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The alkali metal/group 4 metal/polychalcogenidegT@sSea s, RbyTisS14, CiTi3S14, RiyH3S14, RyZr3Ses, Csy-
Zr3Ses, and CgHf3Se 4 have been synthesized by means of the reactive flux method at 823 or 873Th:Ses
crystallizes in a new structure type in space gr@pP2; with eight formula units in a monoclinic cell =
153 K of dimensionsa = 10.2524(6) Ab = 32.468(2) A ¢ = 14.6747(8) A8 = 100.008(19. CsTizSas is
composed of four independent one-dimensidjiilsSe ] chains separated by Csations. These chains adopt
hexagonal closest packing along the [100] direction. Ji@;Se4*] chains are built from the face- and edge-
sharing of pentagonal pyramids and pentagonal bipyramids. Formal oxidation states cannot be assigred in Cs
TisSes The compounds RBi3S14, C5TisS14, RiyHf3S14, RyZrsSes, CsiZrsSeys, and CgHf3Sey crystallize in
the K4Ti3S4 structure type with four formula units in space graiyp®-C2/c of the monoclinic system at= 153

K in cells of dimensionsa = 21.085(1) Ab = 8.1169(5) A,c = 13.1992(8) A5 = 112.835(1J for RbyTizS4;

a = 21.329(3) A,b = 8.415(1) A,c = 13.678(2) A, = 113.801(2) for CyTisS;4; a = 21.643(2) A,b =
8.1848(8) A,c = 13.331(1) A8 = 111.762(2) for RiyHf3S,14; @ = 22.605(7) Ab = 8.552(3) A,c = 13.880(4)

A, p =110.919(9) for RbyZrsSes; a = 22.826(5) A,b = 8.841(2) A,c = 14.278(3) A, = 111.456(4) for
CsiZrsSeys; anda = 22.758(5) Ab = 8.844(2) A,c = 14.276(3) A, = 111.88(33 for CyHfsSes These
A4M3Q14 compounds (A= alkali metal; M= group 4 metal; Q= chalcogen) contain hexagonally closest-packed
1IM3Qu4+"] chains that run in the [101] direction and are separated bgations. Eacf}[MQ:44] chain is built
from a [M3Q14] unit that consists of two M@pentagonal bipyramids or one distorted MiGcapped octahedron
bonded together by edge- or face-sharing. EackQJ] unit contains six @~ dimers, with G-Q distances in
the normal single-bond range 2.0616{2)095(2) A for S-S and 2.367(1)2.391(2) A for Se-Se. The AM3Qu4
compounds can be formulated asJAM*")3(Qx2")e(Q% ).

Introduction One-dimensional transition-metal polychalcogenides were

. . . . . . . . virtually unknown until the discovery of the reactive flux
Low-dimensional soll_ds exhibit various interesting phy_S|caI method®11The use of this method has led to a variety of one-
phenomena sgch as high supercqnducywty, the for_matlon dimensional A/M/Q polychalcogenides (A Na, K, Rb, Cs:

of charge density waves, and low-dimensional magnetism. Thesey; — 1i 7y Hf Nb. Ta: Q=S, Se, Te}*>®In particular, the
solids are built from the stacking of two-dimensional slabs or 4 rmatal cemg PO X
from a juxtaposition (edge- or face-sharing) of fibers. Each slab
or fiber is held together by ionic, covalent, or metallic (7) Figueroa, E.; Brill, J. W.; Selegue, J. P.Phys. Chem. Solids996
interactions but is separated from similar units by weak @ ?(71 1123—}:1_27& R.F3. Phys. Chem. Solid096 57, 1113-1116
: : : . ang, D.; Frindt, R. FJ. VyS. em. Soli f .
mteracnons, such as V.an der Waals |_nteract|ons, or by ‘?ther (9) Divigalpitiya, W. M. R.; Frindt, R. F.; Morrison, S. FSciencel989
species, such as alkali metal or alkaline-earth metal cations. 246, 369-371.

Examples of two-dimensional structures are those of the (10) Sunshine, S. A.; Kang, D.; Ibers, J. A.Am. Chem. S0d.987, 109,

group 4 metal compounds contain infinite one-dimensional

i ; _ P . 6202-6204.

