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Abstract

Th:.. new mmpuunds TICuT'YQ, (T= Zr Hf: QO =S, Se) were prepared by reacting intimate mixtures of TI,S or TiSe with

0 ric of the corr

a=3847(1) A. b = 14.381(6) A. ¢ = 10.150(1) A for TICuZrSe .
anda=23831(HA.b =

a=
14.409(9) A. ¢ = 10.124¢2) A for TICquSe . Their crystal structures were determined from single crystal

p g Group IV metal, Cu and the corresponding chalcogen at 870C The four
compounds are isostructural and crystallize in Cnum Z =4 with a = 3.726(4) A b=

13.987(9) A
14.030(3) A,

9.783(4) A for TICUZrS,:
50(3) A for TICUHIS,;

694(1) A, b=

diffractometer data (Mo Ke radiation. ambient temperature} and refined to conventional R values of 0.016. 0.040, 0.019 and

0.031 respectively.

An outstanding feature of their crystal structures is the formation of infinite anionic layers, ;

which are separated by T1'
Avcrage T-Q distances are d(Zr-S)=

2586(1) A. d(Zr-Se) =
Cu-chalcogen distances are d(Cu— S)

-[CuT™Q,]” parallel to (010),

cations. These laycrs arc built up by edge sharing TQ, octahedra and distorted CuQ, tetrahedra.
270%1) A, d(Hi-8) = 2.569(2) A and d(Hf-Se) =
2.318(2) A and d(Cu-Se) =243203) A respectively. The thallium ions are in bicapped

26041 A.

trigonal prismatic chal The atomic arr

cor ds to that of KCuZrS,: based on the thallium-

chalcogen partial structure it can be regarded as a filled variant of an anfi- Re B structure type.

Keywords: Crystal structure: Chak
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1. Intreduction

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

Thus a number of compounds with layered struc-
tures have been reported for the Ba-T'V-§ systems
(T=2Zr, Hfy [1-4]. They form a series of closely
related compounds Ba,,,T,S,,,, which are inter-
mediate between the layered K,NiF, type (n = 1) and
the perovskite type (n-w) 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 [5-7]. Their common structural feature is
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the hedral chal di of the IVa
metals. However, dlfferen! from Ba,,,,T Sin.1. the
octahedra are here gh common edges.
In Cu,HfTe, [5] edge sharing leads to double acta-
hedral chains, L-HfTe3, which are connected by tetra-
hedrally 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, actahedra are connected by copper
atoms to form infinite layers intercalated by the alkali
cations. Interestingly the closely related structure of
KCuZsS, [7] reveals a different layer geometry. Its
layers zie built up by trans chains of ZrS, octahedra,
which in turn are connected through common corners.
We have recently determined the structure of
Ti,ZsSe, [8]. Th)s T di d di
sional i I chains,

Fad

double C
very similar to those found in NaCuZrSe,. It was
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hence of interest io look whether this structural
moicty would also be retained after (partial) substitu-
tion of T1 by Cu. This was the starting point for a
structural investigation of the pseudo-binary sections
Tl,_Cu, TVQ, (T =Zr, Hf: Q =S, Sc, Te).

2. Experimental

Starting malerials for the preparation of the tille
compounds were the clements of 99.9% purity ob-
tained from Alfa Ventron. As a first step of the
synthesis the congruently melting thallium chal-
cogenides T1,S and TISe were prepared as master
alloys. Intimate mixtures of the powdered components
(1.5 10 2 g) were pelleted and sealed into silica tubes
under a vacuum of 10 ° Pa. The samples were heated
in steps up to 870°C. at which temperalure they were
annealed for 10 days. Thermal treatment was termi-
nated by cooling to 4WPC at a controlled rate of 2°C
h™'. followed by quenching into water. The reaction
products thus obtained were of polycrystalling appear-
ance. They showed mctallic lustre even afler pro-
longed exposure to air, indicating good stability
against humidity. Nonc of the investigated samples
appeared to have been melted by 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 870°C for one
week. yiclding virtually single phase products, as was
confirmed by the evaluation of the Guinicr powder
diagrams (Cu Ko, radiaticn) and their comparison
with the theoretical powder diffraction diagrams ob-
tained through the £inax prograr [9] at a later stage
of this study.

