OURNAL OF THE AMERICAN CHEMICAL SOCIETY

q UNIVERSITYOF
J BIRMINGHAM
Subscriber access provided by University of Birmingham

Facile Oxide to Chalcogenide Conversion for
Actinides using the Boron-Chalcogen Mixture Method
Logan S Breton, Vladislav V. Klepov, and Hans-Conrad zur Loye

J. Am. Chem. Soc., Just Accepted Manuscript « DOI: 10.1021/jacs.0c06483 « Publication Date (Web): 26 Jul 2020
Downloaded from pubs.acs.org on July 27, 2020

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.



Page 1 of 10 Journal of the American Chemical Society

oNOYTULT D WN =

Facile Oxide to Chalcogenide Conversion for Actinides using the
Boron-Chalcogen Mixture Method

Logan S. Breton,} Vladislav V. Klepov,* and Hans-Conrad zur Loye*

Department of Chemistry and Biochemistry, University of South Carolina, Columbia, SC, 29208

ABSTRACT: Actinide chalcogenides are of interest for fundamental studies of the behavior of 5felectrons in actinides located in a
soft ligand coordination environment. As actinides exhibit an extremely high affinity for oxygen, the synthesis of phase pure actinide
chalcogenide materials free of oxide impurities is a great challenge and, moreover, requires the availability and use of oxygen free
starting materials. Herein, we report a new method, the Boron-Chalcogen Mixture (BCM) method, for the synthesis of phase pure
uranium chalcogenides based on the use of a boron/chalcogen mixture, where boron functions as an “oxygen sponge” to remove
oxygen from an oxide precursor and where the elemental chalcogen effects transformation of the oxide precursor into an oxygen free
chalcogenide reagent. The boron oxide can be separated from the reaction mixture that is left to react to form the desired chalcogenide
product. Several syntheses are presented that demonstrate the broad functionality of the technique and thermodynamic calculations
that show the underlying driving force are discussed. Specifically, three classes of chalcogenides that include both new (rare earth
uranium sulfides and alkali-thorium thiophosphates) and previously reported compounds were prepared to validate the approach:
binary uranium and thorium sulfides, oxide to sulfide transformation in solid state reactions, and in situ generation of actinide
chalcogenides in flux crystal growth reactions.

oxophilic sacrificial component that would extract oxygen and

INTRODUCTION subsequently leave the reaction mixture or be dissolvable in

Actinide chalcogenides adopt diverse structure types with post-reaction work-up. Aluminum powder with its high affinity
distinct chemical compositions and specific actinide oxidation for oxygen, in principle, would be a great candidate as an
states,'® which offer unique opportunities for studying 5/ oxophilic component, however, its inertness, very high melting
electron properties.”'® The synthesis of these materials can be point (2072 °C) and low vapor pressure of the resulting Al,05
achieved by a limited set of synthetic routes that include the makes its use inconvenient in typical reactions.** A better
traditional ~ solid-state  approach,!”?°  chemical vapor alternative is boron, which is almost as oxophilic as aluminum,;
transport,”'-2* and the molten flux technique.?>-3 Regardless of however, it forms the much less inert B,O; oxide. In fact, this
the method chosen, there are two general actinide precursors approach has been successfully implemented in the
that are consistently used — the actinide metals and binary sulfurization of some transition metal and rare earth oxides by
actinide chalcogenides.> 3+3% One of the main obstacles faced incorporating a mixture of boron and sulfur into the reaction
when synthesizing the actinide chalcogenides are actinide oxide vessel. %30 The boron acts as an ‘oxygen sponge’ forming
and oxychalcogenide impurities that often contaminate the highly stable B,O; while leaving the sulfur to replace oxygen.
resulting products and interfere with their property The success of the sulfurization is based on the differences
measurements.>*#' Due to the high oxygen affinity of the between the formation energies of B,O3 (A;G°(vitreous-B,0;) =
actinides, even trace amounts of oxygen in the system will -1182.5 kJ/mol) and B,S; (AG°(vitreous-B,S;) = -247.6
inevitably result in the formation of these impurities. Although kJ/mol), which strongly favors the formation of B,0O; thus
careful oxygen exclusion from the reaction media is an intuitive leaving sulfur to react with the other reagents.* Despite the
and straightforward approach for avoiding oxide impurities, it success with the rare earth and d elements, this approach has
is unfortunately often nearly impossible to completely eliminate never been implemented for the synthesis of actinide
oxide contamination present in the reagents themselves.*> 43 chalcogenides. It is possible that this application was deemed
This difficulty of needing to effectively deal with oxide or unlikely to work for actinides due to their high oxophilicity and,
oxychalcogenide impurities in the starting materials motivated thus, high stability of the actinide oxides. Thermodynamic
us to explore different synthetic approaches that would allow calculations indicate, however, that this process should work for
for the use of oxygen-contaminated reagents, or even oxides the actinides as well, which prompted us to investigate the
themselves, as the starting materials for the synthesis of oxygen effectiveness of using boron-chalcogen mixtures to achieve the
free actinide chalcogenides. formation of actinide chalcogenides when starting with actinide

