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Abstract. The cluster compounds K;¢Zn,SnsS;7, K;oMnsSn,S,;,
K oFesSnyS;7, K gCosSnySi7, Cs;oCdsSnyS;; and K;yZn,GesS
are described. The structures of these compounds, refined by
single-crystal X-ray diffraction techniques, contain the discrete
cluster [M4M/'4S;7]'°~ (M = Zn, Mn, Co, Fe, Cd; M’ = Sn or Ge)
which has the structure of SigC;;Hse. It is built from the sulfur-
connected tetrahedral SnS, and MS, units with the additional qua-
druply bridging sulfur atom at the center of the cluster. All com-
pound show some solubility and stability in water and formamide.

Cs19CdySnyS; and K ¢ZnyGe,sS;; show photoluminescence at
room temperature. The magnetic properties of K;oMnsSn,S,;,
K oFesSnyS 7, Ki9CosSn,S;; indicate strong antiferromagnetic in-
teractions arising from spin coupling within the cluster but their
magnetic susceptibility is characterized with a discrepancy between
field-cooled and zero field-cooled measurements.
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K eMM'S;7 (M = Mn, Fe, Co, Zn; M' = Sn, Ge) und Cs;(CdSn,S;-:
Verbindungen mit einem diskreten supertetraedrischen Cluster

Inhaltsiibersicht.  Die  Cluster-Verbindungen  K;(Zn4Sn,S,;7,
K oMngSn,S;7, KigFesSnygS;7, Ki9CosSnyS;7, Cs1oCdsSnyS;; und
K,0Zn,Ge,S;; werden beschrieben. Die Strukturen dieser Verbin-
dungen wurden durch Einkristall-Rontgenstrukturanalyse be-
stimmt. Sie enthalten diskrete Cluster von [MsM’,S,;]'~ (M =
Zn, Mn, Co, Fe, Cd; M’ = Sn or Ge), die die Struktur von
SigCy7H36 haben. Sie werden aus tiber Schwefelatomen verbunde-
nen tetraedrischen SnS;- und MS,-Einheiten aufgebaut mit dem
zusitzlich vierfach verbriickenden Schwefelatom im Zentrum des

Clusters. Alle Verbindungen sind etwas 16slich und stabil in Wasser
und Formamid. Cs;(Cd4SnyS;; und K,¢Zn,;Ge,S;; zeigen Photolu-
mineszens bei Zimmertemperatur. Die magnetischen Eigenschaften
von K;oMn,SnsS;7, K oFesSnyS;7, K;oCosSn,S,; zeigen starke
antiferromagnetische Wechselwirkungen aufgrund der Spin-Kupp-
lung in den Clustern, wiahrend ihre magnetischen Suszeptibilitidten
durch eine Diskrepanz zwischen Kaltfeld- und Null-Kaltfeld-Mes-
sungen charakterisiert wird.

Introduction

The availability of large metal chalcogenido clusters that
can be put into solution is of general chemical interest be-
cause they could serve as convenient precursors for the
preparation of novel nano- or mesoporous materials [1, 2].
The use of such precursors may allow more rational syn-
thetic approaches for a wide variety of solids with semicon-
ducting and/or micro/mesoporous properties. Recently a
group of chalcogenide cluster-based solids with large pores
filled with exchangeable organic cations has emerged with
novel properties and structural features [3, 4, 5]. The clus-
ters in these materials are generally adamantine-type be-
longing to the Tn homologous series where 7 is the cluster
“generation” [6]. A T1 cluster is the simple tetrahedral unit
[GeS4]*~, the T2 cluster refers to the adamantane cluster
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[GesSio]*~. When n = 3, the term “supertetrahedral” is
used with some examples being [In;oS,o]'°" (T3)°,
[CdyIn;¢Sss]'™  [7],  [ZngIngeSs3]'°”  (T4)  [8]  and
[In,5CdgSs4]'> (T5) [9, 10]. These clusters (with n = 3) con-
tain trivalent metals (e.g. Ga, In) or a combination of di-
valent and trivalent (e.g. Cd and In) ions and are always
linked in three-dimensional frameworks. They have not
been isolated as discrete molecular clusters. The family of
compounds K;,M4Sn,S;7 (M = Mn, Fe, Co, Zn) offers the
discrete supertetrahedral [M4Sn,S;-]'°~ cluster which is sol-
uble in polar solvents where the Co and Fe analogs possess
the highest solubility [11].

The [M4M’4S;7]'°" cluster combines divalent and tetra-
valent metals (M: divalent and M': tetravalent) and it fea-
tures four terminal sulfide atoms, which can potentially
serve as linking points to build extended frameworks. For
example, we prepared K¢Zn,SnsS;; [12] a dense extended
network compound composed of [ZnsSn,S;7]'°~ clusters,
linked in three dimensions by Sn** ions.

Despite its T4 point group symmetry and tetrahedral top-
ology, the cluster does not belong to the Trn homologous
series, and in this context it represents an alternative build-
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ing block for the construction of framework solids. This
family of molecules has been extended to several Se anal-
ogs, prepared via  solution routes, such as
K5>(MeOH)5(H,0)7[Coy4(p4-Se)(SnSey),] [13, 14]. This im-
plies that a wider variety of members and analogs could
still be made.

In this work we extended the series and scope of these
cluster compounds to additional alkali, divalent and tetra-
valent metals. Namely, we report the synthesis, thermal sta-
bility and physicochemical properties of K;0ZnsSn,S;7 (1),
KioMnySnySy7 (I, K9Co4Sn4S;57 (IID), K oFesSnyS;5 (IV),
Cs;0CdsSnyS;; (V) as well as the germanium analog
K0Zn,GesS;7 (VI). The compounds V and VI exhibit pho-
toluminescence properties, and II, III and IV show unusual
magnetic properties.

Experimental Section
Reagents

All work was done under a nitrogen atmosphere. The reagents men-
tioned in this study were used as obtained. Reagents: Sn and Ge
were purchased from CERAC Inc., 325 mesh, 99.8 %. Sublimed
sulfur was purchased from J. T. Baker Chemical Co., >99.5 %. Pot-
assium metal, analytical reagents from Aldrich Chemical Co.; Zn,
Co, Cd, Fe and Mn were purchased from Johnson Matthey/
AESAR, —325 mesh, >99.5%. Cs was from Johnson Matthey/
AESAR. All reagents were stored under N, in a glovebox. K,S
and Cs,S were prepared by reacting stoichiometric amounts of the
elements in liquid ammonia as described elsewhere [15].