SFOIChlometr.IC M_? M .tranSItlon metal; Q= S, Se, Te) (11) Sunshine, S. A.; Kang, D.; Ibers, J. Mater. Res. Soc. Symp. Proc.
d!chalcogen_|deé. In particular, the group 4 to group 7 metal 1087 97, 391-396.

dichalcogenides are two-dimensional layer structures with a rich (12) Kang, D.; Ibers, J. Alnorg. Chem.198§ 27, 549-551.
intercalation chemistr§-® (13) Keane, P. M.; Ibers, J. Anorg. Chem.1991, 30, 1327-1329.

(14) Cody, J. A.; Ibers, J. Anorg. Chem.1994 33, 2713-2715.

(15) Pell, M. A.; Ibers, J. AChem. Mater1996 8, 1386-1390.

(1) Lieth, R. M. A., Ed.Preparation and Crystal Growth of Materials (16) Huang, F. Q.; Ibers, J. Mcta Crystallogr., Sect. C: Cryst. Struct.
with Layered Structure®D. Reidel Publishing Company: Dordrecht, Commun200Q 56, 1059-1061.
The Netherlands, 1978; Vol. 1. (17) Huang, F. Q.; Ibers, J. Anorg. Chem.2001, 40, 865-869.

(2) Lévy, F., Ed.Crystallography and Crystal Chemistry of Materials with ~ (18) Pell, M. A.; Ibers, J. AChem. Ber1997, 130, 1-8.
Layered StructuresPhysics and Chemistry of Materials with Layered  (19) Krause, O.; Nther, C.; Bensch, WActa Crystallogr., Sect. C: Cryst.

Structures; D. Reidel: Dordrecht, The Netherlands, 1976; Vol. 2. Struct. Commun1999 55, 1197-1199.

(3) Hulliger, F. Structural Chemistry of Layer-Type Phas&€s Reidel (20) Bensch, W.; Drichen, P.Eur. J. Solid State Inorg. Chent996 33,
Publishing Company: Dordrecht, The Netherlands, 1976. 1233-1240.

(4) Rouxel, J., EdCrystal Chemistry and Properties of Materials with ~ (21) Bensch, W.; Drchen, P.Z. Anorg. Allg. Chem1996 622, 1963-
Quasi-One-dimensional Structurézhysics and Chemistry of Materials 1967.
with Low-Dimensional Structures. Series B, Quasi-One-Dimensional (22) Dirichen, P.; Krause, O.; Bensch, Whem. Mater1998 10, 2127
Materials; D. Reidel: Dordrecht, The Netherlands, 1986. 2134.

(5) Oftedal, I.Z. Phys. Chem1928 134, 301-310. (23) Dirichen, P.; Bolte, M.; Bensch, W. Solid State Cheni998 140,
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Table 1. Crystal Data and Structure Refinements forTsSea s RyTisSis, CsiTizS1s, RyH3S14, RyZrsSeas, CsiZrsSes, and CgHfsSe s

CsTisSeas RbsTi3S14 CsiTisS14 RiyHf3S14 RbuZrsSes CsiZrsSeq CsHfsSeu
fw 1701.81 934.42 1124.18 1326.19 1720.98 1910.74 2172.55
a (A) 10.2524(6) 21.085(1) 21.329(3) 21.643(2) 22.605(7) 22.826(5) 22.758(5)
b (A) 32.468(2) 8.1169(5) 8.415(1) 8.1848(8) 8.552(3) 8.841(2) 8.844(2)
c (A) 14.6747(8) 13.1992(8) 13.678(2) 13.331(1) 13.880(4) 14.278(3) 14.276(3)
S (deg) 100.008(1) 112.835(1) 113.801(2) 111.762(2) 110.919(9) 111.456(4) 111.88(3)
\% (A3) 4810.5(5) 2081.9(2) 2246.1(5) 2193.1(4) 2506(1) 2681(1) 2666.5(9)
oc (glcn?) 4.700 2.981 3.324 4.017 4.561 4,732 5.412
u(cm™) 265.97 118.02 289.9 243.03 292.63 254.86 361.31
R1b 0.0431 0.021 0.022 0.047 0.041 0.042 0.047
WR2 0.0949 0.052 0.056 0.084 0.090 0.090 0.113

aT = 153(2) K,A = 0.710 73 A.Z = 4 and space groug2/c for A;MsQi4, Z = 8 and space group2; for CsTisSas PR1 = Y||Fo| —
IFel/Y|Fol for Fo2 > 2 0(F¢?). SWR2 = [YW(F? — FAZYWFAY2, wt = 02(F?) + (0.04:2)? for F2 > 0 andw ! = 02(F¢?) for Fe? < 0.

