
Inorg. Chem. 1995,34, 3165-3172 3165 

Uranium Tellurides: New One- and Two-Dimensional Compounds CSUTe6, CsTiUTes, 
CS~HfgUTe30.6, and CsCuUTe3 

Jason A. Cody and James A. Ibers" 
Department of Chemistry, Northwestern University, Evanston, Illinois 60208-3 1 13 

Received November 8, 1994@ 

The new compounds CsUTe6, CsTiUTes, Cs&If5UTe30.6, and CsCuUTe3 have been synthesized through the reaction 
of the metals with a Cs2Ten flux. CsUTe6 crystallizes in space group D2hI6-P~mU of the orthorhombic system 
with eight formula units in a cell of dimensions a = 30.801(7), b = 8.143(2), and c = 9.174(2) and V = 
2301( 1) A3 (T  = 113 K). CsTiUTe5 crystallizes in space group D2h5-Pmma of the orthorhombic system with two 
formula units in a cell of dimensions a = 6.130(1), b = 8.240(2), and c = 10.363(2) 8, and V = 523.4(2) A3 (T 
= 113 K). Cs8Hf5UTe30.6 crystallizes in space group c2h5-P21/c of the monoclinic system with four formula 
units in a cell of dimensions a = 12.043(3), b = 18.724(4), and c = 30.496(6) A, /? = 97.64(3)', and V = 
6816(2) A3 (T = 113 K). CsCuUTe3 crystallizes in space group D2hi7-Cmcm of the orthorhombic system with 
four formula units in a cell of dimensions a = 4.327(1), b = 16.661(4), and c = 11.337(3) A, and V = 817.3(3) 
A3 ( T =  113 K). The structures of all four compounds were determined by single-crystal X-ray methods. CsUTe6 
has a one-dimensional structure that contains pairs of U/Te chains coupled by Te-Te bonds and separated by 
Cs+ cations. There are many Te-Te distances less than 3.1 A; if an arbitrary maximum Te-Te single bond 
distance is taken as 2.98 A, then the chains may be formulated L[U2(Te3)3(Te2)(Te)2-], with U in the f IV  
oxidation state. The U atoms are coordinated to nine Te atoms in a tricapped trigonal-prismatic arrangement. 
Electrical resistivity measurements give conductivities of 1.6(4) x 
S 2 - l  cm-l (77 K). CsTiUTes has a layered structure that contains UTe8 bicapped trigonal prisms sharing a common 
edge and TiTe6 octahedra sharing faces. Cs+ cations, located in pentagonal prisms of Te atoms, separate the 
layers. The structure contains an infinite linear Te-Te chain with a separation of 3.065(1) A. Assignment from 
the structural results of formal oxidation states is difficult. Magnetic susceptibility data for CsTiUTe5 give a 
curvilinear x-' vs T plot. When fit to a modified Curie-Weiss law, the values C = 8.8(3) x emu Wmol, 
0 = -1.5(2) K, and xo = 2.11(8) x emdmol result. The value of p,ff (300 K) is 2.23(1) p~ for each 
CsTiUTe5 unit. The resistivity of CsTiUTes at 77 K is beyond the detection limits of our instrument, but it is 
1.2(9) x 5 2 - l  cm-I at 298 K. Cs8Hf5UTe30 6 is a one-dimensional compound with ordered Hf and U atoms 
and disordered Te atoms in two unique chains that may be formulated L[Hf3Te15 64-] and ;[Hf2UTe15~-]. Cs' 
cations separate the chains. The Hf and Uatoms are coordinated to Te atoms in a distorted trigonal prismatic 
framework. Since there are many short Te-Te distances the assignment of formal oxidation states is not possible. 
CsCuUTe3 is a layered compound with no Te-Te bonding. Formal oxidation states are unambiguously Cs', CUI, 
Ulv, and Tell-. As expected, Cs+ cations separate the t[CuUTe3-] layers, which contain UTe6 octahedra and 
CuTe4 tetrahedra. This structure differs markedly from the channel structure of CsAgsTe3 formed through an 
analogous synthesis with Cu replaced by Ag. 

S2-' cm-' (298 K) and 1.5(2) x 

Introduction 

Solid-state compounds of uranium have been studied exten- 
sively because of the unusual magnetic properties that arise from 
the presence of f-electrons and because of the accessibility of 
several oxidation states.',2 The binary U/Te phase diagram is 
complex; a critical review3 of all reported structures and powder 
diffraction pattems includes UTe, U3Te4, cubic U2Te3, ortho- 
rhombic U2Te3, U7Te12, UTe1.78, UTe2, UTe2.5, a-UTe3, P-UTe3, 
UTe3 4, and UTe5. The range of magnetic properties is shown 
in ferromagnetic4 UQ (Q = S, Se, Te), paramagnetic5 UQ3, and 
antiferromagnetic6 U2Te3. 

~~~ ~ ~ 

@Abstract published in Advance ACS Abstracts, April 1, 1995. 
(1) Freeman, A. J.; Darby, J. B., Jr., Eds. The Actinides: Electronic 

Structure and Related Properties; Academic Press: New York, 1974; 
Vols. 1 and 2. 

(2) Dell, R. M.; Bridger, N. J. In Lanthanides and Actinides; MTP 
International Review of Science: Inorganic Chemistry, Series One; 
Bagnall, K. W., Ed.; Butterworths: London, 1972; Vol. 7, pp 211- 
274. 

(3) Snyder, R. L.; Nichols, M. C.; Boehme, D. R. Powder Difsract. 1991, 
6,  204-227. 

(4) Busch, G.; Vogt, 0.; Delapalme, A,; Lander, G. H. J. Phys. C: Solid 
State Phys. 1979, 12, 1391-1401. 

( 5 )  Noel, H. J.  Less-Common Met. 1986, 121, 265-270. 

The propensity for chalcogen compounds to assume non- 
closest-packed arrangements makes them an ideal system for 
the study of the structural chemistry of uranium. The large 
uranium atom can adopt many coordination environments, 
including UTe6 octahedra in UTe? regular and distorted Uses 
quadratic antiprisms in a - u S e ~ , ~  and UTe9 tricapped trigonal 
prisms in P-UTe3.8 Furthermore, the binary telluride 
are structurally interesting because there are many Te-Te 
distances intermediate between a (Te-Te)*- single bond of 2.76 
AIo and a Te2-*..Te2- van der Waals contact of 4.10 This 
incomplete reduction of Te can render assignment of formal 
oxidation states rather arbitrary. 

Whereas there are many known temary uranium sulfides and 
selenides,'* the chemistry of temary uranium chalcogenides 
(6)  Lam, D. J.; Aldred, A. T. In The Actinides: Electronic Structure and 

Related Properties; Freeman, A. J.; Darby, J. B., Jr., Eds.; Academic: 
New York, 1974; Vol. 1, pp 109-180. 

( 7 )  Beck, H. P.; Dausch, W. J.  Solid State Chem. 1989, 80, 32-39. 
(8) Noel, H.; Levet, J. C. J. Solid State Chem. 1989. 79, 28-33. 
(9) Haneveld, A. J. K.; Jellinek, F. J. Less-Common Met. 1970, 2 1 ,  45- 

(10) Brattls, L.; Kjekshus, A. Acta Chem. Scand. 1972, 26, 3441-3449. 
( 1  1) Shannon, R. D. Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor. 

