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Abstract

Two new ternary lanthanide (Ln) uranium selenides, Er;USes and Ybs;USes, were synthesized at 1198 K using Nal
as a flux. Single-crystal X-ray studies show these two compounds to be isostructural and to crystallize in space
group D}-Pbcm of the orthorhombic crystal system. The Ln and U atoms are disordered on the same
crystallographic site in these crystal structures. Each Ln/U atom is coordinated to eight Se atoms in a bicapped
trigonal prism, and sharing of these (Ln/U)Seg units creates a three-dimensional network. Se2 atoms are connected
to each other to form infinite one-dimensional chains along the c¢ axis. In these chains, the two Se atoms are
separated by about 2.74 A, a distance intermediate to those of a Se—Se single bond and a van der Waals interaction.
Temperature-dependent resistivity measurements show that ErsUSes and Ybs;USeg are semiconductors with

activation energies of 0.08(1) and 0.17(1) eV, respectively.
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1. Introduction

One of the major challenges in the processing of nuclear waste is the separation of
radioactive An>* species from Ln* species (An = actinide; Ln = lanthanide) because of their
similar ionic sizes and chemistry. To develop an effective method for separation of these species,
research has focused on their solution chemistry [1-3]. However, the chemistry of actinides and
lanthanides in solid-state compounds is less studied and somewhat neglected as compared with
their solution chemistry. The crystal structures of most of the extended solid-state compounds
either show disorder between Ln and An or are an ordered variant of their known binary phases.
Examples of compounds whose structures show Ln/An disorder include (Ln/Th)O; (Ln = La,
Nd, Sm, Gd) [4], (Ln/U)N (Ln = La-Nd, Sm, Gd, Dy, Er) [5], (Ln/U)3Q4 (Ln = La, Ce, Pr; Q =S,
Se, Te) [6], (Ln/U)S (Ln = Pr, Nd) [7], and (Ln/U)Te3 (Ln = La-Nd, Sm, Gd-Lu) [8,9]. Examples
of compounds in whose structures Ln and An atoms occupy different crystallographic sites are
(Ln**)2An**Qs ( Ln = La-Gd, Q = S, Se) [10-12] and (Ln*")s(U%")O12 (Ln = La, Lu) [13]; these
are ordered variants of the structures of the binary compounds U3Ss [14] and Ln7O12 [15],

respectively.

There are only a few structures of solid-state compounds where An and Ln atoms occupy
different crystallographic sites in new structure types as well. These include
Cs11Eus(UO2)2(P207)6(PO4) [16], Nd[(UO2);0(0OH)(PO4)2]*6H>0 [17],
H>[Nd2(H20)12UMo012042]¢12H20 [18], LnsUOeCls (Ln = La, Pr, Nd) [19], EuUls [20], and
LasU>Seq [21], the last being the only example of an Ln/An chalcogenide.

In order to extend the solid-state chemistry of Ln/An compounds we have carried out
exploratory syntheses in the Ln/U/Se system. Our efforts have led to discovery of the two new
1sostructural compounds Er;USeg and YbsUSes. Though the structure of these compounds shows
Ln/U disorder it is not a variant of a known binary structure. Here we present the syntheses,

crystal structures, and electrical properties of ErsUSes and YbsUSes.
2. Experimental

2.1 Syntheses



Caution! Depleted U is an a-emitting radioisotope and as such is considered a health risk.
Its use requires appropriate infrastructure and personnel trained in the handling of radioactive

materials.

The starting materials, Yb (Alfa, 99.9 %), Er (Alfa, 99.9 %), Nal (Alfa, 99.5%), and Se
(Cerac, 99.999 %) were used as obtained. Depleted U powder was obtained by hydridization and
decomposition of U turnings (IBI Labs) in a modification [22] of a previous literature method
[23]. Reactions were performed in sealed 6 mm carbon-coated fused-silica tubes. Chemical
manipulations were performed inside an Ar-filled dry box. The reactants were weighed and
transferred into tubes that were then evacuated to 107 Torr, flame sealed, and heated in a

computer-controlled furnace.

