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A rich variety of inorganic-organic hybrid thioantimonates and thiostannates were prepared during
the last few years under solvothermal conditions applying organic amine molecules or transition
metal complexes as structure directors. In this review synthetic approaches to and structural features
of these thiometallates are discussed. For thioantimonates(I1I) the structures range from well isolated
thioanions to three-dimensional networks, whereas the structural chemistry of thiostannates(IV) is
strongly dominated by the [SnySg]*~ anion, and no three-dimensional thiostannate has been reported
so far. In the structures of thioantimonates(III) several primary building units like the [SbS3] trigonal
pyramid, the [SbS4] unit or even the [SbS5] moiety are joined by vertex- and/or edge-linkages to
form building blocks of higher structural hierarchy like [Sb3S4] semi-cubes or Sb, S, heterocycles. A
pronounced difference between thioantimonate and thiostannate chemistry is the tendency of Sb(III)
to enhance the coordination geometry via so-called secondary bonds. In most cases the environment
of Sb(III) is better described as a 3 4+ n polyhedron with n = 1 —3. The thioantimonate(V) structural
chemistry is less rich than that of thioantimonates(III), and the [SbS4]°~ anion shows no tendency
for further condensation. By applying suitable multidentate amine molecules, transition metal cations
which normally prefer bonding to the N atoms of the amines can be incorporated into the thiometallate
frameworks.
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Introduction

In the last few years several reviews appeared sum-
marizing structural and synthetic work of thiomet-
allate compounds prepared under solvothermal con-
ditions [1-8]. Solvothermal or hydrothermal reac-
tions are performed in closed reaction vessels apply-
ing polar solvents which are heated above their boil-
ing points, i. e. temperatures in the range between 100
and about 250 °C. Under these conditions an autoge-
neous pressure is developed, and the properties of the
solvents are drastically changed [9]. Typical solvents
used are water, amines or alcohols, or mixtures of sol-
vents. The advantages of the solvothermal approach
are the dissolution of normally nearly insoluble start-
ing materials like metals, chalcogens and metal chalco-
genides in the strongly polar and polarizing solvents
under conditions which are mild enough so that com-

plex molecules like chains or rings can participate in
the formation of the crystalline solids.

One should keep in mind that solvothermal reactions
are heterogeneous reactions with complex equilibria of
dissolved species, and small changes of synthesis pa-
rameters like temperature, pressure, solvent, viscosity,
concentration and nature of the starting material, pH
value, redox potential, reaction time, solubility of the
reaction product, availability of protons, shape, size
and charge of the charge compensating cations efc.
can modify these equilibria. Several of these synthe-
sis parameters influence each other in a not well un-
derstood way. Therefore, the successful preparation
of a new compound under solvothermal conditions is
mainly the result of a systematic variation of the pa-
rameters, and only few rules of thumb are at hand for
planning the syntheses in a more directed way. Un-
fortunately, no systematic studies were performed re-
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garding speciation of S species under strongly alka-
line reaction conditions especially with respect to the
role of the amines displaying different charges, sizes
and shapes. (For an S speciation in alkaline media see
references [10, 11]). A few years ago we were able to
isolate several compounds containing S52~, S¢>~ and
S7%~ species [12—15]. Similarly, polysulfide species
with compositions [Sn(S4)3]>~ and [Sn(Se)(S4)2]>~
were isolated at relatively low temperatures during the
synthesis of thiostannates [11]. These observations are
clear hints for the coexistence of the polysulfide an-
ions, and the successful isolation of such prototypes
may encourage researchers to systematically study the
S speciation in strongly alkaline medium by varying
the reaction conditions.

The aim of the present contribution is not to
recall the findings presented in the reviews men-
tioned above, but to focus on inorganic-organic hybrid
thioantimonates(III) and thiostannates(IV). We use
the term inorganic-organic hybrids for those thioanti-
monates and thiostannates containing either pure or-
ganic cations as structure director and charge com-
pensating molecules, or transition metal complexes
(TML,)"" (L is an amine ligand) acting in the same
manner. There are also examples where both types
of cationic species are present. For the (TML,)""-
containing group of compounds one may distinguish
between those where the transition metal cation is
an integral part of the thiometallate network, and the
group of compounds where cations and anionic net-
works are isolated from each other. After some gen-
eral considerations concerning the thioantimonate and
thiostannate chemistry we review synthetic and struc-
tural features of the two groups of compounds. As
mentioned above only little is known about the for-
mation mechanisms of thiometallates under solvother-
mal conditions. Several in situ X-ray scattering exper-
iments were performed during the last years shedding
light onto the crystallization processes occurring under
real solvothermal conditions. The main results of these
studies are reviewed below.

General Structural Features of Thioantimona-
tes(III), Thiostannates(IV) and Thiostannates(II)

The thioantimonate(III) chemistry is very different
from that of all other thiometallates due to the lone
electron pair (LEP) of Sb(III) which often exhibits a
pronounced stereo-activity [16, 17]. Therefore, Sb(III)
shows very flexible coordination patterns with coordi-

nation numbers between 3 and 6, variable bond lengths
and relatively flexible S—Sb-S angles. The most com-
mon primary building unit is the trigonal pyramidal
[SbS3]3~ anion with three Sb-S bonds scattering in
length in a narrow range between 2.3 and 2.5 A.
In many structures the coordination number around
Sb(III) is enhanced to 4 yielding a [SbS4] moiety. Since
the formal charge of the central Sb atom in this unit
is still +III, the Sb—S bond lengths are enlarged, and
typical patterns are two short/two long Sb—S bonds
which are around 2.45 A for the shorter and between
about 2.6 and ~ 2.8 A for the longer bonds, i.e.,
compared to the [SbS3] group in the [SbS4] unit all
Sb-S bonds are longer. The long Sb—S bonds are al-
ways in frans position giving rise to S—Sb—S angles
between 170 and 180°. In very rare cases [SbSs] is
found as a primary building unit, and for this moi-
ety the bond length pattern is unusual because there
is only one Sb-S bond below 2.5 A, two are be-
tween 2.6 and 2.7 A and another two range from
~ 2.8 to about 3.0 A [see e. g. ref. 18]. The occur-
rence of such a variety of primary building units is
unique in the field of thiometallate chemistry. The
structural diversity of thioantimonates(III) results from
these different primary building units. Their connec-
tion via corner- and/or edge-sharing leads to the next
complex building blocks like [SbyS4] (edge-sharing of
[SbS3]), [SbySs] (corner-sharing of [SbS3]), trans- or
cis-[SbySg] groups (edge-sharing of two [SbS4] units)
or so-called [Sb3S4] semi-cubes (edge- and corner-
sharing of two [SbS4] units and one [SbS3] unit).

A special feature of most thioantimonate(III) com-
pounds is the occurrence of long Sb-S separations
with distances up to about 3.6 A (see discussion be-
low). Hence, the coordination geometry of the Sb(III)
atoms is often expanded, and in several structures dis-
torted [SbS¢] octahedra may be identified considering
the S atoms at longer distances.

Hydrogen bonding interactions are very important
despite the weakness of S---H bonds. Often the am-
monium group points towards the inorganic network in
a way enabling optimal interactions. Therefore it can
be assumed that the organic cations exert a structure-
directing effect.

The structural chemistry of thiostannates is less rich
than that of the thioantimonates, and the most common
polyhedra for Sn(IV) are [SnS4] tetrahedra and [SnSs]
trigonal bi-pyramids. These primary units often con-
dense forming [SnySe]*~ bi-tetrahedra and/or [Sn3S4]
semi-cubes (Fig. 1).
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Fig. 1 (color online). Condensed polyhedra in thiostannates;
left: [SnySg]*~ unit with Sn atoms in a tetrahedral environ-
ment; right: [Sn3S4] semi-cube with trigonal-bipyramidal co-
ordination of Sn atoms.

For the relatively rare Sn(Il) species the [SnS;3]
pyramid is often observed. The presence of a [SnS3]
unit is an indication for Sn**. The existence of Sn
in a pyramidal environment of S atoms is quite
rare, with examples including the well-known Otte-
mannite Sn(SnS3) [19], but also (Me4N)(tb3)Sn [20],
(AsPhy4)(Ph3S3)Sn [21] and (PPhy)(Ph3S3)Sn [22] (for
abbrevations see Table 1). In some cases Sn(II)
also occurs in an octahedral environment as e. g. in
SHC]Q(SC(NHQ)Q) [23], SH(SQCN(Csz)z)z [24] and
(EtyN)4Snp(WSy)4 [25].

In contrast to Sb(III), neither for Sn(II) nor for
Sn(IV) the tendency to form weak so-called secondary
bonds is observed making a decision about the struc-
tural dimensionality of the inorganic network much
easier. In the oxidation state +II there is also a LEP
at the tin atom but it seems that it is less active
than the LEP of Sb(III). Under the basic conditions
of the solvothermal syntheses it can be assumed that
the Sn(IV)S; species in solution like [SnS4]*~ carry
a larger negative charge than the dissolved Sb(II)S,
units. The larger negative charge must be compensated
by appropriate positively charged cations. Maybe this
is the reason why thiostannates(IV) with protonated
mono- or diamines are rare. In addition there is a large
tendency of the tetrahedral [SnS4]*~ anion to conden-
sate forming the [SnySel* building unit. As a con-
sequence this is the most common thiostannate(IV)
anion.

Approaches to a Structural Classification for Thio-
antimonates(III)

Only very few hybrid thioantimonates(III) con-
tain well isolated small thioantimonate(III) anions
and charge-compensating protonated amine molecules
or transition metal cations. Examples are the cis-
[SbyS4]% unit in (maH),Sb,S4 [26] where the anion
is composed of two edge-sharing [SbS3] pyramids, and

Table 1. List of the abbreviation used in this paper.

Abbreviation Chemical name Chemical formula
1,2-dach 1,2-diaminocyclohexane CeH 14N>
1,2-dap 1,2-diaminopropane C3HjoN2
1,3-dap 1,3-diaminopropane C3H 9N,
1,3-dape 1,3-diaminopentane CsHi4N;
1,4-dab 1,4-diaminobutane C4H 2Ny
1,4-dach 1,4-diaminocyclohexane CeHi4N3
1,6-dah 1,6-diaminohexane CgHi6N2
la-2p 1-amino-2-propanol C3HgNO
2-mpd 2-methylpropane-1,2-diamine ~ C;HjoN»
4,4'-epip 4,4'-ethylenedipiperazinium CioH2aNy
aep 1-(2-aminoethyl)-piperazine CeHy5N3
amp 3-aminomethylpiperazine CgH7N>
ap-en N,N’-bis(3-aminopropyl)- CgHyoNy
ethylenediamine
AsPhy tetraphenylarsonium Co4HpoAs
baep 1,4-bis(2-aminoethy)piperazine CgHzoNy
BuyN+t tetrabutylammonium (C4Hg)sNT
BuNH; " tributylammonium (C4Hg);NH™
cha cyclohexylamine CeHi3N
C3N,Hg 1-N-methylimidazole C3N;yHg
Cl3SnBu-SnCl3 1,4-bis(trichlorostannyl)butane  Cl3Sn(CH;)4SnCl3
cyclam 1,4,8,11-tetraazacyclotetradecane C1gHp4 Ny
DABCO triethylenediamine, CgHi2No
1,4-diazabicyclo[2.2.2]octane
DBN 1,5-diazabicyclo[4.3.0]non-5-ene C7H |2 N3
DBU 1,8-diazabicyclo[5.4.0]- CoH¢N>
undec-7-ene CyoHigNy
dda dodecylamine C12HysNH3
deen N,N-diethylethylenediamine CeH N2
depn 3-dimethylpropanediamine CsHj4N,
dien diethylenetriamine C4H3N3
dma dimethylamine C,H7N
dmen N,N-dimethylethylenediamine =~ C4H2N»
ea ethylamine CH7N
en ethylenediamine C,HgN,»
EtyN* tetracthylammonium (CoHs5)4NT
etam ethanolamine C,H7NO
ipa iso-propylamine C3HoN
ma methylamine CHsN
mba methylbutylamine CsH;3N
mdap N-methyl-1,3-diaminopropane  C4H3N2
Me;NH* trimethylammonium (CH3)3NH*
MeyN+ tetramethylammonium (CH3)4N*
nba butylamine C4H N
npa propylamine C3HgN
pea pentylamine CsH;3N
Ph3S3 tris(phenylthiolato) CigH5S3
phen 1,10-phenanthroline Ci2HgN;
pip piperazine C4H N2
PPhy tetraphenylphosphonium Ca4HyoP
PrsNH* tripropylammonium (C3H7);NH*
PryN* tetrapropylammonium (C3H7)4N*
pyr pyrrolidine C4HoN
ths tris(thiobenzoato) Cy1Hi503S3
tepa tetraethylenepentamine CgHa3Ns
THF tetrahydrofuran C4HgO
tren tris(2-aminoethyl-)amine CeHigNy
trien triethylenetetramine CgHigNy
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the discrete [SbySs]*~ anion constructed by vertex-
linking of two [SbS3] units as in [Fe(en)3],Sb,Ss -
0.55H,0 [27] or [Mn(en)3]Sb,S5 [28]. Table 1 gives
an overview of the abbreviations of the organic com-
pounds used in this review.