In situations where oxygen cannot be avoided in the initial oxide precursors.*!

reagent mixture, it is reasonable to consider the use of a highly
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Scheme 1. A schematic representation of the proposed method for the synthesis of actinide chalcogenides. Stable actinide
oxides U303 and ThO, can be used as starting materials that are sulfurized to generate US, and ThS, as a final product or for

in situ use in flux crystal growth and solid state reactions.
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Herein we present the first time application of the boron-
chalcogen mixture (BCM) method for the synthesis of actinide
chalcogenides from their respective oxide precursors (Scheme
1). To demonstrate the efficacy of the BCM method, we present
the synthesis of ThS, and US, starting from ThO, and U;Og, the
solid state syntheses of UMS; (M = Ni and Co) perovskites
starting with oxide reagents, the adaptation of the BCM method
to flux crystal growth and the formation of the new family of
rare earth uranium sulfides, Ln,U,Ss (Ln = Pr, Nd, Sm, Gd-Yb)
containing mixed valent U(III/IV), the crystal growth of the
new complex thorium thiophosphate Rb; 7,Nag 65l 40[ Th(PS,4),]
using ThO, as a starting reagent, and the crystal growth of the
uranium(V,VI) sulfide CssCu,;,U,S,s obtained using the BCM
method in situ generated polychalcogenide flux.5! The single
crystal structures and magnetic measurements of the new
phases are presented. The new method will undoubtedly
stimulate actinide chalcogenide research by bridging oxide and
chalcogenide solid state chemistry and providing greatly
improved access to phase pure chalcogenides and their
properties.

RESULTS AND DISCUSSION

Proof of Concept: Binary actinide sulfides synthesis. To
probe the feasibility of oxygen replacement by sulfur in
uranium oxides, we treated UO, and U;Og with a boron-sulfur
(B-S) mixture in a carbon coated evacuated silica tube at 800
°C. As boron sulfides that form during the course of the reaction
are corrosive in nature and can react with silica reaction vessels,
it is necessary to heavily carbon coat the inside of the silica
tubes to prevent corrosion and, ultimately, tube breakage. This
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is readily achieved by thermally decomposing acetone inside
the empty silica tube at high temperatures.*> The carbon coating
prevents the tube from corroding and minimizes the
introduction of possible contaminants in the product. The
treatment of UO, and U;Oz with a B-S mixture resulted in a
phase pure US, product with no detectable oxide or oxysulfide
impurities by powder X-ray diffraction (Figure 1). This
experiment proves that despite the uranium’s high affinity for
oxygen, it is possible to achieve full oxygen replacement by
using the BCM method, suggesting the further extension of this
method to other uranium chalcogenides as well as thorium
analogues. To explore this extension of the BCM method, UO,
and ThO, were reacted with boron-chalcogen mixtures (S, Se,
Te) under identical reaction conditions. In all cases, except for
the reaction between ThO, and a boron-tellurium mixture, was
full oxygen replacement with chalcogens achieved. Moreover,
the reactions with sulfur resulted in phase pure samples of US,
and ThS, (Figure 1 and S1). We also found that the addition of
an excess of the boron-chalcogen mixture results in the
formation of polychalcogenide actinide compounds, a known
class of chalcogenide materials.’> Notably, even if an excess of
boron is present, it does not incorporate into the reaction
products. For the simple binaries, the reported method can find
only a limited application for the synthesis of thorium tellurides
as the only stable product that forms in the reactions between
thorium ThO, and boron-tellurium mixtures is thorium
oxytelluride, ThOTe.
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21 Figure 1. (top and middle) PXRD patterns of the products obtained
22 from a reaction between UQO, or U;0g with B-S mixture at 800 °C
23 and (bottom) calculated PXRD pattern of orthorhombic US,.3
24 To probe the temperature dependence of the oxygen
25 replacement with sulfur in oxides, we performed several
26 reactions between U;Og/ThO, with a boron-sulfur (B-S)
27 mixture (Figure S2 and S3). At low temperatures (below 500
28 °C) the B-S mixture reduces U;Og to UO,, with no indication of
29 sulfide phase formation. The oxygen displacement by sulfur

