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Single crystals of MnThT£(1) and MgThTe (2) grow as small black plates from the stoichiometric reaction of

the elements, the former at 1000 and the latter at 90TC with the aid of a Sn flux. Both compounds crystallize

in the space grougmcmof the orthorhombic system with four formula units in cells of dimensiars4.2783-

(6) A, b=13.8618(11) A, and = 9.9568(15) A forl anda = 4.2854(6) Ab = 14.042(2) A, and: = 9.9450-

(14) A for2 at T = 153(2) K. KCuThSeg(3) forms as red blocks from a stoichiometric mixture of3¢, Cu, Th,

and Se at 800C, and CsCuThSg4) forms as yellow blocks from a stoichiometric mixture of,S8g;, Cu, Th,

and Se at 850C. Compound$ and4 also crystallize in the space gro@mcmof the orthorhombic system with

four formula units in cells of dimensiors= 4.1832(8) A,b = 14.335(3) A, andc = 10.859(2) A for3 anda

= 4.2105(7) Ab = 15.715(3) A, anct = 10.897(2) A for4 at 153(2) K. Compound$ and?2 are isostructural

with each other as well as with several uranium analogues and comprise pseudolayered structures with slabs of
corner-shared MTgoctahedra alternating with slabs of cap- and edge-sharedgThidapped trigonal prisms.

The slabs are bonded together through the sharing of edges and vertices of the various polyhedra to form three-
dimensional structures. Compour8land4 are two-dimensional layered structures that are closely relatéd to
and2. In 3 and4, ThSe octahedra form the same slabs as Mifel and2 and Cu atoms occupy the tetrahedral

holes in the layers. Alkali metal cations occupy bicapped trigonal prismatic sites between the layers. Neither
structure type has short-€QQ interactions, and therefore the oxidation states of all atoms are straightforwardly
assigned on the assumption offThMagnetic susceptibility measurements on compalieow a ferromagnetic
transition at 70 K and a magnetic moment of 5.9¢2)per Mn ion, indicating low-spin M#T.

Introduction Octahedral uranium sites are somewhat more prevalent in solid-
state chalcogenides, e.g., Ba@8nd CsCuUTg!® We have
synthesized and report here the isostructural quaternary thorium
selenides KCuThS@&nd CsCuThSgthese are isostructural with
CsCuUTae. These latter compounds are two-dimensional layered
structures that are closely related structurally to MTH(M =
Mg, Mn). Insofar as we can ascertain, no structural data for
uaternary thorium chalcogenides have been published.

The chemistry of thorium chalcogenides has only recently
become the focus of extensive resedrchThere are several
detailed structural studies of ternary thorium chalcogenides that
indicate they are isostructural with their uranium analogues.
However, that uranium and thorium compounds are isostructural
has often been assumed and thus the existence of many thoriu
chalcogenide phases has been reported without the benefit o
structural analysis. Experimental Section

We are interested in expanding thorium chalcogenide chem-  General SynthesisFor all compounds, reaction mixtures weighing
istry beyond that which is known for uranium. As an example 0.250 g each were loaded into fused silica tubes and sealed at a pressure
reported here, because there are no structurally characterize@f approximately 10* Torr. The tubes were then placed in furnaces
Mg/U phases and there is a paucity of information on magne- and heated to the appropriate reaction temperatures over a period of
sium tellurides, we have synthesized and characterized a Mg/several hours. After 6 days, the furnaces were shut off and allowed to
ThiTe phase, MgThTe We also report the synthesis and €0o! to room temperature rapidly. Th (99.8%, Alfa Aesar or Strem),
characterization of the isostructural compound MnThTe Se (99.3-%, Aldrich), Te (99.8%, Aldrich), Mn (99.3%, Alfa Aesar),

Iti 1k hat th inid fer | dinati Mg (99.8%, Alfa Aesar), and Cu (99.999%, Alfa Aesar) were used as
tis well-known that the actinides prefer larger coordination starting materials without further purification,8e and CsSe; fluxes

environments, such as bicapped trigonal prisms and squareyere synthesized from stoichiometric mixtures of the elements in liquid
antiprisms, to smaller six-coordinate octahedral environnfents. gmmonia. All Th was handled in an argon-filled glovebox to avoid