(12) Noel, H. J.  Solid State Chem. 1984, 52, 203-210. 
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Gen. Crystallogr. 1976, 32, 75 1-767. 
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containing alkali metals or copper is relatively unexplored. The 
only reported alkali-metal phases are KUS2I3 and KUS3.I4 The 
only reported copper-containing ternary uranium chalcogenide 
compound, C U ~ U ~ Q I ~  (Q = S, Se),l5.l6 has trigonal-planar Cu 
atoms and distorted UQX bicapped trigonal prisms. The 
existence of a lone quaternary alkali metal/copper/uraniurd 
chalcogenide, KCuUSe3, has been reported." 

There are very few known ternary uranium tellurides. Single 
crystal studies have been carried out on MUTe (M = As, 
Sb),IR.I9 LnUTeh (Ln = La, Ce, Pr, Nd, Sm, Gd),?O and Sbox- 
UTeo 2;4 X-ray powder patterns have been reported for C2Uz- 
Te,?' N2U2Te,22 NUTe,23 MUTe (M = Bi, Ge, Sn),I9 24 LnUTe3 
(Ln = Tb, Dy, Ho) ,?~  Lnl SUI 5Te5 (Ln = Tb, Dy, Ho, Er),'5 
and Dyo SUO sTe, (x = 2 ,  3).26 

By use of the reactive flux method2' an amazing variety of 
low-dimensional metal polychalcogenides with novel 
 structure^^^-^^ has been synthesized. One successful route to 
the synthesis of new solid-state compounds employs substitu- 
tional variations on known compounds in accordance with the 
principles of coordination chemistry and the known coordination 
preferences of various metals.38 However, the most interesting 
structural variations are found when substitutions do not just 
involve simple replacement of one atom for another. For 
example, among the metal chalcogenides we have found that 
the substitution of Na for K can bring about subtle differences 
in structure3'." in the quaternary A/Cu/Zr/Q (A = alkali metal, 
Q = S, Se, Te) system. By contrast, substitution of Cs for K 
in the temary system A/M/Te (A = alkali metal, M = Zr, Hf) 
leads to a change in composition from K4M3Te17'~ to Cs4Zr3- 
Telh.") Because many of the compounds we have recently 
synthesized contain group IV metals (Ti, Zr, Hf) we sought to 
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expand into entirely unknown areas of solid-state chemistry by 
including U with these group IV metals in various ternary and 
quatemary chalcogenides. This effort has been successful; we 
present here the synthesis and characterization of four new 
uranium tellurides. A preliminary discussion of the structure 
of C S T ~ U T ~ ~ ~ I  has been reported. 

Experimental Section 
Synthesis. The binary starting material CszTe? was synthesized at 

-79 "C from reaction of stoichiometric amounts of elemental Cs 
(Aldrich. 99.570) and Te (Aldrich, 99.8%) in liquid NHj under an Ar 
atmosphere. The composition CszTej was confirmed by X-ray powder 
diffraction All of the following reactions were carried out 
in fused silica tubes that were evacuated to -IO-' Torr and sealed. 
The tubes were charged with the reaction mixtures in a drybox under 
an Ar atmosphere. All temary/quatemary products were lustrous, black 
needles; these were manually extracted from the melts. 

Synthesis of CsUTe6. The reaction mixture consisted of Ag (45 
mg, 0.42 mmol: Johnson Matthey 99.999%), U (36 mg, 0.15 mmol: 
Aesar, 99.79), Te (87 mg. 0.68 mmol; Aldrich, 99.X%), and Cs?Tei 
(97 mg. 0.15 mmol). The sample was kept at 650 "C for 1 day and 
then 900 OC for 4 days, before being cooled at 3 "C/h to room 
temperature. The target quaternary compound of Cs, U. Ag, and Te 
did not form; other products included binaries and the temary compound 
C s A g ~ T e i . ~ ~  The products CsUTe6 and CsAgsTe? were distinguished 
by either EDX (energy dispersive X-ray analysis) or by X-ray 
photographic techniques. Analysis of several crystals of CsUTeh with 
an EDX-equipped Hitachi S570 SEM confirmed the presence of Cs, 
U, and Te in the approximate ratio l:l:6; no Ag was detected. 

Synthesis of CsTiUTel. The reaction mixture contained Ti (13 mg. 
0.26 mmol; Aesar 99.98), U (45 mg, 0.19 mmol). Te (73 mg, 0.57 
mmol), and Cs?Te? (123 mg. 0.19 mmol). The sample was kept at 
650 "C for 2.5 days and then 900 "C for 6 days. before being cooled 
at 3 " C h  to room temperature. This initial synthesis yielded a few 
crystals of sufficient quality for use in X-ray diffraction studies. Higher 
yields were obtained through a stoichiometric reaction heated to 900 
"C for 6 days and cooled at 5 "C/h to room temperature. EDX analysis 
of several crystals confirmed the presence of Cs. Ti, U, and Te in the 
approximate ratio 1: 1: 1.6. The exact composition of the compound 
was established from the X-ray structure determination. 

Synthesis of CssHfJJTe3o.n. In an attempt to synthesize the Hf 
analogue of the two-dimensional compound CsTiUTeS. CssHfsUTeio 
was prepared in low yield from a loading of the elements Hf (22 mg, 
0.12 mmol; Johnson Matthey, 99.67~1, U (23 mg, 0.10 mmol). Te (102 
mg. 0.80 mmol), and Cs?Te? (124 mg, 0.19 mmol). The reaction tube 
was held at 700 "C for 4 days and cooled at 3 "Ch  to room temperature. 
EDX analysis of several crystals confirmed the presence of Cs. Hf, U, 
and Te in the approximate ratio 5.5:4:1:20. The exact composition of 
the compound was established from the X-ray structure determination. 

Synthesis of CsCuUTe3. This compound was prepared from a 
loading of the elements Cu (25 mg. 0.40 mmol: Alfa. 99.999%), U 
(100 mg. 0.42 mmol). Te (93 mg. 0.73 mmol). and CszTe? (1 15 mg. 
0.18 mmol). The reaction tube was held at 400 "C for 6 days and 
cooled at 5 " C h  to room temperature, then reheated to 900 "C for 6 
days and cooled at 5 " C h .  EDX analysis of several crystals confirmed 
the presence of Cs. Cu, U, and Te in the approximate ratio l : l : l : 3 ,5 ,  
The exact composition of the compound was established from the X-ray 
structure determination. 

Electrical Conductivity. Single crystals of CsUTeb or CsTiUTeS 
ranging in length from 0.4 to 0.7 mm were mounted with Ag paint on 
Au wires with graphite extensions. Two-probe dc resistivity measure- 
ments along the needle axis were made at 298 and 77 K. 

Magnetic Susceptibility. A sample weighing 21.8 mg was obtained 
by the extraction of single crystals of CsTiUTes. Magnetic susceptibil- 

( 13) Padiou, J.: Lucas. J.: Prigent, J. C. R. Seance.i Acad. Sci.. Ser. C 1966. 
262, 1869-1871. 

(14) Padiou. J.: Guillevic. J. C. R. Seances Acad. Sei.. Ser. C 1969. 268. 
822-824 

(15) Noel. H J Less-Common Met 1980. 72. 45-49 
(16) Noel, H.: Potel. M. J .  Less-Common Mer. 1985. 113, 11-15. 
