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Quaternary chalcogenides of the IVa metals with layered structures: 
preparation and crystal structures of TlCuT’“Q, (T = Zr, Hf; Q = S, 

Se) and their relation to the Re,B structure type 

Kurt 0. Klepp*. Doris Gurtner 

The new wmpr~undr TIC”T”Q, (T = Zr. Hf: Q = S. Se) were prepared by reacling intimate mixf”rcs of TI,S or TlSr with 
sloichiumclnc amounfs of the mrrespondmS Group IV mend. C” and the corresponding chalcogcn al 870°C. The four 
compounds “.‘e ,~os,r”c,“raIII and crystalline in +m. % = 4 with II =3X6(4, 5, b = 13.987(9) 6. c i 9.X,3(4, fi for TIC”ZrS,: 
0 = 3 847(1) A. h = 14.38,(.5) A. c = 10.15”(,, A for TICuZrSe,: a =x94(1) A. h = 14.“3”,3, A. c = 9.75”(3) A for TICuHfS,: 
and a =3.X31,1, A. h = ,4409(9, A. c = 10.124(2, A for T,C”“fSe,. Their crystal s,r”ct”res were detcrmincd from single crystal 
diffracmmeler data 1Mo KR radiatmn. ambient lemperalure) and refined lo convenlional R values of 0.016. 0.Mfl. 0.019 and 
0.031 respxllvely. 

An ouwanding fealurc of their crystal str”c1”res is Lhe tormakm of infinite anionic layers, :-[c”T’“Q,]- parallel to (010). 
which are separ.,ed by TI’ cutions. These layers arc b”ilt up hy edge sharing ‘IQ oc,ahedra a?d distofled C”Q, wtrahedr? 
AvcraSe T-Q dislances are 3Zr-S, = 2.%6,1) A. &de) =2.7”,(l) A. &-U-S) = 2.X,9(2) A and &Hf-Se) =2.6=X,,) A. 
Cumchalcogen distances are d(Cu-SJ = 2.318(Z) A and &“-Se) = 2.4320) A respectively. The thallium ions are in bicapped 
trigonal prismallc chalcogen coordmatmns. The atomic arrangement corresponds 10 that of KCuZrS,: based on the thallium- 
cba,coSe” partial >w”c,“~(I it can be regarded as a filled variant ot an am-Re,B s,r”m”re ‘ypr. 

1. Introduction 

Complex chalcogenidcs of the heavier IVa metals 
with electropositive metals have only recently been the 
subject of investigations. 

Thus B number of compounds with layered strut- 
twes have bee,, reported for the Ba-T’“-S systems 
(T= 21, Hf) [l-4]. They Iorm a series of closely 
related compounds Ba T S ,,*a ” i,,+, which are inter- 
mediate between the layered K,NiF, type (n = I) and 
the perovskite type (n = -1. These compounds are 
hence characterized by T’“S, octahedra sharing com- 
mon vertices. 

Several different new complex chalcogenides of Zr 
and Hf have recently been described by Ibers and 
coworkers [5-71. Their common structural feature is 

* Corqlonding author 

the octahedral chalcogcn coordination of the IVa 
metals. However. different from Ba,,,T,S,,,,, the 
octahedra are here connected throueh common ednrs. 
In Ctt,HtTq [5] edge shating leads to double a&- 
hedrat chains. I-HtTe3. which are connected hv tetra- 
hedraIIy coordinated copper atoms to form a three- 
dimensional framework. A similar structural motif is 
present in NaCuZrSe, [6]. where double chains of 
edge sharing ZrSe, octahedra are connected by copper 
atoms to form infinite layers intercalated by the alkali 
cations. Interestingly the closely related structure of 
KCuZrS, [7] reveals a different layer geometry. Its 
layers aie buit: up by lrrrns chains of ZrS, octahedra. 
which in turn are connected through common comers. 

We have recently determined the str”ctu~e of 
TI,ZrSe, [8]. This unexpectedly pseudo-one-dimen- 
sional compound contains double octahedral chains. 
very similar to those found in NaCuZrSe,. It was 



hence of inlarrs, to look whether this strwloral 
moiety would also be retained after (partial) subswu- 
lion of TI by Cu. This was the starting point for a 
structural investigation of the pseudo-binary sections 
TIz_,Cu2,T’“Q, (T = Zr. Hf: 3 = S. SC. Tc). 