Semi-quantitative EDX analyses of the products of the reactions were obtained with the
use of a Hitachi S-3400 SEM microscope. The EDX analyses of the desired products were
repeated from crystal to crystal and the results were Ln:U = 3:1 with a 5% deviation. Unit cells
of several of these Ln3USes crystals that had been attached to carbon tape for EDX analysis did
not show significant variations in cell constants. In each instance from among those crystals one

was selected for the X-ray structure determination.

Synthesis of Er;USes. Crystals of Er;USeg were obtained by the reaction of elements Er
(14.0 mg, 0.0837 mmol), U (10 mg, 0.0420 mmol), Se (33.2 mg, 0.4205 mmol), with excess Nal
flux (58.0 mg, 0.387 mmol). The reaction mixture was heated to 1053 K at 33 K/h, held there for
24 h, heated to 1198 K at 6 K/h, held there for 99 h, cooled to 998 K at 2 K/h, to 598 K at 4 K/h,
and then to 298 K at 12.5 K/h. The reaction product was washed with acetone to remove the Nal
flux and then dried under vacuum for 2 h. The washed product contained black plates and
needles of ErsUSeg (Er:U:Se =~ 3:1:8), ErxSes [24] (Er:Se = 2:3), and black plates of UOSe (U:Se
~1:1) [25].

Synthesis of Ybs;USes. Crystals of Yb3USes were obtained by the reaction of elements Yb
(14.5 mg, 0.0838 mmol), U (10 mg, 0.0420 mmol), Se (33.2 mg, 0.4205 mmol), with excess Nal

flux (57.7 mg, 0.385 mmol). The same procedures as for Er3USes resulted in a washed product



that contained black plates and needles of Yb3USes (Yb:U:Se = 3:1:8) along with Yb,Ses [26]
and UOSe [25].

2.2 Structure determinations

The crystal structures of ErsUSes and Yb3USes were determined from single-crystal X-
ray diffraction data collected with the use of graphite-monochromatized MoKa radiation (4 =
0.71073 A) at 100(2) K on a Bruker APEX2 diffractometer [27]. The algorithm COSMO
implemented in the program APEX2 was used to establish the data collection strategy with a
series of 0.3° scans in w and ¢. The exposure time was 15 sec/frame and the crystal-to-detector
distance was 50 mm for both compounds. The collection of intensity data as well as cell
refinement and data reduction were carried out with the use of the program APEX?2 [27]. Face-
indexed absorption, incident beam, and decay corrections were performed with the use of the
program SADABS [28]. Precession images of the data sets provided no evidence for supercells
or modulations. The crystal structures of these two compounds were solved and refined with the
use of the SHELX-14 algorithms of the SHELXL program package [28,29]. A disorder between
Ln and U at the (4d) crystallographic site was observed for both compounds. Determination of
chemical composition from X-ray diffraction data is fraught with difficulties under the best of
circumstances. In the present instance a determination of the Ln:U ratio by refinement of their
occupancies at this common site is out of the question because the very small cell volume
precludes there being a sufficient number of low-angle reflections sensitive to the differences in
the atomic scattering factors of the respective elements. Accordingly, the occupancies of Ln and
U were fixed at 3:1 as found by EDX measurements. A disorder between Ln and U is not
surprising as their ionic radii in eight-fold coordination environment are essentially equal: Er**

(1.004 A), Yb* (0.985 A), and U** (1.00 A) [30].
2.3 Resistivity measurements

Four-probe temperature-dependent resistivity data for ErsUSes and YbsUSeg were
collected using a home-made resistivity apparatus equipped with a Keithley 2182 nanovoltmeter,

a Keithley 236 source measure unit, and a high-temperature vacuum chamber controlled by a K-



20 MMR system. An I-V curve from 1 x 107® to =1 x 10® A with a step of 4 x 107 A was
measured for each temperature point (from 300 to 500 K) and resistance was calculated from the
slope of the
plot. Data acquisition was controlled by custom-written software. Graphite paint (PELCO
Isopropanol based graphite paint) was used for electrical contacts with copper wire of 0.025 mm
thickness (Omega). The DC current was applied along an arbitrary direction on a single crystal
with dimensions 0.16 x 0.05 x 0.05 mm and 0.20 x 0.09 x 0.07 mm for ErsUSeg and YbsUSes,

respectively.

