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Introduction

The function of binary main-group element molecules as li-
gands in molecular, nanosized, or mesostructured coordina-
tion compounds of transition metals has been studied with
increasing intensity for several years.[1] Besides basic re-
search that aims to develop systematic synthesis routes or to
systematically combine different elements within the ternary
M/E’/E subunits (M= transition metal; E’=heavy
Group 13–15 element; E=S, Se, Te), there is a distinct focus

on the investigations of their physical properties. Com-
pounds that incorporate two different types of heavy main-
group elements and a transition metal are of specific interest
with respect to opto-electronics or magnetism. This especial-
ly has led to investigations of systems in which E’ is a
Group 14 element; here the M/E’/E elemental combination
can be viewed as a combination of fragments of transition
metal chalcogenide and tetrel chalcogenide extended solids
that are known to possess (semi)conducting or photo-semi-
conducting properties.[2] The influence of the elemental com-
bination on the opto-electronic properties seems to be very
subtle; therefore, variation of M, E’, or E within known or
related structures might provide series of compounds with
“tunable” properties.

Ternary M/E’/E compounds that have been reported to
date range from molecular species such as [Na(2,2,2-crypt)]
[{(C5Me5)(CO)2MnSn)3S4}Na(THF)3]

[3] and [(PhSnS3)2-
(CuPPhMe2)6],

[4] through a large number of mesostructured
phases such as Rb3[AgGe4Se10]·2H2O,[5] (CP)3[Fe4S4Ge4S10]
(CP=cetylpyridinium),[6a] and (CP)x[PtySn4Se10] (x=1.9–2.8,
y=0.9–1.6),[6b] to several solid-state phases such as
K2[MnSnS4]

[6c] and Ba[Cu6Ge2S8].
[7]

Such materials can be synthesized in principle by two
routes: formation of the ternary compounds from separate
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Abstract: By reaction of K4[SnSe4]·1.5 -
MeOH with CdCl2 or Hg(OAc)2 in
water/methanol it was possible to pre-
pare single crystals of four novel com-
pounds that contain ternary anionic co-
ordination oligomers and polymers:
[K10(H2O)16(MeOH)0.5][M4(m4-
Se)(SnSe4)4] (4 : M=Cd, 5 : M=Hg),
[K6(H2O)3][Hg4(m4-Se)(SnSe4)3]·MeOH
(6), and K2[HgSnSe4] (7), which were
structurally characterized by single-
crystal X-ray diffraction. The optical
absorption properties of the isostruc-

tural compounds 4 and 5, as well as
those of the recently reported Zn (2)
and Mn (3) analogues, were studied by
UV-visible spectroscopy. These investi-
gations showed the quaternary phases
to have relatively small optical gaps for
their molecular size (2.2–2.6 eV), which
are similar to the excitation energies

that were observed for mesostructured
solids of the respective combination of
elements. According to DFT investiga-
tions on the ternary anions, an experi-
mentally observed difference between
the absorption behavior of the d10 com-
pounds 2, 4, and 5 and the open-shell
d5 compound 3 is in line with different
characters of the frontier orbitals in the
two cases. Both the calculations and a
magnetic measurement on 3 demon-
strated antiferromagnetic coupling be-
tween the m4-Se-bridged Mn centers.
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sources of M, E’, and E during the reaction,[3–5,6c,7] or by re-
action of binary precursors.[6a,b,d] The latter additionally
allows us to study the stability of the binary species under
the given reaction conditions, for example, the reaction be-
havior of E’/E reactants in the presence of reactive transi-
tion metal complexes. Moreover, it provides the possibility
to choose the size of the “spacer” between the transition
metal centers, provided that the E’/E precursor, which does
not necessarily represent the thermodynamically preferred
E’/E species, does not decompose during the reaction.
Whereas numerous investigations using this route have been
successful with binary alloys or anions of Group 15/16 ele-
ments, attempts to stabilize Group 14/16 anions in the coor-
dination sphere of transition-metal centers by the same
methods leads to a completely different reaction pathway
with E’�E bond cleavage.[8] Recently, modification of the
synthesis method allowed the isolation of ternary or quater-
nary species with substructures in which transition metal
centers are linked by chalcogenotetrelate anions. By reac-
tions templated with the surfactant CP, for example, it was
possible to generate the aforementioned mesostructured
phases, most of which contain adamantane-type [E’4E10]

4�

ions (E’=Sn, Ge; E=S, Se), although some contain
[Sn2S6]

4� or [SnSe4]
4� ions that bridge transition metal cen-

ters in purely inorganic, three-dimensional networks.[6] As
intended, the resulting phases show uncommon electronic
properties such as very narrow band gaps or intense photo-
luminescence, although they have not been structurally char-
acterized until now.

We are interested in synthesizing and characterizing sys-
tems with ternary structural units by the reaction of ortho-
selenostannate anions [SnSe4]

4�, the behavior of which to-
wards transition metal compounds is still largely unknown.
In the course of our investigations,[8,9] we recently isolated
and structurally characterized quaternary compounds
[K22(MeOH)17(H2O)8][Co4(m4-Se)(SnSe4)4] (1a),[9a] [K36(m6-
Cl)2(H2O)11(MeOH)32][SnSe4][Co4(m4-Se)(SnSe4)4]3 (1b)[9b]

and [K10(H2O)16(MeOH)0.5][M4(m4-Se)(SnSe4)4] (M=Zn: 2,
M=Mn: 3),[9c] which contain the formerly unknown type of
ternary selenide anion [M4(m4-Se)(SnSe4)4]

10�. Compounds
1–3 were obtained by reactions of K4[SnSe4]

[10] or
K4[SnSe4]·1.5MeOH[9c] with [Co(en)3]Cl3 (en=1,2-diamino-
ethane), MnCl2·4H2O, or
ZnCl2 in H2O/MeOH. In the
highly charged, purely inorgan-
ic M/Sn/Se anions of 1–3, chal-
cogenostannate anions were
shown to function as ligands in
molecular coordination com-
pounds for the first time by
single-crystal X-ray analysis.
Recently, a number of solvent-
free sulfur homologues
K10[M4Sn4S17] (M=Mn, Fe, Co,
Zn) were reported; however,
these were prepared by com-
bining the elements in a K2S
flux.[11] These inorganic sele-
nide and sulfide compounds

are structural analogues of the carbosilane “scaphane” clus-
ter [Si8C17H36]

[12] and oxides such as Na10[Be4Si4O17].
[13]

Suitable modification of the reaction conditions used
in our previous investigations[9c] enabled the syntheses
of four novel quaternary compounds with M=Cd or
Hg: [K10(H2O)16(MeOH)0.5][Cd4(m4-Se)(SnSe4)4] (4),
[K10(H2O)16(MeOH)0.5][Hg4(m4-Se)(SnSe4)4] (5), [K6(H2O)3]
[Hg4(m4-Se)(SnSe4)3]·MeOH (6), and K2[HgSnSe4] (7), which
were structurally characterized by single-crystal X-ray dif-
fraction. Compounds 4 and 5 are heavier homologues of 2
and also contain ternary [M4(m4-Se)(SnSe4)4]

10� ions; com-
pound 6 shows an as-yet unknown, three-dimensional terna-
ry Hg/Sn/Se network based on fragments of the coordina-
tion oligomers in 5 ; compound 7 includes a third variant of
a Hg/Sn/Se substructure representing infinite Hg/Sn/Se
chains within a solvent-free solid-state phase. We present
here the crystal structures of 4–7 and discuss the electronic
properties of the isotypic compounds 2–5, which were inves-
tigated by UV-visible spectroscopy, quantum chemical inves-
tigations using DFT[14] methods, and magnetic measure-
ments.

