it has been noted ™
that magnetic measurements are not a generally reliable way to
distinguish among formal oxidation states for U.

It is difficult to assign the oxidation state of U as +I1I, +1V,
or 4V, solely on the basis of bond distances. For a comparison
of bond distances to have merit, the bonding environment
(ligand type and coordination number) must be identical. The
only possible U* selenide compound in the literature, whose
structure is based on single-crystal X-ray diffraction data, is
UAsSe,”! with U—Se bond distances of 2.934(1) to 3.030(8) A.
However, the bonding environment around U in this com-
pound involves five Se anions and four As anions. Moreover,
there is some amblgulty as to whether the oxidation states in
UAsSe are U, A ,and Se’~, or U*", As’~, and Se . The
only possible U™ selenlde in the hterdture is U,Ses,”* which
was determined from powder X-ray diffraction data to be
isostructural with Sb,S;. Once again, the bonding environ-
ment around U in this compound is different from that in
La,U,Sey, because the coordination number of U is only seven
rather than nine. Nevertheless, the U—Se bond distances are
2.723(1) to 3. 043(1) Ain U,Ses. An indirect argument agamst
the presence of Ut in L3.2UZSCQ is that the com Pound is
ordered. The difference in ionic radii between U™ in six
coordination and nine coordination i 1s 0.16 A. If we apply this
difference to the ionic radius for U*" in six coordination of
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1.165A, we expect the ionic radius of U*" in nine coordination
to be 1.325 A. The ionic radii of La’"in eight coordination and
ten coordination are 1.300 A and 1.41 A, respectively. Thus,

disorder of U** and La*" over the same site or sites would be
expected. However, the significantly smaller ionic radius of

U™t (1.19 A)29 in nine coordination would most likely cause
La3+ and U*" to occupy unique crystallo igraphlc sites.

There are numerous examples of U*" selenides in the
literature, but only three in which the coordination number
of U is nine. These examples of nine-coordinate U*" sele-
nides, along with their U—Se bond distances, are as follows:
p- USez (2.850(4)—3.250(3) A),* y-USe, (2.818(6)—3.123(4)

A),” and K,UP5Sey (2.914(3)—3.273(3) A).”* These U—Se
bond distances compare favorably with those of 2.8915(8) to
3.040(1) A in the present La,U,Sey. As noted above, the
formal oxidation state of +1V for U in La,U,Sey is confirmed
by the U XANES spectrum.

Bond valence analysis’> provides another means of assign-
ing formal oxidation states. Because it is based on data from
bond distances we would expect it to provide results con-
sistent with the arguments above. Indeed it does, as the Bond
Valence function in PLATON® leads to the following
oxidation states for La,U,Seq: U 4.13; La(1) 2.97; La(2) 2.72.

From the sum of these arguments (bond distances, bond
valence analysis, magnetic susceptibility, and XANES), we
believe that La,U,Sey is a compound of La(IIT) and U(IV). It
is interesting that on the basis of charge balance such an
assignment leaves a total charge of —4 to be distributed
among atoms Se(3), Se(4), and Se(5).

Acknowledgment. This research (D.E.B., J.A.l.) was
supported by the U.S. Department of Energy, Basic Energy
Sciences, Chemical Sciences, Biosciences, and Geosciences
Division and Division of Materials Sciences and Engineer-
ing Grant ER-15522. Magnetism and specific heat were
measured at the Northwestern University Materials Research
Science and Engineering Center, Magnet and Low Tem-
perature Facility, supported by the National Science
Foundation (DMRO05-20513). Parts of this work (T.T.,
D.K.S.) and the ALS were supported by the Director,
Office of Science, Office of Basic Energy Sciences and by
the Division of Chemical Sciences, Geosciences, and Bio-
sciences of the U.S. Department of Energy at LBNL
under Contract No. DE-AC02-05CH11231. R.C. was
supported by the Laboratory Directed Research and
Development Program at LBNL.

Supporting Information Available: The crystallographic file in
CIF format for La,U,Sey, as well as additional experimental details
for the Scanning Transmission X-ray Microscopy (STXM) Spec-
tromicroscopy. This material is available free of charge via the
Internet at http://pubs.acs.org.

(73) Kohlmann, H.; Beck, H. P. | SN 1997. 623, 785-
790.

(74) Chondroudis, K.; Kanatzidis, M. G. C. R. Acad. Sci. Paris 1996, 322,
887-894.

(75) Brown, 1. D. The Chemical Bond in Inorganic Chemistry, The Bond
Valence Model; Oxford University Press: New York, 2002.

(76) Spek, A. L. PLATON, hic Tool, 2008.

(77) Gordon, J. E.; Troc, R. 1986, 33, 578~
580.

(78) Lagnier, R.; Wojakowski, A.; Suski, W.; Janus, B.; Mortimer, M. J.

1980, 57, K127 K132.

]
(19) Rudigier, H: Ott, H. R.: Vogt. O. | N RSN

1985, 32, 4584-4591.