takes place between 500 and 600 °C, and full sulfurization
30 finishes at temperatures below 700 °C, at which point all
31 oxygen is fully replaced by sulfur to form US, and U(IV)S;. The
32 excess sulfur in US; sulfide-disulfide can be separated from the
33 product by thermal decomposition at 800 °C, resulting in a
34 phase pure US, or ThS, product for UO,/U;0¢ and ThO, stating
35 materials, respectively.
36 Thermodynamic Stability. The observation of UOS and
37 US, in the reactions at intermediate temperature suggests that
38 there exist competing forces (kinetic and or thermodynamic) at
39 these temperatures. In order to provide a thermodynamic basis
40 for the observed experimental data, we calculated enthalpies of
41 the reactions that form uranium and thorium compounds
42 according to the following equations:
43 UOy/ThO, +4/3 B + nQ = UQ,/ThQ, + 2/3B,0; (1);
44 AH, = Ay (UQ,/ThQ,) + 2/3Ady (B2O3) — A,
45 x(UO»/ThO,) (2);
46 UO,/ThO, + 1/3B + nQ = UOQ,/ThOQ, + 1/3B,0; (3);
47 AH, = AHy ((UQ,/ThQ,) + 173AH, «(B,03) — AH,
48 K(UO,/ThO,) (4).
49 where Q is a chalcogen. Enthalpies of formation at 0 K for all
50 compounds were taken from the OQMD database. 3+ 35 As per
51 equations (2) and (4) the energy cost of converting an oxide to
52 a chalcogenide has to be compensated for by the energy gained
53 when B,O; is formed, as otherwise the reaction will not be
54 energetically favorable. To compare the stability of different
55 products, we plotted the
56
57
58
59
60
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Figure 2. Enthalpies of formation of different uranium and thorium
chalcogenide products in reaction (1) (for binary chalcogenides)
and reaction (3) (for oxychalcogenides). AnOQ, AnQ, and AnQs are
among the most stable compounds in these systems. AH, were
estimated using calculated AgH,  values from The Open Quantum
Materials Database.>* 3

calculated AH, values in Figure 2. Although the entropies were
not taken into account due to the lack of reliable literature
values on these materials, the obtained enthalpic values are a
good guide to overall phase stability and are in reasonable
agreement with our experiments. For instance, in the U-O-S
system, the addition of boron (and a respective change of the
energy landscape in the system)*® can result in the formation of
binary chalcogenides US; and US,, and an oxysulfide UOS,
which are indeed observed among the products of a reaction
between UO, and the B-S mixture. Between the two binaries,
the most enthalpically favored is US;, which forms at lower
temperatures than US,. As the temperature is increased, US;
decomposes to US, and S, which is identical to the process
occurring in a reaction between metal U and S, where US; can
be formed at temperatures below ~ 600 °C followed by
subsequent decomposition to US, and S at higher
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temperatures.’’ Similar trends can be observed in the Se
systems, where UQ, and UQ; are identified as the most stable
compounds (Figure S4). The Te systems, however, are quite
different from the S and Se ones in that only UOTe and ThOTe
are predicted to have negative enthalpies of formation and
therefore be stable. This is in good agreement with the
experimental data for the Th-O-Te system, where only ThOTe
was observed in the powder X-ray diffraction pattern. However,
in the U-O-Te system, uranium forms a handful of telluride
phases, most of which could not be identified unambiguously
by PXRD but likely include polytelluride phases. Tellurium is
known to have a greater ability to form polyanions compared to
its sulfur and selenium congeners,’® which could possibly give
rise to additional factors not considered in the calculations and
which could be the cause of the discrepancy. One can thus
conclude that these predictions can be readily used when
targeting specific sulfides and selenides, while targeting the
telluride phases may require additional experimentation.