chains that are linear rigid fibers. The one-dimensional chains reduction were carried out with the use of the program SARface-

in such compounds, for example, inKsS;4,1%11 NapTi Se,12 indexed absorption corrections were made with the program XPREP,
AsTisTers (A = Rb, Cs)!516A,ZrsTers (A = Rb, Cs}*31K M- and the redundancies in the data were used in the program SABABS
Terr (M = Zr, Hf), 13 CssHfsTepe, % and CsTi,So,7 have varied to make other corrections, such as for frame variations.

and interesting formulations and structures. Here we describe  SYStématic absences and Laue symmetry led to the monoclinic space

o, . groupsP2; or P2;/mfor CTizSasand toCcor C2/c for the AM3Qu4
the syntheses and structures of seven additional alkali mmal/compounds. For GSisSas a solution could only be found in the

group 4 metal/polychalcogenides, namely,4sTsSes, Rhby- noncentrosymmetric space groBp, with the use of the direct methods
TisSys, CsiTisSu, RbyHfsSs, RuZrsSes, CsiZrsSes and program SHELXS? The structure was refined by full-matrix least-
CsHf3Se4. In addition, we offer some simple connections squares methods with the program SHELXL in the SHELXTL-97
among the seemingly varied formulations of the alkali metal/ suite® In this refinement the Flack parameter was near 0.6, consistent

group 4 metal/polychalcogenides. either with a racemic twin or witF2;/m being the correct space group.
Examination of the atomic coordinates with the program ADDSYM
Experimental Section in the PLATON program suifé 3¢ did not suggest the presence of an

inversion center. The structures of theMsQ14 compounds were solved
and refined in space grou@2/c in a similar manner. Each final
refinement included anisotropic displacement parameters. Additional
experimental details are shown in Table 1. Tabled present selected
bond distances for G¥isSeas RuTisS1s, CsiTisSis, RuHf:S4, Rhy-
ZrsSes, CsZrsSeas, and CsHfsSau.

Syntheses The following reagents were used as obtained: Rb
(Aldrich, 98+%), Cs (Aldrich, 99.5%), Ti (Aldrich, 99.7%), Zr (Aldrich,
99.9+%), Hf (Alfa, 99.8%), S (Alfa, 99.5%), Se (Aldrich, 99.5%). The
isostructural compounds REi3S14, CsiTizS14, RyH3S14, RbiZrsSea s,
CsZr;Seqs, and CgHf;Se, were systematically prepared by the
reactions of M (M= Ti, Zr, Hf) with Q (Q = S, Se) and the reactive
flux A»Qs (A = Rb, Cs) in the molar ratio 1:1:3. The reactive flu¥es
employed in the syntheses were prepared by stoichiometric reactions
of the elements in liquid Nk The mixtures were loaded into fused- Structures. The structure of the M3Q14 compounds, as
silica tubes under an argon atmosphere in a glovebox. These tubes wereiewed down [010], is shown in Figure 1. These compounds
sealed under a 10 Torr atmosphere and then placed in a computer- gre isostructural with Kli3S;4.1911 The structure of CgizSe 3
controlled furnace. The samples were heated to 873 K at 60 K/h, kept yiewed down [100] is shown in Figure 2. This is a new structure
at 873 K for 4 days, cooled at 3 K/h to 373 K, and then cooled 0y ne The infinite chains in these compounds are illustrated in

room temperature. These,M3Q14 phases appear to be very stable . . 4 . .
because these same phases could be synthesized under varied initidfigure 3. The unlqué[M 3Qu4"] chain of AMaQua, which
runs along [101], is shown in Figure 3a. Among the four

compositions and reaction conditions. : v . h A
The compound GSisSeswas prepared by the reaction of 0.5 mmol  independent,[TizSes*] chains of CgTisSes which run

of CsSe;, 0.5 mmol of Ti, and 3.0 mmol of Se. The sample was heated

to 823 K at 60 K/h, kept at 823 K for 3 days, cooled at 4 K/h to 373 (24) Herzog, S.; Nther, C.; Bensch, WZ. Anorg. Allg. Chem1999 625

K, and then cooled to room temperature. Attempts to synthesige Cs 969-974.

