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Low-dimensional materials

The new quaternary europium polysulfide KCuEu,Ss was
obtained using the reactive flux method at an intermediate
temperature of 380°C by reacting K,S; with elemental Cu,
EuS and an excess of sulfur. The Eu®* ions exhibit a bicap-
ped trigonal prismatic coordination and the Cu* ions are in

a tetrahedral environment. The crystal structure is character-
ized by anionic layers of interconnected Eu and Cu polyhe-
dra with K* ions residing between the anionic sheets [Cu-
Eu,Sg]a~. The Cu* ions occupy one half of the tetrahedral
sites in an ordered fashion.

Binary and ternary transition-metal chalcogenides have
technological interest as they exhibit physical properties
which make them usable, for example, for applications as
infrared lenses!!l, lasersi?, or color phosphors®..

The usual way for preparing lanthanoid chalcogenides is
the high-temperature route which often leads to mixtures of
phases or compounds with defect structures. Another way
is the metathesis between alkali chaleogenides and lan-
thanoid halides.

Two known structure types in the alkali metal (A)/lan-
thanoid (Ln)/chalcogenide (Q) system have the composition
ALnQ,M. One of these structure types is a simple NaCl
structure with statistically distributed A¥ and Ln>* cations.
The other ALnQ, compounds crystallize in the a-NaFeO,
structure type. A third type is represented by the com-
pounds KLnMQ, (Ln = La, Nd, Gd, Y; M = Si, Ge; Q =
S, Se)lsl.

A new method for preparing ternary and higher order
transition-metal chalcogenides and also rare-carth metal
chalcogenides at intermediate temperatures between 270°C
and 500°C was reported by Ibers and co-workers!S!, Since
then a large number of new transition-metal chalcogenides
were prepared!’l, but only a few lanthanoid compounds.
These include the compounds KCeQ, (Q = Se, Te)l®l, ACu-
CesQs (A= K, Cs; Q= S, Se)P1% and K,Cu,CeS,H'"
which all represent new structure types of multinary alkali
lanthanide chalcogenides. In this paper we report on the
structure and synthesis of the first quaternary alkali eu-
ropium chalcogenide according to the low-temperature
route. In KCuCe,Se¢ the Cu centers are statistically distrib-
uted over the tetrahedral sites, whereas the Cu* ions in the
title compound occupy these sites in an ordered way leading
to the formation of a superstructure of the KCuCe,Se,
structure type with all lattice parameters doubled.
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Results and Discussion

The crystal structure of KCuFEu,S; is displayed in Figure
1. Figure 2 shows the numbering scheme as well as the en-
vironment of the different atoms. Double layers of Eu®*
and Cu* centered polyhedra are within the ab plane. Every
layer consists of interconnected EuSg and CuS, polyhedra.
The K~ ions are located in the gaps between the layers and
connect these layers parallel to [001].

Figure 1. A perspective view of the layer structure of KCuEu,S4

showing the connection of the EuSg bicapped trigonal prisms and

CuS, tetrahedra; the polyhedra around the K* ions are omitted for

clarity; atom types: cross-hatched circles: Cu; striped circles: Eu;
light shaded circles: S; open circles: K

The Eu* ions are in a distorted bicapped trigonal pris-
matic environment with the short basal edges of the tri-
angular faces being (S,)*~ units and the rest of the sites
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Figure 2. The coordination of the different atoms in KCuEu,S4
together with the numbering scheme; the ellipsoids are drawn at
the 70% probability level

occupied by S?~. Two S?~ are located above two of the
three rectangular faces of the prism.

The trigonal prisms are connected via the two triangular
faces forming rods parallel [100]. These rods are intercon-
nected parallel [010] such that each capping atom of one
prism is the third S atom of the triangular faces of a neigh-
bouring EuSg polyhedra.

The Eu/S part of the structure is also found in the com-
pounds ACuCe, Qg% ZrSe;!'', CsTh,yTesl'?, and the
[CeS;]7~ framework of NaCeS;!”). In ZrSe; the Zr—Se dis-
tances to the two capping Se atoms are significantly longer
than the other 6 Zr—Se bond lengths within the trigonal
prism. The grooves between the interconnected Eu po-
lyhedra possess tetrahedral sites which accommodate the
Cu* ions (see Figure 1). Every second tctrahedral site is
occupied by a Cu*ion in an ordered fashion.