3. Results
3.1 Syntheses

Black single crystals of the compounds Er;USeg and Yb3USes were first obtained by
reactions of the elements in Nal molten flux in yields of about 50 wt% (based on U) during our
exploration of the ternary Ln-U-Se system. These compounds were synthesized in about the same
yields from stoichiometric reactions of the elements in the Nal molten flux using the same
temperature profile. No further attempts were made to maximize the yields. The relatively small
black crystals of these compounds could not be separated from the black crystalline secondary by-
products UOSe and Ln;Ses. Thus, the magnetic properties of these compounds were not

investigated.
3.2 Crystal structures

Er;USes and Yb3;USes. These two isostructural compounds crystallize in a new structure
type with one formula unit in space group D3,—Pbcm of the orthorhombic crystal system. A
general view of crystal structure of LnsUSeg (Ln = Er and Yb) is shown in Fig. 1 and metrical
data are presented in Tables 1 and 2 and in Supplementary information. The Ln and U atoms in
this structure are disordered on the (4d) crystallographic site. The asymmetric unit of the structure

comprises one Ln/U site (site symmetry ..m) and two Se sites (Sel (..m) and Se2 (2..)). Each Ln/U



atom is coordinated to eight Se atoms (4 x Sel and 4 x Se2) in a bicapped trigonal prism (Fig. 2).
This (U/Ln)Ses unit is connected to other neighboring (U/Ln)Ses polyhedra by edge-, corner-, and
face-sharing to form a three-dimensional network. The U—Se interatomic distances (2.7867(4) to
3.0248(2) A) in these two compounds are typical for U*—Se interactions in related compounds
(Table 3). Se2 atoms in this structure form linear infinite chains running along the ¢ direction with
Se2—Se2 interactions of ~2.74 A. These Se2—Se2 interactions are intermediate in length to an
Se—Se single bond (~2.35 A) and a van der Waals interaction. There are two Se infinite chains in
the unit cell. In each the Se—Se distances are constant. The Se—Se interactions in the structures of
related compounds are also presented in Table 3. Note that in these related structures the Se—Se
distances are not constant but alternate ..long-short-long.... However, the average Se—Se
distances in these compounds are comparable with the corresponding distances in the Ln3USeg
structures (Table 3). Theoretical calculations have shown that linear infinite chains with
equidistant p-block atoms are unstable [31] and hence should lead to modulated structures as are
known for KThzSes [32], TIU2Ses [33], and CsNp2Ses [33]. However, no modulation was
observed for the present Ln3USes structures. Moreover, the displacement parameters of the Se

atoms are well behaved (Supplementary information).

As discussed earlier, most LnAnSe structures either exhibit Ln/An disorder or are ordered
variants of known actinide or lanthanide binary structures. However, the crystal structure of
Ln3USes [i.e., (Lno.75Uo25)Se2] is very different from the structures of the simple binaries USe> (a
and p-form) [34,35] and LnSe; (Ln = Er [36] and Yb [37]). Interestingly, the structure of
Ln3USes is related to that reported for the compound HfFe>Si» [38]. A comparison of these two
structures is shown in Fig. 4. The HfFe;Si» structure can be obtained from the Lno.75Uo.255¢€2
structure by replacing Hf with (Ln/U), Si with Se, and filling the empty (4d) and (4c) sites by Fe

atoms, as shown in Fig. 4. HfFe>Si» also features linear infinite chains of Si atoms.