(17) Sutorik, A. C.; Kanatzidis. M. G. Abstr. Pap.-Am. Chem. Soc. 1994, 

208, INOR395. 
(18) Pietraszko. D.: Lukaszewicz. K. Bull. Acad. Pol. Sci., Ser. Sci. Chirn. 

1975, 23. 337-340. 
(19) Hulliger. F. J .  Less-Common Met. 1968, 16, 113-117. 
(20) Slo\vanskikh. V. K.: Kuznetsov. N. T. R i m .  J.  Inora. Chem. (Enal. 

Trar;sl.) 1990. 35, 437. 

I65 
(21) Breeze, E. W.: Brett. N. H.: White, J. J.  Nucl. Mater. 1971. 39, 157- 

. 

122) Benz, R.: Zachariasen, W. H. Acta Ctystallogr., Secr. B: Strucr. 

(23) Amoretti. G.: Blaise. A.: Burlet, P.: Gordon. J. E.: Troc. R. J.  Less- 

(24) Haneveid. A. J. K.: Jellinek. F. J.  Less-Common Met. 1969, 18, 123- 

(25) Slovyanskikh, V. K.: Kuznetsov. N. T.: Gracheva. h'. V. Russ. J .  Inorg. 

(26) Slovyanskikh. V. K.: Kuznetsov. N. T.: Gracheva, N. V. Russ. J. Inorg. 

(27) Sunshine. S. A,: Kang. D.: Ibers. J. A. J.  Am. Chem. Soc. 1987, 109, 

(28) Keane. P. M.; Ibers, J.  A. Inorg. Chem. 1991, 30, 1327-1329. 
(29) Keane, P. M.: Ibers. J.  A. J. Solid State Chem. 1991, 93. 291-297. 
(30) Keane. P. M.: Lu. Y.-J.: Ibers, J. A. Acc. Chem. Res. 1991, 24. 223- 

(31) Kanatzidis, M. G.: Park, Y. J.  Am. Chem. Soc. 1989. 111 ,  3767- 

(32) Mansuetto. M. F.: Keane. P. M.: Ibers. J. A. J.  Solid State Chem. 

(33) Mansuetto. M. F.: Keane. P. M.: Ibers. J .  A. J .  Solid Stare Chem. 

(34) Lu. Y.-J.: Ibers. J. A. J.  Solid State Chem. 1991. 94, 381-385. 
(35) Lu, Y.-J.; Ibers. J. A. Inorg. Chem. 1991, 30, 3317-3320. 

(37) Ibers. J. A.: Lu. Y:J. J .  Solid State Chem. 1994, 111. 447-448. 
(38) Sunshine. S. A.: Keszler. D. A.: Ibers, J .  A. Acc. Chem. Re.r. 1987. 

(39) Teske. C. L. Z. Anorg. Allg.  Chern. 1980. 460. 163-168. 

Cnstallogr. Cryst. Chem. 1970. 26, 823-827. 

Common Met. 1986. 121. 233-248. 
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Chem. (Engl. Transl.) 1986, 31. 762-763. 

Chem. (Engl. Transl.) 1985. 30, 314-315. 
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Table 2. Atomic Coordinates and Equivalent Isotropic 
Displacement Parameters (A2) for CsUTe6 

atom X Y z U(eqIa 

Table 1. Crystallographic Details on CslU/Te Compounds 

fw 1136.54 1056.84 6095.77 817.28 
space group D:;-Pnma Dih-Pmma ch-P211c Dil-Cmcm 
a, .A 30.801(7) 6.130(2) 12.043(2) 4.3270(10) 
b, .A 8.143(2) 8.240(2) 18.724(4) 16.661(4) 
c, A 9.174(2) 10.363(2) 30.496(6) 11.337(3) 
A $g 90 90 97.64(3) 90 
V ,  A' 2301(1) 523.4(2) 6816(2) 817.3(3) 
Z 8 2 4 4 
T, K" 113 113 113 113 
d(calcd), g cm-) 6.568 6.705 5.941 6.642 
abs coeff, cm-' 1813 332.2 2703 37 1.7 
transm factors 0.056-0.258 0.376-0.673 0.493-0.704 0.047-0.148 
R(F) for Fo2 > 0.0793 0.0237 0.0732 0.0482 

R, (F~?) 0.171 0.059 0.177 0.130 

formula CSUTe6 CsTiUTes CssHfsUTe306 CsCuUTe3 

~u (F ,? )~  

( j  The low-temperature system is based on a design by H ~ f f m a n . ~ ~ "  

w-I = u2(FO2) + (O.O4F2)* for F 2  2 0; w-I = u2(FO2) for F: < 0. 
bR(R = c I l F O l  - IFCllIc F o I ;  Rw(F,2) = [C[W(F,2 - Fc2)*l~cwF,41/1'z; 

ity measurements were made as a function of both applied field and 
temperature with the use of a Quantum Design SQUID magnetometer. 
Field-dependence measurements made at 5 K over the range 0-104 G 
showed no susceptibility dependence on field. Temperature-dependence 
measurements were made at 2 x lo3 G over the range 6-300 K. All 
measurements were corrected for background and core diamagnetism. 

Crystallography of CsUTes. Initial cell parameters and symmetry 
information for CsUTe6 were determined from Weissenberg photo- 
graphs taken at 298 K. Fina! cell parameters of a = 30.801(7), b = 
8.143(2), and c = 9.174(2) A were determined from a least-squares 
analysis of the setting angles of 27 reflections in the range 52' < 20(Cu 
K a l )  < 58" that had been automatically centered at 113 K on a Picker 
diffractometer operated from a PC.45b (Owing to the long a axis, Cu 
radiation was used in this study.) The intensities of six representative 
reflections monitored every 100 reflections were used to bring 
observations to a common scale; a 5 %  increase in intensity was noted 
after a re-orientation of the crystal, and the data were scaled accordingly. 
Crystallographic details are listed in Table 1. Additional information 
is given in Table SI.46 Intensity data were processed and corrected for 
absorptiond7 on an IBM RS16000 series computer with programs and 
methods standard in this laboratory. The data were averaged through 
the use of the program XPREP.4R 

The observed Laue symmetry and the systematic absences are 
consistent with the orthorhombic space groups D2h'6-Pr" and C2:- 
Pn21a. Intensity statistics as well as agreement among equivalent 
reflections favored the centrosymmetric space group Pnma. The 
structure was solved in this space group with the use of the direct 
methods program SHELXS of the SHELXTL PC program package.49 
The structure was refined by full-matrix least-squares techniques with 
the use of the program SHELXL-93,50 the function c w ( F 2  - FC2)* 
being minimized. Anisotropic thermal motion and an extinction 
parameter were included in the refinement. The final refinement led 
to a value of R,(FO2) of 0.171. The conventional R index (on F for 
F,2 > 2u(FO2)) is 0.079. The final difference electron density map 
shows no feature with a height greater than 3.4% of a Te atom. Values 
of the atomic parameters and equivalent displacement parameters are 
given in Table 2, and anisotropic displacement parameters are given 
in Table 

Crystallography of CsTiUTes. Initial cell parameters and symmetry 
information for CsTiUTes were determined from Weissenberg photo- 

(45) (a) Huffman, J. C. Ph.D. Dissertation, Indiana University, 1974. (b) 

(46) Supplementary material. 