Synthesis

K;9Zn4Sn,S,7 (I). A mixture of Sn (0.5 mmol), Zn (0.5 mmol), K,S
(1.5mmol) and S (6.0 mmol) were sealed under vacuum (<103
Torr) in a silica tube and heated (at a rate of 50 °C/h) to 500 °C
for 60 hours. This was followed by cooling to room temperature at
5°C/h. The excess flux (K,S,) was removed with MeOH to reveal
yellowish-white cubic crystals (~90 % yield based on Zn). These
crystals are moderately air stable (for a few days) and need to be
stored under inert atmosphere. The purity of the product was con-
firmed by comparison of the calculated and experimental X-ray
powder diffraction patterns. Microprobe elemental analysis (EDS)
with a scanning electron microscope (SEM) gave an average (five
crystals were analyzed) composition of K;y,Zn,Sny 4S5, which is
very close to the chemical formula determined by single-crystal X-
ray diffraction analysis.

KoMngSn,S;; (II). A mixture of Sn (0.5 mmol), Mn (0.5 mmol),
K>S (2.0 mmol) and S (6.0 mmol) were sealed under vacuum
(<1073 Torr) in a silica tube and heated (at a rate of 50 °C/h) to
650 °C for 96 hours. This was followed by cooling to room tem-
perature at 5 °C/h. The excess flux was removed with MeOH to
reveal the mixture of red cubic crystals (40 % yield based on Mn)
and orange-reddish octahedral crystal (~50 %). Red cubic crystals
are not air-stable, and after 4-5h deterioration could be observed.
Powder XRD analysis revealed the orange octahedral crystals are
K,MnSnS,'¢. The SEM/EDS average composition of the red cubic
crystals was Ko 7MnySny ¢S159. All attempts to prepare pure phase
of K;oMn,Sn,S;; without any traces of K,MnSnS, failed.
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K;¢Co4Sn,S;7; (III). A mixture of Sn (2.0 mmol), Co (2.0 mmol),
K>S (2.5mmol) and S (6.0 mmol) were sealed under vacuum
(<1073 Torr) in a silica tube and heated (at a rate of 50 °C/h) to
650 °C for 60 hours. This was followed by cooling to room tem-
perature at 5°C/h. Dark (almost black) crystals were recovered
(~90 % yield based on Co). These crystals are moderately air stable
(for a few days). The purity of the product was confirmed by com-
parison of the calculated and experimental X-ray powder diffrac-
tion patterns. SEM/EDS indicated an average composition of
K10.7C03.85n4S16 8.

K oFe,SngS;; (IV). Minor glass attack was observed during syn-
thesis of this compound. To prevent this attack, carbon coated sil-
ica ampoules were used. K;oFe4Sn,S;; was synthesized by the di-
rect reaction from a mixture of 0.119 g (I mmol) of Sn, 0.058 g
(1 mmol) of Fe, 0.138 g (1.25 mmol) of K,S and 0.096 g (3 mmol)
of S. The reagents were mixed, sealed in an evacuated silica tube,
and heated at 650 °C for 60 h. This was followed by cooling to
room temperature at 5 °C/h. Black crystals were recovered from the
ampoule in >90 % yield (based on Fe). The purity of the product
was confirmed by comparison of the calculated and experimental
X-ray powder diffraction patterns. These crystals decompose after
a few days in air. EDS analysis on the several crystals gave an
average composition of Kg oFe4 >SnS7 .

Cs19CdySngSy7 (V). This compound was synthesized from a mix-
ture of 0.036 g (0.3 mmol) of Sn, 0.034 g (0.3 mmol) of Cd, 0.447 g
(1.5 mmol) of Cs,S and 0.115 g (3.6 mmol) of S. The reagents were
mixed, sealed in an evacuated silica tube, and heated at 500 °C for
4 days. This was followed by cooling to room temperature at 5 °C/
h. The excess flux was removed with MeOH to reveal yellowish-
white transparent rectangular crystals in >95 % yield. EDS analysis
on several crystals gave an average composition of
Cs10.2Cd4.1SnyS7,. The crystals appear to be air-stable.

K9ZnyGesS7 (VI). This compound was synthesized from a mix-
ture of 0.037 g (0.5 mmol) of Ge, 0.032 g (0.5 mmol) of Zn, 0.275 g
(2.5 mmol) of K,S and 0.193 g (6 mmol) of S. The reagents were
mixed, sealed in an evacuated silica tube, and heated at 500 °C for
4 days. This was followed by cooling to room temperature at 5 °C/
h. The excess flux was removed with MeOH to reveal yellow-brown
transparent rectangular crystals in ~90 % yield (some ZnS was also
present ~8-10 %). EDS analysis on several crystals gave an average
composition of K gZn,3GesS 67. The crystals are air-sensitive.

Physical property measurements

Powder X-ray Diffraction. Powder diffraction measurements were
performed on a CPS 120 INEL X-ray diffractometer using mon-
ochromatized Cu Ko (A = 1.54049 A) radiation and equipped with
a position-sensitive detector. Samples were ground and spread on
a glass slide (compound II and VI were prepared in a glove box
and covered with mineral oil).

Microprobe Analyses. The analyses were performed using a JEOL
JSM-6400V scanning electron microscope (SEM) equipped with a
Tracor Northern energy dispersive spectroscopy (EDS) detector.
Data acquisition was performed with an accelerating voltage of
20 kV and 30 s accumulation time.

Differential Thermal Analysis (DTA). DTA experiments were per-
formed on a computer-controlled Shimadzu DTA-50 thermal ana-
lyzer. Typically a sample (~25 mg) of ground crystalline material
was sealed in a quartz ampoule under vacuum. A quartz ampoule
of equal mass filled with Al,O3 was sealed and placed on the refer-
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Table 1 Data for crystal structure analysis for K;oZn,Sn,S;7 (I), K;oMn4Sn,S;; (I).

Identification code

I

I

Empirical formula

Formula weight

Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection
Reflections collected
Independent reflections
Completeness to theta = 28.14
Goodness-of-fit on F?

Final R indices [I>20(1)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

K0Zn,Sn,Sy;
1672.26

293(2) K
0.71073 A

cubic

F43c (No. 219).
a=19.9233) A
7907.7(19)

8

2.809 g/cm?

6.821 mm™!

6256

1.35 to 28.18 deg

16593

818 [R(int) = 0.0410]

99.80 %

1.499

R1 = 0.0441, wR2 = 0.1122
R1 = 0.0709, wR2 = 0.1228
0.07(8) i

1.651 and —1.843 e A3

K oMn,Sn,S;;
1630.54

2932) K,
0.71073 A

cubic

P43m (No. 215)
a = 10.064(2) A
1019.5(4)

1

2.656 g/cm?