According to the crystal structure analysis reported in
ref.’) the two compounds CsCuCe»Ss and KCuCe,Se, crys-
tallize in the orthorhombic space group Immm. In these
compounds the tetrahedral sites are only half occupied by
the copper ions. The authors suggested that the Cu centers
are either mobile or statistically distributed over the two
possible sites. In the former case the compounds should be
good ionic conductors. Unfortunately, no experimental de-
tails were reported which would support this assumption.

If the reflections defining the superstructure of
KCuEu,S¢ are neglected it is also possible to solve the
structure in space group Irmmm leading to the same model
with disordered Cu centers. In space group Fddd, however,
the tetrahedral sites split into two alternating independent
sites of which only one is occupied by Cu. As a result of this
ordered arrangement all crystallographic axes are doubled.

The Eu—S distances range from 2.817(5) to 3.032(5) A
for Eu(l) and from 2.822(1) to 2.965(5) A for Eu(2) with
an average of 2.873 A and 2.865 A respectively and are
within the range found for other europium sulfide com-
pounds containing Eu?*. In Eu,CuS;™3! for instance Eull!
is in a distorted octahedral environment of six S atoms and
the average (Eu—S) distance amounts to 2.774 A. In
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Eu,BiS,¥ Eu™ is coordinated by 7 S atoms in an octa-
hedral-like fashion with one corner being split into two S
atoms and (Eu—S) amounts to 2.86 A. In EusSn;S;,!'S the
two Eu species have coordination numbers 8 (bicapped
trigonal prism with (Eu-S) = 2.94 A) and 7 (monocapped
trigonal prism with (Eu-S)= 2.82 A). The Fu-S in-
teratomic distances to the capping atoms are significantly
longer than the Eu—S separations within the prism. In the
KCuEu,S4 the Eu—S distances to the atoms in the prism
((Eul-S) = 2.89 A; (Bu2—S) = 2.87 A) and to the two
capping atoms ({(Eul—S) = 2.818 A; (Eu2-S) = 2.850 A)
are nearly identical, as a consequence of the uneven S—S
distances within the triangular faces.

The shortest Eu—Cu separations are 3.1920(9) and
3.3851(2) A. These distances are too long for significant
Eu—Cu interactions [r(Eu’*) = 1.066 A, HCu*) = 0.60
AU,

The mean bond length for Cu—S of 2.338 A is compar-
able to those found in other CuS, tetrahedra containing
compounds like NH,CuS,!'7 (Cu—8 = 2.293-2.437 A),
CuAsSI (Cu—8 = 2.30-2.34 A) or Eu,CuS;P*1 (Cu—-S =
2.337-2.397 A). The CuS, tetrahedra exhibit a significant
distortion from the ideal tetrahedral symmetry as is evi-
denced by the S—Cu—S angles ranging from 90.35(7) to
118.27(7)°. This distortion is further evidenced by the dis-
tortion parameters DP, = 0.0568 and DP4 = 0.0103 (com-
pare Table 3). The nonbonding S—S separations within the
CuS, tetrahedra range from 3.351 A [S(1)=S(1)] to 3.973
A [S(3)—S(3)]. .

The S—S interatomic bondlength of 2.104(2) A is typical
for a single bond.

The K* ions are in a distorted parallel epiped of 8 sulfur
atoms. The KSg polyhedra are joined by common faces par-
allel [100]. The mean K—S distance of 3.32 A agrees well
with the sum of the ionic radii of K* [#(K™) = 1.51 A] and
S~ [1(S?7) = 1.84 AJuel,
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Experimental

The quaternary compound KCuEu,Ss was first prepared by
combining K ,S; with EuS (99.9% Heraeus), Cu (99.999% Heraeus)
and additional sulfur (99.99% Heraeus) in the ratio 2:2:1:6. K,S;
was made by the reaction of stoichiometric amounts of K (>98.0%
Heraeus) and S in liquid ammonia under argon. In a dry box the
starting materials were thoroughly mixed and then loaded into py-
rex glass ampoules which were subsequently evacuated (4 - 1073
mbar) and sealed. The ampoule was heated to 653 K within 6 h,
held at this temperature for 6 d. After the heat treatment the sample
was cooled to room temperature with a rate of 2 K/h. The resulting
melt was washed with DMF and ether. The product was microcrys-
talline with some small dark-bronze plate-like crystals of the title
compound. Preparation of KCuEu,S4 at 573 K led to a completely
microcristalline product with a powder pattern which could be fully
indexed on the basis of KCuEuw»Ss. Crystals suitable for X-ray crys-
tal structure determination were grown at 723 K using the element
ratio mentioned above. KCuEu,S; is stable to air for a long period.