TisSis in an analogous manner were unsuccessful. (25) Dirichen, P.; Bensch, WActa Crystallogr., Sect. C: Cryst. Struct.

. . . . Commun.1998 54, 706—708.
The reaction mixtures were washed free of alkali-metal chalcogenides (26) Richnert, D.; Naher, C.; Bensch, WActa Crystallogr., Sect. C: Cryst.

Results

with dimethylformamide and then dried with acetone. In each reaction Struct. Commun1997, 53, 165-167.
the major product consisted of orange-red needles;bfs®;4 or black (27) Bensch, W.; Ner, C.; Duichen, P.Angew. Chem., Int. EA.998
needles of CqisSes Analysis of these crystals with an energy 37, 133-135.

; ; _ ; ; ; ; (28) Herzog, S.; Neer, C.; Duichen, P.; Bensch, WZ. Anorg. Allg. Chem.
dispersive X-ray (EDX) equipped Hitachi4&500 scanning electron 1008 624 20212094,

microscope showed only the presence of A, M, and Q approximately (29) Bensch, W.; Drichen, P.; Nither, C.Solid State Sci1999 1, 85—
in the ratio of 1:1:4. These compounds are stable in air for at least a 108 Y ’ '

month. (30) Tougait, O.; Ibers, J. ASolid State Sci1999 1, 523-534.
Structure Determinations. Single-crystal X-ray diffraction data (31) Anderson, A. B.; Wang, R.-J.; Li, Acta Crystallogr., Sect. C: Cryst.
were obtained with the use of graphite-monochromatized Mo K Struct. Commun200Q 56, 2—4.

radiation ¢ = 0.710 73 A) at 153 K on a Bruker Smart-1000 CCD (32) SMART Version 5.054 Data Collection and SAINT-Plus Version

. . 6.02A Data Processing Software for the SMART System (Bruker
2 -to- ) ;
diffractometer? The crystal-to-detector distance was 5.023 cm. Crystal Analytical X-Ray Instruments, Inc.: Madison, WI, 2000).

decay was monitored by re-collecting 50 initial frames at the end of (33) Sheidrick, G. M.SHELXTL An Integrated System for Saig,

data collection. Data were collected by a scan of 3w in groups Refining, and Displaying Crystal Structures from Diffraction Data
of 606, 606, 606, and 606 frames @fsettings of 0, 9¢°, 18C°, and PC version 5.0; Siemens Analytical X-Ray Instruments, Inc.: Madison,
270 for CsTisSas and CsTisSy4, in groups of 606, 435, and 230 . \(V', |31994-Y Aol o0t 1987 20 2642

frames at settings of 6, 9C°, and 180 for RhiZrsSes, and in groups ~ (34) Le Page, ¥J. Appl. Crystallogr.1987, 20, 264-269.

of 606, 606, and 606 frames atsettings of 0, 12¢°, and 240 for the (35) Iz‘g Zgg_eh\l('l;.Gabe’ E. J.; Gainsford, GJ.JAppl. Crystallogr-199Q

others. The exposure times were 15 sfframe. Intensity data were(36) Spek, A. L.Acta Crystallogr., Sect. A: Found. Crystallogt99Q
collected with the program SMAR%¥. Cell refinement and data 46, C34.
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Figure 1. Unit cell of AyM3Qu4 viewed down [010]. The dotted, open,
and shaded circles represent A, M, and Q, respectively.

Figure 2. Unit cell of CsTisSesviewed along [100]. The dotted, open,
and shaded circles represent A, M, and Q, respectively.

along [100], there are two different kinds. These are shown in
Figure 3b and 3c. This is the first compound in the alkali metal/
group 4 metal/polychalcogenide family to exhibit different

chains in the same unit cell. If all chains in these ternary

Huang and Ibers

(b)

Figure 3. (a) [M3Qu#] chain in AMsQus (b) first type of
[TisSes* ] chain in CsTisSas, (c) second type of[TizSas"] chain
in CsTisSas, (d) 1[Ti,Se?"] chain in CsTi,Ss, and (e)1[Ti,Se? ]
chain in NaTi,Se;.

compounds are considered as cylinders, each cylinder is
surrounded by six nearest-neighboring cylinders and the A
cations are located in the triangular gaps of three neighboring
cylinders. The structures adopt hexagonal closest packing along
the chain direction.