Results and Discussion

Syntheses : Scheme 1 outlines the syntheses of quaternary
compounds 4–7 by reactions of K4[SnSe4]·1.5MeOH[9c] with
CdCl2 or Hg(OAc)2. As with the reaction yielding the light-
er homologue of 4 and 5 (i.e., compound 2) it was found to
be more appropriate to use a methanol solvate of
K4[SnSe4]

[10] instead of the pure ternary phase in order to
optimize reaction rates and yields.

In addition to the quaternary compounds, the chalcogeno-
distannate salt [K4(MeOH)4][Sn2Se6] crystallizes after layer-
ing with nonpolar solvents, as observed with the syntheses
of 1–3.[9] This co-product results from dimerization of
[SnSe4]

4� ions with liberation of Se2� ions [Eq. (1)], which
are then available to be incorporated in the ternary sub-
structures.

2 ½SnSe4�4� Ð ½Sn2Se6�4� þ 2 Se2� ð1Þ

Scheme 1. Syntheses of 4–7 by reaction of K4[SnSe4]·1.5MeOH with CdCl2 or Hg(OAc)2 in H2O/MeOH. All
compounds identified after layering are listed.
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The equilibrium given in Equation (1) is known to favor
the monomer side for homologous [SnS4]

4� ions in aqueous
solution;[15] the observed shift to the right-hand side is thus
forced by the generation of the ternary compounds, that is,
by the formation of stable M�Se (M=Co, Mn, Zn, Cd, Hg)
bonds with free Se2� ions during the reactions described
here.

Reactions with Hg(OAc)2 differ from the others in two re-
spects: firstly, one must remove an insoluble black precipitate
of HgSe before layering, which causes lower yields; secondly,
different K/Hg/Sn/Se compounds are observed upon subtle
variations of stoichiometry or solvents. This indicates lower
stability of the ternary Hg/Sn/Se compounds relative to the
binary chalcogenide HgSe, and lower stability or solubility
differences of the coordination oligomer in 5 with respect to
the competing coordination polymers observed in 6 and 7.

Formation of 5 is only observed if less than equimolar
amounts of Hg(OAc)2 are present, whereas equimolar
amounts of the reactants lead to selective crystallization of
6. This correlates with respective reaction schemes [Eqs. (2)
and (3)], which include all identified reaction products.

6K4½SnSe4� 	 1:5MeOHþ 5HgðOAcÞ2 H2O=MeOH������!
½K10ðH2OÞ16ðMeOHÞ0:5�½Hg4Sn4Se17� ð5Þ
þHgSeþ ½K4ðMeOHÞ4�½Sn2Se6� þ 10KOAc

ð2Þ

5K4½SnSe4� 	 1:5MeOHþ 5HgðOAcÞ2 H2O=MeOH������!
½K6ðH2OÞ3�½Hg4Sn3Se13� 	MeOH ð6Þ
þHgSeþ ½K4ðMeOHÞ4�½Sn2Se6� þ 10KOAc

ð3Þ

By using a less polar H2O/MeOH mixture (1:19) and
layering with toluene afforded the solvent-free phase 7. As

with the synthesis of 5, equimolar amounts of the reactants
were used, which is again consistent with the reaction
scheme [Eq. (4)]. Therefore, selective crystallization of 7 in-
stead of either 5 or a product mixture must be attributed to
the different solubilities of the possible products.

4K4½SnSe4� 	 1:5MeOHþ 4HgðOAcÞ2 H2O=MeOH������!
2K2½HgSnSe4� ð7Þ þ ½K4ðMeOHÞ4½Sn2Se6�
þ2HgSeþ 8KOAc

ð4Þ

Crystal structures : Compounds 4 and 5 precipitate as yellow
and orange crystals, respectively. These are obtained in good
yields (70–80%) and crystallize isotypically in the tetragonal
space groups P41212 and P43212 (the presented data were
from individual crystals crystallizing in P41212). All single
crystals that were crystallographically investigated so far
were essentially free of racemic twinning, as can be seen
from the Flack parameters[16] (0.02(1) max). Compound 6
forms dark orange, very small cuboids. The structure was
solved and refined in the rhombohedral space group R3m
with consideration of partial racemic twinning [Flack param-
eter 0.42(4)].[17] Crystals of compound 7 are ruby red, dia-
mond-shaped, and crystallize in the tetragonal space group
I4̄2m, with partial racemic twinning [Flack parameter
0.38(9)].[17] Table 1 summarizes details of the single-crystal
X-ray analyses of 4–7.[16–18]

Crystal structures of 4 and 5 : Since both compounds are iso-
typic with the recently reported 2 and 3,[9c] the molecular
structures of the Cd and Hg homologues are not discussed
in detail here; we rather focus on a comparison of the series
of compounds 2–5 and on a discussion of the crystal pack-
ing. Figure 1 shows the structure of the ternary anion

Table 1. Data of the single-crystal X-ray structural analyses of 4–7.[17] The structures were solved by direct methods (SHELXS-86)[18] and were refined
by full-matrix least-squares procedures on F2 (SHELXL-97).[18]

4 5 6 7

formula C0.5H34Cd4K10O16.5Se17Sn4 C0.5H34Hg4K10O16.5Se17Sn4 CH10Hg4K6O4Se13Sn3 HgK2Se4Sn
Mr [gmol�1] 2961.96 3314.72 2505.60 713.32
crystal size [mm3] 0.20S0.20S0.16 0.12S0.12S0.10 0.09S0.09S0.09 0.14S0.10S0.10
color yellow orange dark orange red
diffractometer STOE IPDS STOE IPDS STOE IPDS STOE IPDS
radiation AgKa MoKa MoKa AgKa

l [T] 0.56087 0.71073 0.71073 0.56087
T [K] 203 150 203 203
crystal system tetragonal tetragonal rhombohedral Tetragonal
space group P41212 P41212 R3m I4̄2m