The structures of the ternary LnoUSes [10,11] family of compounds in the Ln/U/Se system
are derived from the UsSs [i.e.,(U**),U*(S?")s [14] structure by replacing the two U** ions by two
Ln** ions. Only one compound, namely La,U>Sey [21], is known among Ln/An/Q compounds

where the Ln and An atoms are ordered and form a completely new structure type. In contrast to



the structure of Ln3USes, the La,U>Seo [21] structure contains nine-coordinate U atoms and eight-
and ten-coordinated La atom and three distinct types of linear infinite Se chains with alternating

Se—Se distances (2.712(3), 2.748(3); 2.803(3), 2.807(3); 2.796(3), 2.814(3) A).
3.3 Oxidation states

The presence of Se—Se—Se chains in Ln3USes with intermediate interactions makes the
assignment of oxidation states arbitrary. One way of achieving charge balance in Ln3USes is 3 x
Ln**, 1 x U*, and 4 x Se*". This assignment leads to an average charge of —1.25 ¢~ on each of the
remaining four Se atoms involved in the formation of the linear Se chains. Thus these Se atoms
are reduced as compared with those in the Se—Se single-bonded Se? dimers. This can be
understood by imagining a U4Ses [i.e., USez2] compound with the same structure as Ln3USes but
without short Se—Se single bonds. This compound can be charge balanced as 4 x U*" and 8 x
Se?”. Aliovalent substitution of Ln** for U*" in this imaginary compound will lead to oxidation.
Thus stability of the structure depends on the redox tendencies of U* to U*/U>* or Se?” to Se®”*
X, In eight coordination the ionic radius of U* of about 0.89 Ais significantly smaller than that of
Er** (1.004 A) or Yb** (0.985 A) and thus oxidation of U** to U%* is not favorable for the stability
of this structure as both Ln and U occupy the same site. Thus oxidation of Se* to form the linear
Se chains with intermediate distances is one way to stabilize this structure type. There are many
examples of actinide chalcogenides containing infinite linear Q chains where average charge on Q
is non-integer and intermediate to that of —1 in Se»*” and —2 in Se®". For example, the ATh,Ses
(A= K and Rb) compounds [32] also feature linear Se chains with an average charge of —1.25

e on each Se atom.
3.4 Resistivity studies

Fig. 4 shows that Er;USes and YbsUSeg are semiconductors. Their resistivities at 298 K
of about 16 ohm.cm for Er;USes and 1000 ohm.cm for Ybs;USeg decrease at 500 K to about 10
ohm.cm and 100 ohm.cm, respectively. The activation energy estimated by the Arrhenius plot

(Fig. 5) 1s 0.17(1) eV for YbsUSes. The Arrhenius plot for ErsUSes (Fig. 5) is not linear



suggesting a complex thermal activation of carriers with activation energies between 0.02(1) eV

and 0.08(1) eV.

4. Conclusions

Two new ternary lanthanide (Ln) uranium selenides, ErsUSes and YbsUSes, were
synthesized at 1198 K in a Nal flux. These isostructural compounds crystallize in a new structure
type in space group D}}-Pbcm of the orthorhombic system. Though their structure shows Ln/U
disorder it is not a variant of a known binary structure. The crystal structure consists of one Ln/U
site and two Se sites. Each Ln/U atom in this structure is connected to four Sel and four Se2
atoms to form a (Ln/U)Ses polyhedron with bicapped trigonal-prismatic geometry. A three-
dimensional network structure is formed by face-, edge-, and corner-sharing of these (Ln/U)Ses
units. Se2 atoms in these structures are connected to each other to form infinite one-dimensional
chains along the c¢ axis. In these chains, the two Se atoms are separated by a distance intermediate
to those of a Se—Se single bond and a van der Waals interaction. One way of achieving charge
balance in Ln3USes is 3 x Ln®**, 1 x U*, and 4 x Se*". This assignment leads to an average
charge of —1.25 ¢ on each of the remaining four Se atoms involved in the formation of these
linear Se chains. Temperature-dependent resistivity measurements show that these compounds
are semiconductors with activation energies of 0.02(1) to 0.08(1) eV (Er;USeg) and 0.17(1) eV
(YbsUSes).
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Appendix A. Supplementary information

Supplementary data associated with this article can be found in the online version at
http://dx.doi.org......... Crystallographic data in cif format for ErsUSeg and YbsUSes; have been
deposited with FIZ Karlsruhe as CSD numbers 430143 and 430144, respectively. These data may
be obtained free of charge by contacting FIZ Karlsruhe at +497247808666 (fax) or crysdata@fiz-

karlsruhe.de (email).
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Table 1. Crystallographic data and structure refinement details for ErsUSes and YbsUSes.”