In the AyM3Q14 structure there are two crystallographically
independent A sites coordinated to 10 Q atoms. There are 16
independent Cscations in CgTizSes, and these cations are
coordinated to 9 or to 12 Se atoms. The-@ and M-Q
distances in these compounds are reasonable (Tables 2 and 3).
For example, the RbS distances in RfiizSi4 range from
3.2326(7) to 3.8107(6) A and the RiSe distances in RErs-

Seyg range from 3.377(2) to 3.961(2) A. These are comparable
with those in RBSs (from 3.301(5) to 3.969(6) &Y and Rb-

Se (from 3.36(1) to 3.89(2) A¥! respectively. T+S distances
range from 2.2773(7) to 2.6537(7) A in RbzS;4 and from
2.2749(8) t0 2.6576(9) A in GFizS;4, compared with distances
from 2.283(2) to 2.652(2) A in KTi3S;4.1011 Ti—Se distances

in CsiTisSesrange from 2.422(3) to 3.017(3) A, compared with
those in NaTi,Se; (from 2.382(4) to 2.735(4) A) The similar
bond distances between £Z8;Se 4 and CgHf3Se 4 result from
very similar radii for Zf# and Hf" (0.92 and 0.90 A8

(37) Batcher, P.Z. Kristallogr. 1979 150, 65—73.
(38) Shannon, R. DActa Crystallogr., Sect. A: Cryst. Phys., Diffr., Theor.
Gen. Crystallogr.1976 32, 751-767.
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Table 2. Selected Bond Lengths (A) for RhisS14, CsiTizS14, RyHf3S14, RbyZrsSes, CsiZrsSay, and CsHfzSeay

RbsTisS14 CsuTi3Sia RbsHf3S14 RbuZrsSe CsiZrsSeu CsiHfsSes
Al-Q1 3.4339(6) 3.5193(8) 3.500(2) 3.618(2) 3.693(2) 3.686(1)
Al-Q3 3.5882(6) 3.7131(7) 3.636(2) 3.794(2) 3.922(1) 3.910(2)
Al-Q4 3.2604(6) 3.3998(7) 3.255(2) 3.416(1) 3.546(1) 3.541(1)
Al—Q5 3.2326(7) 3.3740(8) 3.254(2) 3.377(2) 3.527(2) 3.521(2)
Al-Q5 3.5589(6) 3.6982(8) 3.631(2) 3.783(2) 3.891(2) 3.899(2)
Al—-Q6 3.4474(6) 3.5627(7) 3.486(2) 3.634(2) 3.728(1) 3.717(2)
Al—-Q6 3.6526(7) 3.7680(8) 3.701(2) 3.743(2) 3.917(2) 3.922(1)
Al—-Q6 3.6705(7) 3.8242(8) 3.748(2) 3.944(2) 4.001(2) 3.989(2)
Al-Q7 3.3766(6) 3.4514(8) 3.440(2) 3.553(2) 3.612(2) 3.616(1)
Al-Q7 3.4159(7) 3.5838(8) 3.468(2) 3.572(2) 3.710(2) 3.704(2)
A2—Q1 3.3628(6) 3.5024(8) 3.367(2) 3.504(2) 3.630(2) 3.627(2)
A2—-Q1 3.4057(7) 3.5417(8) 3.419(2) 3.556(2) 3.691(2) 3.684(2)
A2—Q2 3.3129(6) 3.4798(8) 3.338(2) 3.448(2) 3.608(2) 3.609(1)
A2—Q2 3.6896(6) 3.7528(7) 3.705(2) 3.943(2) 3.980(2) 3.986(2)
A2—Q3 3.5908(7) 3.7487(8) 3.617(2) 3.687(2) 3.832(1) 3.823(1)
A2—Q3 3.8107(6) 3.8637(8) 3.874(2) 3.961(2) 3.979(2) 3.979(2)
A2—Q4 3.3679(6) 3.5297(8) 3.392(2) 3.488(2) 3.644(1) 3.649(2)
A2—Q5 3.5958(7) 3.7761(8) 3.631(2) 3.735(2) 3.905(2) 3.905(2)
A2—Q6 3.3290(6) 3.4948(7) 3.312(2) 3.433(2) 3.602(2) 3.594(2)
A2—Q7 3.4619(7) 3.6047(8) 3.448(2) 3.591(2) 3.718(2) 3.718(2)
M1-Q2 2.4930(7) 2.4623(8) 2.613(2) 2.771(1) 2.779(2) 2.777(2)
M1-Q3 2.4591(7) 2.4950(8) 2.574(2) 2.726(1) 2.745(2) 2.732(1)
M1-Q4 2.6537(7) 2.6576(9) 2.738(2) 2.871(2) 2.882(2) 2.842(1)
M1-Q5 2.2773(7) 2.2749(8) 2.426(2) 2.555(2) 2.548(2) 2.539(1)
M1-Q5 2.4919(7) 2.4982(9) 2.534(2) 2.709(2) 2.728(2) 2.706(1)
M1-Q6 2.3912(7) 2.3971(8) 2.501(2) 2.637(2) 2.654(2) 2.632(1)
M1-Q7 2.4679(7) 2.4727(9) 2.557(2) 2.721(2) 2.723(2) 2.706(1)
M2—Q1 x2 2.4575(6) 2.4549(7) 2.545(2) 2.710(1) 2.708(1) 2.700(1)
M2—-Q2 x2 2.5729(7) 2.5840(8) 2.660(2) 2.794(1) 2.809(1) 2.785(1)
M2—-Q3 x2 2.5940(7) 2.5996(8) 2.683(2) 2.824(1) 2.834(2) 2.808(1)
M2—-Q4 x2 2.4283(6) 2.4268(7) 2.537(2) 2.694(1) 2.695(1) 2.688(1)
Q1-Q4 2.0624(8) 2.0616(9) 2.090(2) 2.384(1) 2.386(2) 2.391(2)
Q2—Q7 2.0709(8) 2.0702(9) 2.092(2) 2.372(1) 2.378(2) 2.378(2)
Q3—Q6 2.0699(8) 2.0683(9) 2.095(2) 2.367(1) 2.373(2) 2.374(2)