(No. 92) (No. 92) (No. 160) (No. 121)
a [102 pm] 15.623(2) 15.62(2) 15.125(4) 8.0681(11)
c [102 pm] 25.434(5) 25.440(5) 16.247(3) 6.9497(14)
V [106 pm3] 6208.0(18) 6208.7(18) 3218.7(12) 452.39(13)
Z 4 4 3 2
1calcd [gcm�3] 3.169 3.546 3.878 5.237
m(MoKa) m(AgKa) [mm�1] 7.179 22.109 27.590 19.662
2V range [8] 3–45 3–50 4–45 6–44
independent reflns 8227 4241 1004 247
R(int) 0.1404 0.0642 0.1477 0.1574
observed reflns [I>2s(I)] 6523 3658 759 225
Flack parameter[16] 0.00(3) 0.015(10) 0.42(4) 0.38(9)
parameters[17] 216 220 74 15
R1 0.0626 0.0376 0.0739 0.0798
wR2 0.1544 0.0712 0.1594 0.1592
max. peak/hole [e10�6 pm�3] 2.065/�1.572 0.905/�0.659 1.407/�2.121 2.530/�3.941

Chem. Eur. J. 2004, 10, 5147 – 5157 www.chemeurj.org N 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 5149

Ortho-Chalcogenostannates as Ligands 5147 – 5157

www.chemeurj.org


[Cd4Sn4Se17]
10� in 4. A view of the crystal packing in the unit

cell is given in Figure 2. Selected bond lengths and angles
for the chiral, C2-symmetric clusters and their counterion

environments are listed in Table 2, together with the respec-
tive data for isotypic compounds 2 and 3.

The M�Se bond lengths in 2–4 follow the trend of the
ionic radii for four-coordinate M2+ ions,[19] when going from
M2+ =Zn2+ (71 pm) through Mn2+ (80 pm), to Cd2+

(91 pm). However, Cd�Se bond lengths in 4 and those of
Hg�Se in 5 are nearly identical, which is not consistent with
the larger ionic radius of Hg2+ (98 pm) but with the similar
covalent radii[20] (Cd: 149 pm, Hg: 150 pm) and thus reflects
an increasing covalent character of the M�Se bonds in the
heavier homologues. Structural parameters within the
[SnSe4]

4� groups are only slightly affected by the nature of
the coordinated transition-metal center. Starting at nearly
identical values for the Sn�Set and Sn�(m-Se) bond lengths
in 2, one observes a separation by a maximum of 2.4 pm
into somewhat shorter Sn�Set bonds and somewhat longer
Sn�(m-Se) bonds in 3, 4, and 5. According to the trends in
the M�Se and Sn�Se bond lengths, the volumes of the ter-
nary anions (represented by their Se···Se edge lengths) and

thus the volumes of the unit
cells, which always contain
four formula units, lie in the
order V(5)�V(4)>V(3)>
V(2).

In contrast to a number of
structurally related, ligand-co-
ordinated binary clusters
[M8(m4-E)(ER)12L4]

2� (M=Zn,
Cd; E=S, Se, Te; L=ER, Cl;
R=organic group),[21–24] corre-
sponding [Mn8(m4-E)E16�xLx] or
[Hg8(m4�E)E16�xLx] clusters
have not been reported until
now; the only related com-
pound containing Mn atoms is
[Mn4Cu4(m4-S)(SiPr)12]

2� in
[NMe4]6[Mn4Cu4(m4-S)-
(SiPr)12]·2[MnCl4],

[24] which
has a different molecular struc-
ture based on an Mn4Cu4 het-
erocubane, in which the twelve
Mn�Cu edges are all bridged
by m-SiPr� ligands.

In the crystal, all anions are
of the same enantiomer; the
cluster molecules are arranged
in two types of stacks, parallel
or antiparallel to the c axis.
They are linked by potassium
ions that are additionally coor-
dinated by solvent molecules.
The absence of stabilizing li-
gands, such as phenyl groups
or phosphane ligands, enables
relatively close approach of the
ternary anions. The shortest
Se···Se intercluster distances
are always found between
three m-Se ligands of one ter-

Figure 1. Structure of the ternary anion in 4. Selected bond lengths and
angles are listed and compared to those of isotypic compounds 2, 3, and
5 in Table 2. Formal rotations of the [SnSe4]

4� caps around axes
Sn(1)···Se(9) or Sn(2)···Se(9), which result in chiral, C2-symmetric mole-
cules are 13.54(4)–20.17(3)8 in 4 and 13.67(3)–18.10(4)8 in 5.

Figure 2. Part of the crystal packing in 4. Cd: black, Sn: white, Se: red, K: blue, O: red (small), C: white
(small). The shaded tetrahedra were formed by linking the four terminal Se ligands per anion, displaying the
position of each [Cd(m-Se)3] unit above the respective tetrahedral face; red and blue tetrahedra represent clus-
ter anions of each of two orientations with respect to the c axis. Selected distances and angles are listed and
compared to those of isotypic compounds 2, 3, and 5 in Table 2.
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nary anion and three opposing ones of the adjacent mole-
cule: 359.8(8)–361.1(9) pm (2), 361.0(5)–361.1(8) pm (3),
357.5(10)–358.9(11) pm (4), and 355.7(11)–356.4(9) pm (5).

Crystal structure of 6 : Comparison of the compositions of
the K/Hg/Sn/Se compounds 5 and 6 not only reveals fewer
solvent molecules for 6, but also indicates formal loss of one
complete formula unit of the reactant K4[SnSe4]; this is con-
sistent with the smaller amount of the chalcogenostannate
salt in the reaction mixture affording 6 than was used in the
synthesis of 5 [Scheme 1, Eqs. (2) and (3)].

Indeed, the monomeric “[Hg(m4-Se)(SnSe4)3]
6�” unit in 6

can be derived from the [Hg(m4-Se)(SnSe4)4]
10� ion in 5 by

formal removal of one [SnSe4]
4� unit; ensuing substitution

of the Se(1’) ligands of three adjacent cluster fragments for
the lost [SnSe4]

4� group leads to recompletion of the coordi-
nation sphere of these three Hg(1) atoms. Three-dimension-
al continuation of this formal condensation process gener-
ates a polymeric network. A part of the ternary substructure
of 6 is shown in Figure 3, represented by one formula unit
of the anion and its connection to adjacent fragments. Se-
lected bond lengths and angles are given in the caption.

All metal atoms in 6 achieve a distorted tetrahedral coor-
dination geometry. In contrast to the m3-bridging mode of
the [SnSe4]

4� ligands in 1–5, m4-[SnSe4]
4� units each bridge

three Hg centers of one monomeric unit and additionally
bridge to the next [Hg4Sn3Se13] fragment. Thus, m-Se bridges
are formed that link the polycylic [Hg4Sn3Se10] fragments
consisting of three condensed, barrelane-type [SeHg3Se3Sn]
cages. These bridges enclose the smallest Sn-(m-Se)-Hg
angle (98.82(18)8) in 6, which is accompanied by a relatively
short (nonbonding) Hg(1)···Sn(1’) distance of 391.8(8) pm
(about 12 pm less than the shortest Sn···Hg distance in 5 :
403.9(3) pm).