5.499 mm™!

762

2.07 to 28.25 deg

2947

483 [R(int) = 0.0525]

95.60 %

1.114

R1 = 0.0209, wR2 = 0.0422
R1 = 0.0282, wR2 = 0.0450
0.44(5) .

0.497 and —0.608 e.A™3

Note. R1 = z:(|F0bs‘ - |Fcalc‘)/z(Fobs);
WR2 = S{[W(Fop® — Feurcd)/E(Fop )12, w = 1/[0Fop + 151.11P],
P = (Fohs2 + 2Fcalcz)/3~

ence side of the detector. The sample was heated to the desired
temperature at 10 °C/min, then isothermed for 10 min, and finally
cooled to 50 °C at the same rate. The residue of the DTA experi-
ment was examined by X-ray powder diffraction. To evaluate
congruent melting, we compared the X-ray powder diffraction pat-
terns before and after the DTA experiments, as well as monitored
the stability/reproducibility of the DTA diagrams upon cycling un-
der the above conditions at least two times.

Diffuse reflectance UV/Vis/Near-IR spectroscopy. Optical diffuse
reflectance measurements were performed at room temperature
using a Shimadzu UV-3101PC double-beam spectrophotometer.
The instrument is equipped with an integrating sphere and con-
trolled by a personal computer. BaSO, was used as a 100 % reflec-
tance standard. The sample was prepared by grinding the crystals
to a powder and spreading it on a compacted surface of the pow-
dered standard material, preloaded into a sample holder. The re-
flectance versus wavelength data generated was used to estimate
the band gap of the material by converting reflectance to absorp-
tion data using Kubelka-Munk function as described in the refer-
ence [17].

Single-crystal VIS spectroscopy. Optical transmission measure-
ments were made at room temperature on single crystals using a
Hitachi U-6000 microscope FT spectrophotometer with an
Olympus BH-2 metallurgical microscope over a range of 400-
900 nm. The crystals were placed on the glass slide and covered
with mineral oil for the measurements.

Photoluminescence spectroscopy. Photoluminescence spectra were
obtained on a SPEX Fluorolog-2, Model F111A1 spectrofluori-
meter. Excitation wavelengths were chosen from a 150-W xenon arc
lamp by means of a single grating spectrometer. This spectrometer
was equipped with a 1200 groove/mm diffraction grating and 5-
nm band-pass slits. The sample compartment was equipped with a
vertically mounted liquid nitrogen Dewar. Emitted light was col-
lected in the “front face” mode, 22.5° away from the incident beam.
Emission wavelengths were selected with a single grating spec-
trometer, equipped with a 1200 groove/mm diffraction grating and
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1.0-nm band-pass slits. The signal was detected with a Hamamatsu
R928 photomultiplier. Excitation spectra were corrected for lamp
intensity by comparison with a quantum counter reference detector
loaded with Rhodamine B. Powdered samples were loaded in 3-
mm silica tubes and sealed under vacuum (approximately 1.0*
10~* mbar).

Cathodoluminescence spectroscopy. The analyses were performed at
room temperature using a JEOL JSM-6300F Field Emission Scan-
ning Electron Microscope (SEM) equipped with Gatan MonoCL
SP high-performance cathodoluminescence system. Data acqui-
sition was carried out with an accelerating voltage of 10 kV and the
spectrum was acquired in 200-800 nm range. For each compound
luminescence was measured on five single crystals.

Magnetic measurements. The magnetization of the polycrystalline
samples of K ;oMnsSn,S;; (II), K;oCo4Sn,S;; (III) and
K oFesSnySy; (IV) were measured on a Quantum Design SQUID
magnetometer at a field of 0.01 Tesla over the temperature range
of 2-400 K. The data were corrected for holder and for ion-core
diamagnetism. Magnetization versus temperature measurements
was performed after zero-field cooling (ZFC) and field cooling
(FO).

Solid-state NMR. The room temperature solid-state NMR data
were taken on a 9.4 T Varian Infinity Plus NMR spectrometer
using a double resonance magic angle spinning (MAS) probe.
Samples (~ 100 mg) were spun at frequencies between 6 and 8 kHz
using zirconia rotors of 6 mm outer diameter. Bloch decay spectra
were taken with the excitation/detection channel tuned to ''°Sn at
148.67 MHz, a 3.5ps 90° pulse (calibrated to + 0.1 us with
Sn(CH3),), and a relaxation delay between 0.001 and 2000 s.
Chemical shifts (CS) were referenced to Sn(CHs), at 0 ppm. The
spin-lattice relaxation time (T;) of a compound is estimated from
the exponential buildup of signal intensity as a function of relax-
ation delay. Chemical shift anisotropy (CSA) principal values were
derived from Herzfeld-Berger fitting of the MAS isotropic and
sideband intensities. For a given compound, CSA principal value
fitting was done for spectra at two different MAS frequencies.
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Table 2 Data for crystal structure analysis for K;oCo4Sn,S;7 (III) and K;oFe,SnyS;7 (IV)

Identification code

I

v

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions
Volume

Z

Density (calculated)
Absorption coefficient
F(000)

Theta range for data collection

Reflections collected
Independent reflections
Goodness-of-fit on F?

Final R indices [I>20(1)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

K9Co4SnyS)7
1646.5

2932) K,
0.71073 A

cubic

P43m (No. 215),
a = 9.9332(13) A
980.1(2)

1

2.790 g/cm?

6.124 mm™!

770

1.35 to 28.18 deg

9422

497 [R(int) = 0.0183]

1.183

R1 = 0.0088,wR2 = 0.0211
R1 = 0.0090,wR2 = 0.0211
0.045(19) .

0.255 and —0.178 e. A3

KoFesSnySyy
1634.18

293(2) K
0.71073 A

cubic

P43m (No. 215),
a = 9.9756(12) A
992.7(2) A*

1

2.734 g/em?

5.837 mm™!

766

2.07 to 28.25 deg

9739

507 [R(int) = 0.0303]

1.192

R1 = 0.0177, wR2 = 0.0401
R1 = 0.0200, wR2 = 0.0410
0.02(4) )

0.386 and —0.455 e. A3

Note. R1 = X(Fopy = [Feard)/Z(Fopy):
WR2 = Z{[W(Fops® — Feac)ZW(Fops2)?} 2, w = 1/[6%Fop® + 151.11P),
P = (Fops + 2Feu)3

Single-crystal X-ray crystallography

A Siemens SMART Platform CCD diffractometer operating at
room temperature and using graphite-monochromatized Mo Ko
radiation, was used for data collection.