Overall, these experiments and thermodynamic findings
provide evidence that the BCM method is an efficient and very
convenient way for obtaining actinide chalcogenide and
polychalcogenide precursors. Given the achieved success, it
was decided to explore how generally applicable this method is
and, thus, to apply this method to an in sifu uranium
chalcogenide generation in conventional solid state and flux
reactions. As our interest lies in the magnetism of sulfide phases
and their structural complexity, we focused mostly on the
phases with magnetic ions and those that have the potential to
exhibit a complex structure.

Solid state reactions using the BCM method. To date, solid
state approaches for obtaining chalcogenide phases often
involve the high temperature reaction of the respective
elements. To probe the applicability of the BCM method for
solid state reactions using oxides as starting materials, we
selected UNiS; and UCoS; perovskites as target phases.> These
compositions are of interest for a number of reasons including
a +4 cation on the A site, interesting magnetic properties, and
past difficulty in preparing a phase pure sample, (Figure 3).%
To generate the target phases, we performed a series of two-step
solid state reactions. In the first step, the precursors U;Og, NiO,
and CoC,042H,0 were weighed out in the proper
stoichiometric quantities, pelletized, and pre-reacted at 1100 °C
in air. As NiUO, forms only under high pressure,®' we observed
the formation of a mixture of NiO and U;Og for the Ni-
containing system, whereas the reaction with Co resulted in a
pure CoUO, uranate (Figure S5). In the second step, the
intermediate products were ground with a slight excess of the
B-S mixture, pelletized, and reacted in an evacuated carbon-
coated silica tube. We found that pure UNiS; forms at 850 °C,
while the formation of UCoS; is not observed until a
significantly higher temperature, 1100 °C, in agreement with
the previous report.*® The PXRD data confirm the formation of
phase-pure, well crystalline products (Figure S6 and S7). Pure
UN:iS; also formed in a direct reaction between NiO, U;Oyg, and
the B-S mixture, circumventing the intermediate step. These
experiments demonstrate the major advantage of the BCM
method, namely that air stable oxides can be used as starting
materials to obtain phase pure chalcogenide target phases,
including those that are extremely sensitive to the presence of
oxygen in the system. In fact, the B-S mixture bridges oxide and
sulfide solid state chemistry as it allows for oxygen replacement
in virtually any oxide material and its potential for the synthesis
of sulfide phases can hardly be overestimated.

0.3 o
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Figure 3. (top) Schematic of the orthorhombically distorted
perovskite structure of UNiS; with U (dark-grey) and Ni(light grey)
cations on the A and B sites, respectively, and (bottom) the
magnetic susceptibility vs. temperature plot for UNiS;.