2. Experhnental 

Starting nxxerbals for the preparation of the tide 
compounds were ,he elemcms of 99.9% purity ob- 
tained from Alfa Ventron. As a firs, step of ,hr 
synthesis the congruently melting thallium chal- 
cogenides Tl,S and TlSe were prepared as master 
allovs. lniimate mixtures of the vowdered comoonents 
(1.5.10 2 g) were pelleted and shed into silica tubes 
under a vr,cum, 01 I,) ’ Pa. The samples were healed 
in steps up to 870°C. at which ,emp&,ure they were 
annealed for 1,) days. Thermal ,rea,men, was term- 
na,ed by cooling td4W”C at a controlled raw ot 2’C 
h-‘. followed hy quenching into waler. The reaction 
produca thus obtainul were of polycrysralline appear- 
ance. They showed metallic lustrc wcn aflcr pro- 
Longed exposure to air. indicating good stability 
agains, humidity. None of the investigated samples 
appeared ,o have been mehed hy the foregoing 
thermal treatment. Suitable crystals of plate-like shape 
were selected under the microscope. The rest of the 
crushed samples was re-annealed at X7o”C for one 
week. yielding virtually sir@ phase producrs. as was 
confirmed by the evalualior of ,he Guinicr pawdcr 
diagrams (& Ku, radiatirn) and their comparison 
with the theoretical powder diffraction diagrams ob- 
tained through the finax progran [9] a, a later stage 
of this study. 

Preliminary crystallographic investigations wrrr per- 
formed using Weissenberg techniques. They showed 
that the four compounds crystallized with onhorhom- 
bit symmetry. The comparable k-mice dimensions and 
diffraction patterns indicated the presence of an iso- 
structural series. The systematic extinctions hkl. Ir + 
k +2n and hO/, lf2n led 10 CmcZ, (No. 36). C2cm 
(No. 40) or Cmcm (No. 63) as possible space groups. 
but of ‘which the &en,rosymrn&ic spa& group was 
successfully adopted in the course of ,he cryslal 
S*r”c,“re ,?%:,e~en,s. 

3. Sintctmre detetmiolltion 

The crystals selected for the structure determination 
were mounted onto a four-circle diffractometer 
(EnraC-N&us CAD4). The data collections were 
performed at a controlled temperature of 21(1)“C 
using graphite monochromated MO Ko radiation. 
Reflection data were collected over one octant of the 

ret&lion sphere in the angular range 2” s 28 s 56” for 
TICuZrSe, and 2”~28 s-54” fcr the other crystals. 
Reflection intcnsitics wcrc dclenoined wirh conven- 
tional w-2t) scans using an angular dependent scan 
widrh of 1.2’ + 0.354an0 for TICuZrSe, and 0.8” + 
0.35”tantc for the other compounds. The maximum 
scan time was 150 s. Crystal orientation and electronic 
stability were periodically checked on the b-is of 
three control refleaims, indicating only statistical 
Ruc,ua,~ons. The tinat cell dimensions were obtained 
by lcas, squares rcfinemems of ,he angular powions of 
24 carefully centred reflections in d-e range 32’ 4 20 =% 
42”. 

The mw intensity data were subjected to the usual 
background. Lorentz and polarization mirections. The 
statis!ics of the normalized strucwre factor indicated 
rhc presence of a cenire of inversion, iaticating Cmcm 
aa the correct space group. The crystal s,ructure of 
TICuZrSe, was solved by direct methods [lo]. The 
cuhsequcnt F‘-synthesis revealed the complete s,ruc- 
lure and cuntimwd the presumed isotypy with 
KCuZrS, [7]. Leas, squsres refinements (F-refine- 
ment) wnh isotropic fhermal parameters converged 
rapidly for all compounds. Anisolropic lhermal dis- 
placements were refined in the final cycles. The sub- 
sequent difference syntheses showed no physically 
significant peaks. Crystallographic data and further 
details of the s,ructure refinements are given in Table 
I. All calculations were performed with programs of 
rhe MolEN crystallographic software package [ll]. 
Scatturing factan for neutral atoms and anomalous 
dispersion corrections were lake” from ,he Interna- 
/ional Tuhles for X-Ray Crystallography [ 12.131. In the 
final refinements an isotmpic extinction correction was 
included. Ahsorption effects were accounted for by an 
empirical correnion [14]. The final pahional and 
thermal parameters are given in Table 2. Detailed lists 
of interatomic distances and bond ankles are eiven in 
Table 3. 

Tables of the anisotropic thermal parameters and 
lists of observed and calculated structure factors have 
been deposited at the Fachinformalionszentrum 
Karlsruhe. D-76344 Eggenstein-Leopoldshafen. Ger- 
many, under CSD No. 58999. 

4 Diwussion 

The new compounds TlCuZrS,, TICuZrSe,. 
TICuHfS, and TlCuHfSe, crystallize with panially 
ionic s,ruc,ures. Their atomic arrangements corre- 
spond to that of KCuZrS, [7]. The characteristic 
feature of the crystal structures is the fommlion of 
infinite anionic layers t-[CuT’“O,], which run parallel 
to (010) and are separated from each other by Tl’ 
ions. (Fig, 1). In the anionic layers the IVa metals are 



in fairly regular chalcogen coordinations. Along [lW] 
T’“Q, octahedra share opposite edges. yielding trans 
octahedral chains connected with each other through 
common vertices. As can be seen from a projection 
along [l&l] (Fig. 2), the infinite layers thus formed 

adopt a corrugated conformation in order to provide 
tetrahedral rites for the copper atoms. Ncighbouring 
layers are displaced relative to each other by a/2. 
resulting in a two-layer period along the stacking 
direction. 