The Sn�Se bond lengths in 6 are similar to the Sn�(m-Se)
distances in 5 ; Hg�(m4-Se) bonds (260.0(7), 265.1(4) pm)
vary around a value of 262 pm in 5, whereas the Hg�(m-Se)

distances in 6 (260.4(6)–
265.4(7) pm) are slightly short-
er on average than in 5. In
contrast to the discrete Hg/Sn/
Se anions in 5, which have
only pseudo-C3 rotational sym-
metry, each cluster fragment,
and thus the whole ternary net-
work in 6, has crystallographic
C3 site symmetry, but with a
much stronger distortion in the
direction of the crystallograph-
ic c axis, as can be seen from
the structural parameters of
the compressed, inner [Hg4(m4-
Se)] unit.

The existence of compound
5 and general agreement be-
tween the structural parame-
ters of 4 and 5 exclude steric
problems as a reason for the
existence of the coordination

polymer as a structural alternative. It is still unclear whether
the formation of 5 represents a condensation process follow-
ing preliminary detachment of [SnSe4]

4� groups from dis-
crete [Hg4(m4-Se)(SnSe4)4]

10� ions, or whether a different
pathway is followed in this case when transition metal ions
are substituted for potassium ions in the starting material
K4[SnSe4].

Uniform orientation of all “[Hg4Sn3Se13]
6�” fragments in

the crystal lattice produces a very regular, porous, three-di-
mensional network embedding the counterions and solvent
molecules. Figure 4 illustrates the formal transition from dis-
crete [Hg4Sn4Se17]

10� ions in 5 to the coordination polymer
in 6.

The three-dimensional linkage of the [Hg4Sn3Se13] units
leads to the formation of three groups of parallel channels
running through the crystal along [1,�1,�1] (see Figure 4),

Table 2. Selected bond lengths [pm] and angles [8] of isotypic compounds 4 and 5 in comparison to those in 2
and 3.[9c]

2(Zn)[9c] 3 (Mn)[9c] 4 (Cd) 5 (Hg)

Sn�Set
[a] 251.9(1), 252.4(1) 251.4(2), 252.0(2) 251.1(2), 251.5(2) 250.9(2), 251.6(2)

Sn�(m-Se) 251.5(1)–252.6(1) 251.8(2)–252.7(2) 252.1(2)–253.0(2) 252.0(2)–253.3(3)
M�(m-Se) 246.0(2)–250.5(2) 255.4(2)–258.3(2) 263.7(2)–266.2(2) 263.5(2)–267.6(2)
M�(m4-Se) 245.7(1), 246.5(1) 252.8(2), 253.4(2) 260.4(2), 261.2(2) 262.2(1), 262.4(1)
M···M 399.0(2)–406.4(2) 408.3(3)–421.1(3) 420.5(2)–433.0(2) 425.0(2)–434.3(2)
M···Sn 386.5(2)–401.7(2) 395.9(3)–408.2(3) 405.0(3)–415.7(3) 403.9(3)–416.2(2)
Se···Se edges 1058.0(1)–1071.2(1) 1071.4(1)–1086.3(1) 1082.0(3)–1095.6(3) 1080.5(2)–1097.1(3)
Set-Sn-Se 105.81(4)–107.61(4) 105.37(6)–107.74(6) 104.72(7)–104.97(6) 104.20(6)–106.25(8)
(m-Se)-Sn-(m-Se) 109.73(4)–114.36(5) 110.19(5)–114.39(6) 110.87(6)–115.10(7) 111.38(6)–115.52(7)
(m-Se)-M-(m-Se) 106.97(5)–109.56(6) 107.75(8)–112.69(9) 107.76(6)–113.98(6) 108.98(5)–112.93(5)
(m4-Se)-M-(m-Se) 108.31(5)–112.08(5) 106.60(7)–110.77(9) 105.71(5)–109.12(6) 105.01(5)–109.16(5)
Sn-(m-Se)-M 101.44(4)–105.95(4) 102.45(6)–106.24(7) 103.09(6)–106.45(6) 102.40(5)–106.43(5)
M-(m4-Se)-M 108.36(4)–111.05(7) 107.71(11)–112.37(12) 107.68(8)–111.97(8) 108.23(2)–111.66(7)
distances within the coordination sphere[b]

Se···K 322.5(17)–361.8(14) 321.2(2)–354.3(3) 331.6(11)–374.5(9) 326.7(14)–361.4(11)
K···O 225.1(7)–301.2(4) 241.4(2)–303.1(2) 262.1(16)–372.2(19) 268.3(16)-379.9(11)
Se···O 323.3(10)–389.5(9) 311.3(5)–389.1(7) 318.2(16)–384.3(14) 321.5(14)–362.8(13)
nearest intercluster distances
Se···Se 359.8(8)–361.1(9) 361.0(5)–361.1(8) 357.5(10)–358.9(11) 355.7(11)–356.4(9)

[a] Set denotes terminal selenide ligands. [b] Coordination numbers: K as [K···SeaOb] (a=0–4; b=2, 3, 5, 6):
five to seven; Se as [SeSnCoa···KbOc] (a=0, 1; b=1, 2; c=1–3 ,5 ,7): five to eight.

Figure 3. Part of the ternary anionic structure of 6. Thick bonds highlight
the fragment of a discrete anion as in 5 ; narrow and dashed bonds
denote connections to adjacent fragments and continuation of the struc-
tural motif. Selected distances [pm] and angles [8]: Sn(1)�Se(1) 250.3(7),
Sn(1)�Se(2,3) 252.5(8)�253.2(6), Hg(1)�Se(1) 265.4(7), Hg(1)�Se(2)
260.4(6), Hg(1)�Se(4) 265.1(4), Hg(2)�Se(3) 265.3(6), Hg(2)�Se(4)
260.0(7), Hg(1)···Hg(2) 416.9(8), Hg(1)···Hg(1) 443.3(7), Hg(1)···Sn(1’)
391.8(8), Hg(1,2)···Sn(1) 407.4(8)–409.7(9); Se(1)-Sn-Se(2,3) 101.11(18)–
112.31(14), Se(2,3)-Sn-Se(2,3) 112.91(19)–115.23(17), Se(2,3)-Hg-
Se(1,2,3) 107.30(18)–112.56(15), Se(4)-Hg-Se(1,2,3) 100.92(19)–
111.56(17), Sn-Se(2,3)-Hg 103.82(20)–105.84(21), Sn-Se(1)-Hg 98.82(18),
Hg(1)-Se(4)-Hg(2) 105.11(19), Hg(1)-Se(4)-Hg(1) 113.46(17).
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[1=2,1,�1=2], and [1,1=2,
1=2]. The channel dimensions are ap-

proximately 400S700 pm, and the walls are formed by Se
atoms, which interact with K+ counterions in the channels
that are additionally coordinated by H2O molecules. Coordi-
nation numbers within the coordination spheres are: K:
seven (1 O, 6 Se atoms; K···Se 343.8(7)–401.8(9) pm; K···O
280.4(8), 302.9(8) pm); Se: four (1 Sn, 1 Co, 2 K atoms) or
six (1 Sn, 1 Co, 4 K atoms or 1 Sn, 1 Co, 2 K, 2 O atoms;
Se···O (H bridges) 319.6(9), 322.7(9) pm); O: four (2 K, 2 H
atoms). The MeOH molecules do not coordinate; they are
situated at the crossing points of the three sets of channels.