The successful synthesis of UCoS; and UNiS; from an oxide
using the BCM method allowed us to study their magnetic
properties. As the magnetism of UCoS; has been reported
before, we used it as a reference point, whereas the magnetic
properties of UNiS; are reported here for the first time. As
expected, the magnetic susceptibility of UCoS; in a range of 2
to 130 K falls in line with the previously reported data, %> and
exhibits a single magnetic transition at ~60 K, which is followed
by a significant increase in the magnetic susceptibility,
indicating a ferro- or ferrimagnetic transition (Figure S8).
Unlike its Co analog, the magnetic susceptibility of UNiS;
exhibits a downturn in the magnetic susceptibility at about 30
K (Figure 3). There is no indication of impurities in the PXRD
patterns of the sample; moreover, we prepared samples that
contain U and Ni in 0.98:1 and 1:0.98 molar ratios to account
for possible impurities that could result from off-stoichiometry
in the reagent mixture. As both samples showed the same
magnetic behavior, one can surmise that this magnetic behavior
is attributable to UNiS; rather than to an unidentified impurity.
A magnetization vs. magnetic field plot collected from a fresh
sample at room temperature showed that the sample acquires a
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residual magnetization when exposed to a magnetic field
(Figure S9). This fact indicates that there is some degree of
glassy behavior in UNiS; at 300 K. We collected magnetic
susceptibility up to 375 K but no clear magnetic transition was
revealed. Additional studies using neutron diffraction to learn
about potential magnetic order in UNiS; are planned for the
future.

Flux crystal growth using the BCM method. Successful
synthesis of the Ln,U,S;s series. Flux crystal growth is one of
the pillars of modern solid state chemistry that has functioned
very efficiently for obtaining and characterizing new phases in
single crystal form.> % Due to our interest in the magnetism of
uranium sulfides, we investigated the rare earth uranium sulfide
system to study the magnetic behavior and identify possible
magnetic interactions between 4f and 5f orbitals.% Prior to
realizing the potential use of the BCM method, we had
synthesized several compounds in the Ln,U,Ss series (Ln = Pr,
Nd, Sm, Gd, Tb, and Dy, x = 0.70-0.89) using US, as a starting
material. Unfortunately, the majority of the reaction products
were contaminated by UOS as a result of the hygroscopic nature
of US,* 9, We decided to reinvestigate this system using the
BCM method to study the method’s effectiveness in flux crystal
growth reactions.

To eliminate oxygen from the system and to obtain the target
Ln,U,Ss products, a series of reactions using UO, and Ln,S;
with the B-S mixture were performed in evacuated carbon-
coated silica tubes. This resulted in the successful synthesis of
the Ln,U,Ss series without oxygen impurities. Moreover, we
attempted reactions targeting the compositions that previously
did not form when US, was used as a starting material; this led
to phase pure single crystalline samples of Ln,U,Ss with Ln =
Ho, Tm, and Yb. In all cases, a white opaque layer of,
presumably, B,O; could be seen attached to the exposed silica
at the top of each tube; the final Ln,U,Ss products did not
contain oxide impurities as determined by PXRD. Magnetic
measurements were performed on phase pure samples of
Ln,U,Ss with Ln = Tb, Dy, Ho, Er, Tm, and Yb, (Figure S10-
S15), to show their paramagnetic behavior down to 2 K, Figures
(S16-S21). Although the Curie-Weiss law fits allowed us to
derive the magnetic moments of these compounds (Table S1),
the exact lanthanide content varies slightly between crystals,
thereby affecting the exact U(III) to U(IV) ratio, making an
assignment of magnetic moments to specific species in the
structures not possible. Similar issues were observed in the
previously reported isotypic material Uy.sS, that also contains
uranium in the +3 and +4 oxidation states, the ratio of which is
a function of §.56

oG@

SR

Figure 4. (left) An optical image of single crystals of the Nd
analogue of the Ln,U,S;s series along with a comparison of the
(middle) Ln,U,Ss structure with (right) that of the presumed
parent structure, U ;S,.

LnU,S, u

11

Thorium thiophosphates. The successful synthesis of the
Ln,U,S;series demonstrated the use of the BCM method for the
crystal growth of rare earth uranium sulfides. To see if this

Journal of the American Chemical Society

approach could be extended to other actinides, we utilized the
BCM method for the crystal growth of thorium containing
chalcogenides. We targeted a thorium analog of previously
reported uranium thiophosphates with complex topology and
relatively large unit cells (>7,500 A3).¢” The use of a RbI flux
with the BCM method for in situ sulfurization of ThO, in the
presence of P,Ss and Na,S resulted in the formation of single
crystals of Rb;7,Nageslos0[Th(PS,),], a close analog of
previously reported Rb; 35Nag 931025[U(PS,4),] that was obtained
via a normal flux crystal growth reaction using US; as a starting
reagent.

schematic
Rb; 75Nag 63]0.40[ Th(PS,),] structure. The main structural unit is
a [Th(PS,),]> slab that consists of three pseudo-layers (shown
as green, blue, and red plates). The slabs are filled with
disordered Rb*, Na*, and I~ ions, maintaining its charge balance.