It appeares that under basic conditions small
thioantimonate(III) anions have a pronounced ten-
dency to condensate forming larger structural aggre-
gates like chains, layers or three-dimensional net-
works, and that the isolation of few small anions
may be viewed as a “snapshot” of the conden-
sation reactions occurring during reaction progress.
It is notable that (maH),Sb,S4 could only be ob-
tained as a minority phase (5 % yield) using a mix-
ture of Mn, Sb, S in methylamine solution heated
at 145 °C for 5 d. A similar observation was re-
ported for [Fe(en)3]»Sb,Ss- 0.55H,0 which appeared
as the minor phase besides [Fe(en);]SbsS;. Interest-
ingly, [Mn(en)3;]Sb,Ss was reported as a phase-pure
material, but we note that the synthesis was performed
in pure en solution at the relatively high tempera-
ture of 180 °C which may provide suitable conditions
for the isolation of small thioantimonate(IIT) anions.
For these three compounds the structural classification
is unambiguous, i.e., they contain discrete thioanti-
monate(III) anions.

The classification of thioantimonates(III) with ex-
tended structures can be achieved applying different
approaches based on structural dimensionality of the
anion, on the Sb: S ratio, or on the organic or complex
cation present. The first approach based on the dimen-
sionality is not straightforward because Sb—S distances
scatter over a wide range from 2.3 to about 3.6 A which
is the sum of the van der Waals radii [29]. Because
an interatomic distance alone is not a good criterion
to decide whether there is a bond or not, one can ei-
ther try to extract the valence of a Sb—S bond applying
the bond valence method [16, 17] or using theoretical
calculations on a higher level. For the first approach
Liebau and coworkers showed that bond valences of
about 0.1 were obtained for Sb-—S distances as long
as 3.5 A. But considering other parameters like the
S—Sb-S bonding angles this is not generally applica-
ble to other Sb—S separations as mentioned in [16, 17].
Theoretical calculations based for instance on DFT
have not been performed due to the low structural sym-
metry and very large number of atoms in the unit cell
together with pronounced hydrogen bonding interac-
tions making such calculations very challenging. Nev-
ertheless, to be consistent in the determination of the

dimensionality of an anionic network we use a cut-off
of about 3 A for significant Sb—S bonding interactions.

A possible approach for the classification of thioan-
timonates(II) is the usage of the Sb:S ratio in the
inorganic network. Thus all thioantimonates(IIl) can
be sorted e.g. according to the increase in S con-
tent, but there are several examples of compounds
with an identical Sb:S ratio but a different chem-
ical formula and different structural dimensionality.
On the other hand, for one and the same Sb:S ratio
and an identical chemical formula different structural
dimensionalities of the anionic networks have been
observed. Some examples are given to shortly high-
light the problem. For Sb:S = 1:2 the anions with
compositions [SbS,]™ [30,31], [SbyS41% [26,32,33],
[Sb3Se1>~ [34], and [SbsSg]*~ [27,35-37] were re-
ported. In the [SbS;]” and [SbaS4]*~ anions the
[SbS3] trigonal pyramids and [SbS4] units are joined
forming one-dimensional chains or two-dimensional
sheets whereas the latter two anions may occur as
isolated ring anions [34—36] or as short chains [27].
Once the structure of these species is known some con-
clusions can be drawn if only Sb-S-Sb connectivity
and no bonding interactions to TM"* and/or no S-S
bridges are present. An isolated ring with composition
[SbyS4]?>~ should be not very stable due to the unfavor-
able strain of bonds, and the occurrence of larger rings
like a [SbsS|0]°~ anion is also not very likely due to
the conformational flexibility and the relatively large
negative charge located on the ring. However, one can-
not exclude that such new thioantimonate(III) motifs
are stabilized under more stringent conditions. We note
that the structural diversity of [SbsSg]*~ is enhanced if
bonding interactions between the thioantimonate anion
and TM" ™ centers occurs [37]. Further details concern-
ing these results will be discussed below.

The anion with composition [SbsS7]%~ (Sb:S ra-
tio = 1:1.75) is the most common one among all
thioantimonate(III) anions, and until now about 40 dif-
ferent compounds containing this anion have been
reported (see Table 2). In our opinion it is the
most appropriate example to demonstrate the struc-
tural diversity of thioantimonate anions with a given
Sb: S ratio concerning the connection of [SbS,] units
and the network dimensionality [38, 39, 42,44,48, 50—
53,56—61]. In a recently published paper we have
already summarized the thioantimonates(IIl) with the
[SbsS7]>~ anion [45], and therefore only some se-
lected aspects are discussed in the present review. Con-
sidering solely inorganic-organic hybrids, very few
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Table 2. Selected structural parameters in thioantimonates containing [SbsS71%~ anions (Dim. = dimensionality).
Dim. a(A) b(A)  c(A)  a(deg) P(deg) y(deg) V(A?)
P1 (eaH),Sb4S7 [38] 2 7.015 11.867 13.324 63.789 78.629  87.597 973
(npaH)2SbsS7 [39, 40] 2 7.012 11.930  14.267 114.06 98.43 92.61 1071
(nbaH),Sb4S7 [39,41] 2 7.038 11.95 15.501 67.90 77.30 87.28 1178
(peaH), Sb4S7 [39] 2 7.015 11917 16.743 109.18 99.75 92.82 1294
(ipaH)2SbaS7 [39] 2 7.042 11.92 14.128 114.32 99.42 92.33 1059
(la-2pH),SbaS7 [42] 2 7.010 11.950 14.570 113.43 97.86 92.26 1103
(trenH;)Sb4S7 [43] 1 5.935 9.114  19.636 98.99 98.41 94.49 1032
(1,4-dabH;)Sb4S7 [39] 2 6.017 8.975 16.549 89.74 86.329  84.60 888
(1,6-dahH;)Sb4S7 [44] 2 6.983 11.875 13.659  115.25 100.17 92.57 999
[Ni(tren)Sb4 S7] [45] 1 8.086 9.514  14.309 85.83 75.14 83.12 1056
[Zn(trien)Sby S7] [45] 1 8.3935 10.756  12.132 91.14 95.31 99.88 1074
[Mn(trien)Sby S7] [45] 1 8.3202 10957  12.131 91.39 95.12 99.26 1086
P2y /n [Ni(1,2-dap)3]1SbsS7 [46,47] 2 10.809 15.795 16.115 90 90.75 90 2751
[Co(1,2-dap)3]SbsS7 [47] 2 10.814 15.705 16.046 90 90.542 90 2725
[Zn(tren)Sby S7] [48] 1 7.978 10.625 25901 90 90.75 90 2195
[Mn(tren)Sby S7] [48] 1 8.008 10.626 25991 90 90.71 90 2211
[Co(tren)Sb4 S7] [48] 1 7.962 10.541 25.897 90 90.90 90 2173
[Fe(tren)Sb4 S7] [48] 1 8.003 10.562 25955 90 90.809 90 2193
[Ni(dien)(tren)]Sbs S7 [45] 2 12.919 16.217  13.037 90 97.441 90 2708
[Cr(tren)Sbs S7] [49] 1 7.976 10.519  25.880 90 90.864 90 2171
P2 /c [Ni(dien);]SbsS7- H> O [50] 2 9.603 16.137  17.272 90 91.68 90 2675
[Mn(dien); ]SbsS7-0.5H>0 [51] 2 9.722 16.113 17.339 90 91.88 90 2715
[Mn(en)3]SbsS7 [52] 1 10.003 14.224  17.397 90 101.89 90 2422
[Ni(en)3]SbsS7 [33] 1 9.93 14.21 17.242 90 102.55 90 2375
[Co(en)3]1Sb4S7 [43] 1 9.932 14.218 17.278 90 102.45 90 2383
[Fe(dien); ]SbsS7- H> O [45] 2 9.692 16.106  17.348 90 91.67 90 2707
[Co(dien), ]SbsS7- 0.5H, 0 [45] 2 9.638 16.111 17.293 90 91.762 90 2684
[Mg(en)3]SbsS7 [53] 1 9.927 14.254  17.259 90 102.611 90 2383
C2/c [Co(cyclam)]y(cyclamH, ), SbsS7 [54] 3 13.600 11919 15431 90 10256 90 2441
[Ni(cyclam)]Sbs S7 [54] 3 13.778 11.869  15.386 90 102.77 90 2454
(cyclamH;)Sba S7 [54] 3 13.713 11.886 15437 90 102.71 90 2454
Others  (pipH»)Sb4S7 [55] - Ama2 2 9.950 28.513 5.903 90 90 90 1674
(1a-2pH)2SbsS7 [42] - Abm?2 1 19.632 9.941 11.373 90 90 90 2220

compounds exhibit a true three-dimensional network.
These include (cyclamH;)SbsS7, [Ni(cyclam)]SbsS7,
and [Co(cyclam,)](cyclamH3)1_x+SbsS7 (0.08 < x <
0.74) [54]. This observation is somewhat surprising be-
cause the cyclam molecule is relative large, and a gen-
eral rule states that network dimensionality is reduced
with increasing size of the charge-compensating coun-
terion.

Compounds with layered [SbsS7]%>~ anions were ob-
served in e. g. [Fe(dien);]SbsS7 - HyO, [Co(dien);]-
SbyS7 - 0.5 HyO, [Ni(dien)(tren)]SbsS7, [M(trien)-
SbyS7] (M = Zn, Mn) [45], [Ni(1,2-dap)3]SbsS7 [46],
[M(1,2-dap)3]SbsS7 (M = Ni, Co) [47], (amine),;Sb4Sy
(amine = npaH, nbaH, peaH, ipaH) [39,40], (1,6-
dahH,)Sb4S7 [44], (eaH),SbsS7 [38], and (1a-2pH);-
SbsS7 [42] (see also Table 2).

One-dimensional [SbsS7]>~ chain anions were
found in the compounds [Co(en)3]SbsS7, (trenHj)-
SbsS7 [43], [Ni(en3)]SbsS7 [33], [Mg(en)3]SbsS7

[53], (1a-2pH)>Sb4S7 which is a polymorph of the
above mentioned compound with a two-dimensional
[Sb4S7]2’ anion [42], (pipH2)Sb4S7 [55], [Cr(tren)-
Sb4S7] with Cr in the rather unusual +II oxidation state
[49], [M(tren)SbyS7] with M = Mn, Fe, Co, and Zn
[48], etc. (see Table 2). In many thioantimonates with
a [SbyS7]>~ chain anion, layers are generated by weak
Sb-S contacts at longer separations around 3 A.