K9ZngsSn,Sy7 (I). A cubic-shaped crystal with dimensions
0.083 mm x 0.092 mm x 0.088 mm was chosen for single crystal
diffraction and was mounted at the end of a glass fiber. A full
sphere of data were collected, with scans of 0.3 deg steps in ® in
groups of 606, 435, 606, and 435 frames at ¢ settings of 0, 90, 180,
and 270 and exposure time of 30 s/frame. Cell refinement and data
reduction were carried out with the program SAINT [18]. An em-
pirical absorption correction was done to the data using SADABS
[19]. The space group was determined from systematic absences
and intensities were extracted by the program XPREP [19]. The
structure was solved with direct methods using SHELXS and least
square refinement was done against F? using routines from
SHELXTL software [19]. In this compound no disorder was ob-
served, but the 6g site had only 50 % occupancy of K3 atom.

K;oMngSn,S;; (II). A polyhedral shaped crystal with dimensions
0.064 mm x 0.080 mm x 0.110 mm was mounted on the end of glass
fiber. A half-sphere of data were collected with 0.3 deg steps in ®
and at ¢ settings of 0 and 90 deg and exposure time of 20 s/frame.
All collection parameters and data treatment procedures were anal-
ogous to compound I. In this compound no disorder was observed,
but the 6g site had only 50 % occupancy of K3 atom.

K;9Co4SnsS7 (III). A polyhedral-shaped crystal with dimensions
0.071 mm x 0.129 mm x 0.056 mm was mounted at the end of a
glass fiber. All collection parameters and data treatment procedures
were analogous to compound I. The 6g site was found to be only
half occupied by the K3 atom. Anisotropic refinement of this atom
revealed that the thermal displacement parameter was much higher
along one direction. A disordered model was considered for this
atom, with two new partially occupied K3 and K33 atoms, with
occupancy of 19 % and 31 % respectively.

KoFe,sSngS;; (IV). A crystal with dimensions 0.042 mm x
0.055 mm x 0.110 mm was mounted on a glass fiber. All collection

2240 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim

parameters and data treatment procedures were the same as in
compound I.Two K atoms were found to be partially occupied:
atom K1 in the 12i position had 33 % occupancy, and K3 atom in
the 6f position had 50 % occupancy. Anisotropic refinement of the
K3 atom revealed that it has elevated thermal displacement param-
eter along the b-direction. A split site was modeled for this atom,
which resulted in a drop of the R1 value from 0.042 to 0.035. Simi-
lar phenomenon was observed also for the K1 atom.

Cs19CdySngSy7 (V). A polyhedral-shaped crystal with dimensions
0.140 mm x 0.110 mm x 0.080 mm was mounted at the end of a
glass fiber. All collection parameters and data treatment procedure
were as stated above. Based on the observed systematic absences
the space groups P4/mbm, P-4b2, P-4m2 and P-4 were possible.
Structure solution and refinement were attempted in all space
groups but satisfactory refinement was achieved only in P-4. After
extinction correction and anisotropic refinement (R1=0.0361) two
high intensity peaks remained in the electron density map: 10.9 e/
A3 near atom Cs7 and 3.1 /A3 near atom Csl. A disordered model
was considered for these atoms (occupancy factor of Csl was
96.9 % and of Cs 7 50.0 %) and after refinement with anisotropic
thermal displacement parameters, the R1 value dropped to 0.0192.

K 9ZnsGe, S, (VI). A cubic yellow crystal with dimensions of 0.05
x 0.05 x 0.05 mm of K,,Zn,sGe,S;; was mounted on a glass fiber.
The data collection was conducted at 173 K. All collection param-
eters and data treatment procedure were analogous to the com-
pound I. The systematic absences pointed to the two possible space
groups: P-43m (no. 215) and Pm-3m (no. 221). Attempts to solve
the structure in the centrosymmetric Pm-3m failed.On the other
hand the structure could be smoothly solved in P—43m space
group (non-centrosymmetric). A search for possible missed sym-
metry done with the program Platon [20] revealed no such sym-
metry validating the chosen space group. After initial location of
all atoms was found, the R1 value dropped to 0.0591. The value
of the Flack parameter (0.041) suggested that the correct absolute
structure was chosen for refinement. After refining all atoms aniso-
tropically and turning on extinction correction, the R1 decreased
to 0.0259. The residual difference Fourier map was featureless.
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Table 3 Data for crystal structure analysis for Cs;oCd4SnyS;7 (V) and K;¢Zn,GesS,7 (VI).

Identification code

\%

VI

Empirical formula

Cs10CdsSnyS;

Ki0Zn,Ge,Sy;

Formula weight 2798.48 1487.86
Temperature 293(2) K 1532) K,
Wavelength 0.71073 A 0.71073 A
Crystal system tetragonal cubic
Space group P4 (no. 81) P43m (no. 215)
Unit cell dimensions a = 15.046(3) A a=98174) A

c = 10.534(3) A .
Volume 2384.8(10) A3 946.0(6) A3
V4 2 1
Density (calculated) 3.897 g/em? 2.612 g/cm?
Absorption coefficient 12.077 mm™! 7.664 mm~!
F(000) 2428 710
Theta range for data collection 1.35 to 28.18 deg 2.07 to 28.25 deg
Reflections collected 21466 2733
Independent reflections 5490 [R(int) = 0.0255] 469 [R(int) = 0.0391]
Goodness-of-fit on F? 1.166 0.998

Final R indices [I>20(1)]
R indices (all data)

Absolute structure parameter 0.336(17)
Largest diff. peak and hole

R1 = 0.0192, wR2 = 0.0433
R1 = 0.0220, wR2 = 0.0440

1.163 and —0.871 e A3

R1 = 0.0259, wR2 = 0.0488
R1 = 0.0338, wR2 = 0.0508
0.04(3) )

0.527 and —0.678 e A3

Note. R1 = z:(|F0bs‘ - |Fcalc‘)/z(Fobs);
WR2 = S{[W(Fop® — Feurcd)/E(Fop )12, w = 1/[0Fop + 151.11P],
P = (Fohs2 + 2Fcalcz)/3~

Since the X-ray scattering factors of Zn and Ge are similar it
is difficult to distinguish them. Nevertheless, interchanging their
positions in the cluster as well as a modeling of the substitutional
replacement gave higher R1 value (R1=0.038 and 0.0341 respec-
tively).

Table 4 Atomic coordinates and equivalent isotropic displacement
parameters (A2 x 103) for K,;oZn,Sn,S;, (I), K;oMn,Sn,S,, (IT) and
K 0Co4Sn,Sy; (III). U(eq) is defined as one third of the trace of
the orthogonalized U tensor.