Preliminary crystallographic investigations were per-
formed using Weissenberg techniques. They showed
that the four compounds crystallized with orthorhom-
bic symmetry. The comparable lattice dimensions and
diffraction patterns indicated the presence of an iso-
structural series. The systematic extinctions Akl h +
k#2n and hOl, 1+ 2n led 1o Cmc2, (No. 36). C2cm
(No. 40) or Cmcm (No. 63) as possible space groups,
out of which the centrosymmetric space group was
successfully adopted in the course of the crystal
structure refizements.

3. Structure determination

The crystals selected for the structure determination
were mounted onto a fourcircle diffractometer
(Enraf-Nonius CAD4). The data collections were
performed at a controlled temperature of 21(1)°C
using graphite monochromated Mo Kea radiation,
Reflection data were collected over one octant of the

reflection sphere in the angular range 2° <28 < 56° for
TICuZrSe, and 2°=28<54° for the other crystals.
Reflection intensitics were determined with conven-
tlional w-26¢ scans using an angular dependent scan
width of 1.2°+035%an# for TICuZrSc¢, and 0.8°+
0.35°tan#? for the other compounds. The maximum
scan time was 150 s. Crystal orientation and electronic
stability were periodically checked on the basis of
three control reflections, indicating only statistical
Auctuations. The final cell dimensions were obtained
by least squares refinements of the angular positions of
24 carefully centred reflections in the range 32°<28 <
420,

The raw intensity data were subjected to the usual
background. Lorentz and polarization cozrections. The
statistics of the normalized structure factor indicated
the presence of a cenire of inversion, indicating Cmcm
as the correct space group. The crystal structure of
TICuZrSe, was solved by direct methods [10). The
subsequent F-synthesis revealed the complete struc-
ture and confirmed the presumed isotypy with
KCuZrS, {7]. Least squares refinements (F-refine-
ment) with isotropic thermal parameters converged
tapidly for all compounds. Anisotropic thermal 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 structure refinements are given in Table
1. All calculations were pesformed with programs of
the MoIEN crystallographic software package [11].
Scattering factors for neutral atoms and anomalous
dispersion corrections were taken from the [nterna-
tional Tables for X-Ray Crystallography [12,13]. In the
final refi an isotropic extinction correction was
included. Absorption eftects were accounted for by an
empirical correction [14]. The final positional and
thermal parameters are given in Table 2. Detailed lists
of interatomic distances and bond angles are given in
Table 3.