In contrast to the synthesis of the M/E’/E phases[6] quoted
at the outset and the related compounds (CP)4�2x[MxSnSe4]
(CP=cetylpyridinium; x=1–1.2; M=Mn, Zn, Cd, Hg),[26]

(CP)1.4[Zn1.3Sn2S6],
[27] (CP)1.2[Cd1.4Sn2S6],

[27] and A2[Hg3E
0
2S8]

(A=Rb, Cs; E’=Ge, Sn),[28] the preparation of 6 represents
the first reaction of a chalcogenostannate and a transition-
metal component that leads to the formation of a infinite
network under standard pressure, at room temperature, and
without the addition of structure-directing tenside mole-
cules. However, the specific aggregation of the present ions
and solvent molecules, which depends on the reaction condi-
tions, mainly the polarity of the solvent, might be viewed as
a structure-determining effect too.

Besides the occurrence of the novel type of Hg/Sn/Se net-
work based on ternary cluster fragments, compound 6 is, to
our knowledge, the first compound in which a m4-type link-
age of transition-metal ions through ortho-selenostannate
anions has been structurally characterized. Known phases
containing m4-bridging [E’S4] (E’=Ge, Sn) or [GeE4] groups
(E=S, Se), for example, A2[Hg3E’2S8] (A=Rb, Cs; E’=Ge,
Sn),[28a] that are accessible by solvothermal or flux techni-
ques from the elements or binary chalcogenides form net-
works by one-, two-, or three-dimensional linkage of [E’E4]
and [ME4] tetrahedra. However, most of the other com-
pounds that feature porous networks, except the above cited
examples, contain larger [E0

4E10]
4� ions as spacers between

transition metal centers. During revision of the manuscript,

an analogous, but solvent-free,
Cd/Sn/Se compound was pub-
lished; it was synthesized by
fusion/solvothermal extraction
of K2Se, Cd, Sn, and Se.[28b]

Crystal structure of 7: Com-
pound 7 is the first solvent-free
phase to be prepared by the
method described here.
Whereas solvent molecules
remain in the salt of the coor-
dination polymer in 6, as a re-
minder of its synthesis in solu-
tion, by contrast no H2O or
MeOH molecules are needed
for the stabilization of the qua-
ternary phase 7. The ternary
substructure is formed formally
by trans-edge-sharing [SnSe4]

4�

and [HgSe4]
6� tetrahedra that

alternate along one-dimensional strands parallel to the crys-
tallographic c axis. Such SiS2-type chains are not rare in the
structures of metal chalcogenide or chalcogenido metalate
compounds. Strands with one sort of metal atom have been
observed in solids such as ASnSe3 (A=Na, K)[29,30] KFeS2,

[31]

and TlE (=TlI(TlIIIS2); E=S, Se).[32] Furthermore, the last-
named is a structural relative crystallizing in the space
group I4/mcm. Its symmetry is reduced by formal transition
to the structure of 7, which crystallizes in the subgroup
I4̄2m, as a result of the defined occupation of the metal sites
by Hg or Sn. As a third variation of the [SnSe4]

4� coordina-
tion modes, the ortho-chalcogenostannate anions in 7 act as
bridges between two metal centers with formation of
[HgSe2Sn] four-membered rings. Figure 5 shows views of the
crystal packing in 7 along and perpendicular to the
1
1{[HgSnSe4]

2�} strands; selected structural parameters are
given in the caption.

The 1
1{[HgSnSe4]

2�} chains that follow the 4̄ axes at the
edges of the unit cell and those that follow the 4̄ axes
through the center of the ab plane are shifted by c/2 with re-
spect to each other; thus, not only Hg and Sn atoms within
one strand but also those of adjacent anionic chains have
only atoms of the other metal type as nearest neighbors. In
contrast to 5 and 6, the tetrahedral coordination geometry
at the metal centers is highly distorted. Coordination of the
K+ ions by eight nearest Se atoms within a range of
340.9(2)–350.5(2) pm produces tetragonal antiprisms as co-
ordination polyhedra that are slightly flattened in the c di-
rection.

Compound 7 is structurally related to some compounds
containing ortho-tellurostannate groups: K2[Ag2SnTe4],

[34a]

synthesized by the K2Te/Te flux technique from K2Te, Ag,
Sn, and Te, and [Mn(en)3][CdSnTe4]

[34b] (en=1,2-diamino-
ethane) and K2[HgSnTe4],

[34c] which were prepared from
SnTe, Te, MnCl2, and CdCl2, and from K4[SnTe4] and HgCl2

by solvothermal synthesis in en. These phases are also based
on one-dimensional chains, two of which differ from those
in 7: the first contains two independent Ag atomic sites,

Figure 4. Derivation of a monomeric “[Hg4(m4-Se)(SnSe4)3]
6�” unit in 6 by formal removal of an [SnSe4]

4�

group from a discrete [Hg4(m4-Se)(SnSe4)4]
10� ion in 5 (top) and formal polymerization to the anionic Hg/Sn/Se

network in 6 (bottom; view approximately along [1,�1,�1]); Hg: black, Sn: white, Se: gray. For clarity, three-
coordinate Hg atoms in 6 are represented as [HgSe3&] tetrahedra.
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only one of which adopts tetrahedral coordination geome-
try; in the second phase, linkage via cis edges of the [SnTe4]
units and trans edges of the [CdTe4] groups lead to the for-
mation of an infinite zig-zag chain. Other related com-
pounds such as K2[Ag2SnSe6]

[35] and K2[MnSn2Se6]
[36] have

[Sn2Se6]
4� ions as bridges between Ag or Mn centers in one-

dimensional chains. However, to our knowledge, no com-
pounds that feature bridging ortho-selenostannate anions
[SnSe4]

4� between two transition metal ions, as observed in
7, have been described to date.

Electronic structures and static magnetic properties of 2–5 :
In spite of the relatively small molecular sizes of the ternary
[M4(m4-Se)(SnSe4)4]

10� ions in 2–5, and the presence of
([SnSe4]

4�-linked) 3d5, 3d10, 4d10, or 5d10 transition-metal
ions that are usually inconspicuous with respect to their op-

tical absorption, these compounds form intensely colored
solutions and crystals. To gain insight into the electronic
structures of the four isotypic systems, we recorded UV-visi-
ble spectra of these compounds and performed DFT[14] cal-
culations on the anions. Additionally, the static magnetic be-
havior of the 3d5 system 3 was investigated by magnetic sus-
ceptibility measurements and ESR spectrometry.