The high flexibility and variable connectivity
of [SbS3] pyramids and [SbS4;] moieties in one-
dimensional [SbsS7]>~ anions is briefly demonstrated
with four different examples. In the structure of
[Co(en)3]SbsS7 undulated chains are observed con-
structed from alternating [Sb3S4] semi-cubes and
[SbS3] pyramids sharing common corners (Fig. 2, left).
The structure of (1,4-dabH,)SbsS7 contains [SbS3]
and [SbS,4] building units which share corners and
edges yielding Sb,S,, Sb3S3 and Sb4S4 heterocycles as
secondary building blocks. These rings are finally con-
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Fig. 3 (color online). The [SbsS713~ chain anion in (trenH,)SbsS7 (left) and in (pipH)SbyS7 (right).

densed forming the one-dimensional [SbsS7]>~ anion
(Fig. 2, right).

[SbS3] pyramids and [SbS4] moieties are also
the primary building units in the structure of
(trenH,)Sb4S7, but these units are connected in a
way that Sb,S;, Sb3S3 and large 16-membered SbgSg
rings are generated (Fig. 3, left). Finally, the anion
in (pipH,)Sb4S7 is composed solely of [SbS3] units
which are vertex-sharing to form alternating Sb3S3
rings and [SbS3] pyramids (Fig. 3, right).

Whereas for the Sb:S ratio of 1:1.75 only one
composition is known, thioantimonates(IlI) with a
Sb:S ratio of 1:1.67 display five different com-
positions including [Sb3Ss]™ [55,62,63], [SbeS101?~
[64—69], [SboSi5]~ [67] and [Sb12320]47 [70].
For instance, in the layered anions of (trans-1,4-
dachH)Sb3Ss and (trans-1,2-dachH)SbsSs- H,O the
primary building units are condensed forming Sb,S,,
SbsS4 and SbsSs rings as the secondary building
blocks [63]. The influence of the structure-directing
cations on the network topology is small despite the
very different arrangements of the protonated amine
molecules in the two compounds shown in Figs. 4
and 5.

Fig. 4 (color online). The hydrogen-bonded trans-1,4-dachH
cations in (trans-1,4-dachH)Sb3Ss.

Fig. 5 (color online). The hydrogen bond network of
trans-1,2-dachH cations and H,O molecules in (trans-1,2-
dachH)Sb3 S5 . Hzo.

For the thioantimonate anion [Sb3S5]~ one-
dimensional chains are observed in (PryN)Sb3S5 [55]
while (PPhs)2SbeS1o contains the [SbgSio]>~ an-
ion [64]. Interestingly, in both compounds a SbsSs
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Fig. 6 (color online). The [SboSi51°~ chain anion con-
structed by connection of [SbS3] and [SbS4] units [67].

chain 1[SbS;]

chain 2 [SbS,]

b

ring constructed by corner-linking of [SbS3] trigonal
pyramids is the main structural motif. The rings are
condensed to form the chain anions. The topology
of the anion in [M(dien);|SbgSip - 0.5H,O (M = Fe,
Ni, Co) [65,69] is relatively complex and may be de-
scribed as chains generated by linking the [SbS3] and
[SbS4] moieties to form Sb,S,, SbsS4, and Sb5S5 het-
erocycles. The chains are then joined by condensation
of the rings in the order Sb4S4—Sb5$5—Sb2$2—Sb5$5—
Sb4Sy4 into large 32-membered Sby6S16 rings [65]. The
layered [SbS10]*> anion in (cyclamH;)SbeS ¢ repre-
sents different structural motifs constructed by conden-
sation of SbyS;, SbsS4 and Sb;S7 heterocycles [71].

A one-dimensional thioantimonate(III) anion is
present in (aepH»)SbgS1g [67], which is characterized
by Sb3S;3 rings and [Sb3S4] semi-cubes. In many other
thioantimonates(IIT) weak Sb—S bonding interactions
(Sb-S distances above 3 A) increase the structural di-
mensionality, and in the present compound a three-
dimensional thioantimonate(III) network is also gen-
erated.

There is only one example for the [SboS;5]?~ chain
anion [67] which exhibits a very unusual linkage of
the [SbS3] and [SbS4] primary building blocks. Two
chains are composed exclusively of alternating [SbS3]
pyramids by vertex-linkage, and a third chain is con-
structed solely by corner-sharing of [SbS4] units. The
latter chain is embedded into the two chains composed
of the [SbS3] pyramids (Fig. 6).

Finally, a one-dimensional [Sb;»S»0]*~ chain anion
is found in [(maH)1_03K2.97]Sb12320 -1 34H20 display—
ing a central SbyS4 ring bound to six Sb3S3 groups
forming the next hierarchical building block. These
blocks are connected via S atoms, and larger SbgSg
heterorings are formed [70].

For the Sb: S ratio of 1:1.60 only the [SbioSi61%~
anion has been reported so far with compositions
(aepH2)Sb1oS16 [68], (deenHz)SbioSis- HoO [46],

AL

it s
o

/-‘
has ) 3}?

Fig. 7 (color online). The large Sb31S3; ring in the thioanti-
monate(III) ion of (aepH,)SboS;6. One cation is displayed
showing the structure-directing effect.

and (1,2-dapH»)Sb0S16 [72]. The thioantimonate(III)
(aepH»)Sb S ¢ was synthesized from a mixture of Sb,
FeCl; and S (mmolar ratio = 1:1:3) heated in 4 mL
of 50 % aqueous tren at 200 °C for 7 d. All attempts to
prepare the compound without FeClz were not success-
ful. In addition, the tren molecule is transformed under
the reaction conditions producing the 2-piperazine-N-
ethylamine cation. The crystal structure (Fig. 7) con-
tains a large Sb3;S3; ring with a double-ellipsoidal
shape composed of vertex-linked [SbS3] pyramids and
[SbS4] units. The two ellipsoidal parts of the ring
are separated by a ‘bottleneck’. The dimensions of
the pores measure about 8.9 x 9.3 A. The structure-
directing cation is located above/below the ellipsoidal
pores.

The layers are two atoms thick and exhibit a wave-
like fashion with the cations located at the inflec-
tion points of the layers (Fig. 8). A different network
topology is observed in (deenH;)Sb1¢S16- HoO with a
large 60-membered Sb3S3¢ ring. The compound was
synthesized using Zn (1.1 mmol), Sb (1 mmol) and
S (2.2 mmol) in 5 mL of a 50 % aqueous solution of
N,N-diethylethylenediamine heated at 140 °C for 6 d.
The authors have mentioned that the yield decreased
significantly when no Zn was added to the educt mix-
ture.

Fig. 8 (color onllne). The undulated [Sb(,Sm]2 layers in
(aepH3)Sb10S 6. The structure-directing cations are located
at the inflection points of the layers.
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Table 3. Selected structural data of compounds with the [SbgSi31%> anion (SG = space group), Dim. = dimensionality).

Compound Dim. / SG aA) b(A) c(A) a (deg) B (deg) ¥ (deg) 14
(maH),SbgS13 [74] 3/P1 15.866 11.581 8.295 71.46 75.71 82.25 1398
(pyrH)2SbgS;3-0.15H,0 [75] 2/PI1 6.929 16.747 17.976 94.84 95.41 125.28 1670
[Ni(en)3]SbgS;3 [69] 2/P1 9.041 12.376 16.549 100.372 94.579 110.34 1687
(ipaH),SbgS13 [73] 2/PI1 7.012 13.794 17.216 94.45 96.49 101.21 1614
(1,2-dapH),SbgS13 [73] 2/PI1 6.992 13.705 18.105 100.15 96.22 101.09 1658
[(maH)y.s(NHy4)1.5]SbgS13 [74] 2/P21/m 7.193 25.770 15.999 90 96.856 90 2945
(dienH;)SbgS 13- 1.5H,0 [73] 2/P21/m 7.190 25.900 15.979 90 97.39 90 2951
(ampH»)SbgS13-2.5H>0 [73] 2/P21/m 7.208 25.741 15.937 90 96.96 90 2935
(dmenH>)SbgS;3- H,O [46] 2/P2/c 9.143 23.515 13.871 90 105.0 90 2881
(depnH»)SbgS13- H,O [78] 2/P2/c 9.237 24.05 13912 90 106.06 90 2970
(enH);SbgS 13 [76] 1/Cmc2, 22.874 10.058 11.338 90 90 90 2609
(1,3-dapH;)SbgS13 [73] 2/ 14 1md 22.590 22.590 22.461 90 90 90 11461
(etamH;)SbgS{3 [79] 2/P21/m 7.167 25.899 16.044 90 96.85 90 2957
The only known composition for the Sb:S ra-
tio of 1:1.625 is the [SbgS;3]>~ anion present Ve
: : PO A%
in the compounds (ipaH);SbgSi3, (1,2-dapH);- ‘\7/* A P e
SbgSi3, (1,3—dapH2)Sb8813, (dienH;)SbgS3- 1.5H,0, / > @\/\A/\
(ampHg)SngB- 2.5H,O0 [73], (maH),SbgSi3 [74], /\\/K/I\ > ; - . /
(pyrH)2SbgS13-0.15H,O [75], (enH»)SbgS3 [76], . /> v
[(maH)o.5(NHs)1.51SbsS13- 2.8H,0 [77], (dmenHy)- } e~ Ve
SbgS13- H,O [46], [Ni(en)3]SbgSi3 [69], (depnHy)- S~ >

SbgS13-H,O [78], and (etamH;)SbgSi3 [79] (see
Table 3). The structures of thioantimonates(III) with
the [SbgS3]*>~ anion range from a three-dimensional
network [74] (Fig. 9) to a one-dimensional chain
observed for (enH;)SbgS3 [76]. The formation of a
three-dimensional network with the relatively small
[maH]t cation is in line with the general relation
between cation size and network dimensionality.
But this simple relation does not hold strictly, as
the only one-dimensional thioantimonate anion is
observed for the [enH,]*t cation which is smaller
than e. g. the [Ni(en)3]>" cation. Hence, other factors
seem to play also an important role in determining
the network dimensionality. The layered [SbsS13]*~
anions are characterized by large pores of different
sizes reflecting the structure-directing effects of the

@sb

e
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Fig. 9 (color online). The three-dimensional [Sngl3]2* an-
ion in (maH),SbgS3 [74].

Fig. 10 (color online). The layered [SbgSi31>~ anion
of (pyrH),SbgS(3 - 0.15H,O with large round Sb;gS;g
pores [75].

different ammonium or transition metal cations.
A large 44-membered Sby;S,, ring with dimensions
7 % 17 A is observed in [Ni(en);]SbgS;3 [69], whereas
a more round-shaped Sb;gS;s pore with diameter
11.9 x 11.2 A occurs in (pyrH)2SbgS13 [75] (see
Fig. 10). More ellipsoidal 24-membered Sb,S;; rings
(dimensions: 8.7 x 14.6 A) are the main structural
motif in the two compounds (ampH;)SbgS;3 and
(dienH)SbgS13 [73] (see Fig. 11). The number of
atoms contained in the heterocycles is not directly re-
lated to the dimensions of the pore sizes as is evidenced
by the Sb9S9 ring in (1,3-dapH,)SbgS|3 [73] shown
in Fig. 12. The central 38-membered ring measures
only 9.9 x 7.8 A which is caused by the special ar-
rangement of the primary and secondary building units
forming a type of pockets at the periphery of the ring.

In all compounds containing [SbsS;3]%> anions
the structure-directing protonated amine molecules
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Fig. 11 (color online). The layered [SbgSi3]>~ anion
in (ampH,)SbgS13 - 2.5H,0 with ellipsoidal 24-membered
rings.

Fig. 12 (color online). The thioantimonate(IIl) anion in (1,3-
dapH;)SbgS;3 with central Sbj9S|g ring [73].

are located above resp. below the heterocycles with
the largest dimensions. Therefore, these compounds
are examples demonstrating the influence on network
topology and connectivity of the primary as well as
secondary building units.