In the alkali metal/group 4 metal/polychalcogenides the coordinated to a pentagonal bipyramid of seven Q atoms
coordination environments of the group 4 metals are varied. (M1Q;), whereas M2 at the Wyckoff 4c site is coordinated to
This is illustrated in Figure 4 for M= Ti. The present Cs a distorted bicapped octahedron of eight Q atoms (M2The
TisS13 compound provides a new Ti coordination environment. arrangement of the M atoms along the chain is ..., [M1, M2,
Group 4 metals in other chalcogenides are mostly coordinatedM1], [M1, M2, M1], ..., with each M2 atom sharing three Q
to tetrahedra as in G&rAg,Te,,3° to octahedra as in KZrCy3® atoms with two neighboring M1 atoms and each M1 atom
or to bicapped trigonal prisms as in Zgr€

Formal Oxidation States In known alkali metal/group 4  face-sharing and edge-sharing are expressee=asafid “=",

sharing two Q atoms with one neighboring M1 atom. If the

metal/polychalcogenides there are ne-M bonding interac-  respectively, the [MQ14] repeat unit can be written as [Wd
tions, and the formal oxidation state of the M atoms-& By M2*=M1=], wherex denotes an eight-coordinated metal atom.
way of illustration, the respective MiM1 and M1—M2 The chains in the compounds &Zs;Tejs* and K:MsTey7 (M
distances in AM3Qi4 are 3.3238(8) and 3.3568(4) A in Rb = Zr, Hf)** are similar. There are three independent M atoms

TisS14 and 3.629(2) and 3.662(1) A in BfrsSe These are in these structures, and each M atom is coordinated to a distorted
too long to be M-M bonding distances. In these structures the bicapped octahedron of eight Te atoms. ThesTBlg chain
three Q atoms (Q2, Q3, and Q4) that bridge the M1 and M2 can be written [MI=M2*=M3*=]. The [M3Tey7] chain has
atoms are each a part of &%Q unit. These @Q distances two Te atoms, not bonded to M atoms, and the chain becomes
range from 2.0616(9) to 2.095(2) A for©S and from 2.367(1)  [MaTeud] if these two unique Te atoms are excluded. Thig{M

to 2.391(2) A for Q= Se and are single bonds. The Q atoms Teg] chain can be expressed as [MEM2*=M3*=].