. . . Wyckoff
Details of the crystal data and refinement are summarized in Tables Atom position Occup. X Y z Ul(eq)
1, 2 and 3. Atomic coordinates and equivalent isotropic displace-

ment parameters are given in the Table 4—5. A complete table of Sn e 0 3855‘2%;“5“450”3;[7)9(1) 03879()  19(1)
crystallographic data and anisotropic displacement parameters for Zn 32 0.067009)  00671(1)  0.06709)  21(1)
all compounds are deposited as Supporting Information. S1 8a 0 0 0 152)
s2 96h 0.0033(2)  0.1407(8)  0.13308)  29(1)
3 32e 032038)  0.3204(2)  0.32042)  47(2)
Kl 32e 0.1656(8)  0.1657(2)  0.1657(2)  65(2)
. . K2 24d 0.2500 0 0 40(2)
Results and Discussion K3 48g 0.5 0.0247(5)  0.2500 0.2500 4503)

Synthesis K oMn,Sn,S, (IT)
Sn 4e 077333)  0.77333)  0.77333)  23(1)
In Table 7 we summarize the optimized reaction conditions Mn de 0.1360(8)  0.13608)  0.13608)  25(1)
. . S la 0 0 0 20(1)
for the preparation of all compounds described.We found S2 12i 02767(7)  0.2767(7)  0.0011(7)  38(1)
that several factors influence the outcome of the reaction: ?1 ‘3‘3 (11)2394(4) 8.6394(4) 8_6394(4) 228;
basicity of flux, temperature, alkali counter-ion size, and K2 4e 0.3344(9)  0.334409)  0.33449)  97(1)
: . K3 6g 05 0.0562¢4) 112 12 40(1)

the nature of the divalent metal. The influences of these are

presented below. K 9Co4Sn,S) 7 (1)

One of the main advantages of polychalcogenide fluxes o p géééﬁéi 8@22‘%; 85223251 égg;
is the ease with which Lewis basicity could be changed, sim- s1 12i 0.27202)  02720Q2)  0.9926(1) 32(1)
ply by altering the K,S/S (or Cs,S/S) ratio. This ratio influ- §§ ‘1‘3 3‘3589(4) 8‘3589(4) 8‘3589(4) ‘1‘;8;
ences the melting point of the flux and the size of the polys- K1 3d 12 0 ] 0 4o(1)

. . . K2 4 .6682(4 16682(4 0.6682(4 4(1
ulfide chains that are formed in it [21, 22]. High K,S/S ra- K3 6; 0.187 88(2’4?951; ?,268 @ 1,268 @ 28}1;
tios result in shorter polysulfide chains and higher Lewis K33 bg 0.31 0.0614(1) 112 12 28(1)

basicity. It was found that reactions conducted at high K,S/
S ratio (e.g. 10/12, 8/12) led to binary phases, such as SnS,.
Decreasing the ratio in the range of 6/12 — 3/12, resulted
in the A;\M4M'4S;; phase with some binary or ternary im-
purities (e.g. K,Sn,Ss). Relatively pure phase could be pre-
pared only in this ratio region. Further decrease of the K,S/
S ratio to 2/12 — 1/12 resulted in ternary compounds and

Z. Anorg. Allg. Chem. 2004, 630, 22372247 zaac.wiley-vch.de

Ul = 1/3(4m) 2 (2?11 +b?Baa+c?Paz+ab(cos Y)Bra+ac(cos B)Bi3+be(cos a)fas).

sulfur. Generally, crystals obtained from reactions conduc-
ted at 650 °C, were larger and better formed than crystals
from the same reaction conducted at 400 °C. Temperatures
>650 °C resulted in binary phases, as the main products
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Table 5 Atomic coordinates (x 10%) and equivalent isotropic dis-
placement parameters (A> x 10%) for K;oFe,Sn,S;; (IV) and
CS]QCd4SH4S]7 (V)

Wyckoff
Atom position Occup. X Y z U(eq)
KioFesSnySy7 (IV)
Snl de 0.2749(4) 0.2749(4) 0.2749(4) 27(1)
Fe2 4e 0.6342(7) 0.6342(7) 0.6342(7) 27(1)
Sl 1b 12 12 12 19(1)
S2 12i 0.2276(3) 0.2276(3) 0.5058(3) 42(1)
S3 4e 0.1403(4) 0.1403(4) 0.1403(4) 72(1)
K1 12i 0.33 0.1543(1) 0.1543(1) 0.8108(1) 71(5)
K2 3c 0 172 172 48(1)
K3 6f 0.5 0.4486(1) 0 0 64(1)
Cs10CdySn,Sy7 (V)
Snl 4h 0.4952(1) 0.2782(2) 0.2199(9) 20(1)
Sn2 4h 0.0047(7) 0.7782(2) 0.2200(1) 20(1)
cdl 4h 0.3675(4) 0.5058(4) 0.1354(3) 24(1)
Cd2 4h 0.1324(8) 0.0058(6) 0.1354(1) 24(1)
Csl 4h 0.97 0.2756(3) 0.2243(4) 0.5000(2) 37(1)
Csll 4h 0.03 0.2374(1) 0.2627(1) 0.5005(1) 37(1)
Cs2 1d 172 172 172 33(1)
Cs3 1b 0 0 172 33(1)
Cs4 4h 0.1692(2) 0.4806(3) 0.3325(6) 48(1)
Cs5 4h 0.0193(5) 0.3307(9) 0.6675(1) 48(1)
Cs6 4h 0.2494(3) 0.2505(7) 0.0000(1) 35(1)
Cs7 2g 0.5 0.0000(1) 172 0.9705(1) 43(1)
Cs77 2g 0.5 0.0000(1) 12 0.02950(1) 43(1)
S1 4h 0.3667(1) 0.3662(1) 0.2700(2) 26(1)
S2 4h 0.1337(5) 0.1332(7) 0.7299(6) 26(1)
S3 la 0 0 0 19(1)
S4 4h 0.4968(8) 0.2302(9) 0.0026(9) 27(1)
S5 4h 0.0031(1) 0.7303(2) 0.0024(8) 28(1)
S6 Ic 172 172 0 19(1)
S7 4h 0.1297(9) 0.1435(1) 0.2721(1) 28(1)
S8 4h 0.6298(1) 0.3564(1) 0.2724(4) 28(1)
S9 4h 0.4844(1) 0.1493(2) 0.3446(5) 40(1)
S10 4h 0.0156(1) 0.6492(6) 0.3446(8) 40(1)

Table 6 Atomic coordinates (x 10%) and equivalentisotropic dis-
placement parameters (A% x 103) for K;(ZnsGe,S;7 (VI).