Indeed, octahedral coordination of thorium has only been contamination with oxygen. All samples used for single-crystal

observed in solid-state chalcogenides for Th#id ThSé. diffraction and magnetic susceptibility studies were analyzed for
elemental content on an EDS-equipped Hitachi 4500 SEM; elemental
(1) Daoudi, A.; Potel, M.; Noke H. J. Alloys Compd1996 232, 180— ratios were found to be approximately M:Th:Fe 1:1:3 and A:Cu:
185. Th:Se= 1:1:1:3.
(2) Cody, J. A,; Ibers, J. Alnorg. Chem.1996 35, 3836-3838.
(3) Wu, E. J.; Pell, M. A;; Ibers, J. Al. Alloys Compd1997, 255, 106— (7) Zachariasen, W. HActa Crystallogr.1949 2, 291-296.
109. (8) D'Eye, R. W. M.; Sellman, P. G.; Murray, J. B. Chem. Socl1952
(4) Narducci, A. A.; Ibers, J. Alnorg. Chem.1998 37, 3798-3801. 2555-2562.
(5) Choi, K.-S.; Patschke, R.; Billinge, S. J. L.; Waner, M. J.; Dantus, (9) Brochu, R.; Padiou, J.; Grandjean, ©. R. Seances Acad. Sci., Ser.
M.; Kanatzidis, M. G.J. Am. Chem. S0d.998 120 10706-10714. C 197Q 271, 642—-643.
(6) Narducci, A. A.; Ibers, J. AChem. Mater1998 10, 2811-2823. (10) Cody, J. A.; Ibers, J. Anorg. Chem.1995 34, 3165-3172.
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MThTe; (M = Mn, Mg) and ACuThSg(A = K, Cs)

Table 1. Crystal Data and Structure Refinement Details for MThaied ACuThSg
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MnThTe; MgThTe; KCuThSe CsCuThSe
fw 669.78 639.15 571.56 665.37
a(h) 4.2783(6) 4.2854(6) 4.1832(8) 4.2105(7)
b (A) 13.8618(11) 14.042(2) 14.335(3) 15.715(3)
c(A) 9.9568(15) 9.9450(14) 10.859(2) 10.897(2)
V (A3 590.49(13) 598.44(15) 651.2(3) 721.0(2)
earca (9/CP) 7.534 7.094 5.830 6.129
linear abs coeff (crm) 417 392 433 435
transm factors 0.020.38 0.13-0.34 0.1+0.44 0.09-0.50
R(F)® (Fo? > 20(Fo?)) 0.0449 0.0236 0.0358 0.0490
Ru(Fo?)° (all data) 0.1082 0.0608 0.0817 0.1127

aSpace group @icm T = 153(2) K,Z = 4,1 = 0.710 73 APR(F) = Y ||Fo| — IFcll/3|Fo|. ¢ Ru(Fod) = [SW(F2 — FA2TWFAY2 wt =

04 (F?) + (0.04 32 for Fo?2 = 0; w i = 0(F?) for Fo? < 0.

M @Th OTe
Figure 1. View of the MThTe structure along [100]. Though the

CA &Cu @Th OSe
Figure 3. View of the ACuThSe structure along [100].

extracted from the product mixture and analyzed for elemental content.

displacement parameters of all atoms are well-behaved (see Supportingrhe crystal was then mounted on the end of a glass fiber and placed in
Information), for the sake of clarity here and in Figures 3 and 4 atoms tne cold streadt of a Bruker SMART-1000 X-ray diffractometer

are drawn as circles of arbitrary size.
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Figure 2. Magnetic susceptibility vs temperature for MnThTe
showing the ferromagnetic transition a0 K.