EDAX investigations on a number of selected crystals yielded a
composition of 11% K, 10% Cu, 22% Eu, 56% S (atom percent).
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Table 1. Technical details of data acquisition and selected refine-
ment results for KCuEu,S

KCuEu2S6

a[A] 8.1077(7)

b [A] 10.7600(R)

c[A] 42.191(4)

volume [4%] 3680.7(5)

crystal system orthorhombic

space group Fddd

Z 16

Mw 598.92

p [mm™] 17.485

p[Mg/m’} 4323

2017 3.0-70.0

Index ranges 2<h<13
-1<k<17
68 <1 <40

reflections collected 4736

unique data 2033

absorption correction numerical

min./max. transmission 0.54285/0.74528

Rint [%6] 5.16

K 0.00705(1)

% 0.000023(2)

¥ 0.0134

parameters refined 49

R1 (827 with I>2aT) [%] 2.00

wR2 (2030 data) [%] 471

R1 (2033 data) [%) 11.32

GOOF 0.908

difference peaks [eA”] 1.64/-1.20

Cell parameter determination 306 <20<526
reflections 92

[l Extinction correction: F* = £, - k- (1 + 0.001 - x - FZ - A%
sin2@)~14; k= OSF. — ™ Weighting scheme: w™! = o?(F2) +
(v - P)%; P = [max. (0 or F2) + 2 - F2)/3.

Table 2. Atomic coordinates [X 10| and equivalent isotropic dis-
placement coefficients [A? - 10%] for KCuEu,S;

X v z U(eq)
Eu(l) 1250 1250 O]
Eu2) 6250 1250 348(1) 9D
Cu 8750 3750 4091 20(1)
S(1) -1262(9)  2193(1)  804(1)  18(D)
52) -1203(8)  260(1)  728(1)  14(1)
S@3) 12002)  37472) 1271y 1)
K 6250 3759(2) 1250 25(1)

X-ray Crystallographic Studyl?:. Single-crystal X-ray work was
performed at room temp. with a STOE AED II diffractometer (A =
0.7107 A, graphite monochromator). The intensities were reduced
to F,. Lorentz, polarization as well as a numerical absorption cor-
rection (face-indexed) were applied. A full-matrix refinement
against F-squared with anisotropic displacement parameters for all
atoms was used. All calculations were done with the software pack-
age SHELXL-93. Technical details of data acquisition as well as
some refinement results are summarized in Table 1. Atomic coordi-
nates are given in Table 2 and interatomic distances as well as selec-
ted angles are summarized in Table 3. — X-ray powder diffractome-
try investigalions were performed with a Siemens D 5000 dif-
fractometer (Cu-K,, A = 1.54056 A) equipped with a high tempera-
ture furnace (Fa. Bihler). — The crystal structure determination
was first carried out at room temp. All 62 reflections found in re-

Chem. Ber. 1996, 129, 1489—1492

Table 3. Interatomic distances [A] and angles [°] in KCuEu,Sg¢

KCuEu,S,

Ew(D)-S2) 2% 2817(3) Eu(1)-SG)2x  2.818(2)
Eu()-S(3) 2x  2.823(1) Eu(1)-S(1)2x  3.032(5)
Eu2)-S(3)2x  2.822(1) Eu(2)-S()2x  2.824(5)
Eu(2)-5(3)2x  2.850(2) Eu@)-S(1)2x  2.965(5)
Eu(1)-Cu 3.3851(2) Eu(1)-Cu 3.3852(2)
Eu(2)-Cu 3.1920(9) Eu(2)-Cu 3.3780(2)
Cu-5(3) 2x 2.314(2) Cu-S(1) 2x 2.362(2)
pp 0.0411

S(1)-S(2) 2.104(2)

K-5(1) 2x 3.234(5) K-S(1) 2x 3.236(5)
K-S(2) 2x 3378(4) K-S(2) 2x 3.432(4)
SG)-Cu-S(1)2x  111.42) SB3)-Cu-S(1)2x  111.0(2)
$(1)-Cu-5(1) 90.35(7) S(3)-Cu-S(3) 118.27(7)
pp® 0.0568