Wyckoff
Atom position Occup. X Y z U(eq)
K10ZnsGeySy7 (V)
K1 12h 0.1250(1) 172 172 33(1)
K2 6g 0.0473(7) 172 172 68(1)
K3 4e 0.5 0.6692(1) 0.6692(1) 0.6692(1) 38(1)
Ge 4e 0.2234(5) 0.2234(5) 0.2234(5) 17(1)
Zn 4e 0.8662(8) 0.8662(8) 0.8662(8) 20(1)
S1 12i 0.2721(2) 0.2721(2) 0.0053(7) 45(1)
S2 4e 0.3513(4) 0.3513(4) 0.3513(4) 14(1)
S3 la 0 0 0 26(1)

Table 7 Optimized reaction conditions for preparation of com-
pounds I-VI.

Compound Method Snor M K,Sor S Isothermal step:
Ge Cs,S Temp/time
KioMn,Sn,S;7  flux 1 1 4 12 500 °C/96h
K oFesSnyS;;  Direct 1 4 5 12 650 °C/60h
combination
K0Co4Sn,S,;  Direct 1 4 5 12 650 °C/60h
combination
Ki0Zn4Sn,S;;  flux 1 1 3 12 500 °C/60h
Cs19CdySnySy;  flux 1 1 5 12 650 °C/60h
Ki0ZnyGe,Sy;  flux 1 1 5 12 500 °C/96h

(except in the case of I). The flux reaction chemistry did
not produce K;oM4SnyS;; when M was Fe or Co, giving

2242 © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim

Figure 1 SEM image of a typical single crystal of Cs;oCd;SnyS;.

only the binary FeS,, CoS, and SnS,. Compounds I and
VI could be prepared by either flux or direct reactions, but
the flux medium is superior for crystal growth relatively to
direct solid-state reactions, see Figure 1.

The divalent metals with strong tetrahedral coordination
preference seem to stabilize the [M4Sn,S;7]'° cluster motif.
Reactions with Ni at various K,S/S ratios, (from 1/12 to 10/
12, at 450, 500 and 650 °C) did not give quaternary phases
or even ternary ones. The products of these reactions were
NiS, NiS, and binary tin sulfides. Because Mg?* can adopt
tetrahedral coordination, we also attempted reactions with
Mg as a possible replacement for the divalent M atom.
These experiments were unsuccessful with binary sulfides as
the major products.

The counter-ion size seems to be important in stabilizing
the A;oM4M'4S;5 structure. When A = K and Cs (and pre-
sumably Rb) the cluster forms readily, however with Li and
Na no cluster compound could be isolated. Instead, differ-
ent phases with extended layered and three-dimensional
structures formed [23].

The first row transition metals used in this study (Mn,
Fe, Co and Zn) have ionic radii (in +2 oxidation state) in
the range of 0.6-0.67 A. For these metals the size of K*
is evidently large enough to stabilize cluster in the crystal
structure. But when Cd?>* (ionic radius 0.84 A) was used,
aiming to prepare K;oCd4Sn,S;,, the expected structure did
not form. Instead the layered K,CdSnS, was produced [21].
It is possible that the larger Cd>* ion leads to a larger clus-
ter, which cannot be stabilized by K™ ions leading to struc-
tural collapse. In order to check this hypothesis, we
switched to the larger Cs™ cation (to compensate for the
larger cluster) which indeed gave Cs;oCd;Sn,S,; (see Table
3). The counterion effect appears to be important in the
stabilization of the Se analogs as well, which of course are
larger than the sulfide analogs. The selenide clusters are sta-
bilized with the bulky complex cations, such as
[K10(H0)16(MeOH), 5]"** and [Kx(MeOH)5(H,0);]'*
[13, 14].

DTA experiments in conjunction with X-ray diffraction
showed that compounds I and VI melt congruently at 820
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and 656 °C respectively. For II no DTA measurements were
done because it always was obtained admixed with
K>MnSnS,. Compound III decomposes at 704 °C giving
CoS, as one of the products. Compound IV decomposes at
661 °C to FeS,. For compound V decomposition occurs at
714 °C and the main phase after decomposition was CdS.

Solubility of compounds 1-V1

A potential use of the molecular compounds described in
this article would be their application as precursors for me-
soporous materials. Because the synthesis of mesoporous
phases typically occurs in solution, we conducted an evalu-
ation of the solubility of these compounds in several rel-
evant solvents normally used for the synthesis of mesop-
orous materials, such as water and formamide. The solu-
bility in both water and formamide was as follows:

K10C04Sn4S17 > K9ZnyGeyS17 > KioFesSnyS17 > KjoMnySn,S,; =
CS|0Cd4Sn4S17 > KIOZn4Sn4S|7

The Co analog was the most soluble. In general the solu-
bility of all compounds was much lower in formamide than
in water.

Preliminary experiments for the evaluation of the stability
of compounds I-VI in solution were done by measuring the
time periods from the total dissolution of the compound to
the visual observation of a precipitate. The Zn analog was
found to be the most stable in solution. The stability of
compounds I-VI in aqueous solution decreases in the fol-
lowing order (from left to right):

KIOZn4Sn4SI7 (6 mln) = K10CO4SH4SI7 (5'6 mln) >
K10F64Sn4sl7 (3 mln) >> CSIQCd4Sn4SI7 (15-2 mln) >
KoMnySnyS,; = K ¢ZnyGe,S,; (few seconds)

In brackets are the time periods after which precipitation
was observed.

Preliminary results using K;,Co4Sn,S;- as a starting ma-
terial to prepare mesostructured materials are encouraging,
and will be published later.

Structure of A;gMM' ,S;, (A = K, Cs;
M = Mn, Co, Zn, Fe or Cd; M’ = Sn or Ge)

All  six compounds have the discrete molecular
[MsM',S;-]'°" clusters, which are well separated by alkali
cations (see Figure 2). The cluster has an ideal tetrahedral
symmetry T4 and practically functions as a huge tetrahedral
ES,!°” (E = M,Sn,S,5) structural unit. A four-coordinated
sulfur atom (p4-S) is located at the center of the cluster.
This atom is bonded to four divalent metal ions (Mn, Co,
Zn, Fe or Cd) forming a [M,S]°" tetrahedral core (see Fig-
ure 3). The py-S-M bonds are shorter than the average M-
S bond see Table 5, and this is well known for tetrahedrally
connected sulfur [24]. The angle M-p,S-M in the [M,S]°*
cation is ideally tetrahedral. The [M4S]°* moiety is capped

Z. Anorg. Allg. Chem. 2004, 630, 22372247 zaac.wiley-vch.de

5 2
‘h%@‘h%g&
1; wehe N ol
N @ %
‘:. 5

e, W,

s

Figure 2 ORTEP representation of the unit cell of IV. White open
spheres are S atoms; White octant spheres are Fe atoms; gray oc-
tant spheres are Sn atoms and gray spheres are K atoms.
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Figure 3 ORTEP representation and labeling scheme for a
[MsM’,S7]'%~ cluster (M = Zn, Mn, Co, Fe, Cd; M’ = Sn, Ge).

with four tridentate [SnS,]*~ (or [GeS,]*") fragments to
complete the structure of the cluster. In this fashion, three
sulfur atoms (u,-S) of the [SnS,]*~ unit are coordinated to
metal ions of the [M4S]®" fragment, whereas the forth sul-
fur atom remains terminal (S,) interacting with the alkali
ions. The S;-Sn distance is shorter than the average Sn-S
bond.