(47) de Meulenaer, J.; Tompa, H. Acta Crystallogr. 1965, 19, 1014-1018. 
(48) Sheldrick, G. M. SHELXTL PC Version 5.0, An Integrated System 

for Solving, Refining, and Displaying Crystal Structures from Dif- 
fraction Data. Siemens Analytical X-Ray Instruments, Inc. Madison, 
WI. BETA TEST VERSION, 1994. 

(49) Sheldrick, G. M. SHELXTL PC Version 4.1, An integrated system 
for solving, refining, and displaying crystal structures from diffraction 
data. Siemens Analytical X-Ray Instruments, Inc. Madison, WI, 1990. 

Huffman, J. C.; Streib, W. E. Unpublished work. 

(50) Sheldrick. G. M. J.  Appl .  Crystallogr. in press. 

CS(1) 0.03770(14) '14 0.4 162(5) 0.01 80( 14) 
Cs(2) 0.29384(14) '14 0.8960(5) 0.022(2) 
U(1) 0.37541(8) '14 0.4013(3) 0.0104(8) 
U(2) 0.62519(8) ' I 4  0.6233(3) 0.0096(8) 
Te(1) 0.12247(10) 0.0158(5) 0.1549(3) 0.0125(9) 
Te(2) 0.30691(12) 0.0041(5) 0.2613(3) 0.0127(13) 
Te(3) 0.44291(12) O.OOSl(5) 0.2660(3) 0.0104(13) 
Te(4) 0.02813(14) ] I 4  0.0067(5) 0.0133( 14) 
Te(5) 0.15191(14) ' I 4  0.5607(5) 0.016(2) 
Te(6) 0.19174(14) ' I 4  0.1388(5) 0.0123(13) 
Te(7) 0.27966(14) '14 0.4837(5) 0.01 14(14) 
Te(8) 0.40643(14) 0.0709(5) 0.0147(14) 
Te(9) 0.45071(14) 'I4 0.6517(5) 0.0102(13) 

U(eq) is defined as one third of the trace of the orthogonalized U,, 
tensor. 

Table 3. Atomic Coordinates and Equivalent Isotropic 
Displacement Parameters (A2) for CsTiUTes 

atom x Y z 
c s  'Id 112 0.78776(5) 0.00983 IO) 
U ' I 4  0 0.33246(3) 0.00569(7) 
Ti 0 0 0 0.007 1 (2) 
Te( 1) '14 0.24557(4) 0.1 11 13(4) 0.00599(8) 
Te(2) 0 0.25240(4) I12 0.00634(8) 
Te(3) 0 0.77525(5) 0.00698(10) 

graphs taken at 298 K. Final cell parameters of a = 6.130(1), b = 
8.240(2), and c = 10.363(2) A were determined from a least-squares 
analysis of setting angles of 25 reflections in the range 30" < 20(Mo 
K a l )  < 39" that had been automatically centered at 113 K on an Enraf- 
Nonius CAD4 diffractometer. Six representative standard reflections 
monitored every three hours of X-ray exposure time showed no 
significant variations in intensity during data collection. Intensity data 
were processed and corrected for absorption, as described previously. 

For CsTiUTes the observed Laue symmetry and the systematic 
absences are consistent with the orthorhombic space groups D2hs-Pmma, 
C2,2-P21ma, and C~,?-Pm2a. Intensity statistics favored the centrosym- 
metric space group Pmma. The structure was solved in this space group 
with the use of the direct methods program SHELX-86.51 The solution 
was refined with the use of the program SHELXL-93, as described 
previously. The final refinement included anisotropic thermal motion 
and an extinction parameter. The final value of R,(F:) is 0.059, 
whereas the conventional R index (on F for FO2 > 2u(FO2)) is 0.024. 
The final difference electron density map shows no feature with a height 
greater than 0.4% of a Te atom. Values of the atomic parameters and 
equivalent isotropic displacement parameters are given in Table 3 and 
anisotropic displacement parameters are given in Table SIII.4h 

Crystallography of CssHfsUTe30.6. Final cell parameters of u = 
12.043(3) A, b = 18.724(4) A, c = 30.496(6) A, and /3 = 97.64(3)" 
were determined from a least-squares analysis of setting angles of 25 
reflections in the range 14' < 20(Mo K a l )  < 36" that had been 
automatically centered at 11 3 K on an Enraf-Nonius CAD4 diffractom- 
eter. Six representative standard reflections monitored every 3 h of 
X-ray exposure time showed no significant variations in intensity during 
data collection. Peak profile data were collected for CssHfsUTe30 6 .52  

Intensity data were processed and corrected for absorption, as described 
previously. 

The observed Laue symmetry and the systematic absences for CsaHf5- 
UTejo6 are consistent with the monoclinic space group c2h5-P21/c. The 
structure was solved with the use of the program SHELXS. It was 
refined with the use of the program SHELXL-93 as described above. 
In early refinements for CsgHfsUTe306, thermal parameters for Te atoms 
30, 3 1, and 32 were much smaller than those of the other Te atoms in 
the structure. A structural model that included disorder among these 
Te atoms was used in the structure refinements. Since two of these 

(51) She1drick;G. M. In Crystallographic Compuring 3; Sheldrick, G. M.; 
Kriiger, C.; Goddard, R., Eds.; Oxford University Press: London, 
1985; pp 175-189. 

(52) Blessing, R. H. Crystallogr. Rev. 1987, I ,  3-58. 
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Table 4. Atomic Coordinates and Equivalent Isotropic 
Displacement Parameters (A2) for CsRHfcUTe?" 