There are also some thioantimonate(III) compounds
which do not fit in any of the groups presented above.
One of these compounds is an oxo-thioantimonate with
composition (trenH3)SbgS140 [80] featuring the un-
usual [SbS,0] unit. The compound was synthesized
using Sb,O3 (0.5 mmol) and S (3 mmol) in 4 mL
50 % aqueous tren solution heated to 150 °C for 7 d.

The primary building units [SbS3] and [SbS;0] share
common corners to form 20-membered heterorings
with pore diameters of 7.7 x 8.3 A. The protonated
tren molecule acts as a tetradentate ligand around the
O atom of the [SbS,0] group. The [SbyS;40]°~ an-
ion is an example demonstrating the problem of the
assignment of the dimensionality. Considering only
Sb-S bond lengths up to about 2.5 A the anion is one-
dimensional. If Sb—S separations up to about 3.4 A
are considered as weak bonding interactions a three-
dimensional network can be identified.

A three-dimensional network with one-dimensional
circular channels is observed in [M(en)3]Sb|3S19 (M =
Co, Ni) [69,81] displaying a low Sb:S ratio of
1:1.583. The compound was synthesized from a mix-
ture of CoS, SbyS3 and S in en solution at 170 °C.
[SbS3] and [SbS4] units share corners and edges to
form SbyS;, Sb3S; and SbgS;; secondary building
blocks which are joined into a three-dimensional net-
work.

Structural Classification Approaches for Thiostan-
nates

There are at least three different possibilities of
charge compensation of anionic thiostannate networks.
The simplest way is represented by metal cations sur-
rounding the network leading to purely inorganic com-
pounds which are not considered in the present review.
The second possibility is charge compensation by or-
ganic molecules, protonated amine molecules or even
transition metal complexes. The third option is repre-
sented by the integration of cationic transition metal
complexes into the thiostannate network, an approach
which is still less explored.

Thiostannates with organic molecules or protonated
amine molecules acting as charge-compensating cat-
ions

The first layered thiostannates synthesized un-
der solvothermal conditions applying alkylammonium
cations were reported in 1989 [82—84]. The authors
used the notation “R-M’MS-n” for the new thiometal-
lates where the organic molecule R is acting as struc-
ture director and charge-compensating cation. M’ rep-
resents a 3d or 4d metal cation and M = Ge, Sn, Sb
and In are the network atoms. The different struc-
ture types are distinguished by the notation “n”. The
syntheses of the thiostannates are carried out under
solvothermal conditions using metal sulfides or met-
als and sulfur and the corresponding amine solutions
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Fig. 13 (color online). Anionic layers of the R-SnS-n ma-
terial, top: the [Sn3S7]?~ anion with hexagonal pores, bot-
tom: the [SnsSg]?~ anion with elliptical pores. The organic
molecules have been omitted for clarity.

or alkylammonium salts. In most cases lamellar struc-
tures are formed, while three-dimensional framework
structures are quite rare, and some of the products are
the purely inorganic thiostannates K,Sn;Ss [85] and
NaySn3Sg [86]. To the best of our knowledge a three-
dimensional hybrid thiostannate network was never
observed.

The two well-known structure types R-SnS-1 and
R-SnS-3 consist of two-dimensional [Sn3S7]>~ resp.
[SnaSo]*~ layers with [Sn3S4] semi-cubes as the main
structural motif (see Fig. 13) which are connected via
Sn—p-S—Sn bonds to form the layers. The charge-
compensating cations are located between the layers
below/above the pores. Typical values for the inter-

layer distances range from 8 to 9 A for R-SnS-1 and
up to 14 A for R-SnS-3 [87].

The members of this thiostannate family have been
well characterized, and many interesting experiments
were conducted yielding promising results. The read-
ers of the present article should consult some preceding
articles for further information [2, 10, 87, 88], as the
main interest of the present review article is focussed
on other thiostannate compounds.

Table 4 gives an overview of thiostannates with or-
ganic molecules as charge-compensating cations.

Thiostannates with transition metal complexes acting
as charge-compensating cations

The integration of transition metal (TM) cations
into the thiostannate network should lead to signifi-
cant alterations of the physico-chemical properties and
enhance the structural diversity and variety. Unfortu-
nately, solvothermal syntheses applying transition met-
als and structure-directing amines very often yield sep-
arated TM"" complexes without any bonding to the
anionic network, and discrete thiostannate anions. We
note that thiostannate chemistry was extended very
recently by the application of lanthanoid complexes
Ln*t as charge-compensating cations [103,104]. In
these compounds the Ln3*-centered complexes have
no bonds to the thiostannate anions like in many 7M"*
containing compounds. In Table 5 thiostannates with
transition metal complexes are compiled with some se-
lected structural details and synthesis conditions.

Integration of transition metal complex cations into
thiostannate networks

A few years ago we published the thiostannate
compounds [Ni(en)3],Sn,S¢ and [Ni(dap)3]oSnaSe -
2H,0 consisting of isolated Ni’t complexes and the
[Sn286]4’ anion. In this publication we also presented
the new compound [{Co(tren) },Sn,Se] [108] in which
Co** has bonds to the N atoms of the amine and to the
thiostannate anion (see Fig. 14).

The latter compound was prepared according
to the idea presented below. During the last years
several other compounds were synthesized applying
multidentate amines like e.g. tren, trien or tepa
leading to similar structural motifs (see Table 6). As
discussed above such multidentate amines leave one
or two binding positions of the TM"" cations free
for bonding to S atoms of the thiostannate anion.
An interesting observation made also in the field of
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thioantimonate(III) chemistry is the different behavior
° of Mn** compared to that of Co>* or Ni**. Even when
= &0 . . . .. . .
Ed g identical synthesis conditions are applied Co** / Ni**
E g = prefer coordination to N atoms of the amine ligands,
S = [OR=; whereas Mn?* forms bonds to S atoms as well as to
o= . .
2 8 2 2 3T g S N atoms without any preference even when bidentate
£ 2 d ;.5 = o amines are used. Selected examples are [{Mn(1,2-
e 3 o S0 S dach)>(Hy0)}2SmS6],  [{Mn(1,2-dach)2}Sn,Se] - 2
1,2-dach [109], [Mn(trien)],SnS, - 4H,O [110], and
ta . [{Mn(en)z }2(u-en)(p-SnzSe)le [111]).
L7 % Despite many synthetic efforts the attempted inte-
g 5 5 5 gration of TM™* into thiostannate frameworks was not
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ﬁ 3 o] < o) ;«3 Fig. 15 (color online). The complex units in the structure
e ) o) o) Z = of (1,4-dabH),Cu,SnSy; the [CuS4] tetrahedra are shown as
= S 5 5 a ) polyhedra. The protonated amine molecules are not shown.
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[CuSnS3]™ chains are surrounded by protonated amine
molecules, and in (1,4-dabH),Cu,SnS4 the chains con-
sist of [CupSnS4]*~ anions (Fig. 15).

The structure of (DBNH),CugSn;Sg exhibits un-
dulated anionic layers separated by protonated amine
molecules. The layers may be described as distorted
graphene 6% layers, and such a structural motif was
never found in thiostannates before (Fig. 16).

The integration of Cu™ into the networks or layers
yields new materials with interesting properties, one
promising example being (dienH,)Cu,Sn;Se [115], a
layered thiostannate with photoconductive properties.
The layers consist of [CuS4] and [SnS4] tetrahedra
(Fig. 17).

In (NHy4)2AgsSn3So [116] cationic [AgﬁSnS4]2+
chains are separated by [SnS3]?>~ zigzag chains, and
the resulting 1D channels are filled with NH,4 " cations
(Fig. 18).

A chiral two-dimensional structure was observed
for (enHy)AgrSnSy [117] with [AgZSnS4]2_ layers

(¥

Fig. 16 (color online). Different heterorings are condensed in
(DBNH),CugSn;Sg yielding anionic layers.

200d
?\/}v\)}/‘\
YUY LY

[ /k ©sn
\;}f\ﬁ} 4

Fig. 17 (color online). The [CuySn;S¢l*>~ layers in
(dienH»)CuySn,S¢ with the protonated amine molecules in
the interlayer galleries. The hydrogen atoms have been omit-
ted for clarity.

@Ay
Fig. 18 (color online). View along [010] of (NHg);-
AgeSnzSio with 1D channels. The cationic [AgeSnS4]*>*

layers are separated by [SnS3]2~ zigzag chains. The ammo-
nium ions have been omitted for clarity.

Fig. 19 (color online). Anionic layers in (enH»)AgrSnSy
with [SnS4] tetrahedra and [AgS3] pyramids.

consisting of [SnS,] tetrahedra and [AgS3] pyramids
(Fig. 19).

In (enH>)HgSnS4 columns of [HgSnS4]%  anions
composed of [SnSy] tetrahedra, and [HgS3] units are
separated by (enHy)** columns [118]. An overview
of thiostannates with transition metal cations bound to
thiostannate anions and thiostannates with integrated
transition metals is given in Table 6.

Synthetic Aspects of Thioantimonate(III) Chem-
istry

For the synthesis of thioantimonates the main Sb
sources are elemental Sb or Sb,S;, but there are
also some examples where other starting materials
like SbCl; were used. Under basic conditions a ring-
opening nucleophilic attack by the base may produce
in the first step reactive S species according to the
equation Sg + R-NH; — ~S-S6-S-"NH,-R [11]. It can
be assumed that cleavage of S—S bonds occurs through
electron transfer from metal to S atoms thus producing
several further intermediate species like 862’, S42’,
S»%7, etc. The different S species then solubilize the
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Table 7. Synthesis conditions of the Ni-Sb-S-dien system.

Product Ni/Sb /S — Educt (mmol) Solvent (mL) / Yield T (°C) Time (d) Ni/Sb/S — Product
[Ni(dien);],SbySg [35] 1/1/3 3/100 % 145 11 1/2/74
[Ni(dien);]3Sb12S21- H,O [50] 1/1/2 10/ 50 % 140 7 1/4/7
[Ni(dien);19Sb2S42- 0.5H,0 [18] 1/1/3 3/80% 140 7 1/2.4474.66
[Ni(dien)2]SbsS7- H>O [50] 1/1/3 2/50% 140 5 1/4/7
[Ni(dien);]oSbysSg [121] 1/1/3 2/50% 140 10 1/2/4.5

[Ni(dien); ]3[Sb3S¢ 1> [34] 1/1/3 2/50% 140 4 1/2/74

[Ni(dien)> ]SbgS10- 0.5H20 [65] 1/1/73 10/ 10% 140 1/6/10

metals applied forming different stable metal polysul-
fides and sulfides which participate in the product for-
mation.

Aqueous mixtures of amines are used as both the
solvent and the structure-directing systems, and their
concentration covers a wide range. Transition metals
are supplied as elements or as salts. The solvothermal
syntheses are mainly performed in Teflon-lined steel
autoclaves or in sealed glass ampoules.

According to our experiences one can roughly dis-
tinguish between syntheses where small changes of the
reaction conditions lead to crystallization of different
compounds even if most other reaction parameters and
the amine supplied are held constant, and those leading
to more robust products, where even different amines
or applying relatively large temperature ranges lead to
very similar results. Some examples can serve to high-
light these differences. In the system Ni—Sb-S-dien six
compounds could be crystallized and characterized by
slightly varying the synthesis conditions (Table 7).

In the compound ([Ni(dien);],SbsSg [35], the
[SbySg]*~ ring composed of four corner-sharing
[SbS3] pyramids could be isolated for the first
time. The compound crystallized from a mixture of
Ni:Sb:S = 1:1:3 mmol in 3 mL of a concen-
trated dien solution heated to 145 °C for 11 d.
Within the ring the Sb-S bond lengths are be-
tween 2.429 and 2.492 A whereas the bonds to
terminal S atoms are significantly shorter (2.315-
2.337 A) indicating a partial back-bonding. Despite
many different variations of the synthesis conditions
the smaller ring with composition [SbiSe]>~ [34]
could not be obtained applying these educts and ra-
tios. The first mixed-valent Sb(IIT)/Sb(V) hybrid com-
pound, [Ni(dien),]oSbsSg [121], was synthesized ap-
plying again the ratio Ni:Sb:S = 1:1:3 mmol but
using 2 mL of a 50:50 H,O/dien mixture heated
at 140 °C for 10 d [121]. The presence of both Sb ox-
idation states was verified by '2!Sb Mdssbauer spec-
troscopy. The crystal structure is characterized by a
one-dimensional undulated chain made up by corner-

sharing [Sb(IIT)S3] pyramids where [Sb(V)S4] tetrahe-
dra are bound to the chain by one corner. The Sb(V)-
S bonds are significantly shorter than the Sb(III)-S
bonds. In contrast to many other thioantimonates(III)
the Sb atoms do not have contacts to S atoms at longer
distances.