S(2)-Eu()-S(2)  106.4(2) S(2)-Eu(1)-S(3)2x 80.21(4)

S(2)-Eu(1)-S3)2x 122.06(7) SG)-Eu(1)-S(3)  144.94(4)
S(2)-Eu(1)-S3)2x 83.7(1)  S(2)-Eu(1)-S3)2x 157.71(5)
S(3)-Eu(1)-S(3)2x 78.71(5) S(3)-Eu(1)-S3)2x 77.62(3)
SG)-Eu(1)-S3)  94.13(6) S(2)-En(1)-S(1)2x 41.97(4)
S(2)-Eu(1)-S(1)2x 87.25(3) S(3)-Eu(1)-S(1)2x 121.85(6)
SG)-En(1)-S(1)2x 82.56(4) S(3)-Eu(1)-S(1)2x 87.6(1)
S(3)-Eu(1)-S(1)2x 160.32(5) S(1>-Eu(1)-S(1)  97.3(2)
S(3)-Bu(2)-S(3)  89.49(6) S(3)-Eu(2)-S(2)2x 83.60(9)
S(3)-Eu(2)-S(2)2x 156.77(4) S(2)-Eu(2)-8(2)  110.7(1)
S(3)-Eu(2)-S(3)2x 76.08(5) S(3)-Eu(2)-5(3)2x 77.11(3)
S(2)-Eu(2)-S(3)2x 122.12(8) S(2)-Eu(2)-S(3)2x 80.76(4)
S(3)-Eu(2)-5(3)  141.90(4) S(3)-Eu(2)-S(1)2x 89.0(1)
S(3)-En(2)-S(1)2x 159.86(5) S(2)-Eu(2)-S(1)2x 42.54(4)
S(2)-Eu(2)-S(1)2x 89.98(5) S(3)-Eu(2)-S(1)2x 83.03(4)

S(3)-Eu(2)-S(1)2x 123.00(7) S(1)-Eu(2)-S(1)  99.2(2)
S(1)-K-S(1) 117.2(1) S()K-S(1)2x  62.39(5)
S()-K-S(1)2x  179.5(2) S(1)-K-S(1) 118.0(1)
S()K-S2x  103.7(1) S(A)»-K-S@2x  105.2(2)
S(1)-K-S(2)2x  75.23(6) S(1)-K-S(2)2x  76.26(5)
S(2)-K-S(2) 122.9(1) S(1)-K-S(2) 75.73(5)
S(DK-S@)2x  75.53(4) S(1)-K-SQ)2x  104.5(1)
S(DK-S(@)2x  103.9Q2) S@-K-S2)2x  57.02(9)
S@)K-S@2x  179.0(2) S(1)-K-S(2) 75.73(5)
S(2)-K-S(2) 123.1(1)

[4] Distortion pararpeter DP, for the CuS, tetrahedra: d; = 4 M-S
AL dy, = {M=8) [A], DPy = (%= 4d; — d,.)/4 d,,. — ® Distortion
parameter DP, for the CuS, tetrahedra: ¢; = 6 S—M-S [°]; g, =
(S_M—S> [O]; DPu = (Zi:l,élai - leb/s 2290

ciprocal space to determine the orientation as well as the lattice
parameters could be indexed on the basis of an orthorhombic /-
centered unit-cell with axes a = 4.049, b = 5.380, and ¢ = 21.093
A. The crystal was then cooled to 120 K and a new search revealed
two reflections which demanded a doubling of all three axes leading
to an orthorhombic F-centered unit-cell. With this F-centered cell
the final data collection was carried out. It must be stressed that
all reflections with uneven indices exhibited extremely weak inten-
sities and therefore can be regarded as superstructure reflections,
with the highest intensity being only 3% of the most intense sub-
structure reflection. — In order to make sure that the superstruc-
ture is not due to a phase transition from orthorhombic / to ortho-
rhombic F upon cooling, several experiments at various tempera-
tures were conducted. — After data collection at 120 K the crystal
was heated to room temp. in steps of 20 K while recording the
four most intense superstructure reflections. Up to 290 K these
reflections did not show any variation in shape or intensity. In ad-
dition, about 6 crystals taken from different batches were investi-
gated on the diffractometer. In all cases the F-centered unit cell was
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confirmed. — Homogeneous powder samples were treated under
Argon at different temperatures (373 K, 473 K, 573 K) for 2 d with
subsequent quenching to room temp. The powder patterns of the
products of these experiments still showed the superstructure re-
flections, The sample treated at 573 K was already decomposed.
— These results were confirmed by in-situ high-temperature X-ray
powder diffractometry. The samples were heated (under N,) to 473
K and then in steps of 100 K to 673 K. At each temperature X-
ray powder data were collected. At 473 K and 573 K the very weak
(111) and (113) superstructure reflections located at 20 = 13.87
and 15.10° were still present, while at 673 K the sample decom-
posed.