Er;USes Yb3USes
a(A) 7.0360(2) 6.9937(2)
b (A) 7.5483(2) 7.4807(2)
c(A) 5.4672(1) 5.4967(2)
V(A% 290.36(1) 287.58(2)
p(gem™)  7.843 8.019
w (mm) 60.366 63.455
R(F)° 0.009 0.013
Ru(F2)° 0.021 0.032

0=0.71073 A, Z =1, T=100(2) K, space group D}}—Pbcm.
SRIF)=2 | | Fo|—| Fc| | /2| Fo| for Fo2 > 20(Fo2).

Ru(Fo?) = {Z [W(Fo> — F2)?] / TwF*} 2. For F? < 0, w™! = 62(Fo?); for Fo> >0, w! = 6*(Fo?) +

(gFo*)? where g = 0.0110 for Er3USes and 0.0094 for Yb3USes



Table 2. Selected interatomic lengths (A) for ErsUSes and YbsUSes.

Ln/U1-Sel

Ln/U1-Se2

Se2eeeSe2

Ul/LnleesU1/Lnl

Er;USeg?

2.8016(3) x 1

2.8075(3) x 1

2.8952(1) x 2

2.9738(1) x 2

3.0248(2) x 2

2.7336(1) x 2

4.0163(2) x 2

YbsUSes?

2.7867(4) x 1

2.8018(4) x 1

2.9105(2) x 2

2.9498(2) x 2

3.0036(3) x 2

2.7484(1) x 2

4.0098(2) x 2

“Both Er or Yb and U occupy same crystallographic site (4d).

17
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Table 3: U-Se and Se—Se interactions (A) in some related compounds

Compound  Structure®

ErsUSesg

Yb3USes

CuyUsSer

MnUSe;3

CsUxSes

KU»See

RbU>Se¢

T1U;Ses

RhoUeSeis5

BaU;Ses?

LayU>Seo

3D

3D

Layered

Layered

Layered

Layered

3D

3D

3D

U-Se®

2.802(1)-3.025(1)

2.787(1)-3.004(1)

2.766(1)-3.212(1)

2.850(2)-3.126(3)

2.895(1)-2.960(1)

2.888(1)-2.965(1)

2.891(1)-2.961(1)

2.884(1)-2.957(1)

2.866(1)~2.985(1)

2.858(1)-3.110(1)

2.892(1)-3.040(1)

Se—Se

2.734(1)

2.748(1)

2.665(1), 2.894(1)

2.703(1), 2.855(1)

2.698(1), 2.854(1)

2.704(1), 2.848(1)

2.712(3)- 2.814(3)

Reference

this work

this work

[39]

[40]

[41]

[42]

[33]

[33]

[43]

[44]

[21]

19

n LaoU>Seg each U atom is nine-coordinate in a monocapped square antiprism; in all the other

structures each U atom is eight-coordinate in a bicapped trigonal prism.

®Some interatomic distances have been rounded to facilitate the comparisons.
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Figure Legends.

Fig.1. Crystal structure of Ln3USes (Ln = Er, Yb) viewed along ¢ axis. Se—Se interactions are

shown as thick blue lines for clarity.
Fig.2. Local coordination environment of (Ln/U) atoms in the Ln3USes (Ln = Er, Yb) structure.

Fig. 3. Structural relationship between the Ln3USes (Ln = Er, Yb) and the HfFe>Si, structures
[38].

Fig.4. (Left) Temperature-dependent resistivities forErsUSes single crystals showing

semiconducting behavior. (Right) Arrhenius plots.

Fig.5. (Left) Temperature-dependent resistivities forYbs;USes single crystals showing

semiconducting behavior. (Right) Arrhenius plots.
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Local coordination environment of (Ln/U) atoms in the Ln3USes (Ln = Er, Yb) structure.
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