The compound [Ni(dien);]9SbysS42-0.5H,O [18]
was crystallized from a mixture Ni:Sb:S =1 :1:
3 mmol with 3 mL 80 % dien solution heated for 10 d
at 140 °C. Several structural features are unusual in
this compound. Firstly, the five crystallographically
independent [Ni(dien),]** complexes adopt the three
different isomeric forms s-fac, mer and u-fac. Sec-
ondly, the primary building units are [SbS3], [SbS4],
and [SbSs], i. e. this compound is one of the rare exam-
ples where these moieties are present simultaneously.
Thirdly, the primary units are joined to form a very
large ellipsoidal Sb3pS3¢ heteroring with dimensions
of about 7.3 x 12.5 A which are condensed to form
layers. The Ni** complexes act as structure directors
being located above and below the large rings. Like
for many other thioantimonates(III) most Sb centers
complete their coordination environment by S atoms
located at distances up to 3.6 A.

Another layered thioantimonate with composition
[Ni(dien);]SbeS10- 0.5H,0 was obtained from a slurry
of Ni:Sb:S =1:1:3 mmol in 10 mL of 50 % dien
solution heated for 6 d at 150 °C [65,122]. This
compound features [SbS3] and [SbS4] as primary
building units which are joined to form the layered
[SbeS10]?>~ anion. The main structural motif is a 32-
membered Sbi6S1¢ ring which is ‘templated’ by the
Ni2* complexes above and below. The [Ni(dien),]**
cations adopt the mer- and s-fac-configurations. Most
Sb atoms enlarge their coordination environment by
contacts to S atoms located at longer distances. Con-
sidering these long Sb—S contacts the large ring is
divided into several smaller rings. We note that this
compound can also be obtained by heating a mixture
of SbyS3 and NiSOy4 - 7H,0 in 3 mL 50 % aqueous
dien solution (molar ratio Ni: Sb:S:dien=2:1:3:7)
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for 3.5 d at 165 °C [69]. A differently layered an-
ion with composition [SbsS7]%~ was synthesized from
a mixture of Ni:Sb:S = 1:1:3 mmol in 2 mL
50 % aqueous dien solution heated for 5 d at 140 °C.
The unique [Ni(dien),]*t complex adopts the mer-
configuration. The [SbsS7]>~ anion is composed of
[SbS3] trigonal pyramids and [SbS4] units display-
ing the typical Sb-S bond lengths and S-Sb-S an-
gles. Two [SbS4] units are joined by a common edge
forming a trans-[SbySg] moiety displaying a central
Sb,S, ring, and two [SbS3] pyramids share a cor-
ner yielding a [SbySs] group. Interconnection of the
trans-[SbySg] and [Sb,Ss] units generates SbgSg rings
which are condensed along two crystallographic axes.
The condensation of the 16-membered rings yields
smaller SbsS4 rings, and the final layered anion may
be described as a net composed of Sb,S,, SbsS4, and
SbgSg rings. Again the [Ni(dien),]** complex exerts
a structure-directing effect and is located above/below
the largest ring. Another compound with compo-
sition [Ni(dien);]3Sb2S2;- HyO containing a three-
dimensional anionic network was obtained from a
slurry with composition Ni:Sb:S=1:1:2in 10 mL
of a 50 % aqueous solution heated for 7 d at 140 °C.
The structure is built of cis-[SbySg] units made up
by edge-sharing [SbS4] groups, [SbySs] units formed
by corner-sharing [SbS3] pyramids, Sb3S3 rings built
by two [SbS3] and one [SbS4] moiety, and Sb4S4
rings composed of two [SbS3] and two [SbS4] units.
A two-dimensional network is generated by conden-
sation of the secondary building blocks in the se-
quence Sb4S4—Sb3S3—Sb2$5—Sb3S3—Sb4S4. Further in-
terconnection into the third dimension is achieved by
S atoms of the SbsS4 rings containing the cis-[SbySe]
moiety. The connectivity scheme generates Sb, S, rings
with x =2, 3, 4, 8 and 32, i. e. the largest ring contains
64 atoms with dimensions of about 7.6 x 13.5 A. The
[Ni(dien),]** complexes adopting the u-fac- and s-fac-
configuration are located above/below the large rings
and also in the plane of these rings. Taking into account
the longer Sb—S distances the connectvity scheme be-
comes more complex due to the higher coordination
numbers of some Sb centers.

In the study of the latter two compounds we in-
vestigated whether the redox reaction Ni — Ni**
plays an important role for product formation.
Therefore, the syntheses were performed with mer-
[Ni(dien);]Cl,-H,O as Ni source instead of elemental
Ni keeping the Ni: Sb: S ratio, the reaction time and
the temperature constant and varying the amine con-

Table 8. Synthesis conditions of [Mn(L)MnSb,Ss] com-
pounds.

Product Mn/Sb/S  Solvent T Time
Educt (mL) °C) (@
(mmol) / Yield
[{Mn(ma), }MnSb,Ss] [124] 2/2/5 3/40% 130 5
[Mn(1,3-dap)MnSb,Ss] [124] 2/2/5 3/40% 130 5
[{Mn(ea); }MnSb,Ss1[125] 1/1/1 10/70% 125 6
[{Mn(en); }MnSb,Ss]1[123]  1/1/2.5 10/50% 130 5
[Mn(dien)MnSb; S5] [126] 2/2/5 5/50% 120 5
[Mn(mdap)MnSb, Ss] [126] 2/2/5 5/50% 120 5
[{Mn(tren); }MnSb,Ss] [127] 1/1/2.5 5/95% 140 7
[Mn(1,3-dape)MnSb,Ss][128] 1/1/3 3/100% 170 14
[Mn(en)3],MnSb;S5 [28] 3/3/9 8/100% 180 7
[Mn(phen)MnSb, Ss] [129] 1/1/3 78 mgphen 150 5
0.2 mL en
5SmL H,O0/38%

centration. Interestingly, both compounds could be ob-
tained with this Ni source indicating that the oxidation
of Ni plays no crucial role. Furthermore, higher amine
concentrations favor the crystallization of the three-
dimensional compound, whereas the layered material
is obtained with smaller amounts of the amine. An-
other interesting finding was that the configuration of
the Ni complex is retained in the layered compound,
whereas in [Ni(dien);]3Sb12S21-H;O the u-fac- and s-
Jfac-forms were observed like in the compound synthe-
sized with Ni. The change from the mer- to the u-fac-
and s-fac-forms implies Ni-N bond breaking and rear-
rangement during the synthesis.

Whereas the first example highlights that small
variations of the synthesis conditions lead to the
crystallization of thioantimonate(IIl) structures with
different composition, distinct interconnection of the
primary and secondary building units and different
structural dimensionality, the second example shows
that an identical network topology can be obtained
with very different amines, differing educt ratios, re-
action temperatures, and reaction times. The syntheses
were performed applying the elements Mn, Sb und S
with methylamine, ethylamine, 1,3-diaminopropane,
diethylenetriamine, N-methyl-1,3-diaminopropane, or
1,3-diaminopentane solutions. The synthesis condi-
tions together with some further details are illustrated
in Table 8. We note that by applying ethylenediamine
a compound with composition [{Mn(en), }MnSb,Ss]
was obtained with the same chemical composition
of the inorganic network but displaying a different
topology compared to the other [Mn(L)MnSb,Ss]
compounds mentioned in Table 8. [{Mn(en);}-
MnSb,Ss] could only be prepared as a mixture with
[Mn(en)3]SbyS7 as a second phase [123]. This exper-
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ma ea dien 1,3-dap mdap dape Table 9. Selected distances and
Average Sb-S, A 2.454 2.444 2.446 2.448 2.450 2450  angles for the [Mn(L)MnSb;Ss]
(Mn(2)-S), A 2.637 2.634 2.637 2.634 2.639 2622  compounds.
(Mn(1)-S), A 2.643 2.614 2.604 2.595 2.593 2.593
Mn(1)-S(2), A 2.866 2.927 3.038 3.074 3.185 2.986
(Mn(1)-N), A 2.238 2.238 2.254 2214 2234 2211
N-Mn(1)-N, deg 98.7 95.1 77.6 89.9 89.4 87.78
DI (Mn2-Mn2), A 8.716 8.760 9.153 9.079 9.138 8.965
D2 (Sb1-Sbl), A 7.696 7.700 7.522 7.527 7.513 7.495
Ratio D1/D2 1.133 1.138 1217 1.206 1.216 1.196

Fig. 20 (color online). The layer in the compounds
[Mn(L)MnSb;S5] showing two different heterocubane units.
D1 and D2 are the diameters of the ellipsoidal holes. Note
that only selected N atoms are displayed, and C atoms have
been omitted for clarity.

imental finding is also different from the results of the
syntheses of the other [Mn(L)MnSb,Ss] compounds
where by-products consist of binary sulfides.

Comparing the synthesis parameters in Table 8§,
no obvious relationship between the educt ratios,
the amine concentration, reaction time, or reac-
tion temperature can be extracted. One may specu-
late that under the synthesis conditions chosen the
[Mn(L)MnSb,Ss] network is more stable than compet-
ing Mn(II) thioantimonate(III) phases. Indeed the com-
pound [Mn(dien),]Sb4S7 - 0.5H,O could only be syn-
thesized using MnSb;S4 in 3 mL conc. dien solution
at 130 °C and 14 d reaction time [51].

The main structural motif of the compounds
[Mn(L)MnSb,S5] is a distorted heterocubane unit
MnSb;,S4 composed of [MnSg] and [MnN,S4] octa-
hedra and two [SbS3] trigonal pyramids (Fig. 20). One
edge of the cube is a relatively long Sb—S bond and
another one a long Mn-S bond. The interconnection
of the cubanes generates a second heterocubane unit

Fig. 21 (color online). Stacking of the [Mn(L)MnSb,Ss]
layers showing the “key-into-lock” principle of the amine
molecules.

denoted as 2 in Fig. 20. The final layered structure is
achieved by condensation of the two different types of
cubanes via common corners, edges and faces. Within
the layer ellipsoidal holes with different diameters are
observed (Table 9). The layers are stacked onto each
other generating channels running along one of the
crystallographic directions. One N atom of the ligands
points into the hole, the remaining part of the ligands
being oriented perpendicular to the layers separating
the sheets from each other.

A special feature of successive layers is the “key
into lock” stacking with the hydrophobic part of lig-
ands filling the space between the layers (see Fig. 21
as an example).