In compounds I-IV and VI there are three different K*
sites. Three K(1) atoms interact with terminal S; atoms for-
ming a pyramid. The three K atoms define the base of the
pyramid but because of fractional occupancies and disorder
in these atoms there is also another set of closely lying K
atoms that define the base of another slightly rotated base.
The K-S distances of 3.080-3.210 A. The Ho-S atoms inter-
act with two K1, one I§2 and one K3 ions at distances in
the range of 3.23-3.65 A (see Figure 4a). The K3 atom in
K0Co04Sn,S;; was modeled as a split site with 50 % occu-
pancy. Due to the lower crystal symmetry of Cs;qCdsSn,S;,
seven different Cs* ions are present in the structure. For
two of them, Csl and Cs7, a split site occupancy model was
used. S; is surrounded by three Cs atoms (Cs4 and two Cs5)
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Figure 4 (a) Coordination environment of S; (S3) and 1,S (S2) in IV, (b) coordination environment of S, (S9) and p,S (S4 and S1) in V.

Non-covalent interactions are shown as a dashed lines.

Table 8 Selected distances /A and angles /deg for A;\M4M',4S;7 (I-VI).

I I I v A\ VI
(M=Zn, (M=Mn, (M=Co, (M=Fe, (M=Cd, (M=Zn,
M'=Sn) M'=Sn) M'=Sn) M'=Sn) M'=Sn) M'=Ge)
1gS-M 2.315(2) 2.372(1) 2.297(0) 2.320(1) 2.453(1) 2.274(1)
M-1,S-M 109.47(7) 109.47(2) 109.47(1) 109.47(2) 109.77(2) 109.47(1)
1S-M 2.345(4) 2.419(1) 2.314(1) 2.332(1) 2.524(1) 2.357(1)
1S-M’ 2.406(4) 2.401(1) 2.393(1) 2.398(1) 2.402(2) 2.245(1)
S-M’ 2.329(4) 2.334(3) 2.328(1) 2.326(1) 2.349(2) 2.175(1)
1oS-M'-p,S 110.61(3) 110.91(3) 110.18(2) 109.84(3) 110.84(5) 111.14(1)
Se-M'-p,S 108.31(14) 107.99(5) 108.75(2) 109.10(4) 106.63(6) 107.75(1)
M-M 3.781(3) 3.873(1) 3.751(1) 3.788(1) 3.990(1) 3.713(1)
1S-A (A=K™ or Cs™) 3.215(4) 3.2254(16) 3.2072(7) 3.5415(4) 3.4774(14) 3.485(1)
3.2354) 3.2295(17) 3.2747(9) 3.2617(13) 3.6621(19) 3.399(1)
3.430(4) 3.454(3) 3.3295(11) 3.213(10) 3.7358(16) 3.199(1)
3.647(4) 3.5787(8) 3.5263(5) 3.8110(16) 3.206(1)
S-A (A=K or Cs™) 3.108(6) 3.091(3) 3.0960(10) 2.982(6) 3.4019(18) 3.628(1)
3.669(9) 3.650(4) 3.558(2) 3.293(13) 3.4346(19) 3.133(1)
3.657(4) 3.454(2)
Cluster “radius* 6.198(4) 6.285(2) 6.175(1) 6.214(1) 6.410(2) 5.974(1)

at distance 3.38-3.5 A, forming a somewhat distorted pyra-
mid. The p,-S atoms are located inside a distorted octa-
hedron, formed by Sn, Cd and four Cs atoms (see Figure
4b).

There is some analogy between the [M4Sn,S,7]'" clus-
ters and the adamantine clusters, e.g. [GesS;0]*", in the
sense that both posses tetrahedral T4 symmetry. They rep-
resent however different structural motifs that do not derive
from one another. The [MsM',S;7]'°" is constructed from
6-membered rings having only the boat conformation
whereas the adamantane homologues contain rings in the
chair conformation. Interestingly, organic and oxide anal-
ogs for this cluster have been known for some time and have
the stoichiometry SigC;;H3¢ and Na;oBesSi,O;; respec-
tively [25, 26]. The space group of Na;oBe;Si;O7 is P-43m
which is also the space group of compounds II-IV and VI
Selected bond distances and angles of all compounds are
given in Table 8.
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UV-vis-NIR spectroscopy

Electronic absorption spectroscopy in the range of 0.5-6 eV
revealed sharp optical absorptions for all six compounds,
Figure 5a-c. Since the optically active species are molecular
complexes, these transitions are between “localized” energy
levels. They can be assigned to S—M charge transfer tran-
sitions across a higher occupied to a lowest unoccupied mo-
lecular orbital gap (HOMO-LUMO gap).

K9Zn4SnyS;; has a sharp transition beginning at 3.2 eV
(387.5 nm), whereas for K;,Zn,Ge,;S;; the absorption be-
gins approximately at 3.34eV. For K;oMnySn,S;7,
KyoFesSnsS17 K 9Co4Sn4S,7, and Cs;oCd,SnyS; 7 the optical
absorptions were observed at 2.25, 1.75, 1.31, and 3.16 eV
respectively. The Co and Fe analogs also have weak spectral
features below these absorption edges and they are attri-
buted to d-d transitions within the transition metal.
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Figure 5 (a) Electronic absorption UV-VIS-NIR spectra of polycry-
stalline K;0Zn4Sn,S,7, (b) single-crystal visible absorption spec-
trum of K;oMn,SnsS;7, (c¢) spectrum of polycrystalline
Cs19Cd4SnyS,7, (d) Photoluminescence and excitation spectra of
polycrystalline Cs;(CdsSnys;; at 77 K.