UV-visible spectra of 2–5 : Solid-state UV-visible spectra of
2–5 are shown in Figure 6. Corresponding data that have
been extracted from the graphs and data of related com-
pounds are listed in Table 3.

Plateaus of maximum absorbance are observed at Emax=

2.36–2.90 eV, which corresponds to the visible color of the
compounds. Before reaching the plateaus, the absorbance
increases over a range of 0.15–0.28 eV (30–60 nm) from the
onset of absorption Eonset. We assign this onset to the lowest
possible electronic excitation in the respective system, that
is, the energy difference between highest occupied and
lowest unoccupied molecular orbitals of the optically active
components. According to the spectra, these gaps are in the
range 2.21–2.57 eV.

Whereas for the Cd and Hg containing phases 4 and 5 the
values are still well separated from the optical gaps of the
binary MSe solids, the Zn and Mn species 2 and 3 show
gaps that are very close to those in the metal selenides,[37] al-
though only very small (distorted) parts of the Wurzite-type
topology of the MSe phases are represented by the inner
[(m4-Se)M4(m-Se)12] cores of the ternary anions. This is a
result of the partial substitution of Sn (optical gap of SnSe2:
1.2 eV[37]) for the d10 transition metal atoms in the [M8E17]
clusters, which causes a significant change of the electronic
situation. Gaps that are relatively small for the molecular
size are therefore observed.

The structurally related binary Zn/Se and Cd/Se clusters
cited above are colorless and accordingly show significantly
larger electronic excitation energies than 2 or 4 ;[22,24] for
[Cd8(m4-Se)(SePh)14(PnPr2Ph)2]; the gap was spectroscopi-

Figure 5. Parts of the crystal packing in 7 along (approximately) [1,0,0]
(left) and [0,0,1] (right), emphasizing the tetrahedral [HgSe4] and [SnSe4]
units; Hg: black, Sn: white, Se: red, K: blue. On the right-hand side, the
distorted tetragonal-antiprismatic coordination sphere of the K+ ions is
illustrated by dashed lines and blue polyhedra. Selected distances [pm]
and angles [8]: Sn�Se 256.1(4), Hg�Se 268.7(4), Hg···Sn 347.5(3), K···Se
340.9(2)–350.5(2); Se-Sn-Se 100.21(16), 114.29(9), Se-Hg-Se 93.98(15),
117.73(9), Sn-Se-Hg 82.90(9).

Figure 6. UV-visible spectra of 2,[9c] 3,[9c] 4, and 5 in the solid state, re-
corded as suspensions of single-crystalline material in Nujol.

Table 3. Optical absorption energies E extracted from the UV-visible
spectra of 2–5 and optical gaps of related binary solids.[37]

2 (Zn) 3 (Mn) 4 (Cd) 5 (Hg)

Emax [eV] 2.90 2.56 2.68 2.36
crystal color light yellow orange yellow orange
Eonset [eV] 2.57 2.27 2.53 2.21
optical gap of MSe[37] [eV] 2.7 2.5 1.7 -0.06[a]

[a] HgSe is a so-called inverse band gap semiconductor.[37]
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cally determined to be 3.8 eV.[38] This difference must be at-
tributed in part to the absence of a ligand shell in 2–5 :
ligand-free CdSe nanoparticles of a similar diameter (12 T
vs 11 T in 4) have a gap of about 3.0 eV.[39] The remaining
decrease in the excitation energy should be finally assigned
to the mixed-metal nature of 2–5.

Additionally, the values are on the same order of magni-
tude as the gaps that were observed for the related meso-
structured compounds (CP)4�2x[MnxSnSe4].

[26] This indicates
that both separation of discrete M/Sn/Se anions by (solvat-
ed) K+ ions and incorporation of tenside micelles in a
three-dimensional aggregation affect the optical behavior in
a similar manner. As expected, the energy differences are
somewhat smaller than those observed for the sulfur ana-
logues K4[Zn4Sn4S17] (3.1 eV) and K4[Mn4Sn4S17] (2.3 eV).[11]

The UV-visible spectra of 2–5 show that the spectrum of
the d5 compound 3 is rather exceptional: the gap for this
compound does not fit into a trend which parallels ionic or
covalent radii or atomic numbers.

Quantum chemical investigations : To examine the electronic
situation that we claim to be responsible for the different
absorption behavior of 3 compared to 2, 4, and 5 and to
obtain insight into the spin state, that is, the magnetic prop-
erties of 3, quantum chemical investigations were carried
out. The electronic structures of the four isostructural
[M4(m4-Se)(SnSe4)4]

10� ions (M=Zn, Mn, Cd, Hg) were stud-
ied and compared by DFT[14] calculations, which proved to
be suitable for ternary M/Sn/Se anions.[9] The calculations
were performed with the program package TURBO-
MOLE,[40] using the COSMO model[41] to compensate for
the highly negative charge on the anions by simulation of
mirror charges (see Experimental Section). Simultaneous
optimization of electronic and geometric structures resulted
in reasonable structural parameters (maximum deviations of
the M�Se bonds: 1.3–5.3 pm in 2, 0.6–2.0 pm in 3, 3.2–
6.5 pm in 4, 7.2–12.7 pm in 5 ; maximum deviations of the
Sn�Se bonds: 3.7–7.3 pm in 2, 3.9–8.0 pm in 3, 4.0–7.6 pm in
4, 4.1–7.8 pm in 5). The anions of the d10 transition metal
compounds 2, 4, and 5 were shown to be closed-shell sys-
tems, as expected; the anion of 3 had to be treated as an
open-shell system by using the unrestricted Kohn–Sham
(UKS) model.

A significant difference between the d10 systems and the
d5 system is evident from Mulliken analyses of the frontier
orbitals, which are of interest for the optical spectra: where-
as in the d10 closed-shell anions with M=Zn, Cd, or Hg the
metal orbitals do not contribute to the highest molecular or-
bitals,[42] significant contribution of Mn d orbitals (ca. 30%)
is evident in each of the highest occupied orbitals in the d5

cluster anion of 3. This is probably a consequence of lower
energies for the atomic orbitals of Zn2+ , Cd2+ , or Hg2+ rela-
tive to Mn2+ with respect to their direct bonding partner
Se2� in [SnSe4]

4�. Thus, the UV-visible absorption and colors
of 2, 4, and 5 should be explained by pure charge-transfer
transitions from filled Se p orbitals to empty M- or Sn-based
orbitals, whereas in 3, a significant influence of the occupied
metal atomic orbitals must be considered. The different mo-
lecular orbital scheme gives rise to a different behavior in

the absorption process in 3 and thus to an excitation energy
that does not follow the trend for the anions with the d10

metal atoms, as observed experimentally.
The UKS calculation revealed 20 unpaired electrons.