MThTe; (M = Mn, Mg). MnThTe; (1) was synthesized from a
stoichiometric reaction of the elements at 10@ MgThTe (2) was
synthesized similarly, but it was necessary to add a Sn flux to aid in
crystallization and the reaction was run at 9@ Compoundd and
2 formed as small black plates and needles-tD0% yields based on

equipped with a CCD detector. The crystal was kept-d420 °C
throughout the entire data collection. Data were collected with®.3
scans for 20 s per frame fdr 2, and4 and 25 s per frame f@. Final

unit cell parameters were obtained by a global refinement of the
positions of all reflections, as performed by the processing program
SAINT+.12 A face-indexed absorption correction was applied with the
use of XPREP? and subsequently the program SADABSvhich relies

on redundancy in the data, was used to apply some semiempirical
corrections for frame variations. The structure lofvas solved by
Patterson methods, and the structure2-6# were solved by direct
methods with the use of SHELXSof the SHELXTL-97 suite of
programs. The structures were refined by full-matrix, least-squares
techniques with the program SHELXL-97Final refinements included
anisotropic displacement parameters for all compounds as well as an
extinction correction for compountl These displacement parameters
are well-behaved for all atoms in all of the compounds except for those
of the Se atoms of compourl Though the displacement ellipsoids

of these atoms remain positive definite, they are of unexpected shape.
Relevant crystallographic parameters are given in Table 1. Additional
crystallographic information can be found in the Supporting Informa-
tion.

Magnetic Susceptibility. A 0.515 g sample of MnThThevas ground

crystalline products. Small droplets of elemental Sn were observed in into a fine powder and used for magnetic susceptibility measurements.

the product mixture of MgThTe

ACuThSe; (A = K, Cs). Single crystals of KCuThSe(3) and
CsCuThSg(4) grew from the reactions at 85€ of K,Se+ 2Cu +
2Th+ 5Se and G$Se; + 2Cu+ 2Th + 3Se, respectively. Compound
3formed as transparent red blocks in very high yietd$00%, whereas
4 crystallized as yellow blocks in somewhat lower yield§0% based
on single-crystal products.

Crystallographic Details. Crystal structures of all compounds were
obtained in the following manner: A single crystal was manually

To assess the purity of the sample, an X-ray powder diffraction pattern

(11) Huffman, J. C. Ph.D. Dissertation, Indiana University, 1974.

(12) SMART and SAINT-Plus Data Collection and Processing Software
for the SMART SysterWersions 5.054 and 6.0, respectively; Bruker
Analytical X-ray Instruments, Inc.: Madison, WI, 1997.

(13) Sheldrick, G. MSHELXTL DOS/Windows/NVersion 5.10; Bruker
Analytical X-ray Instruments, Inc.: Madison, WI, 1997.

(14) Sheldrick, G. MActa Crystallogr., Sect. ACryst. Phys., Diffr., Theor.
Gen. Crystallogr.199Q 46, 467—473.
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Figure 4. Comparison of the CuThgelanes of ACuThSg(a) and MTg planes of MThTe (b). Note how the Cu atoms of (a) fill the tetrahedral
holes that are vacant in (b). Th atoms are dark circles, Q atoms are open circles, Cu atoms are gray circles (a), and M atoms are gray circles (b).

Table 2. Selected Bond Lengths (A) for MThTe Table 3. Selected Bond Lengths (A) and Angles (deg) for
MnThTes MgThTe ACuThSe
Th(1)-Te(2) x 2 3.160(1) 3.157(1) KCuThSe CsCuThSe
Th(1)-Te(1)x 4 3.224(1) 3.223(1) Th(1)-Se(2)x 2 2.893(1) 2.878(1)
Th(1)-Te(1) x 2 3.374(1) 3.374(1) Th(1)-Se(1)x 4 2.900(1) 2.906(1)
M(1)-Te(2) x 2 2.737(1) 2.750(1) Cu(1)-Se(1)x 2 2.459(2) 2.464(2)
M(1)-Te(1) x 4 2.995(1) 3.033(1) Cu(1)-Se(2)x 2 2.545(2) 2.556(2)
was obtained and compared with a calculated pattern. The magnetization gggim&gggggi i g;gggg g;iggg
of the sample was measured as a function of temperature from 5 to Se(2)-Th(1)-Se(1)x 4 90:40(3) 90:55(4)
300 K on a Quantum Design SQUID magnetometer. Se(1)-Th(1)-Se(1)x 2 92.30(3) 92.87(5)
. . Se(1)}-Th(1)-Se(1)x 2 180 180
Results and Discussion Se(2)-Th(1)-Se(2) 180 180
MThTes. The compounds MThgM = Mn, Mg) adopt a Se(1)-Cu(l1)-Se(1)x 4 108.92(10) 108.29(3)
three-dimensional structure comprising alternating slabs ofgMTe ~ Se(1)-Cu(1)-Se(2) 109.33(2) 110.88(14)
octahedra and Thgebicapped trigonal prisms, as shown in Se(2)-Cu(1)-Se(2) 110.56(10) 112.83(14)