(Q5) that link M1-M1 do not form Q> pairs. So AMzQi4 In CsyTisSes, eachl[TisSes] chain can be described by
can be described as (u(M*)3(Q2*")s(Q*7)2. On the other  the [Ti;Se] repeat unit. Atoms Til to Ti3 and Sel to Sel3
hand, in CsTisSesit is not possible to assign formal oxidation  form the first chain {), Ti4 to Ti6 and Sel14 to Se26 form the
states because the S8e interactions vary widely. Only those  second chain2), Ti7 to Ti9 and Se27 to Se39 form the third
interactions less than 3.0 A in length are listed in Table 4. chain @), and Ti10 to Ti12 and Se40 to Se52 form the fourth
Inability to assign formal oxidation states is uncommon in the chain @). The locations of these chains in the unit cell are shown

polyselenides but is the rule in the polytelluridés!6-30:31
In the AM3Q14 compounds,

Interrelationships.

in Figure 2, where two equivalent ones in the cell are related
the by the 2 symmetry operation. Chairzand 3 belong to one

i,[M 3Q1477] chain illustrated in Figure 3a has B@.4] as the type, and they are composed of three independent Ti atoms that
repeat unit. The chain contains two crystallographically unique are coordinated to pentagonal bipyramids of seven Se atoms to
M sites; M1 at the Wyckoff 8f site of space growR/c is form a [TE=Ti=Ti=] chain, as shown in Figure 3b. Chaits

and4 belong to another type and consist of three independent

(39) Pell, M. A.; Ibers, J. AJ. Am. Chem. Sod.995 117, 6284-6286. Ti atoms, as shown in Figure 3c. Tll, T|2, T|10, and Til2 are
(40) Brattds, L.; Kjekshus, AActa Chem. Scand.972 26, 3441-3449. coordinated to pentagonal bipyramids of seven Se atoms, but
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Table 3. Ti—Se Interactions (A) in GisSas

Til—Se6 2.524(3) Ti#Se31 2.522(3)

Til—Se4 2.534(3) Ti7#Se28 2.523(3)

Til—Se7 2.535(3) Ti#Se33 2.542(3)

Til—Se5 2.568(3) Ti#Se29 2.547(3)

Til—Se3 2.580(3) Ti#Se27 2.579(3)

Til—Se2 2.583(3) Ti#Se30 2.626(3)

Til—Sel 2.820(3) Ti#Se32 2.831(3)

Ti2—Sel0 2.422(3) TigSe35 2.437(3)

Ti2—Sell 2.509(3) TigSe37 2.515(3)

Ti2—Se8 2.545(3) Tig&Se36 2.539(3)

Ti2—Sel 2.574(3) TigSe32 2.545(3) (a) (b)
Ti2—Se9 2.591(3) Ti&Se34 2.617(3)

Ti2—Se3 2.612(3) TigSe27 2.627(3)

Ti2—Seb6 2.760(3) TigSe31 2.748(3)

Ti3—Se4 2.434(3) Ti9Se29 2.458(3)

Ti3—Sel3 2.514(3) Ti9Se38 2.513(3)

Ti3—Sel2 2.522(3) Ti9Se39 2.517(3)

Ti3—Sel0 2.576(3) Ti9Se35 2.587(3)

Ti3—Se2 2.628(3) Ti9Se30 2.624(3)

Ti3—Se9 2.696(3) Ti9-Se34 2.723(3)

Ti4—Sel4d 2.472(3) Ti9Se36 3.017(3)

Ti4—Se20 2.508(3) Til®Se46 2.534(3)

Ti4—Sel8 2.518(3) Til0Sed5 2.542(3)

Ti4—Sel6 2.585(3) Til®Se4l 2.546(3) (©) d
Ti4—Sel9 2.618(3) Til®Se40 2.551(3)

Ti4—Sel5 2.740(3) Tiz0Se44 2.561(3)

Ti4—Sel7 2.987(3) Til®Se43 2.569(3)

Ti5—Sel6 2.427(3) Til®Se42 2.804(3)

Ti5—Se23 2.536(3) TiltSe4l 2.435(3)

Ti5—Sel7 2.538(3) Til1Se49 2.498(3)

Ti5—Se21 2.541(3) Til1Se48 2.507(3)

Ti5—Sel5 2.632(3) Til11Se50 2.579(3)

Ti5—Se24 2.639(3) Til1Se43 2.649(3)