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

4. Discussion

The new compounds TICuZrS;, TICuZiSe;,
TICuHfS; and TICuHfSe, crystallize with partially
ianic structures. Their atomic arrangements corre-
spond to that of KCuZrS, [7]. The characteristic
feature of the crystal structures is the formation of
infinite anionic layers 2-[CuT"VQ,], which run parallel
to (010) and are separated from each other by TI™
ions. (Fig. 1). In the anionic layers the IVa metals are
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Table 1
Crystallugraphic data for TICUZrS . TICuZrSe . TICuHIS, and TICuH(Se,
Compuound TICuZrS, TICuZsSe, TICGHS, TICuHISe,
Space group Crnean (No. 63)
H 4 4 1 4
e (A) 3726(3) 8a7(1) 369311) 383K(1)
b(A) L3.987(9) 14.381(H) 14.03003) 14.400(9)
c(A) 9.783(4) 10.150(1) 9.750(3) 10.124(2)
V(A" S09.8 5615 5083 588
d (gem ) 594 05 7.14 &13
M, 455,32 542,591 683.28
(Mo Ka){em ) 30001 5 576.82 704.31
Feou) 792 1008 930 136
Crystal dimensions («m ") 100 % 28 % 25 T3 XM H 25 TS x25x% 28 100 x 40 % 30
Struecture refinement
Unique refiections 269 409 369 366
Observed refleetions >3utF,") 57 k1l 354 27
Variables 24 2% 2 24
R )= I [/5F,) 0016 0.040 0019 0031
SwlF) IS EwIF, 0.020 0.043 0020 0.038
Exunum‘n cocfficie . 181410 © 1458 %10 " 1080 107" 6293% t0 7
Residual electron densiiy (€ A ') 0.74 3 125 268
Table 2 . adopt a corrugated conformation in order to provide
l‘,’“”,:_‘l"cf“lz A r;"‘ et “‘é";’]"(“ms factars tetrahedral siles for the copper atoms. Neighbouring
or her uerse., TRARD, an HHBe layers are displaced relative to each other by a/2.
Atom x v < B resulting in a iwo-layer period along the stacking
TICNZrS, direction.
n 0500 0241882) 0250 1.887(7) The thallium ions between the layers occupy almost
ze 0.500 0.500 0.000 06s(h) the centres of trigonal prismatic voids of chalcogen
Cu 0.000 0.45831(7) 0250 1.04(2) t Fie. 3). Th dinati ded by ¢
s(i) DM ane03(1) 0.250 0.68(3) atoms { 8. - ). Their coor! L'“a}g’"_'s expanded by two
5(2) oM 0.3762019) 0.0473(1) 0.67(2) Tusther waist contacts
along [(01], which in 1he case of the selenides are
TiCuZrSe, , found at significantly longer distances. The average
n 0.500 0:2472(8) 0.250 208(2) TI-Q bond lengths in the corresponding Zr and Hf
Zr 0.500 0.500 0.000 1.06(4) f ((T1-5) =
Cu 0.000 0.4607(2) 0250 1.47(6) compounds are in perfect agreement (d( )=
Se(1) 0.000 0.0659(2) 0.250 0.90(2) 327%1) and 3.2792) A, d(Tl-Se)=3.347(1) and
Se(2) 0.000 0.3720(1) 20479(2) 0.95(3) 3.35142) A respecuvely) ‘These values corre fand well
with the sum of the ionic radii for TI" and §° or Se*~
;‘:CquS‘ 0500 02811408) 0250 L3y (324 and 338 A respectively) [15], indicating pre-
Hf 0.500 0.500 0.000 0.789(9) dominantly ionic mt'erac_tlons. From t}le_ symmetry of
Cu 0.000 0.4561(1) 0.250 1.19(3) the chalcogen coordination of the T1I" ions and from
5(1) Q.000 00593(2) 0250 0.83(6) the isotypy with KCuZrS,, a marked sterical activity of
S 0000 03770(2) 0.0349(2) 0.76(4) the lone pair of electrons on TI* can reasonably be
. ruled out,
TICuHfS - . [T
T ubfSe, 500 0.24690(9) 0.250 1.62(2) The bond distances in the individual T'YQ, octahed-
HI 0.500 0.500 0.000 0.59(2) ra lie close together. They compare well with those
Cu 0.000 0.4502(3) 0.250 1.03(6) found in related compounds. The mean Zr-S distance
2"(;) gm 32323(? g-ﬁgs N 0.55(4) in TICuZsS, calculates as 2.586(1) A compared with
o) i 37270 04582)  046(3) 2.584(1) A in KCuZr$, [7] or 2.586(1) A in NaCuZrs,
B,,=B,, + B, + B, /5.

in fairly regular chalcogen coordinations. Along [100]
T'™Q, octahedra share opposite edges, yielding trans
octahedml chains connected with each other through
common vertices, As can be seen from a projection
along [100] (Fig. 2), the infinite layers thus formed