The interlayer interactions are of van der Waals type
but weak hydrogen bonding interactions may also sta-
bilize the framework. Analyzing the geometric param-
eters of the different members of the [Mn(L)MnSb,S5]
structure family several conclusions can be drawn.
First, the short Sb—S bonds, the average Mn(1)-N and
the average Mn(2)-S bonds show no systematic al-
terations within the series (see Table 9). Secondly,
significant differences can be identified for the long
Mn(1)-S(2) bond and the N-Mn(1)-N angles in the
[MnN,S4] octahedra. The long Mn(1)-S(2) distances
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range from 2.866 A (L = ma) to 3.185 A (L = mdap).
The elongation of this bond is accompanied by a re-
duction of the average Mn(1)-S bond length to the
other three S atoms. The angles N-Mn(1)-N are sig-
nificantly larger than 90° for L = ma and ea (Table 9),
near 90° for L = 1,3-dap, mdap and dape where six-
membered MnN,C3 rings are present, and deviates
strongly for L = dien where a five-membered MnN,C,
ring occurs (Table 9). It is still not clear why one of
the Mn—S bonds exhibits such a significant lengthen-
ing. One may speculate that the S atom involved in this
bond has bonding interactions to three Mn and two Sb
cations, whereas the other unique S atoms are only in-
volved in bonding to two Mn and one Sb or to two
Mn and two Sb cations. Different sterical, spatial and
electronic requirements of the ligands may also play a
role for the weakening of one Mn-S bond. A more de-
tailed analysis of all Mn—S and Mn-N bond lengths
and the corresponding angles suggests that the long
Mn-S bond may be viewed as the weakest link in the
network allowing the crystal structure to relax and to
reduce an internal “strain” exerted by the amine lig-
ands. The two diameters D1 and D2 of the ellipsoidal
holes in the layers give an impression of the shapes
caused by the different amines. The ratio D1/D2 re-
veals that for all bidentate ligands the shape of the hole
deviates more strongly from an ideal round pore (Ta-
ble 9).

From a synthetic point of view the occurrence of two
different [MnL¢] (L = ligand) octahedra is surprising.
The amine concentration is very large compared to the
S concentration, and one would assume that the for-
mation of [MnNg] octahedra is preferred. In contrast
to this assumption, Mn* has a pronounced tendency
to form bonds to S atoms.

Recently, the rigid ligand phen could be integrated
into the Mn,Sb,Ss network yielding [Mn(phen)-
MnSb;Ss] [129]. The synthesis was performed with
Mn:Sb:S = 1:1:3 mmol heated in a mixture of
phen/en in water for 5 d at 150 °C. The role of en was
not discussed by the authors but one can assume that it
supplies the high pH value necessary for the formation
of the reactive S species in solution. In the structure the
Mn(1)-S bond lengths scatter in the much more narrow
range 2.551 to 2.624 A than for the other compounds
presented above.

The structural family of compounds contain-
ing heterocubane units composed of Mn, Sb and
S atoms was recently extended with the compound
[Mn(trien)Mn;SbySg]  composed of [MnySb,Se]

The

Fig. 22 (color online). double-cubane units in
[Mn(trien)Mn, Sby S¢] forming rods which are joined by the
amine molecules thus forming layers. The H atoms are not
shown.

double-cubanes. The material was synthesized using
Mn:Sb:S in a 1:1:2.5 mmol ratio heated in a
mixture of 2 mL triethylenetetramine and 3 mL
H,O0 for 7 d at 140 °C. In the structure one unique
[SbS3] trigonal pyramid, one unique [MnSg] and one
independent [MnS4N»] octahedron are joined to form
the [Mn4Sb,S¢] double-cubane (Fig. 22). The [MnSg]
octahedron shares one edge with the [SbS3] group
and two edges with two symmetry-related [MnS4N>]
octahedra. The two symmetry-related [MnS4N;]
octahedra have a common edge, and each is joined
to the [SbS3;] unit and one [MnSg] octahedron via
edge-sharing. The double-cubane units are connected
into linear rods by the [MnSg] octahedra which have
a common edge with one [SbS3] pyramid and one
[MnS4N»] octahedron. The rods are joined into layers
by the tetradentate ligand acting in a bidentate fashion
to Mn>* cations of neighboring rods (Fig. 22).

We note that the changes of the bonding interac-
tions in the [Mn(L)MnSb,Ss] compounds are signifi-
cantly reflected in the magnetic properties of the dif-
ferent compounds as discussed in [130].

Synthetic Aspects of Thiostannate Chemistry

Thiostannates are synthesized from different Sn
sources as starting materials. In most cases elemen-
tal Sn is used, but also SnCly - SH,O [103,106, 107,
111,119], SnCly [97, 104], SnS; [94, 101, 118], SnCl, -
2H,0 [119, 120], and even Sn-organic compounds like
for example Cl3SnBu-SnCl; [99] were applied.

The variety of different tin sources in diverse oxida-
tion states indicates the complexity of the reactions oc-
curring in the slurries under solvothermal conditions.
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The influence of the starting material onto product for-
mation is still not well understood, and no system-
atic investigations have been performed to gain more
information about the relation of the Sn source and
the crystallized material. During the optimization of
the synthesis of some thiostannates we applied dif-
ferent reactants as e. g. Sn(Ph), for the preparation of
(1,4-dabH,)Cu,SnS4 [113] or SnS; for the synthesis
of (dienH,)Cu,Sn;S¢ [115]. In both cases the desired
compounds were formed, but applying Sn(Ph)s resp.
SnS, gave materials with poor crystallinity, and the
best results were obtained applying elemental Sn.

The formation of thiostannates under hydrother-
mal conditions was investigated with energy-dispersive
X-ray diffraction [131]. The authors proposed that
after dissolution of the solid reactants the thiostan-
nate anions are formed, and elemental Sn is oxidized
to Sn(IV), followed by the condensation of the an-
ions and the formation of the anionic layers which
are at the early stages disordered. Characterizing the
species in solution by means of !"”Sn NMR and
UV/Vis spectroscopy led to the identification of sev-
eral species [11]. In the quenched reaction intermedi-
ates the dominating anion [SnySe]*—, the polysulfides
[Sn(S4)31*~ and [Sn(S4)2(Se))*, or [S205]° could

Me,N*

fors.]*

transport

and preorientation

Fig. 23. Scheme of the formation of
R-SnS-1 materials from Sn and S un-
der solvothermal conditions with organic
molecules as structure directors for the
example (Me4N),Sn3S7 [11].

be identified. According to these results the following
reactions may proceed in the mother liquor [11]:

Sn+ Sg — Sn*t +Sg2~

Sn*t 4852 — Sn*t + 867 + 5,2
Sn?*t 4857 — Sn*t 28,2

Sn*t 438,27 — [Sn(S4)3]*

Sn* 428427 4+S6>" — [Sn(S4)2(S6)]*~
Sn+S,%" — St 4282~

2Sn*t 4+ 6827 — [SnySe]*

Based on the results obtained with the X-ray scatter-
ing experiments and those obtained by analyzing the
solutions a reaction mechanism was proposed as de-
picted in Fig. 23.

According to the proposed scheme the amine re-
acts with sulfur forming polysulfide species attached
to elemental Sn. Several intermediates are then formed,
and the alkylammonium ions act as structure-directing
molecules leading to the nucleation and finally to crys-
tal growth.



B. Seidlhofer et al. - Inorganic-Organic Hybrid Thiometallate Materials

957

The reaction mechanism just presented is applicable
to using sulfur as starting material, but as shown in Ta-
bles 4 — 6 there are also examples where SnS; (e. g. for
(pipH)»(4,4"-epipH;)SnsS1, [101]), NayS -9H,0 (for
(dda)4Sn,S¢ - 2H,O [97]), HSCH,CH(SH)CH,OH
(for (enH,)HgSnS,4 [118]) or additional (NHy),S (for
(DABCOH);Sn3S7 [95]) were used as sources. Hence
it is not sure whether all these reactions include all
the different steps schematically shown in Fig. 23, and
more investigations are needed for a better understand-
ing of the formation of thiostannate compounds.

The amine molecule acts as solvent, structure-
directing medium, and charge-compensating cation,
and is responsible for the formation of the reac-
tive polysulfides. The amines are applied in differ-
ent concentrations mainly diluted with water, and
only few examples were reported for using mix-
tures of amines with other solvents like methanol
((enHj)(enH),Sn,S¢ [100]) or ethanol ((dda)4Sn;Sq -
2H,0 [97], (enH)AgoSnS4 [117]). Therefore, the
thiostannate chemistry using defined mixtures of dif-
ferent solvents is not well explored, and one can as-
sume that a systematic variation of this reaction param-
eter should lead to the formation of new compounds.

According to the synthetic conditions compiled in
Tables 4 and 5, the transition metals are supplied as
elements or as chlorides (see Tables 5 and 6), and
only a few experiments were carried out with other
starting materials, e. g. AgNO3 for the preparation of
(enH)AgySnS4 [117] or Hgl, for the synthesis of
(enH,)HgSnSy [118]. No further details were reported
concerning the choice of the educts, and therefore one
can only speculate why these starting materials were
selected, and/or that the thiostannates were obtained
with these materials after some explorative experi-
ments.

Integration of Transition Metal Cations into Thio-
antimonate(III) Networks

Whereas for the incorporation of Mn** into the
inorganic thioantimonate(III) frameworks no special
synthetic efforts are needed, the integration of TM""
like Fe, Co, Ni, or Zn requires synthetic “tricks”. Nor-
mally, cations like Fe?*, Co?*, Ni** or Zn>* form sta-
ble complexes when mono-, bi-, or tridentate amines
are used. In such cases the TM™" ions are coordina-
tively saturated, and no bond formation to the thioan-
timonate(IIT) network is observed. On the basis of
structural considerations one must use a tetradentate
ligand which cannot satisfy the coordination require-

ments of the complex cations which prefer octahe-
dral or trigonal-bipyramidal environments. Hence at
least one site is left free at the TM"" for bonding to
S atoms of the inorganic network. With this idea in
mind we enforced the incorporation of transition metal
cations into the inorganic networks using the tetraden-
tate amine tren. The first examples were the layered
compound [Co(tren)Sb,S4] and the chain compound
[Ni(tren)Sb,S4] [132]. Both compounds were prepared
using elemental Co resp. Ni, Sb, and S in the mo-
lar ratio 1:1:3 in 10 mL of a 50 % aqueous tren so-
lution heated at 140 °C. In the structure of the for-
mer compound the Co?* cation is coordinated by four
N atoms of the ligand and by one S atom of the thioan-
timonate anion yielding a trigonal-bipyramidal coor-
dination geometry. The [Co(tren)]?* complex is lo-
cated above/below a 20-membered Sb1¢S;g ring. Two
[SbS4] units share a common edge to form an Sb;,S;
ring. Four such Sb,S; rings are at the corners of a two-
dimensional square net, and further interconnection of
the rings by [SbS3] pyramids generates the SbigSig
ring with pore diameters of 10 x 8.4 A.

In contrast, the Ni** cation adopts an octahedral
environment with four N atoms of the tren ligand
and two S atoms of the thioantimonate(III) network
to form a chain structure. The [SbyS4]*~ anion in
the Ni compound is formed by corner-sharing with
[SbS3] pyramids. The mode of connectivity between
the anions and the [Ni(tren)]>" complexes generates
NiSb,S3 rings in twist conformation with an unusu-
ally large Ni—S—Sb angle of 121.7°. The different co-
ordination behavior of Co?* and Ni** can be ratio-
nalized on the basis of the electronic configuration of
the two cations. For the Co** cation with the d’ con-
figuration the energy difference between an octahedral
and a trigonal-bipyramidal environment should be very
small and the geometrical requirements of the tren lig-
and enforce the formation of the five-fold coordination.
For Ni?* with the d® electronic configuration the octa-
hedral surrounding is energetically favorable compared
to the trigonal-bipyramidal environment.

In the meantime several other transition metal-
containing compounds were synthesized using this
synthetic approach. The compound [Fe(tren)FeSbS4]
was prepared with FeCl3: Sb:S ina 1:1:3 mmol ra-
tio in 8 mL 50 % aqueous tren solution heated for 5 d
at 170 °C. In the structure Fe?* and Fe3* coexist in dif-
ferent environments. The Fe?" cation is surrounded by
the four N atoms of the tetradentate ligand and by one
S atom of the [FeSbS4]?>~ chain anion yielding a dis-



958

B. Seidlhofer et al. - Inorganic-Organic Hybrid Thiometallate Materials

Fig. 24 (color online). Interconnection of the different build-
ing units in the structure of [Fe(tren)FeSbS,4]. The amine lig-

ands around the Fe?t cations are only shown for two ions
with H atoms omitted.

torted trigonal bipyramidal coordination polyhedron.
The Fe?t cation is in a tetrahedral environment of
four S atoms, and two symmetry-related [FeS4] tetra-
hedra share a common edge thus forming a [Fe,Sg]
bitetrahedron (Fig. 24). The [Fe;Sg] units and the
[SbS;3] pyramids are vertex-linked generating a central
8-membered Fe,;Sb,S4 ring. The rings and the bitetra-
hedra alternate along the chain structure [133].