Cody and Ibers 

occu- 
atom T J Ueq) p a w  

U(1) 0.14880(13) 0.26364(8) 0.48649(5) 0.0175(4) 1 
Hf(1) -0.1184(2) 0.01650(10) 0.25259(6) 0.0191(4) 1 
Hf(2) 0.21715(14) 0.02200(9) 0.25933(6) 0.0175(4) 1 
Hf(3) 0.5472(2) 0.02301(10) 0.26607(7) 0.0252(5) I 
Hf(4) 0.48668(14) 0.25484(9) 0.49022(5) 0.0141(4) 1 
Hf(5) 0.80987(14) 0.25033(9) 0.49295(6) 0.0153(4) I 
Cs(1) 0.4716(2) 0.4945(2) 0.59164(9) 0.0234(6) I 
Cs(2) 0.7395(2) 0.2926(2) 0.33349(8) 0.0202(6) 1 
Cs(3) 1.0728(2) 0.5272(2) 0.43797( 10) 0.0345(8) 1 
Cs(4) 0.8091(3) 0.2384(2) 0.65982(1 I )  0.0395(8) 1 

Cs(6) 0.2098(2) 0.2632(2) 0.30201( 10) 0.0336(8) 1 
Cs(70) 0.5251(8) 0.0026(5) 0.4224(3) 0.0282(14) 0.398(8) 
Cs(71) 0.4883(5) 0.0120(3) 0.4413(2) 0.0282(14) 0.602(8) 
Cs(80) 0.2489(4) 0.2494(2) 0.14849( 14) 0.0239(9) 0.632(5) 
Cs(8 I )  0.3449(6) 0.2998(4) 0.1735(2) 0.0239(9) 0.368(5) 
Te(l) -0.3240(2) 0.0802(2) 0.19629(9) 0.0171(6) 1 
Te(2) -0.2210(3) -0.0354(2) 0.16084(10) 0.0299(8) 1 
Te(3) -0.0788(2) 0.1769(2) 0.26956(9) 0.0207(7) 1 
Te(4j -0.0714(3) -0.1188(2) 0.30496(12) 0.0471(10) 1 
Te(5) 0.0439(2) 0.1040(2) 0.20257(9) 0.0220(7) 1 
Te(6j 0.0574(2) -0.09654(14) 0.23819(8) 0.0133(6) 1 
Te(7) 0.0775(2) 0.0782(2) 0.32268(9) 0.0183(6) 1 
Te(8) 0.1827(2) -0.0072(2) 0.16290(9) 0.0186(6) 1 
Te(9) 0.2491(2) -0.0297(2) 0.351 12(9) 0.0175(6) 1 
Te(l0) 0.3594(2) 0.0897(2) 0.20125(9) 0.0221(7) 1 
Te(l1) 0.3892(2) -0.0965(2) 0.27314(10) 0.0237(7) 1 
Te(12) 0.3935(21 0.0913(2) 0.32133(9) 0.0185(6) 1 
Te(131 0.5350(3) -0.0992(2) 0.20990(11) 0.0346(8) 1 
Te(14) 0.5162(2) 0.18113(14) 0.26319(10) 0.023717) 1 
Te(15) -0.0549(21 0.20739(14) 0.42416(9) 0.0148(6) 1 
Te(16) -0.0123(2) 0.2496(2) 0.55912(10) 0.0279(7) I 
Te( 17) 0.0473(2) 0.3309(2) 0.39769( I O )  0.0223(7) 1 
Te(18) 0.1906(2) 0.09953(14) 0.4851 l(9) 0.0203(7) I 
Te(19) 0.2097(2) 0.3854(2) 0.55002(10) 0.0265(7) 1 
Te(20) 0.3091(2) 0.19053( 14) 0.42690(9) 0.0147(6) 1 
Te(21) 0.3328(21 0.37907(13) 0.48015(9) 0.0128(6) 1 
Te(22j 0.3452(2) 0.18157(14) 0.54668(9) 0.0166(6) I 
Te(23) 0.4589(2) 0.30419(14) 0.39794(8) 0.0129(6) 1 
Te(24) 0.5249(2) 0.2837(2) 0.58632(9) 0.0163(6) 1 
Te(25) 0.6232(2) 0.19535(14) 0.42654(9) 0.0134(6) 1 
Te(26) 0.6655(2) 0.36848(14) 0.51 140(8) 0.0131(6) I 
Te(27) 0.6607(2) 0.17431(14) 0.54717(9) 0.0164(6) 1 
Te(28) 0.7876(2) 0.09605(14) 0.48164(9) 0.0162(6) 1 
Te(29) 0.8122(2) 0.38373(14) 0.44873(9) 0.0171(6) 1 
Te(30) -0.239715) 0.0683(3) 0.3256(2) 0.0383(10) 0.584(5) 
Te(311 0.6601(5) -0.0506(3) 0.3528(2) 0.0383(10) 0.584(5) 
Te(32i -0.2827(7) 0.0157(4) 0.32870) 0.0383(10) 0.416(5) 

Cs(5) -0.0193(3) -0.0352(2) 0.41965( 10) 0.0385(8) 1 

atoms (Te(30') and Te(31)) are separated by a reasonable Te-Te bond 
of 2.714(8) A and display coordination similar to atoms Te(4)-Te(6) 
and Te(lI)-Te(13), they were treated as a Tez unit. This unit and the 
third atom (Te(32)) were disordered and the occupancies were refined; 
the occupancies can be found in Table 4. In this model, alternately 
atom Te(30') and atom Te(32') link atom Hf( 1') and atom Hf(3); atom 
Te(31) caps the trigonal prism about atom Hf(3). The sum of the partial 
Te atom occupancies from this disordered model gives rise to the 
nonstoichiometry of the compound. There is also disorder of two of 
the Csf atoms (Cs(7O)/Cs(7 1) and Cs(8O)/Cs(Sl)), wherein each atom 
is randomly distributed over two sites. The final refinement included 
anisotropic thermal motion. The final values of the agreement indices 
are R,(F,,?) = 0.177 and R (on F for F,' >2u(FO2)) = 0.073. The 
final difference electron density map shows no features with a 
height greater than 11.4% of an ordered Te atom. Values of the atomic 
parameters and equivalent isotropic displacement parameters are given 
in Table 4, and anisotropic displacement parameters are given in Table 
SIV.46 

Crystallography of CsCuUTe3. Initial cell parameters and sym- 
metry information were determined from Weissenberg photographs 
taken at 298 K. Final cell parameters of a = 4.327(1). b = 16.661(4), 
and c = 11.337(3) A were determined from a least-squares analysis of 

Figure 1. Unit cell of CsUTe6 showing the unusual pairing of 
'[Uz(Te&(Tez)Te2-] chains through Te-Te bonds. Here and in all 
subsequent figures the atoms are of arbitrary size. 

Table 5. Atomic Coordinates and Equivalent Isotropic 
Displacement Parameters (A2) for CsCuUTej 

atom X Y Weq) 

c s  0 0.74340(8) '/j 0.0136(3) 
c u  0 0.4662(2) I 11 0.01 34(5) 
U 0 0  0 0.009 l(3) 
Te(1) 0 0.37733(6) 0.05900(7) 0.0099(3) 
Te(2) 0 0.06032(8) I / 4  0.0098(3) 

setting angles of 50 reflections in the range 26" < 28(Mo K a l )  < 35" 
that had been automatically centered at 113 K on a Picker diffractometer 
operated from a PC.45 Six representative standard reflections monitored 
every 100 reflections showed no significant variations in intensity 
throughout data collection. Intensity data were processed and corrected 
for absorption, as described previously. 

The observed Laue symmetry and the systematic absences are 
consistent with the orthorhombic space groups DzhI7-Cmcm, Cz, I:- 
Cmc21, and C?, "W2cm. Intensity statistics and the agreement among 
equivalent reflections favored space group &h"-Cmcm. The structure 
was solved in this space group with the use of the program SHELXS. 

The structure was refined as described above. The final refinement 
for CsCuUTe? included anisotropic thermal motion and an extinction 
parameter. The final values of R,(F,?) and R (on F for F,? > 2u(F,?)) 
are 0.130 and 0.048, respectively. The final difference electron density 
map shows no features with heights greater than 1.9% of a Te atom. 
Values of the atomic parameters and equivalent isotropic displacement 
parameters are given in Table 5 and anisotropic displacement parameters 
are given in Table SV.46 

Results and Discussion 

CsUTe6 This compound is the first telluride reported in the 
A/U/Q (A = alkali metal; Q = chalcogen) family. Its unusual 
structure (Figure 1) comprises coupled pairs of one-dimensional 
anionic U/Te chains separated by Cs+ cations. Several one- 
dimensional chain structures have been c h a r a c t e r i ~ e d ~ ~ , ~ ~ . ~ ~  from 
reactions utilizing &Ten fluxes, but none have been cross- 
linked. Similar to the other chain structures, the wide range of 
Te-Te interactions within the chains makes simple bonding 
descriptions inadequate. 