Figure 5. A representation  of  the

The new thorium compound synthesized using the BCM
method is composed of [Th(PS,),]* slabs, identical to their
[U(PS,),]* analogs, that are filled with severely disordered Na®,
Rb*, and I ions (Figure 5). While uranium compounds
comprise the majority of the reported actinide sulfides (253
entries in ICSD), thorium sulfides are significantly less
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common with only 55 entries.®*7! The small number of reported
thorium analogs can potentially be attributed to their perceived
similarity to the uranium counterparts and therefore a lack of
interest in their synthesis that many would consider redundant.!”
However, the synthesis of the thorium analogs of uranium
compounds can be beneficial as it is sometimes difficult to
determine the oxidation state of uranium based solely on
crystallographic data; while uranium has a range of oxidation
states from +2 to +6 in its sulfides,”> "7 thorium does not adopt
an oxidation state higher than +4. Therefore, introduction of this
simple and effective synthetic method for thorium sulfides can
help clarify uranium oxidation states in chalcogenide systems
and lead to a significant boost in the number of reported thorium
sulfides in the future.

Application of the BCM method for the synthesis of
U(V,VI) chalcogenides. There are only few reports on uranium
sulfides with uranium in oxidation states higher than +4, as the
chalcogenides tend to stabilize uranium in oxidation states
lower than +5. There are a few exceptions, such as the series of
alkali copper uranium sulfides, MsCu,,U,S;5 (M = K, Rb, Cs),
in which uranium exhibits the formal oxidation state of +6,
although there is experimental evidence of U(V) admixture in
these compounds.*’ In order to probe the potential of the new
BCM method for the formation of uranium sulfides in
uncommon oxidation states, the synthesis of CssCu;,U,S5 was
targeted by replacing U metal with U;Oy as a starting material.
Moreover, we replaced Cs,S (in the original synthesis) that
generated a polychalcogenide flux with Cs,CO; and an
additional quantity of the B-S mixture to generate the flux in
situ from a commercially available carbonate. In doing so, all
air- and moisture-sensitive chalcogenide starting materials were
replaced with ones that can be handled in air, i.e. U;Og, Cu,
Cs,CO;, B, and S, circumventing the need of using inert
atmospheres (e.g. a glovebox or a glovebag) and greatly
simplifying reaction preparation. This process resulted in the
successful synthesis of the target phase, as confirmed by SC
XRD and powder XRD analysis. This experiment concludes a
full range of actinide sulfide materials can be targeted using this
new method.

CONCLUSION

In summary, we demonstrated the first successful application
of the BCM method for a full range of actinide chalcogenide
syntheses, including binary actinide chalcogenide syntheses,
solid state synthesis and flux crystal growth reactions. An
unprecedented one-step transformation of the stable U;Og and
ThO, actinide oxides to phase pure US, and ThS, was achieved
at 800 °C. Solid state sulfurization reactions were developed to
demonstrate oxygen replacement in a NiO + U;Og mixture, and
CoUQ,, to form UNiS; and UCoS; perovskites, respectively,
the magnetic properties of which are reported. Further
development of solid state sulfurization reactions is of
paramount importance for actinide chalcogenide chemistry as it
bridges oxide and chalcogenide solid state chemistry, opening
a new synthetic route toward actinide chalcogenides.