Analysis of the spin density (i.e., difference of densities for
alpha and beta spins) shows that these are clearly localized
at the four Mn centers, in accord with the d5 configuration.
However, the four d5 shells do not have the same spin orien-
tation in the calculated ground state: the unpaired electrons
of two Mn atoms have one spin orientation, whereas those
at the other two Mn atoms have the opposite spin. This cor-
responds to an S=0 state, with antiferromagnetic coupling
of the MnII centers, as the energetically most favorable.
Figure 7 shows the spin density calculated for the local mini-
mum. Surplus of alpha and beta spins is represented by red
and blue clouds, respectively.

Thorough analysis of other possible spin states of the
anion in 3 revealed that excited states with S=5 and S=10,
which also fulfill the aufbau principle, are 0.2 or 0.3 eV less
favorable.

Magnetism of 3 : Susceptibility measurements were per-
formed on a polycrystalline sample of 3 (18.10 mg) between
T=1.8 and 300 K at 1000 Oe. Figure 8 depicts the c versus
T plot. The magnetic susceptibility increases from 300 K to
reach a maximum at 17 K (0.054 emumol�1) before decreas-
ing to 0.03 emumol�1 at 3.5 K. A further decrease in temper-
ature leads to an increase in the magnetic susceptibility typi-
cal for Curie-like paramagnetic impurities.

This global paramagnetic behavior was analyzed by con-
sidering the [Mn4(m4-Se)(SnSe4)4]

10� units to be well isolated
in the crystal packing, with a closest Mn···Mn distance be-
tween the clusters of about 5.1 T. Therefore, intercluster
magnetic exchanges were not considered. Based on the mo-
lecular description of the [Mn4(m4-Se)(SnSe4)4]

10� unit, the
possible exchange pathways J are shown in Scheme 2, in
which only direct Se bridges are taken into account.

Given the similarity of the selenium bridges between MnII

magnetic centers (Table 4), we simplified the model by con-
sidering all the magnetic exchange interactions J between
the metal ions to be equal.

Figure 7. Plot of the spin density of the calculated anion [Mn4(m4-
Se)(SnSe4)4]

10�. Spin densities (i.e., difference of densities for alpha (red)
and beta (blue) spins) are drawn to 0.4 e�T�3.
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Therefore, the magnetic data were analyzed with the
Hamiltonian of Equation (5) in which j> i and Si is the spin
of an individual MnII metal ion (note that in the tetrahedral
coordination sphere, the d5 MnII is known to be in its high-
spin state: S=5/2).

H ¼ �2J
X4

i¼1, j¼2

SiSj ð5Þ

The complicated topology of the magnetic pathways pre-
cludes a simple calculation of the spin levels of the cluster
by KambeVs method;[43] hence, we used a more general pro-
cedure developed by Clemente-Juan et al. (MAGPACK pro-
gram).[44] In addition to the susceptibility calculated from
the above Hamiltonian ctetramer, we had to consider a Curie
contribution from isolated S=5/2 MnII ions as impurities to
be able to reproduce the low temperature behavior
[Eq. (6)].

c ¼ ð1�1Þctetramer þ 1
35Ng2m2

B

12 kBT
ð6Þ

The best set of parameters that fitted the experimental
magnetic data was g=2.0, J/kB=�12.1(2) K, and 1=0.023
(solid line in Figure 8). The value of the g factor was con-
firmed by ESR measurements on a polycrystalline sample.
At room temperature, a single Lorentzian resonance line
was observed at g=2.015 with a line width DH of 640 Oe.
On decreasing the temperature, the g factor remains con-
stant and DH increases to 2400 Oe at 4.2 K. The estimation
of the susceptibility from double integration of the reso-
nance line confirmed the magnetometer measurements
shown in Figure 8. Fitting of the magnetic susceptibility re-
vealed a significant antiferromagnetic interaction (J/kB=

�12.1(2) K) between the MnII ions through the Se bridge.
The results show that the ground state of the [Mn4(m4-
Se)(SnSe4)4]

10� cluster is a singlet with a first excited state
(S=1) at 24.2 K. Compound 3 is to our knowledge the first
compound with an [Mn4Se] fragment to be investigated by
magnetic measurements, but antiferromagnetic coupling be-
tween tetrahedrally coordinated Mn centers was also ob-
served in K2[MnSnS4],

[6c] albeit based on a two-dimensional
Mn/Sn/S network with m-bridging sulfur ligands instead of
m4-bridging ligands .

Conclusion

We have shown that it is possible to use the synthetic
method that was first described for the syntheses of quater-
nary Co, Zn, and Mn compounds 1–3 for reactions with
salts of the heavier transition metals cadmium and mercury
by suitable variation of the reaction conditions. In this way,
novel quaternary compounds were synthesized that contain
purely inorganic, ternary anionic M/Sn/Se substructures with
M=Cd or Hg.

By preparing compounds 4 and 5, which incorporate dis-
crete [M4(m4-Se)(SnSe4)4]

10� ions (4 : M=Cd, 5 : M=Hg), we
completed a homologous series of isotypic compounds 2
(M=Zn), 4, and 5. The phases show unexpected colors and
optical gaps given the relatively small molecular size
(25 atoms) of the anions containing d10 metal centers. Quan-
tum chemical investigations at the DFT level suggest the ab-
sorption behavior of the anions with d10 metal atoms to have
mainly Se(p)!M(d) charge-transfer character. In contrast,
the electronic structure of isotypic d5 metal compound 3,
containing analogous Mn/Sn/Se anions, differs in being an
open-shell system that displays significant metal d-orbital
contribution to the highest molecular orbitals. Accordingly,
the optical absorption does not follow the trend of the Zn,
Cd, and Hg compounds. For the anion in 3, 20 unpaired
electrons were calculated that represent the four d5 shells of
the Mn atoms. The quantum chemical studies and experi-
mental investigations of the magnetic susceptibility of a pol-
ycrystalline sample of 3 agree in that an S=0 ground state
resulting from significant antiferromagnetic interactions (J/
kB=�12.1(2) K) between the MnII metal ions through the
ligand bridge, was determined in both cases.

In contrast to the experiments with Zn, Mn, or Cd salts,
reactions with Hg(OAc)2 show a variation in the product
distribution when the reaction conditions are slightly

Figure 8. c versus T plot for a polycrystalline sample of 3. Inset: zoom of
the c versus T plot in the low-temperature region below 40 K.

Scheme 2. Exchange pathways of magnetic coupling in 3.

Table 4. Distances [pm] and angles [8] of relevance for the magnetic cou-
pling in 3.