Luminescence

Of all compounds examined only Cs;,CdsSnsS;; (V) and
Ki0Zn,4GeyS17 (VI) showed weak luminescence properties
when excited above their absorption edge, see Figure 5d,
6a-b. Cs;oCd4Sny,S;; has weak yellow emission at room tem-
perature, but at 77 K the luminescence becomes much
stronger. With an exciting line of 3.12 eV (397 nm) we ob-
served intense emission at 2.48 eV (501 nm), see Figure 5d.
The extrapolation of the excitation band to zero intensity,
gives a band-gap of 3.02 eV which agrees with the value of
3.16 eV obtained using diffuse-reflectance measurements.
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Using the cathodoluminescence technique a very broad
asymmetric emission spectrum was observed for compound
V which could be deconvoluted using Gaussian functions
into three emission peaks: the major peak occurs at 2.9 eV
(423 nm) and two relatively small peaks at 2.6 eV (477 nm)
and at 2.4 eV (509 nm), see Figure 6a. The existence of mul-
tiple signals is indicative of a defect origin of the emission
property of this compound.

The room temperature cathodoluminescence spectrum of
compound VI showed only a single maximum at 2.15eV
(578 nm), see Figure 6b. Given the wide gap of 3.34 ¢V for
this compound the emission energy lies in the mid-gap re-
gion and suggests that it originates from a defect rather
than from a HOMO-LUMO electron-hole recombination.

Luminescence has been observed in several open-frame-
work supertetrahedral chalcogenide compounds and it was
established that proper variation of the composition could
result in inorganic-organic phosphors with tunable emission
properties [6]. In addition, in the mesostructured cetylpyrid-
intum-M-GeyS;o system the luminescent properties of the
surfactant molecules could be altered by the presence of the
non-emitting M-Ge,S;, part [27]. Perhaps we may expect
that mesostructured systems with fluorescent inorganic
components (e.g. [CdsSn,S;7]'°") and fluorescent organic
surfactant could exhibit interesting luminescent hybrid ma-
terials.

Solid State NMR measurements

The '"”Sn MAS NMR spectrum of Cs;,CdsSnsS;7 (V) is
shown in Figure 7. The ''°Sn chemical shift of 49.9 ppm is
within the range (—25 to +70 ppm) typically observed for
tetrahedrally coordinated tin sulfides [28, 29, 30]. The T,
value was ~ 300 s and the best-fit chemical shift anisotropy
principal values were 811, 0,5, 833 = 91, 58, 0 ppm with an
uncertainty of = 10 ppm in each value. The value of 6;; —
833 (~ 90 ppm) is consistent with a tetrahedrally coordi-
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Figure 6 (a) Cathodoluminescence spectrum of Cs;oCd4SnyS;;. The plots indicates the three different contributions determined from Gaus-
sian line shape analysis. (b) cathodoluminescence spectrum of K;,Zn,Ge,S,,.
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Figure 7 Magic angle solid-state '"Sn NMR spectrum of
Cs19CdsSnyS ;7 with a single isotropic peak at 49.9 ppm.
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Figure 8 The molar magnetic susceptibility of K;oFe;SnsS;; (IV)
from 2 to 400 K. The applied field was 100 Oe. Evident is the strong
divergence in the susceptibility between zero field cooled and field
cooled data begins at around 400 K.

nated Sn** and with the high overall symmetry observed in
the single crystal structure of this compound. The '"°Sn
MAS NMR spectrum of I (not shown here) was similar
with a CS of 49.2 ppm and a ~ 150 ppm value of §;; —
833.These parameters are also consistent with the highly
symmetric tetrahedral environment of tin in this compound.

Magnetic properties

The magnetic susceptibility of K oFe,;SnsS;; and
KioMnySnyS;; over a wide range of temperature is shown
in Figure 8 and 9. The Curie-Weiss law is not followed at
any temperature interval. Instead a broad maximum is ob-
served in the susceptibility curve at ~140 K and 90 K
respectively. The maxima are attributed to antiferromag-
netic interactions between the spins on the Fe?>" atoms (d®)
and Mn?" (d°) and in the [M4S]®" core of the cluster. The
Mn-Mn and Fe-Fe distances in this core are 3.873(1) A and
3.788(1) A respectively (see Table 8).
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Figure 9 The molar magnetic susceptibility of K;oMn;Sn,S;; (II)
from 2 to 400 K. The divergence in the susceptibility between zero
field cooled and field cooled data begins at around 290 K, 240 K
and 200 K for applied field of 100 Oe, 500 Oe and 1000 Oe respec-
tively. With increasing applied field, there is a reduction of the di-
vergence in the susceptibility between the zero field cooled and field
cooled data.

A rather peculiar property of the magnetic susceptibility
of both K,yFe,Sn,S;7 and K;,Mn,Sn,S; is the noticeable
difference between the zero field cooled (ZFC) and field
cooled (FC) curves. This discrepancy with field diminishes
with increasing field strength and it nearly disappears above
1000 Oe. At this stage we do not understand the origin of
this behavior and we speculate that it might be associated
with possible spin-glass phenomena. The probable cause for
spin glass behavior in general is disorder and magnetic frus-
tration [31, 32]. In K;iMn4Sn,S;; disorder and frustration
might arise from random cluster rotations in the structure.
The observed high thermal parameters of the terminal sulf-
ide ligands of the cluster and alkali atoms as well as the
partial occupancy of potassium ions may be consistent with
these effects.

The results are comparable also for III and IV. For that
reason only qualitative discussion of the magnetic proper-
ties of II are presented here, and more quantitative results
for all three compounds will be published elsewhere. More
work on the magnetism of the transition metal
[M4M',S;7]'% clusters is necessary to further understand
this behavior.

Concluding Remarks

KioM4Sn,S;; (M = Mn, Fe, Co, Zn), Cs;(CdsSn,S;; and
K0Zn,Ge,S;; are examples of what probably is a consider-
able group of analogs with the basic structural supertetra-
hedral [M4M'4S;7]' unit. The successful synthesis of the
germanium analog K,0ZnsGe,S;7 and the existence of Se
analogs indicate that the [M4M’',S;7]'°" cluster is very
adaptable to extensive substitution. Preliminary synthetic
experiments using selenium based polychalcogenide fluxes
also resulted in the preparation of inorganic
[M4M',Se;7]'°" molecular cluster (will be published else-
where). As a consequence of the presence of two kinds of
metal centers in the cluster (M and M’), these compounds
could simultaneously possess unusual magnetic and per-
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haps optical properties. The fact that compounds I-VI are
soluble in water and organic solvents, surviving even for a
limited time, makes them attractive as potential precursors
for a variety of mesostructured materials. Finally, the mag-
netic properties of the Mn, Fe and Co compounds are un-
usual and call for further studies.
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