* Dedicated to Professor W Jeitschko on the occasion of his
60th birthday.

I K. L. Lewis, J. A. Savage, K. J. Marsh, A. P. C. Jones, New
Optical Materials, Proc. SPIE. Int. Soc. Opt. Eng 1983, 400, 21.

21 A. Bornstein, R. Reisfeld, J Non-Crystalline Solids 1982, 50,
23-217.

Bl B. T. Kilbourne, A Lanthanide Lanthology, Molycorp Inc.,

White Plains, NY, 1993, part 1.

R. Ballestracci, E. F. Bertaut, Bull. Soc. Fr. Mineral. Crystallogr.

1964, 87, 512—517; R. Ballestracci, E. F. Bertraut, Bull. Soc.

Fr. Mineral. Crystallogr. 1965, 88, 136—138; R. Ballestracci,

Bull. Soc. Fr. Mineral. Crystallogr. 1965, 88, 207—210; W.

Bronger, R. Elter, E. Mans, T. Schmidt, Rev. Chim. Miner. 1974,

10, 147—150; S. Kabre, M. Julien-Pouzol, M. Guittard, Bu/l.

Soc. Chim. Fr. 1974, 10, 1881—1884; T. Ohtani, H. Honjo, H.

Wada, Mater. Res. Bull. 1987, 22, §29—840; W. Bronger, Crys-

[4

1492

tallography and Crystal Chemistry of Materials with Layered
Structures (Ed.: F. Levy), Reidel, Dordrecht, 1976, p. 93; P. M.
Keane, J. A. Ibers, Acta Crystallogr. 1992, C48, 1301 —1303.

Bl P. Wu, J. A. Ibers, J Solid State Chem. 1993, 107, 347—355.

[ S, A. Sunshine, D. Kang, J. A. Ibers, J Am. Chem. Soc. 1987,
109, 6202—6204.

[ M. G. Kanatzidis, A. C. Sutorik, Prog Inorg. Chem. 1995, 43,
151—-265.

Bl A, C. Sutorik, M. G. Kanatzidis, Angew. Chem. 1992, 104,
1674—1676; Angew. Chem. Int. Ed. Engl 1992, 31, 1594—1596.

Bl A. C. Sutorik, J. Albritton-Thomas, T. Hogan, C. R. Kannew-
urf, M. G. Kanatzidis, Chem. Mater. 1996, 8, 751 -761.

Mo A C. Sutorik, J. Albritton-Thomas, C. R. Kannewurf, M. G.
Kanatzidis, J. Am. Chem. Soc. 1994, 116, 7706—7713.

MW, Kronert, K. Plicth, Z. Allg Anorg Chem. 1965, 336,
207-218.

21 5 A, Cody, J. A. Tbers, Inorg. Chem. 1996, 35, 3836—3838.

31 P P. Lemoine, D. Carre, M. Guittard, Acta Crystallogr. 1986,
C42, 390-391.

04 P P. Lemoine, D. Carre, M. Guittard, Acta Crystallogr. 1982,
B38, 727-729.

U3 P 8. Jaulmes, M. Julien-Pouzol, Acta Crystallogr. 1977, B33,
1191-1193.

'8 R D, Shannon, Acta Crystallogr. 1976, A32, 751—767.

071 C, Buschka, Z. Naturforsch. 1980, 358, 1511—1513.

(81 D, C. Craig, N. C. Stephenson, Acta Crystallogr. 1965, 19,
543-547.

(1] Further details of the crystal structure investigations are avail-
able on request from the Fachinformationszentrum Karlsruhe,
D-76344 Eggenstein-Leopoldshafen (Germany), on quoting the
depository number CSD-405838 the names of the authors and
the journal citation.

[96058]

Chem. Ber. 1996, 129, 1489—1492