To demonstrate the applicability of this method for
exploratory flux crystal growth, a wide range of actinide
chalcogenides with different fluxes were synthesized,
particularly, a new family of mixed 4f/5f compounds Ln,U,Ss
in a CsCl flux, a thorium thiophosphate with complex topology
Rb1‘72N30A6310A40[Th(PS4)2] in a Rbl ﬂux, and a U(V,VI) sulfide
CssCu ,U,S 5 in an in situ generated polysulfide flux. One great
advantage of this method is that it allows for actinide
chalcogenide generation at relatively low temperatures, below

600 °C, allowing for the use of polychalcogenide fluxes. We
ACS Paragon

believe that the combination of convenient exploratory crystal
growth and an easy solid state route toward phase pure
materials, which is necessity for property measurements,
creates a synergy that will significantly boost research in the
field of actinide chalcogenides.

EXPERIMENTAL SECTION

Caution! Both thorium and uranium, although the uranium
precursor used in this synthesis contains depleted uranium, require
that proper procedures for handling radioactive materials are
observed. All handling of radioactive materials was performed in
laboratories specially designated for the study of radioactive actinide
materials.

General considerations. All reagents were obtained from
commercial sources and were used without further purification. All
reactions with chalcogens were carried out in carbon-coated fused
silica tubes (10x12mm inner and outer diameters, about 12 cm length).
All reagents were handled in air, except for P,Ss and Na,S, which were
handled in a nitrogen filled glovebag. Phase composition of all products
was determined by powder X-ray diffraction using a Bruker D2 Phaser
instrument. Magnetic property measurements were performed using a
Quantum Design MPMS 3 SQUID magnetometer. Single-crystal X-ray
diffraction data were collected at 300(2) K on a Bruker D8 QUEST
diffractometer equipped with an Incoatec IuS 3.0 microfocus radiation
source (MoKa, A =0.71073 A) and a PHOTON II area detector (Tables
S2-S16). Quantitative elemental analysis was performed on product
single crystals using a Tescan Vega-3 SEM instrument equipped with
a Thermo EDS attachment (Table S17 and Figures S22-S33).

Chalcogenation reactions. The reactions between actinide oxides
AnO, (An = U and Th) and chalcogens were studied at 800 °C using
1:2:3 and 1:4:6 molar ratios of the starting materials AnO,, B, and O
(Q =S8, Se, Te); and were sulfurized at different temperatures (400, 500,
600, 700, and 800 °C) using 1:6:9 and 1:2:3 molar ratios for U;04:B:S
and ThO,:B:S, respectively (see Tables S18 and S19 for detailed
information). All reactions were placed into a programmable furnace,
ramped up to the desired temperature, where it was held for 24 hours.
The phase composition of the products was determined by PXRD. It is
important to note that in principle boron can act as a reducing agent
toward the other reagents. In practice it appears that the stability of the
product phase also significantly influences the actinide oxidation state
in the syntheses described.

Uranium Lanthanide Sulfides, Ln,U,Ss. For Ln = Pr-Dy, a 6:1
molar ratio of US, and Ln,S; respectively was used along with 1 gram
of CsCl flux. For Ln = Ho-Yb, a 1:1:6:9 molar ratio of UO,, Ln,S3, B,
and S, respectively, was used along with 1 gram of CsCl flux. All
reactions were put in a programmable furnace and ramped up to 400 °C
in 1 hour, then slowly ramped at 20 °C/hour to 750 °C where it was
held for 20 hours. The furnace was then cooled to 550 °C at a rate of 8
°C/hour and subsequently shut down to cool to room temperature. The
product was sonicated in water to dissolve and remove the CsCl flux
from the desired product. After sonication, the water was decanted off
the product, and the product was vacuum filtered, washed with water
and acetone, and dried in air.

UNiS; was obtained in a solid state reaction between 0.1127 g of
U;05 and 0.030 g of NiO in a 1:3 molar ratio with 0.0631 g of B-S
mixture (9% excess) with a 2:3 B:S molar ratio. The mixture was
thoroughly ground and pelletized before reacting it at 850 °C for 12 h.
UCoS; was obtained from CoUQ, that resulted from a reaction between
CoC,042H,0 and U;Og in a 3:1 molar ratio at 1100 °C. After
confirming phase purity by PXRD, CoUO, (0.0861 g) was ground with
0.0382 g of the B-S mixture (2% excess based on O content) and
reacted at 1100 °C for 3 h. The phase purity of the obtained UCoS; was
confirmed by PXRD.