[6]. Average Zr-Se bond lenpihs in KCuZsSe, [7]
(d=2709(1) A) and NaCuZrSe, [6] (d=2.692(1) A)
are close to that found in the present thallium com-
pound (27[)7(1) A). The average octahedral Zr-Se
bond length is rather insensitive to changes in the
environment. Thus the average bond distances in
Cu,_ Zr,, Se, [16], where octahedral double chains
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Table 3
Interatomic distances (A) and hond angles (deg) for the TICUT™ Tuble 3 (cuntnred)
Q, phases TG,
TICuirS, T (1) 3.149(3) 2%
T s(1) 3.149(2) 20 it s2) 3319(2) 2%
T S(2) 3306(1) 1% m st2) 3324(2) 4%
T S(2) 3345(1) 2+ m Cu 3537
T Cu 3554(1) 2% n m 3604(1) 2
N 3
n T 3726(4) 2% HP s(h) 2576(1) 24
Z sl 2587(1) 2% Hf S(2) 2565(2) 4x
zr 5(2) 5(1) 4% Hf Cu 3190y 4x
zr Cu 3.129(0) 4% Hi He 3.694(1)2x
Zr Zr A72604) 2%
sty Ht s(2) 86.8(1) 4%
S(1) Zr §(2) B7.2{0) 4% S(2) Hi 8(2) B79{1)2x
$(2) zr 5(2) 87.8(0) 2% s(2) Hi 5(2) %21(1)2x
5(2) 2 s(2) ¥22{0) 2 (1) Hi 52} 932(1)4x
s(1) Zr 5(2) 92.8(0) 4 ) I s(1) 180.0(0}
s(1) Zr s(1) 1800 s(2) Hf §(2) 180.0{0) 2
$(2 Z a2
(2) d 52 B0 2y st 234%2) 2%
Cu s 2347(1) 2x Cu si2) 2287(3) 2%
Cu s(2 2291(1) 2% Cu 5(2) 3707(3) 2%
Cu 52) 3771 2% Cu Cu 360a(1) 2%
¢ 3726(4)2
Cu v 3726(4) 2% s Cu s(1) 103.8(1)
st cu S(1) 105.1(1) S(1) Ca 82) 107.42(4)4x
5(1) Cu 8(2) 107,70y 4% $(2) Cu s(2) 12201
s I3 2 193
2 ¢ S 1oL s(1) 502 35322 4x
S(1) S(2) 2567(1) 4% s() S(2y 3.735(3) 4x
s(1) $(2) 3746(2) 4 sity sl 3694(1)
s(t st ;
Sﬁz; stz: 5(2) 5(2) 3560(4)
pasts o s2) 2y 3694(1) 2%
TICuHfSe,
Teuzrser . T Se() 32082) 2
Se(1) 3.240(2) 2
n Se(2) 3351(2) 4%
T Se(2) 3.336(2) 4%
T 5e(2) 3455(2) 2%
T Se(2) 3.476(2) 2% .
¢ m Cu 3.609(3) 2%
T Cu 3.623(2) 2% 1 H FpeeH b
Tl bl 3847(1) 2% 2830
zr se(l) 2.709(1) 2% m zczl) 3‘232‘ i) 3:
Zr Se(2) 2706(1) 4% (2) 2692(1)
4 - FEEHO He Cu 3.208(1) 4
4l o Praiod Hi HF 3831(1) 2%
w s R T B
$e(2) zr Se(2) 89.4(1)2% Se(2 ‘7( )
Se(2) zr Se(2) wenax 2 Hi Se(2) 074y 2%
ot = - brpio se(1) R Se(2) 943(1) 4x
Se(1) P Se(1) 1800 Se(t) H Se(1) 180.0(0)
Se(2) Zr Se(2) 1800 2x Se2) Ht 5e(2) 130.0(0y 2
cu Se(l) 2447(3) 2% Cu Se(l) Z441(3) 2x
Cu se(2) 2414(3) 2n
Cu Se(2) 2416(2) 2% c
u Se(2) 3851(3) 2%
Cu Se(2) 3846(3) 2x G Cu 3831(1) 2%
Cu Cu 3847(1) 2% v g :
Se(l) Cu se(1) 1036(2) Se(h) Cu Se(l) 103.002)
Se(1) Cu Se(2) 108.7(0) 4x
se(1) Cu Se(2) 109.1(0) 4% ) o o 152
Se(2) cu Se(2) 1162(2) Se(2 ’
Se(l) Se(2) 1.693(2) 4% :e(l] Se(2) 3667(2) ax
e(1) Se(2) 3951(3) 4%
Se(1) Se(2) 3961(2) 4% sty povind 311 2%
Se(1) se(1) 3.847(1) 2% -
$e(2) se(2) 3807(3) Se(2) Se(2) 3783(3)