Figure 1. The MTeg octahedra share edges along [100] and . 20

corners along [001] to form an infinite buckled sheet reminiscent found in CsMnsTes (2.7442(6)-2.7515(8) A). The Mg-
of the layers found in many distorted perovskite structures. As 1€(1) distance of 3.033(1) A is slightly longer than that in
distinct from the typical perovskite structure, the Mdetahedra MgTe,** (2.95(1) A)' and the Mg Te(2) distance of 2.750(1)
do not share corners in the third direction [010] to form a three- A'is close to that in MgT® (2.76 A).

dimensional network. Instead, adjacent N Béabs are linked The Th-Te distances id and2 (3.160(1)-3.374(1) A) are

by ThTe bicapped trigonal prisms through edges and caps to comparable to those in Cudes* and CsThTes” (3.165(2)
form a two-dimensional spacer layer. The MBetahedra share ~ 3-364(2) A). The closest TeTe distances il and2 are 3.8-
edges and corners with the ThTprisms to bind the layers 4.3 A, close to the van der Waals separation Qf a_bout 43 A
together, forming an overall three-dimensional structure. The Hence there are no Tele bonds, and formal oxidation states

MThTe; compounds are isostructural with several MJQ —May be assigned as Mh Mg?", and Té" on the assumption
compounds (M= Scl5Mn, 6 Fe1?’ Q = S, Se). Several thorium of Th*t. Verification of these assignments comes from the
compounds with the same formulas and analogous unit cell Magnetic susceptibility of MnTheshown in Figure 2. The
parameters have also been repoffetipwever, no structural high-temperature data above 210 K were fit to the Ctiviéeiss
data are available. Compouniiand? are the first Te analogues ~ rélationy = C/(T + ©) with C = 4.34(1) emu K/mol an® =
of the series. 195(2) K to y!eld an .eff.ectl.ve magnetic momepts) of 59

As shown from the bond distance data in Table 2, the MTe (1) #s/Mn2" ion. This is in excellent agreement with the
octahedra are slightly distorted, with the equatorial bonds c@lculated value of 5.8z for low-spin Mr?*.¥ The data also
M—Te(1) longer than the axial bonds-Me(2). The isostruc- ~ SNOW a ferromagnetic transition at approximately 70 K.
tural compounds FeUS and ScUS' also exhibit a similar ACuThSes. The quaternary compounds KCuTh$8) and
octahedral distortion. Though the Me(1) and M-Te(2) CsCuThSg(4), shown in Figure 3, are substitutional analogues
distances are decidedly different, neither is atypical. The-Mn ~ ©f the MThTe structure type described above. Both structure
Te(1) distance of 2.995(1) A falls within the range of those LYPES possess a two-dimensional, metal-centered octahedral
found in MninTe® (2.889(2)-3.014(2) A), and the Mn o p 5 R T PS—— N ———
Te(2) distance of 2.737(1) A is only slightly shorter than those ) Commun1685 41 1007-1000. - oar Sech LLAysL Sitc
(20) Wu, E. J.; Ibers, J. AActa Crystallogr., Sect. CCryst. Struct.

(15) Julien, R.; Rodier, N.; Tien, VActa Crystallogr., Sect. BStruct. Commun.1997 C53 993-994.