The two independent U atoms are each coordinated to nine 
Te atoms in a tricapped trigonal prismatic arrangement (Figure 
2); the Cs+ cations are also nine coordinate. The &[U?- 
Tel>?-] chains extend along the [OlO] direction through a 
common triangular face of the U-atom centered trigonal prisms. 
Atom U(l)  is connected to atom U(2) through atoms Te(l), 
Te(2), and Te(3). Atoms Te(7), Te(8), and Te(9) cap atom U( 1) 
whereas atoms Te(4), Te(5), and Te(6) cap atom U(2). The 
chains are coupled through a Te-Te bond (2.795(9) A) between 
capping atoms Te(4) and Te(9). 

(53 1 Mansuetto. M. F.; Cody, J.  A,: Chien. S.: Ibers. J.  A. Chem. Marer.. 
in press. 
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O U  O T e  
Figure 2. View of the L[U2(Te3)3(Te2)Te2-] chain of CSUTe6. The 
atom numbering scheme is given. 

Table 6. Selected Bond Lengths (A) for CsUTe8 

U( 1)-Te(7) 3.043(5) U(2)-Te(1)8.9 (2) 3.186(4) 
U(l)-Te(3)’ (2) 3.120(4) U(2)-Te(4)8 3.217(5) 
U( 1)-Te(8) 3.177(5) Te(1)l-Te (6) (2) 2.865(5) 
U(l)-Te(l)2,3(2) 3.177(4) Te(1)-Te(9)I0 (2) 3.124(5) 
U(l)-Te(2)I (2) 3.179(4) Te(2)’-Te(7) (2) 2.979(5) 
U( 1 )-Te(9) 3.263(5) Te(2)-Te(5)1° (2) 3.045(5) 
U(2)-Te(5)6 3 .O 13(5) Te(3)I -Te(8) (2) 2.889(5) 
U(2)-Te(2)5,7 (2) 3.126(4) Te(3)-Te(4)* (2) 3.175(5) 
U(2)-Te(3)5,7 (2) 3.137(4) Te(4)-Te(9)I1 (2) 2.791(6) 
U(2)-Te(6)8 3.158(5) 

a Symmetry transformations used to generate equivalent atoms: (1) 
x ,  -y + 112, z ;  (2) -x + 112, -y,  z + 112, (3) -x + 112, y + ‘12,  z + 112; 

(4) -x + 1, - y  + 1, -Z + 1; ( 5 )  -X + 1, -y, -2 + 1; (6) x + ‘12,  y. 
-z + 3/2; (7) -x + 1, y + 112, -z + 1; (8) x + 112, y, -z + ’12;  (9) x + 112, -y + ’12,  -z + 112 (10) -x + 112, -y. z - 112; (1 1) x - 112, y ,  -z 
+ 112. 

c, A 

Cs 0 Ti 0 U ;c\ Te 
Figure 3. Metal atom coordination environments in CsTiUTes. 

Selected bond distances are given in Table 6. Complete 
metrical data are given in Table SVI.46 The range of U-Te 
distances (3.006(8)-3.265(7) A) is similar to the range found 
in UTe2 (3.080(1)-3.203(1) A).54 There are many short Te- 
Te interactions in CsUTes. The anion in this structure can be 
described as b[U2(Te3)3(Te2)(Te)2-] if an arbitrary maximum 
Te-Te single bond distance of 2.98 8, is chosen. This arbitrary 
description is consistent with formal U*” atoms; there is no 
experimental evidence for this assignment. 

Despite the wide range of Te-Te interactions along the 
chains, the compound is a semiconductor. Two probe dc 
resistivity measurements at 298 and 77 K indicate conductivities 
of 1.6(4) x and 1.5(2) x SZ-’  cm-I, respectively. 

CsTiUTes. CsTiUTes is a layered compound that shows a 
strong correlation between metal-atom radii and coordination 
number. The Te atoms form coordination environments of 6, 
8, and 10 for Ti, U, and Cs, respectively, as shown in Figure 3. 
The unit cell of CsTiLJTe5 viewed down [loo] in Figure 4 shows 
the two-dimensional nature of the structure. Formal i[TiU- 
Te5-1 layers are separated by Csf cations that are coordinated 
in a regular pentagonal prism of Te atoms. Oxidation state 
assignment is again complicated by close Te-Te interactions 
within the layers. 

W U 

O C s  *Ti OU O T e  C 

Figure 4. Unit cell of CsTiUTes as viewed down [loo]. The atom 
numbering scheme is given. 

5 O C s  OTi O U  O T e  
Figure 5. Unit cell of CsTiUTe5 as viewed down [OlO]. 

Table 7. Selected Bond Lengths (A) for CsTiUTes” 

U-Te(1)’ (2) 3.059(1) Ti-Te(l)1,S,6 (4) 2.787(1) 
U-Te(2)1,2,3 (4) 3.1 13(1) Ti-Te(3)3,7 (2) 2.788(1) 
U-Te(3)3,4 (2) 3.262(1) 

“Symmetry transformations used to generate equivalent atoms: (1) 
-x + 112, -y, z ;  (2) x + 112, y ,  -z + 1; (3) -x ,  -y, -z + 1; (4) -x 
+ 1, -y. -2 + 1; ( 5 )  -x, -y, -z; (6) x - ‘12, y ,  -z; (7) X, y ,  -z. 

The anionic layers of CsTiUTe5 shown in Figure 5 contain 
UTeg bicapped trigonal prisms and TiTe6 octahedra. The 
U-atom centered trigonal prisms comprise four Te(2) atoms and 
two Te(1) atoms capped by two Te(3) atoms. Selected bond 
distances are given in Table 7, and complete metrical data are 
given in Table SVII.46 The U-Te distances and U-atom 
coordination environments are similar to those found in L J T ~ Z . ~ ~  
In both structures, the UTeg bicapped trigonal prisms have a 
short Te-Te distance at one edge of the triangular face. 
Whereas the trigonal prisms of UTe2 share triangular faces, the 
trigonal prisms of CsTiUTe5 share edges of a rectangular face 
through Te(2) atoms in the [loo] direction. This connectivity 
creates an infinite, linear chain of Te atoms separated by only 
3.065(1) A. This distance falls in the intermediate range of 
Te-Te interactions between a full single bond and a nonbond- 
ing, van der Waals distance. The edge-sharing of UQ8 (Q = 
chalcogen) bicapped trigonal prisms in CsTiUTe5 has been seen 
previously in the pairs of US8 bicapped trigonal prisms of 
FeU2S5.5s 

Each TiTe6 octahedron shares faces with two adjacent 
octahedra to form an unusual L[TiTe32-] chain. There are a 

(54) Beck, H. P.; Dausch, W. 2. Narurforsch., B: Chem. Sci. 1988, 43, 
1547-1550. 

(55) Noel, H.; Potel, M.; Padiou, J. Acta Cryystallogr., Sect. B: Struct. 
Ciystallogr. Cryst. Chem. 1976, 32, 605-606. 
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Figure 6. Plot of the molar susceptibility (m) and inverse susceptibility (+) of CsTiUTes vs temperature. 