The isostructural compounds [M(tren)SbyS7] with
M = Mn, Fe, Co, and Zn feature a one-dimensional
[SbsS7]%~ anion with the [M(tren)]?T cations bound to
the thioantimonate backbone via one S atom, i. e. in all
compounds the M>* cations are in a trigonal bipyra-
midal polyhedron. The synthesis of the compounds
with M = Mn, Co was performed applying the ele-
ments as starting materials whereas the Fe compound
was obtained using FeCls [48]. The [SbsS7]%> anion
is constructed by a [Sb3S4] semi-cube composed of
two [SbS3] pyramids and one [SbS4] moiety by corner-
and edge-sharing. These semicubes are connected into
the final anion by [SbS3] units (Fig. 25). Longer Sb—S
contacts connect the chains to form layers. Interest-
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Fig. 25 (color online). The chain structure in the compounds
[M(tren)SbyS7]. H atoms are not displayed.
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Fig. 26 (color online). The chain structure in [Ni(tren)SbyS7]

with the Ni%t cation in a distorted octahedral environment
(compare Fig. 25).

ingly, the optical band gap of the compounds vary
from 2.04 eV for M = Fe to 3.11 eV for M = Mn. Us-
ing appropriate mixtures of transition metal cations the
band gap can be tuned to about 1.1 eV.

The compound [Ni(tren)SbsS7] is not isostructural
to the other [M(tren)SbsS7] examples (see above) be-
cause the Ni>t cation adopts a distorted octahedral
environment of four N and two S atoms (Fig. 26).
Whereas in the former compounds the [SbS3] group
joining the [Sb3S4] semi-cubes has one bond to the
M?* cation, in the Ni>*-containing material the [SbS3]
pyramid has two bonds to Ni**. This connectivity pat-
tern generates a small NiSbS, ring with one long Ni—S
bond of 2.782 A as compared to the other Ni—S bond
which may be caused by steric reasons [45].

Applying the amine trien, which is an isomer of tren,
the two thioantimonates [M(trien)SbsS7] (M = Zn,
Mn) were obtained upon heating mixtures of M : Sb: S
inal:1:2.5 mmolratio in 40 % aqueous trien solution

Fig. 27 (color online). The chain anion [M(trien)Sb4S7] with
the metal complexes located at the periphery of the thioanti-
monate chain.
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for 7 d at 140 °C. The structure of the [SbsS7]*>~ anion
is unique and is composed of [Sb,Ss] assemblies gen-
erated by vertex-linking of two [SbS3] pyramids and
edge-sharing of one [SbS3] unit with a [SbS4] moiety.
The two [SbyS5] units share a common S atom form-
ing the next hierarchical block of composition [SbySo].
Neighboring [SbsSg] units are related by a center of in-
version creating a [SbgS¢] building block which may
be regarded as the main structural motif. Two of the ter-
minal S atoms of the [SbgS;¢] assembly have bonds to
the [M(trien)]** cations, and the remaining four termi-
nal S atoms connect the [SbgS4] groups into the final
[SbsS7]%~ chain anion (Fig. 27) [45].

There are only three examples where transition
metal cations have been incorporated into the thioan-
timonate network without enforcement by a suit-
able ligand as discussed above. The first compound
[Co(en)3]CoSbsSg was obtained applying the un-
usual starting materials CoBr, and NazSbS3 (ra-
tio: 0.4:0.32 mmol) in an en/H,O mixture heated
to 130 °C for 3 d. In the structure isolated [Co(en)s]**
cations and non-centrosymmetric [CoSb4Sg]2_ layers
coexist. The layer is constructed of [SbS;] chains com-
posed of corner-sharing [SbS3] pyramids. Four termi-
nal S atoms of two neighboring chains have bonds to
Co?* leading to [CoS4] tetrahedra which thereby con-
nect the chains to give the [CoSbsSg]>~ layer. Within
the layer small 6-membered CoSb,S3 and larger 20-
membered Co,SbySq¢ rings are embedded. The iso-
lated cation is located above and below the large
rings [134]. The second compound with composition
[Fe(dien);]Fe,Sb4S ¢ was synthesized using FeCl3, Sb
and S (ratio: 1:1:3 mmol) in 8 mL of a 50 % aque-
ous dien solution heated at 170 °C for 5 d. The
structure is composed of the octahedral [Fe(dien),]>"
cation in s-fac-configuration and the one-dimensional
[FeaSbsS;0]?>~ anion. The chain anion is constructed
by the interconnection of two [SbS3] pyramids and one
[FeS4] tetrahedron with Fe3t as central cation. Two
[FeS4] tetrahedra are related by a center of inversion
to form a [Fe;S¢] bitetrahedron by sharing a common
edge. Vertex-linking of two [SbS3] pyramids generates
a [SbySs] moiety as a secondary building block which
shares two S atoms with the bitetrahedron thus yield-
ing the next hierarchical structural motif containing a
7-membered Fe,Sb,S;3 ring. A Sb4Sy ring in chair con-
formation is formed around a center of inversion relat-
ing to the [Sb,Ss] moieties. The one-dimensional chain
may be viewed as a condensation product of the SbySy
rings and the [Fe,S¢] bitetrahedra. Because a Fe3t salt
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Fig. 28 (color online). Pillaring of the [SbS10]>~ layers via
the Fe?*-centered cations in [Fe(trans-1 ,2-dach),SbeS10].

was used as starting compound a redox reaction must
have occurred under the synthetic conditions generat-
ing the Fe?* cations.

The last example, [Fe(trans-1,2-dach),SbgS19], rep-
resents the rare case of a layered thioantimonate(IIT)
anion with bridging transition metal complexes yield-
ing a three-dimensional network (Fig. 28). The com-
pound was prepared using FeSOy - 7H,0 (0.25 mmol),
Sb (1 mmol) and S (3 mmol) in a 50 % (+£)-trans-
1,2-diaminocyclohexane solution (4 mL). The slurry
was heated for 7 d at 150 °C. The [SbeS10]>~ anion
contains two [SbS3] trigonal pyramids and one [SbS4]
unit. Two symmetry-related SbS4 groups are edge-
sharing to form a [SbySg] moiety, and two symmetry-
related [SbS3] units form a [SbyS4] building block by
sharing common edges. The [SbyS¢] moiety and the
[SbyS4] building block are vertex-linked to another
[SbS3] unit producing the anion layer. The anion con-
tains several rings, namely Sb,S;, SbgS¢ and SbiS|o
(approximate diameters: 3.15 and 10 A). The layers
are bridged by the [Fe(CgH4N32), 1> cations with a
remarkably long Fe—S bond of 2.770 A which may be
caused by a pronounced Jahn-Teller distortion [135].
The connection mode generates large tunnels which
are in part occupied by the ligand molecules. Neglect-
ing the amine molecules, the potential solvent area
amounts to 36.5 %. The presence of Fe>* in the high-
spin state was verified by Mdssbauer spectroscopy.

Thioantimonate(IIT) Anions Acting as Ligands

Above we have noted that only few compounds
with small thioantimonate(III) ions could be iso-
lated and structurally characterized, which may
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Fig. 29 (color online). The [SbsSg]*~ ligand in [{Co(tren) },Sb4Sg] joining two Co?t cations (left) and the [Sb285]4_ anion
in [{Co(tren)},Sb,S5] connecting two [Co(tren)]*T complexes (right). H atoms have been omitted for clarity.

be due to the pronounced tendency towards con-
densation of such small anions. In the presence
of transition metal cations several complexes with
thioantimonate(III) anions acting as ligands could
be synthesized. These include [Cr(en),SbS3] [136],
[{Co(tren) },SbsSg] and [{Co(tren)},SbySs] [137],
[{Mn(tren) } sMn,SbsS12] [138], [{Zn(tren) },SbsSs] -
0.75H,0 [37], [{Mn(tren) },Sb,Ss] and [{Mn(tren) }»-
Mn;ySbsSi0] [127], [Cr(tren)SbS3] H,O [139],
[{Co(tren); }CoSb,Se] - H,O [140], [La(dien),(u4-
SbaS5)(13-SO4)], [141], and [Cr(trien)SbS3] [142].

The smallest anion [SbS3;]>~ acts as a biden-
tate ligand in [Cr(en),SbS3], [Cr(tren)SbS3] - HO and
[Cr(trien)SbS3]. An [SbsSg]*~ ligand composed of
two [SbS3] and two [SbS,] units joins two [M(tren)]>"
complexes (M = Co, Zn) with its two terminal
S atoms (Fig. 29, left). The transition metal cations
are fivefold coordinated by four N atoms and one
S atom in a distorted trigonal-bipyramidal fashion.
The Co compound was prepared using a mixture of
Co:Sb:S =1:1:3 mmol in 3 mL of a 95% tren
solution heated for 4 d at 140 °C. Using identical
synthesis conditions but increasing the reaction time
to 12 d, [{Co(tren) },Sb,Ss] was obtained as a phase-
pure product. At intermediate reaction times both com-
pounds could be identified in the X-ray powder pat-
terns. This is another example demonstrating the influ-
ence of the reaction time on product formation.

The structure of [{Co(tren)},Sb,Ss] consists of an
[SbsSs5]*~ anion (Fig. 29, right) composed of two
edge-linked [SbS3] pyramids acting as a bidentate lig-
and to the [Co(tren)]** cations. We note that the lay-
ered compound [Co(tren)SbyS4] was synthesized ap-
plying the identical ratio of the starting materials and
the same reaction temperature but using 10 mL of
a 50% aqueous tren solution (see above). A differ-
ent binding mode of the [SbyS5]* anion is observed
in [{Mn(tren)},Sb,Ss] (Fig. 30). The [SbyS5]*~ unit
connects two [Mn(tren)]*t cations in a tetradendate
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Fig. 30 (color online). The [Sb,S5]*~ anion connecting two

[Mn(tren)]** complexes in [{Mn(tren)},SbySs]. H atoms
have been omitted for clarity.

manner, and as a consequence the Mn>* ions are in
a distorted octahedral environment of two S and four
N atoms. The compound crystallized from a mixture
of Mn:Sb:S = 1.1:2.5 mmol heated in 5 mL of a
95 % tren solution for 7 d at 140 °C.

During thermal decomposition amine molecules
are emitted from [{Mn(tren)},SbySs] which is
thus transformed into the amine-poorer compound
[{Mn(tren) },Mn,Sb4S ] showing a more complex in-
terconnection of different building units (Fig. 31) such
as [SbS3] trigonal pyramids and [MnS4] tetrahedra.
The peripheral Mn?" cations are again in an octahe-
dral coordination of four N and two S atoms. Some
special features of the structure are five 4-membered
and two 6-membered heterocycles. With the organic
ligands not considered, the structure may be viewed as
an [Mn;Sb4S;o] core acting as a complex tetradentate
ligand which is bound to two further Mn>* cations.

et ey
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Fig. 31 (color online). The [Mn;Sb4S ] core in the structure
of [{Mn(tren) }»Mn, SbsS1¢] acting as a tetradentate ligand.
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Fig. 32 (color online). The central core [MnySbsSis]
in the structure of [{Mn(tren)}4MnySbsSi,] joining four

[Mn(tren)]?* cations located at the periphery of the structure.
H atoms have been omitted for clarity.