Rb; 72Nag gslg.40[ Th(PS4),] was obtained in a flux crystal growth
reaction between ThO,, Na,S, P,Ss, B, and S in a 1:4:4:4:6 ratio (based
on 0.0874 g of ThO,) with 1.0 g of a Rbl flux. The reaction was ramped
up to 720 °C in 1 h, dwelled for 10 h, and cooled to 500 °C at a 10 °C/h
rate. The product was separated from the flux by dissolving the flux in
30 mL of DMF and filtering using vacuum filtration. While the
obtained transparent crystals are somewhat moisture sensitive, they

Plus Ear*?ld% react mth liquid water releasing H,S.
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CsgCu;,U,S s was obtained in a reaction between U;Og, Cu,
Cs,COs, B, and S in a 1:12:8:30 ratio. Due to hygroscopic nature of
Cs,COs, it was dried in an oven overnight at 260 °C. The reaction was
ramped up to 600 °C at a 50 °C/h rate, dwelled for 24 h, and cooled to
200 °C in 40 h. The product was separated from the formed
polychalcogenide flux by dissolving the flux in several portions (about
30 mL each) of DMF. Black blocks of the target phase formed along
with other unidentified phases. Structure determination from single
crystal X-ray diffraction unambiguously confirmed the identity of the
crystal (Table S4).

Crystal structure description. Ln,U,Ss crystallizes in the P4/ncc
space group and consists of edge sharing USg distorted bicapped
trigonal prisms with channels that are filled with highly disordered face
sharing LnSg square antiprisms (Figure S34). The U-S bond lengths
range from 2.7319(2) to 2.9982(9) A and the L»n—S bond lengths range
from 2.674(5) to 2.994(6) A. The disorder of the lanthanide cations
within the channels result in the nonstoichiometric formula, Ln,USs.
The occupancy of the lanthanide was found to be dependent on its
nature, generally slightly decreasing along the lanthanide series. The
obtained structures are closely reminiscent with the structure of a-
“US,” with a composition of Uj;S;. A comparison of the Uj;S,
structure with that of the Ln,U,Ss series (Figure 4) suggests that the
lanthanide cations replace the USg square antiprisms within the U ;S,
parent structure. Given that uranium has a valency of +3.6 in Uy ;S,,
which implies mixed +3/+4 valency of the U cations in the structure,
one can surmise that a mixed uranium valency is observed in the
Ln,U,S; series. ® Bond valence sums were calculated by using the U-
S distances in each analogue along with Ry and B values of 2.55 and
0.37, respectively,’® and show an average uranium oxidation state of
3.76, supporting the presence of an admixture of U(II)/U(IV) on the
uranium sites (Table S20).

Rb; 7,Nag 5lo.40 Th(PSy),] crystallizes in the Cece space group and
forms a structure that is an analogue of the previously reported
Rb],35Na0,9310v28[U(PS4)2]. In the structure Obe].72N30.6810.40[Th(PS4)2],
the thorium atoms are each surrounded by 8 sulfur atoms forming
trigonal dodecahedra with Th—S bond lengths of 2.813(2)-3.0392(19)
A. The phosphorus atoms form PS,*~ thiophosphate tetrahedra with P—
S bond lengths of 1.977(3)-2.078(3) A (average 2.034(9) A) and S—P—
S angles ranging from 103.9(12)—113.9(17)° (average 109.5°). The
complex structure of Rb;7»Nagesloao[Th(PSs),] is comprised of
[Th(PS,),]* slabs held together by severely disordered Rb*, Na*, and I
ions, which are located both between the slabs as well as through the
pores within the slabs. Each individual slab can be dissected into three
separate layers; a bottom, middle, and top layer (Figure 5). The bottom
and top layers are both composed of parallel [Th(PS4),]* chains but
differ in that the top layer is mirrored and rotated 60° relative to the
bottom layer. These two layers are then connected through the middle
layer which is composed of Th(PS,), groups which connect two chains
in the top layer and two chains in the bottom layer.
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