Magnetic coupling Mn-(m4-Se)-Mn Mn�(m4-Se)

Mn(1)�Mn(1’) 107.71(11) 252.8(2)
Mn(2)�Mn(2’) 112.37(12) 253.4(2)
Mn(1)�Mn(2) or Mn(1’)�Mn(2’) 110.01(7) 252.8(2), 253.4(2)
Mn(1)�Mn(2’) or Mn(1’)�Mn(2) 108.32(6) 252.8(2), 253.4(2)
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changed. It was thus possible to isolate and structurally char-
acterize two further quaternary compounds containing Hg/
Sn/Se substructures. In 6, this is a three-dimensional net-
work of formally condensed fragments of the discrete cluster
anions observed in 5, namely, “[Hg4(m4-Se)(SnSe3)]

6�”. The
anionic substructure in 7 does not show a relation to the d10

metal/Sn/Se anions isolated so far, but forms one-dimension-
al strands of alternating, edge-sharing [HgSe4] or [SnSe4] tet-
rahedra.

In future investigations we intend to investigate possible
nonlinear optical properties of the chiral compounds 2–5.
We also plan to gain insight in solution processes that are so
far unknown, by means of dynamic light scattering and ESI
mass spectrometry. Furthermore, we aim to explore whether
new variations of reactant combinations and/or reaction
conditions allow the isolation of further quaternary phases
with ternary substructures and to study how these parame-
ters influence the actually observed structural motifs and
their physical properties.

Experimental Section

General : All synthesis steps were performed with strict exclusion of air
and moisture (N2 atmosphere on a high-vacuum, double-manifold
Schlenk line or Ar atmosphere in a glove box). Methanol, THF, and tolu-
ene were dried and freshly distilled prior to use; water was degassed by
applying dynamic vacuum (10�3 Torr) for several hours. K4[SeSe4]·1.5 -
MeOH was synthesized as previously described;[9c] CdCl2 and Hg(OAc)2

were purchased from Merck (>98%).

Synthesis of [K10(H2O)16(MeOH)0.5][Cd4(m4-Se)(SnSe4)4] (4):
K4[SnSe4]·1.5MeOH (0.192 g, 0.300 mmol) was suspended in MeOH
(5 mL) and added to a solution of CdCl2 (0.043 g, 0.240 mmol) in H2O
(5 mL), whereupon the reaction mixture immediately turned light yellow,
and a similarly colored powder precipitated. After stirring for 24 h, the
solution was removed from the precipitate by decanting, the yellow solid
was redissolved in water (10 mL) and layered with THF (10 mL). Over
one week, yellow crystals of 4 formed selectively, while layering of the
decanted reaction solution only yielded crystals of the co-product
[K4(MeOH)4][Sn2Se6].

[9] Yield of 4 : 0.133 g (0.045 mmol, 78% based on
[SnSe4]

4�); elemental analysis calcd (%): C 0.20, H: 1.18; found: C 0.20,
H 1.19.

Synthesis of [K10(H2O)16(MeOH)0.5][Hg4(m4-Se)(SnSe4)4] (5):
K4[SnSe4]·1.5MeOH (0.112 g, 0.175 mmol) was suspended in MeOH
(5 mL) and added to a solution of Hg(OAc)2 (0.045 g, 0.140 mmol) in
H2O (5 mL), whereupon a black precipitate formed immediately. After
stirring for 24 h, the precipitate was removed and the filtrate layered
with THF (10 mL). Small, orange truncated octahedra of 5 formed, be-
sides small amounts of [K4(MeOH)4][Sn2Se6]

[9] after one week. Yield of
5 : 0.064 g (0.019 mmol, 66% based on [SnSe4]

4�); elemental analysis
calcd (%): C 0.18, H 1.04; found: C 0.18, H 1.02.

Synthesis of [K6(H2O)3][Hg4(m4-Se)(SnSe4)3]·MeOH (6): K4[SnSe4]·1.5 -
MeOH (0.096 g, 0.150 mmol) was suspended in MeOH (5 mL) and added
to a solution of Hg(OAc)2 (0.048 g, 0.150 mmol) in H2O (5 mL), with im-
mediate formation of a black, insoluble precipitate. After stirring for
24 h, the precipitate was removed and the filtrate layered with THF
(10 mL). Over two weeks, small orange cuboids of 6 crystallized together
with small quantities of [K4(MeOH)4][Sn2Se6].

[9] Yield of 6 : 0.029 g
(0.011 mmol, 38% based on [SnSe4]

4�); elemental analysis calcd (%): C
0.48, H 0.40; found: C 0.49, H 0.40.

Synthesis of K2[HgSnSe4] (7): K4[SnSe4]·1.5MeOH (0.096 g, 0.15 mmol)
was suspended in methanol (5 mL) and added to a solution of Hg(OAc)2

(0.048 g, 0.150 mmol) in a mixture of MeOH (4.5 mL) and H2O (0.5 mL).
A black, insoluble precipitate formed immediately. After stirring over-
night, the precipitate was removed by filtration, and toluene (10 mL) was
allowed to flow under the filtrate. After one week, large amounts of

[K4(MeOH)4][Sn2Se6]
[9] had formed; after nine weeks, crystallization of

small ruby-red rhombuses of 7 started. Yield of 7: 0.014 g (0.02 mmol,
26% based on [SnSe4]

4�).

Quantum chemical investigations : DFT calculations[14] were performed
using the program package TURBOMOLE[40] (RIDFT program,[45]

Becke–Perdew functional (BP86)[46]). Basis sets were of TZVP quality
(triple-zeta valence plus multiple polarization functions).[45b] Relativisti-
cally corrected effective core potentials (ECP) were used for the Sn, Cd,
and Hg atoms.[47] Compensation of the negative charges of all calculated
molecules was achieved by simulating mirror charges using the COSMO
model.[41] Suitability of these methods with satisfactory accuracy regard-
ing experimental structures was previously shown in investigations on the
anion of 1.[9a] The use of the unrestricted Kohn–Sham (UKS) modus al-
lowed for systematic investigations of ground-state occupations. The reli-
ability of the UHF result was confirmed by an hS·Si value of 110.059 cor-
responding to 20 excess alpha spins. All geometry optimizations were
performed without symmetry restrictions (C1 symmetry); therefore, con-
vergence into local minimum structures can be assumed. However, the
optimizations ended up at nearly Td symmetric molecules; this indicates
the key role of crystal packing for the chirality of the experimentally ob-
served anions. Visualization of the spin density was achieved by means of
the gOpenMol program.

ESR investigations and magnetic measurements : ESR spectra were re-
corded on an X band (9.3 GHz) Bruker ESP300E spectrometer equipped
with an ESR900 cryostat (3.8–300 K) from Oxford Instruments. The mag-
netic susceptibility measurements were obtained using a Quantum
Design SQUID magnetometer MPMS-XL. The sample was prepared in a
glove box under argon and packed in a sealed plastic bag. The magnetic
data were corrected for the sample holder and the diamagnetic contribu-
tion calculated from the Pascal constants (�9.4·10�4 emumol�1).[48]
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