Ti5—Se22 2.717(3) Til2Sea7 2.728(3)

Ti6—Se26 2.515(3) Til2Se50 2.441(3)

Ti6—Se25 2.537(3) Til2Se51 2.519(3)

Ti6—Sel4d 2.541(3) Til2Se52 2.541(3)

Ti6—Se22 2.548(3) Til2Se42 2.553(3)

Ti6—Se24 2.580(3) Til2Se47 2.603(3) Figure 4. Coordination environments of Ti in some one-dimensional
Ti6—Sel9 2.627(3) Til2Sed4 2.651(3) alkali metal/titanium/chalcogenides: (a) square pyramid4mi8s; (b)
Ti6—Se23 2.856(3) Til2Se46 2.732(3) distorted octahedron in €BisTers; (C) pentagonal pyramid in GEis-

Ses (d) pentagonal bipyramid in GBizSi4; (e) distorted bicapped
Ti3 and Til1 are coordinated to pentagonal pyramids of six Se octahedron in C8isS;s Here open circles represent Ti atoms and
atoms to form a [EETi=Ti*=] chain, where # denotes a six- Shaded circles are chalcogen atoms.

coordinated metal atom. . . )
. . . Table 4. Selected SeSe Distances (A) in GFisS
Although six-, seven-, and eight-coordinated M atoms are () in G8isSa.

; ; ; chainl chain3
found_m alkali metal/group 4 metal/polychalcogenides, Seven- . <o 2.415(2) Se275e33 2.463(2)
and eight-coordinated M atoms are most common. If a chain g} 5oz 2.984(2) Se27Se37 2.851(2)
contains only seven- or eight-coordinated M atoms in the ge2-5e13 2.352(2) Se28Se3l 2.493(2)
structure and all Q atoms are bonded to M atoms, the chain Se3-Se7 2.446(2) Se365e38 2.365(2)
can be expressed systematically. If the [M/Q] chain contains  Se3-Sell 2.834(2) Se31Se37 2.743(2)
only seven-coordinated M atoms there are four possibilities. The =~ S€5-Se6 2.427(2) Se325e36 2.404(2)
first is the [M=] chain; each polyhedron shares one face (three gggggi% g%g% g:ﬁggg ggg?gg
Q atoms) with two neighbors, and the chain can be expressed ggg-5e11 2.989(2) '
as [MQy-3=4]. Such a chain exists in Nai,Ses? (Figure 3e). , .

P . chain2 chain4

The second possibility is the [#] chain; each polyhedron Sel5-Sel8 2.378(2) SeatSeds 2.401(2)
shares one edge (two Q atoms) with two neighbors, and the se17-Se23 2.402(2) Se4Se51 2.387(2)
chain becomes [M@,—s]. This kind of chain is yet to be Sel9-Se20 2.370(2) Se435e49 2.373(2)
discovered. The third possibility is the B¥M=] chain. The Se21-Se22 2.663(2) Se44Se52 2.973(2)
chin s MiQri7 5 2, wich nas been found in GBS, SZESeR 23D Semelt  2eb
(Figure 3d)!” The fourth possibility is the-f-M-+M--+] chain. Se23-Se25 2.963(2) SedTSeas 2.410(2)
This chain containsn “=" and n “=" and may be formulated Se24-Se25 2.453(2) Se47Se52 2.951(2)
as [Mn+nQ7gntn)—2m-3n). If such a chain {-+M* «--M* -++] contains
only m “=" and n “=" eight-coordinated M atoms, then it coordinated M atoms are expressed as M and M*, respectively,
becomes [MynQgmn)—2m-an]. Whenm = 0, the face-sharing and the chain-f-M---M*---] containsi M, j M*, m“=", andn
chain is [M@Q], which can be found in KM3Te;7; (M = Zr, “=", wherei + j = m+ n, the chain is [MjQ7i+g-2m-3n]. In
Hf)12 and CgHfsTex.!®> Whenm = 1 andn = 2, the chain AM3Qi4 i =2,j=1,m=1,n=2.
becomes [MQig], Which is found in AZrsTeis (A = Rb, As discussed previoushl, these compounds have closed

Cs)1431 Some compounds contain both seven- and eight- valence bands near the Fermi surface and are expected to be
coordinated M atoms, such asM3Qq4. If seven- or eight- semiconductors.
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