few examples of oxides (BaNi03 and BaMnO3), chlorides 
(CsNiCl3 and CsCuC13), and sulfides (BaTiS3, BaVS3, and 
BaTaS3) that have metal-centered octahedra in face-sharing 
chains,56 but we know of no tellurides. Also, whereas other 
layered compounds contain Ti@ ~ c t a h e d r a , ~ ~ , ~ ~  none have face- 
sharing chains within the layers. The TiTe6 octahedra are nearly 
regular with Ti-Te distances that agree with those found in 
T ~ T ~ z . ~ '  They are connected to the U-centered trigonal prisms 
through atoms Te(1) and Te(3). 

With its linear infinite chain of short Te-Te interactions we 
expected CsTiUTes to show high conductivity. However, the 
two-probe resistivity along the [ 1001 direction (Te-Te chain 
direction) indicates that CsTiUTes is a semiconductor with a 
room-temperature conductivity of 1.2(9) x lo-' Q-l cm-'. The 
resistivity at 77 K is beyond the detection limits of our 
instrument. 

The accessibility of several oxidation states for U and the 
short, infinite Te(2)-Te(2) interaction make assignment of 
formal oxidation states difficult. To help in this effort, magnetic 
property measurements were made. A plot of x vs T (Figure 
6) was fit by least-squares methods to the modified Curie- 
Weiss equation x = C/(T + 0) + x,,. The resulting values are 
C = 8.8(3) x lo-' emu Wmol, 0 = -1.5(2) K, and xo = 
2.11(8) x lo-' emdmol. The value ofpeff at 300 K is 2.23(1) 
pug for each CsTiUTej unit, intermediate between that expected 
for UtV and U". For CsTiUTes the plot of x-' vs T is 
curvilinear, as are those for P-US2' and BaCeCuQ3 (Q = S, 
Se).s8 

CssHfdJTe30.6. The structure of CSsHfsUTe30,6 comprises 
one-dimensional, linear M-Te chains separated by Cs' cations 
(Figure 7). The two unique chains, shown in Figure 8, can be 
formulated L[Hf3Te I j,64-] and ,[ Hf2UTel 5J-]. Disorder 
among the Te atoms reduces the relative amount of Te. Within 
the chains, there are many intermediate Te-Te distances. The 
present structure may be compared with that of Cs4ZrjTe16~~ 
(Le. Cs~Zr6Tej2). The five Hf atoms and one U atom replace 
the Zr atoms. 

Figure 7. Unit cell of Cs8HfSUTe30h. 

I 

Figure 8. Side view of the L[Hf3Tels6'-] and ~[HfiUTels4-] chains 
of CssHfsUTeio 6,  

The Hf and U atoms in Cs8Hf5UTe3o.h are coordinated to 
seven, eight, or nine Te atoms in linear chains roughly based 
on a trigonal prismatic framework. Although there is some 
disorder amone Te atoms, the U and Hf atoms are ordered. - 

(56 )  Wells, A. F. Structural Inorganic Chemistn. 5th ed.: Clarendon 

(57 )  Arnaud. Y.: Chevreton, M. J.  Solid Stcite Chem 1981, 39. 230-239. 
(58) Wu. P.: Christuk, A. E.: Ibers. J. A. J .  Solid Stute Chem. 1994. 110. 

Indeed, the U-Te distances are consistently longer than the 

given in 
corresponding Hf-Te distances. Selected bond distances are Press: Oxford, England, 1984; pp 229-230. 

and complete data are given in 
337-344. ~ ~ 1 1 1 . 4 6  
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Table 8. Selected Bond Lengths (A) for CSsHfsUTe30.6 
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n n A 

U(1)-Te( 19) 
U( 1)-Te(15) 
U( 1)-Te( 17) 
U(l)-Te(l8) 
U( 1)-Te(2 1) 
U( l)-Te(20) 
U( 1)-Te(16) 
U( l)-Te(22) 
Hf( 1)-Te(30) 
Hf( 1) -Te(4) 
Hf( 1)-Te( 1) 
Hf( 1)-Te(2) 
Hf( 1 ) -Te(6) 
Hf( 1)-Te(3) 
Hf( 1)-Te(5) 
Hf( 1)-Te(7) 
Hf( 1)-Te(32) 
Hf(2) -Te( 10) 
Hf(2) -Te(7) 
Hf(2) -Te(9) 
Hf(2)-Te( 12) 
Hf(2) -Te(6) 
Hf(2)-Te(5) 
Hf(2)-Te(8) 
Hf(2)-Te(ll) 
Hf(3)-Te(32)' 
Hf(3)-Te( 13) 
Hf(3)-Te( 12) 
Hf(3)-Te( 1 1) 
Hf(3)-Te( 14) 
Hf(3)-Te( 1)' 
Hf(3)-Te(30)' 
Hf(3) -Te( 10) 
Hf(3)-Te( 3 1 ) 
Hf(4)-Te(22) 
Hf(4)-Te(25) 

3.01 8(3) 
3.082(3) 
3.088(3) 
3.115(3) 
3.119(3) 
3.136(3) 
3.144(4) 
3.189(3) 
2.983(6) 
3.008(4) 
3.06 l(3) 
3.063(3) 
3.066(3) 
3.074(3) 
3.102(4) 
3.183(3) 
3.245(8) 
2.913(3) 
2.921 (3) 
2.938(3) 
2.950(3) 
2.952(3) 
2.957(3) 
2.965(3) 
3.026(3) 
2.613(9) 
2.850(4) 
2.955(3) 
2.963(3) 
2.984(3) 
2.993(3) 
3.059(7) 
3.065 (4) 
3.130(6) 
2.92 l(3) 
2.927(3) 

Hf(4)-Te(23) 
Hf(4) -Te(20) 
Hf(4) -Te(27) 
Hf(4)-Te(24) 
Hf(4)-Te(21) 
Hf(4)-Te(26) 
Hf(5)-Te( 16)' 
Hf(5)-Te(29) 
Hf(5)-Te(26) 
Hf(5) -Te(28) 
Hf(5)-Te( 15)' 
Hf(5) -Te(27) 
Hf(5)-Te(25) 
Te( 1)-Te(2) 
Te(3)-Te(7) 
Te(3) -Te(5) 
Te(4) -Te(6) 
Te(5) -Te( 8) 
Te(7)-Te(9) 
Te(8)-Te( 10) 
Te(9)-Te( 12) 
Te( 10)-Te(14) 
Te(ll)-Te(13) 
Te( 12)-Te( 14) 
Te( 15)-Te(17) 
Te( 18)-Te(22) 
Te( 18)-Te(20) 
Te( 19)-Te(2 1) 
Te(20)-Te(23) 
Te(22)-Te(24) 
Te(23) -Te(25) 
Te(24)-Te(27) 
Te(25)-Te(28) 
Te(26)-Te(29) 
Te(27)-Te(28) 
Te(30)-Te(32)2 

2.938(3) 
2.942(3) 
2.952(3) 
2.955(3) 
2.965(3) 
3.035(3) 
2.740(3) 
2.840(3) 
2.9 14(3) 
2.9 17(3) 
2.934(3) 
2.963(3) 
3.00 l(3) 
2.783(4) 
2.962(4) 
3.004(4) 
2.750(4) 
3.021 (4) 
2.936(4) 
2.920(4) 
3.066(4) 
3.018(4) 
2.776(4) 
2.975(4) 
2.789(4) 
2.902(4) 
2.960(4) 
2.755(4) 
2.998(4) 
3.017(4) 
2.893 (4) 
2.970(4) 
3.052(4) 
2.785(4) 
3.048(4) 
2.714(8) 

a Symmetry transformations used to generate equivalent atoms: (1) 

In the L[Hf3Te15.6~-] chain, atom Hf(1) is connected to atom 
Hf(2) through atoms Te(5), Te(6), and Te(7). Atom Hf(2) is 
connected to atom Hf(3) through atoms Te( 1 l), Te( 12), and 
Te(13). Atom Hf(3) is connected to atom Hf(1') through atoms 
Te( l), Te(30), and Te(32). Atoms Te(2), Te(3), and Te(4) cap 
atom Hf(1); atoms Te(8) and Te(9) cap atom Hf(2); atoms 
Te(13), Te(14), and Te(31) cap atom Hf(3). The modeled 
disorder between the p-Te and p-Te2 ligands connecting atoms 
Hf(3) and Hf(1) seems reasonable, the Te-Te bond of thep-Tez 
ligand being 2.714(8) 8,. In the ;[Hf~UTel5~-] chain, atom 
U( 1) is connected to atom Hf(4) through atoms Te(20), Te(21), 
and Te(22) with atoms Te(17), Te(18), and Te(19) as caps. Atom 
Hf(4) is connected to atom Hf(5) through atoms Te(25), Te(26), 
and Te(27) with atoms Te(23) and Te(24) as caps. Atom Hf(5) 
is connected to atom U(l)  through atoms Te(15) and Te(16); 
atoms Te(28) and Te(29) are caps. 