Crystallogr. Cryst. Chem1978 34, 2612-2614. (21) Yanagisawa, S.; Tashiro, M.; Anzai, &.Inorg. Nucl. Chem1969
(16) Nod, H. C. R. Seances Acad. Sci., Serl@74 279 513-515. 31, 943-946.
(17) Nod, H.; Padiou, JActa Crystallogr., Sect. BStruct. Crystallogr. (22) zZachariasen, WZ. Phys. Chem1927, 128 417-420.

Cryst. Chem1976 32, 1593-1595. (23) Kittel, C. Introduction to Solid State Physic6th ed.; Wiley: New

(18) Nod, H. Rev. Chim. Miner.1977, 14, 295-299. York, 1986.
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framework; however, ir8 and4 it is the Th atom that sits at
the center of the octahedron, as opposed to the M atorits in
and2. In 3 and4, Cu atoms fill the tetrahedral sites between
adjacent ThSg octahedra, forming a[CuThTe] layer.
These tetrahedral sites are vacant in the Magers ofl and

Inorganic Chemistry, Vol. 39, No. 4, 200691

the cubic rock salt structure with the metal atoms in octahedral
coordination, ThTe adopts the CsCl structure with Th in a cubic
coordination environmerif:31 Also, increasing the Th content
of mixed monotellurides (Ih;—xTe)*? causes a structural
change from the rock salt to the CsCl structure type. Apparently,

2. Figure 4 shows the relationship between these layers. TheThTes octahedra are unstable in solid-state materials. We have

larger alkali metals of3 and 4 occupy the bicapped trigonal
prismatic sites in which Th sits ihand2. These cations force
the 2[CuThTe] layers apart, and the resultant structure is
two—dimensional.

Bond distances and angles fdand4 are given in Table 3.
The Th-Se distances of 2.893(1) and 2.900(1) A foand of
2.878(1) and 2.906(1) A fod can be compared to those of
ThSé (2.931(2) A) and the seven-coordinate Th in SiIS&?
(2.967(2)-3.116(2) A). As there are no short S&e interac-
tions, formal oxidation states may be assigned as®s", Cu’,
Th*t, and Sé.

KCuThSeg and CsCuThSegare isostructural with a variety
of compounds with the general formula AMRQA = alkali
or alkaline-earth metal; M= first- or second-row transition
metal; R= U,1° rare-earth element; 26 or second- or third-
row transition meta¥?28Q = S, Se, Te). Attempts to prepare
the analogous ACuThgeompounds proved unsuccessful, even
though CsCuUTeis knownl° Though the binary compounds
ThS and ThSé as well as UQ (Q= S/ Se,and Te?%) adopt

(24) Christuk, A. E.; Wu, P.; Ibers, J. A. Solid State Cheni1994 110,
330-336.

(25) Wu, P.; Christuk, A. E.; Ibers, J. A. Solid State Chenl1994 110,
337—344.

(26) Yang, Y.; Ibers, J. AJ Solid State Chem1999 147, 366—-371.

(27) Mansuetto, M. F.; Keane, P. M.; Ibers, J. A.Solid State Chem.
1992 101, 257-264.

(28) Mansuetto, M. F.; Keane, P. M.; Ibers, J. A.Solid State Chem.
1993 105 580-587.

(29) Ferro, RZ. Anorg. Allg. Chem1954 275, 320—326.

previously reported the mixed S@e analogue CsAgThggTe,

(x &~ 0.73)¢ This compound was synthesized in an attempt to
determine a site preference for Se and Te in the structure;
however, both chalcogens disorder over the two independent
anion sites® CsAgThSe_4Te is most likely stabilized by its
high selenium content.
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(33) Transparent yellow crystals of CsAgThS@e, form in ~50% yield
from the reaction of GS$e;, Ag, Th, and Te (molar ratie= 1:1:2:3)
at 700°C. See Supporting Information for crystallographic details.
Se and Te atoms are disordered over the two crystallographically
independent sites. The valueyof= 0.73(1) is close to the EDS results
on the crystal used for the structure determination. Additional EDS
analyses of other crystals from the same reaction mixture yielded a
range forx of 0.50-1.0.