Se(2) S6(2) 3847(1) 2% Se(2) Se(2) 3.831(1)2x
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Fig. 1. Clinographic projection of the crystal siructure of TICuZrS, in polyhedral represenlation. Edge sharing ZrS, octahedra and Cus,
tetrahedra are arranged in anionic layers parufiel to (D10). which are separated from cach other by T1' ions.

take part in the formation of a ?-framework, and in
the partially ionic T1,ZrSe, [8], which is characterized
by isolated octahedral double chains, are almost
identical {d(Zr-Se)=2.716(2) and 2.708(2) A respec-
tively). The average bond lengths in the present
hafnium cnmpnunds (d(Hf-S) = 2.569(2) A, d(Hf-
S} =2.694(1) A) are slightly shorter than those of the
Zs homologues. The later is compamble with the
average bond distances observed in TI,Cu,Hf,Se,
(2.669(2) and 2.673(1) A) [17]. Structural dam on
homologous hafnium sulphides are not known for

comparison. It should, however, be noted that the
mean HI-S bond length in Ba,HIS, {2] is significantly
shorter (4 =2455(10) A).

The coordination of the copper atoms is less regular
than that of the I'Va metals, the symmetry of the CuQ,
tetrahedra being C,,. In all compounds the bond
lengths Cu-Q(2) are shorter than Cu-Q(1), the corre-
sponding bond angles Q(2)-Cu-Q(2) are, as a conse-
quence, wider. The average bond lengths in the
corresponding Zr and Hl' compounds are_identical
within the esti Jeviat . {#(Cu-S)=
2318(2) A, d(Cu-Se) = 2.432(3) A). Comparable Cu—
chalcogen distances are found in quatcrnary thios-

Fig. 2. Perspective projection of the crystal structure of TICUZsS,
along {100] showing the bicapped trigonal prismatic chalcogen
coordination of the thallium atoms (full circles).

Fig. 3. Deiailed view of the Irigonal prismatic sulphur coordination
of TI" in TICuZtS,. The prism height corresponds to the a-transla-
tion, Dictances are in angstroms.
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pinels CuCrZrS, {18] and CuCrZsSe, [19]. where the
copper atoms attain a regular tetrahedral coordina-
tion.

Despite the fact that the complex layers in com-
pounds with KCuZr$S; type conmtain structural cle-
ments well known from close anion packing. the
crystal structure itself cannot be rationalized by this
concept. Focusing the view on the Tl-chalcogen par-
tial structure reveals, however, an unexpected structur-
al relationship with an atomic arrangement found in
the Re,B structure type {Re;B. space group Cmem,
a=2.890 A, b=9313 A, c=7258 A, Z= 4) {20]).
which is characterized by a trigonal prismatic metal
coordination on the boron atoms. As can be seen after
normalization with structure tidy [21] (Table 4).
there are only minute differences in the free positional
parameters between the two arrangements. The close
geometrical relationship is further demonstraicd by a
comparison of the axial ratios, which are found to lic
within a close range (Table 5). The small variations in

Table 4

C of the tised structural of Re B and
Tl-chalcogen partial structure of TICuZrSe,

Atom WP X v N

Rel &) 0 0.36550 0.06200
Re2 o) 0 DTSN 174

B ) n 0.75600 1id
Sel 8¢N) ¢ 037200 00479
Se2 4(c) o Qu6S50 14

T () 0 074730 HES
‘Fable 5

The wxial ratios of compounds with the KCuZrS, structure type and
Re B

Compound Ref. alh ale bre

Re,B 20] 0.3103 0.3982 1.2831
NACuZsS, [6] D.2872 03752 1.3200
KCuZrS, 17 0.2681 1.4266
KCuZSe, [l 0.2671 1.4279
KCuZrTe, 7 02672 1.4034
TICuZrS, this work 0.2663 14297
TICuZsSe, this work 0.2675 1.4168
TICuHIS, this work 02633 1.4390
TICuH(Se, this work 0.2659 14233

alc ratios should be noted. These are the two lattice
directions which are, for evident reasons, least affected
by the occupation of the tetrahedral and octahedral
interstices provided by an Re,B type packing of
irigonal prisms. Owing to this close relationship, the
KCuZrS, structure type might well be regarded as a
filled-up variant of an anti-Re,B structure type.
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