The thallium ions between the layers occupy almost 
the crntrrs of trigonrl prismatic voids of chalcogcn 
atoms (Fig. 3). Their coordination is expanded by two 
lurther chakogens through additional waist contacts 
along [WI]. which in the case of the selenides are 
found at significantly longer distances. The average 
TI-Q bond lengths in the corresponding Zr and Hf 
compounds are in perfect agreement @(TIM)= 
3.277(l) and 3.279(2) A, &-Tl-Se)= 3.347(l) and 
3.3510) A respectively). These values correspond well 
with the sum of the i&c radii for TI’ and S2- or Se’- 
(3.24 and 3.38 A respectively) [Pi]. indicating pre- 
dominantly ionic interactions. From the symmetry of 
the chalcogen coordination of the Tl* ions and from 
the isotypy with KCuZrS,. a marked sterical activity of 
the lone pair o[ electrons on Tl’ can reasonably be 
ruled out. 

The bond distances in the individual T’“Q, octahed- 
ra lie close together. They compare well with those 
found in related compounds. The mean Zr-S distance 
in TICuZrS, calculates as 2.586(l) A compared with 
2.584(l) A in KCuZrS, [7] or 2.586(l) .& in NaCuZrS, 
[6]. Average Zr-Se bond lengths in KCJZIS~, [7] 
(d=2.709(1) A) and NaCuZrSe, [6] (a=2.692(1) A) 
are close to that found in the present thallium corn- 
pound (2.707(l) A). The average octahedral Zr-Se 
bond length is rather insensitive to changes in the 
environment. Thw the average bond distances in 
Cu,_,Zr,+,Se, [16], where octahedral double chains 
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lake part in thr formation of a :-framework, and in 
the partially ionic Tl,ZrSe, [El. which is characterized 
by isolated octahedral double chains, arf almost 
identical (@-Se) = X716(2) and 2.708(?) A rcspcc- 
lively). The average bond lengths in the present 
hafniun compounds (&HI-S) = 2.569(2) A, d(Hf- 
Sc) = 2.694(l) A) RR slightly shorter than those of the 
Zr homoloeues. The Mtrr is comparable with the 
average boid distances observed in TI@,Hf,Se, 
(2.66912) and 2.673(,) ?x) ,171. Structural data on 
homologous hafnium sulphides are not known for 

comparison. It should. however. he noted that the 
mean HI-S hond length in Ba,HtS, [Z] is signiticantly 
shorter (,i= 2.4.55(K)) A). 

The coordination of the copper atoms is less regular 
than that of the IVa metals, the symmetry of the CuQ, 
trtrahedra being C,,,. In all compounds the hond 
leneths CU-Q(2) are shorter than Cu-Q(l), the corre- 
spoiding hand angles Q(2)-‘L-Q(2) arc. as a conse- 
quence. wider. The average bond lengths in the 
corresponding Zr and Hf compounds are identical 
within the estimated standard deviations. (&G-S) = 
2.318(Z) A,, ri(Cu-Se) = 2.432(3) A). Comparable Cu- 
chalcogen distances are found in quatcrnary thios- 



pin& CuCrZrS, [IX] and CuCrZrSe, [IY]. whrrc the 
copper atoms attain a regular tetrahedral coordina- 
tion. 

Despite the tact that the complex layers in com- 
pounds with KCuZrS, ,ype contain siructural elc- 
ments we,: known from close anion packing. rhc 
crystal s,ruc,we itself cannot bc rationalized by this 
c&ep,. Focusing the view on thr Wchalcogen par- 
tial S,~IUC,UW reveals. however. an unerwxted s,ruc,ur- 
al relationship with an atomic arrang&nent found in 
,hr R&B s,IUc,Ure ,W ;R%B. SPBW wxw Cnzcm. 
n =2.8&l A, h = 9.3i; A. L = 7.2% A: Z = 4) [Z”]. 
which is charancrinzd by a 1riSoanal prismatic metal 
coordination on the horon amms. As can he seen after 
normalization wi,h structure tidy [21] (Table 4). 
there are only minule differences in thr free positional 
~arametrrs betwern the Iwo arrangcmcnts. The close 
&ne,ncal relationship is furlher hurwns,ra,cd by a 
comparison of the axial ratios. which arc found ,v lit 
within a claw ranpc (Table 51. The xnall variations in 

o/c ratios should be noled. These are the two lattice 
directions which are. for evident reasons. leas, affecled 
by ,he occupation of the letrakdral and octahedral 
mtentices provided by an Re,B type packing of 
tngoonal prisms. Owing 10 Lhis dose relationship, the 
KCuZrS, s~ructwe type might well be regarded as a 
filled-up varian, of an anri-Rr,B s,ruc,ure type. 
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