As in Cs4Zr3Tel6, Cs8Hf5UTe30.6 has a wide range of short 
Te-Te interactions (2.70-3.07 8,). There are seven unambigu- 
ous single Te-Te bonds in the range 2.705(8)-2.789(4) A. 
There are 16 more Te-Te interactions shorter than 3.07 8,. 
Simple electron counting and oxidation state formalisms cannot 
be applied. 

CsCuUTe3. The new two-dimensional compound CsCuUTe3 
adopts the structure of K C u Z Q  (Q = S, Se, Te)32 with Cs 
atoms substituted for K atoms and U atoms substituted for Zr 
atoms. A perspective view of the structure down [loo] given 
in Figure 9 shows the layered nature of the structure as well as 
the labeling scheme. Figure 10 shows an isolated ~ [ C U -  
UTe3-] layer, as viewed down [OlO]. The layers are separated 
by Cs+ ions in bicapped trigonal-prismatic coordination. 

The layers of CsCuUTe3 contain CuTe4 tetrahedra and UTe6 

x + 1, y ,  z ;  (2) x - 1, y ,  z .  

I I  O 

W W W 

OCs O C u  OU OTe Ab 
Figure 9. Unit cell of CsCuUTe3 viewed down the [ 1003 direction. 
The atom numbering scheme is given. 

n n 

C O C u  O U  OTe 
Figure 10. Single t[CuUTe3-] layer of CsCuUTe3 viewed down the 
[OlO] direction. 

Table 9. Selected Bond Lengths (A) for CsCuUTe3 

C U - T ~ ( ~ ) ' , ~ - ~  (4) 2.672(2) Te(l)-Te(l)9 4.301(2) 
U-Te(2)4 (2) 3.007(1) Te(l)-Te(2)2 4.320(1) 
U-Te(1)5,6.7,8 (4) 3.05 l(1) Te(1)-Te( 1 ) ' O  4.327(1) 
Te( 1 )-Te(2)8 4.246( 1) 

Symmetry transformations used to generate equivalent atoms: (1) 
x ,  y ,  - z  + 112; (2) x + 112, y + '12,  z ;  (3) x - ' 1 2 ,  y + 112, 2; (4) -x,  -y,  
-2; (5) x - '12,  y - ' 1 2 ,  Z; (6) -X + ' 1 2 ,  -y + ' 1 2 ,  -z: (7) x + '12. y 
- '12,  Z ;  (8) -X - '12,  -y + '12,  -i: (9) -x ,  -y + 1, -z :  (10) x + 1, 
Y ,  z.  

octahedra. The CuTe4 tetrahedra share edges with the four 
adjacent UTe6 octahedra; the UTe6 octahedra are interconnected 
by edge-sharing two equatorial Te(1) atoms in the [loo] 
direction and comer-sharing through the axial Te(2) atoms in 
the [OOl] direction. The UTe6 octahedra and CuTe4 tetrahedra 
are only slightly distorted, with bond distances that agree well 
with the those found in UTe (U-Te 3.078 and KCuZrTe3 
(Cu-Te 2.583(1), 2.593( 1) Selected bond distances are 
given in Table 9. Complete metrical data are given in Table 

The closest Te*-.Te distance of 4.246(1) 8, is indicative of 
s1x.46 
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Scheme 1 

Cody and Ibers 

van der Waals interactions. Thus, the formal oxidation states 
of Cs', Cu', U'", and Tell- may be assigned. 

The structure of CsCuUTe3 may be visualized in terms of 
the progressive expansion of the structure of U13, as shown in 
Scheme 1. The structure of U13, which contains tetrahedral and 
octahedral holes, comprises UI8 bicapped trigonal prisms that 
share edges. The addition of Fe atoms into vacant octahedral 
sites in U13 coupled with substitution of S atoms for I atoms 
gives the structure of Insertion of Cu atoms into vacant 
tetrahedral sites of FeUS3 together with substitution of Zr atoms 
for Fe atoms and K atoms for U atoms gives the KCuZrS3 
structure. Finally, substitution of U atoms for Zr atoms, Cs 
atoms for K atoms, and Te atoms for S atoms in the structure 
of KCuZrS3 gives the structure of CsCuUTe3. U atoms reappear 
in the structure of CsCuUTe3 in the octahedral sites whereas 
the larger Cs atoms occupy the bicapped trigonal prismatic sites. 

The differences in the coordination chemistry of Cu and Ag 
are clearly demonstrated in this work. Under similar reaction 
conditions, the reaction of Cs2Te3, U, and Te with Cu affords 
the two-dimensional compound CsCuUTe3 but reaction of the 
same reagents with Ag gives two ternary compounds, CsUTes 
and CsAgsTe3 (Figure 11). The regular tetrahedral coordination 
of Cu with Te atoms in CsCuUTe3 is to be contrasted with two 
different Ag-atom coordination geometries in CsAgsTe3. The 
channel structure of CsAgsTe3 is built from columns of three- 
coordinate Ag atoms that are capped by tetrahedrally-coordi- 
nated Ag atoms. The columns are further connected by 
tetrahedral Ag atoms to complete the structure. The structure 
of CsAgsTei is closely related to that of CsAg&.ho 

(59) Noel. H.; Padiou, J. Acru Cystallogr., Sect B: Struct. Cystallogr.  

(60) Wood. P. T.; Pennington. W. T.: Kolis, J. W. Inorg. Cizem. 1994, 33. 
Cys t .  Chem. 1976, 32. 1593-1595. 

1556-1558. 

c Cs Ag c Te 1 b 

Figure 11. Unit cell of CsAgsTe? viewed down the [ O O I ]  direction. 
The atom numbering sfheme is given. Ag-Ag interactions range from 
2.883(1) to 3.148(1) A. and Ag-Te interactions range from 2.742(1) 
to 3.006(1) A. 

Clearly, the present work is only the beginning of the 
exploration of the vast structural chemistry of ternary and 
quaternary uranium tellurides. 
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