Heating this compound in a tren solution at 140 °C
the amine-richer sample crystallized after 12 d. From
a synthetic point of view two results are remark-
able. First, an amine-rich thioantimonate was decom-
posed by a thermal treatment in inert atmosphere
yielding a new amine-poorer compound with a hith-
erto never observed heterometallic core. Second, the
amine-richer starting material was obtained by treat-
ing the decomposition product in an amine solu-
tion. Changing the reaction conditions Mn:Sb:S =
1:1:2.5 mmol) and using a more diluted tren so-
lution (70%) a different compound with composi-
tion [{Mn(tren)}4Mn,SbyS;;] crystallized after 7 d
at 140 °C. The structure of this compound is char-
acterized by an unusual [Mn;SbsS;;] core formed
by [SbS3] groups and [MnSy4] tetrahedra. Considering
the core as an octadentate ligand, four [Mn(tren)]**
complexes are bound to it. A central 8-membered
Mn,Sb,S4 ring can be viewed as the main structural
motif (Fig. 32).

Another unusual ligand was synthesized using the
elements Co, Sb, and S (1:1:3 mmol ratio) heated
in a mixture of 0.4 mL tren, 2.6 mL dien and
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Fig. 33 (color online). The [CoSb,Sg]*~ core in the structure
of [{Co(tren); }CoSb,S¢] - H>O.
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Fig. 34 (color online). The polymeric chain in [La(dien);-
(U4-Sb2S5)(13-SO4)], showing the connection of the La’t-

centered complexes by [SbaSs]*~ and SO4% anions.
H atoms are not shown.

1 mL water for several days at 110 °C. The compound
[{Co(tren); }CoSb,Se] - H,O contains a [CoS4] tetra-
hedron sharing two edges with two [SbS3] pyramids
(Fig. 33) to form the [CoSb,Se]*~ core. Both terminal
S atoms have a bond to a [Co(tren)]** complex [140].

We note that an increase of the reaction tem-
perature to about 140 °C leads to the crystal-
lization of a different compound with composi-
tion [Co(dien);][Co(tren)SbS4],- 0.5H,O containing
the [SbS4]°~ anion.

Recently we started to explore the thioanti-
monate(III) chemistry of lanthanoide cations (Ln>™).
In contrast to transition metal cations, the Lnt ions
prefer larger coordination numbers between 7 and 10,
and one can expect new structural motifs and di-
mensionalities of the thioantimonate networks con-
taining Ln3* cations. The main disadvantage work-
ing with lanthanoides is their pronounced oxophilic
character. Water must therefore be avoided in the
solvothermal syntheses. The one-dimensional poly-
meric compound with composition [La(dien)(ts-
SbyS5)(3-SOy4)], was isolated heating La(OH)3, Sb,
and S (0.5:1:3 mmolratio) in 100 % dien (3 mL) for 7
to 10 d at 150 °C. The two independent La>* cations
are nine- [LaNgOS;] and ten-coordinated [LaNgO,S;]
and are joined by a u3-bridging SO4>~ anion and a p4-
acting [Sb»S5]*~ anion (Fig. 34).

The Effect of Reaction Time on the Product Forma-
tion of Thioantimonates(I1I)

The effect of the reaction time on the product for-
mation was not systematically studied until now. Most
thioantimonates(III) were synthesized with reaction
times ranging between about 3 and 10 d. However,
one can assume that the thioantimonates(III) formed
under the specific solvothermal conditions may in
many cases be only kinetically stable, and that com-
pounds with more stable structures can be expected
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Fig. 35 (color online). The chain structure in [Mn(tren)-
SbyS4] form I. The ligand molecules are not shown.
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Fig. 36 (color online). The chain structure in [Mn(tren)-
Sb,S4] form II. The ligand molecules are not shown.
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according to Ostwald’s rule. There is one example
where the influence of the reaction time on the prod-
uct formation was investigated. The two compounds
[Mn(tren)Sb,S4] (I = short reaction times, II = long re-
action times) were prepared heating a mixture of Mn
(1 mmol), Sb (2 mmol) and S (4 mmol) in 5 mL of
a 50 % aqueous tren solution at 140 °C. Compound I
crystallized if the reaction time was shorter than 13 d,
compound IT occurred after 13 d. The experiment was
extended up to 33 d, and the reaction was quenched
every day. The X-ray powder patterns of the reaction
products gave no hints for the coexistence of the two
samples. In further experiments crystals of I were used
as seeds in a synthesis, and after 7 d only crystals
of II were observed. Furthermore, from syntheses per-
formed in Teflon liners which were formerly used for
the preparation of II only this compound could be iso-
lated. These observations are clear hints that I is more
stable than L.

The structures of the two modifications (Figs. 35
and 36), both with the [Mn(tren)]** complexes having
two bonds to the thioantimonate(IIT) [SbaS4]>~ back-
bones, are very different. In the structure of I only
[SbS3] trigonal pyramids are present, whereas in the
structure of II [SbS3] and [SbS4] moieties coexist. The
Sb-S bonds in the [SbS4] units show the typical pattern
of two shorter and two longer bonds.

The Effect of Reaction Parameters on the Product
Formation of Thiostannates

The effect of the reaction time on the product for-
mation can be nicely demonstrated for the compound
[{Ni(tepa)}2Sn,Se] (form I) [120]. The thiostannate
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Fig. 37 (color online). The structure of [{Mn(1,2-dach),-
(H20)}2Sn,Sg]. The hydrogen atoms have been omitted for
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Fig. 38 (color online). Part of the structure of [{Mn(1,2-
dach); }SnyS¢] -2 1,2-dach showing the one-dimensional co-
ordination polymer and the protonated amine molecules
around the chain. The hydrogen atoms have been omitted.

is obtained under solvothermal conditions applying
NiCl, - 6H,0, SnCl, - 2H;0, S and tepa after 25 h
at 160 °C. Extending the reaction time to several days
a mixture of form I, and a second new form II of or-
tho-[{Ni(tepa) } »Sn,S¢] appears. After 20 d of reaction
time only form II could be identified [143].

The effect of the concentration of the amine on the
product formation has also been demonstrated [109].
The thiostannates [{Mn(1,2-dach),(H>O)}>Sn,Se] (1)
(Fig. 37) and [{Mn(1,2-dach),}Sn;Se] -2 1,2-dach (II)
(Fig. 38) were synthesized under solvothermal condi-
tions with 1,2-diaminocyclohexane solutions of differ-
ent concentrations. Both structures feature [SnySg]*™
anions which act as bidentate ligands and are bound to
Mn?" cations which are in an octahedral environment.
Whereas in I an isolated complex is observed, a one-
dimensional coordination polymer is formed in II with
[SnySe]*~ anions acting as linkers and Mn?t com-
plexes as nodes. Protonated amine molecules are lo-
cated around the chains (Fig. 38).

Compound I crystallizes from diluted aqueous so-
lutions of 1,2-diaminocyclohexane, and compound 11
from solutions with high amine concentrations or even
from the pure amine. The variation of reaction condi-
tions like the concentration of the amine leads to the
crystallization of new compounds demonstrating the
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great potential of the solvothermal method. But di-
lution experiments do not generally lead to the crys-
tallization of new compounds, and often such exper-
iments are just helpful to increase the yield of a de-
sired thiometallate. New compounds can be prepared
by changing this reaction parameter, as shown for the
series of thioantimonates with [Ni(dien)]** complexes
[8,35,50,121]. Solvothermal reactions are complex,
and a simple explanation of the dilution effect cannot
be given as yet. Indeed, a reduction of the amine con-
centration changes the pH value, but also several other
parameters can be altered like the boiling point, redox
potential, viscosity, supersaturation efc. Systematic ex-
periments are required which may lead to the crys-
tallization of new thiostannates, or generally to new
thiometallates, by simply changing these reaction pa-
rameters.

Thioantimonates(IIT) Containing Polysulfide Frag-
ments or Sb—Sb Bonds

It is somewhat surprising that only very few thioan-
timonate(II) compounds containing polysulfide frag-
ments have been reported. As mentioned above, under
basic conditions several polysulfide anions are formed
which in principal can be integrated into thioanti-
monate networks. One can argue that the degradation
of polysulfide anions is fast, and the reaction times
are often long enough to leave only S?~ anions in
the solution. There are few compounds with polysul-
fide anions larger than S,2, namely (PPh4)3SbsSss
(1), (PPhy4)2Sb,S15-2(C3N2Hp) (2) and (PPhy)2Sba S5
(3) [13,14]. The first two compounds were synthe-
sized with a large excess of S (Sb:S = 1:8.5 mmol)
in the presence of tetraphenylphosphonium bromide
for 7 to 9 d heated at 125 °C. For the synthesis of 1
a 2 M solution of ammonia was added, whereas for 2
a 10 % aqueous solution of 1-N-methylimidazole was
used. Both compounds could only be isolated as mix-
tures with (PPhy4),S7 [144]. Compound 3 was ob-
tained reacting SbCl3 and S (1:9 mmol ratio) with

= /\/3?3 1:q>s
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Fig. 39 (color online). The anions [Sngl5]2_ (left) and
[SbaSi71% (right) observed in (PPhy),Sb,S 5 and (PPhy);-
SbySy7.
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Fig. 40 (color online). The [SbgS14]>~ anion with the S,
dumbbells. The protonated amine molecules are displayed
demonstrating the structure-directing effect.

tetraphenylphosphoniumbromide in 5 mL of a2 M am-
monia solution heated for 7 d at 130 °C. The two anions
[SbyS15]>~ and [Sb,S;7]>~ are displayed in Fig. 39. In
the structure of 1 two polysulfide anions [SbaSi6]1*~
and [SbaS17]%~ coexist. In all structures two Sb(III)
centers are bridged by four different sulfide ligands
yielding a tri-cyclic framework. The [Sb2517]2’ anion
was also found in the compound (PPhy),Sb,S17 [12].

Thioantimonate(IlI) compounds with the com-
position [SbgS14]>~ containing an S>2>~ dumb-
bell have also been reported ((1,2-dapH,)SbgSi;-
(S2) [145]; (dmaH»)SbgS12(S;) [146]; (2-mpdH»)-
SbgS12(S7) [147]). All three compounds show an iden-
tical network topology, and an example is depicted
in Fig. 40. Two chains formed by corner-sharing
[SbS3] pyramids are joined by the S,>~ anions yield-
ing the two-dimensional layered [SbgS14]*> anion.
The synthesis conditions reported in the papers are
very different, and only for the preparation of (2-
mpdH;)[SbgS12(S2)] an appreciable excess of S was
used [147].

Until now only one compound containing an Sb—Sb
bond was synthesized under solvothermal conditions,
namely (ap-en)ysSb7Si; [148]. The sample was pre-
pared applying a special procedure. Through the so-
lution of the structure-directing amine N,N’-bis(3-
aminopropyl)ethylenediamine a stream of H,S gas
was bubbled for 3 h prior to use. The amine was
mixed with water (0.6 mL and 1.6 mL) and was
added to Sb,S3 yielding a mixture with a molar ra-
tio SbyS3 : amine : water = 1: 1: 30. Heating the slurry
for 7 d at 200 °C led to the crystallization of the
compound in high yield. The primary building units
are [SbS3] pyramids and [SbS4] moieties which are
corner- and edge-linked to form secondary building
blocks like szSz, Sb3S3, Sb4S4 and Sbloslo rings
which are condensed generating a chain anion. The
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Fig. 41 (color online). Structure of the layered [Sb;S e
anion with Sb—Sb bonds.

chains are connected via Sb—Sb bonding yielding the
layered [Sb;S;1]?>~ anion (Fig. 41).

Thiostannates Containing Polysulfide Fragments or
Thio-oxoanions

The structural variety of the thiostannates is
caused by the coordination diversity of Sn and
S, the tendency of S to build rings and chains,
and the possibility of Sn to exist in the oxida-
tion states +II and +IV. Different types of an-
ions are formed as e.g. [SnS4]*, [SnaSe]*~ and
[Sn»S7]*~, and also several polythiostannate anions
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Fig. 42 (color online). Different types of polythiostan-
nate anions; top: [SnsSi2]* in (pipH);(4,4’-epipH,)Sn5S
with [SnSs] and [SnSg] polyhedra; bottom: [Sn(S4)3] unit
of (PPhy)2Sn(S4)3. The charge-compensating cations have
been omitted.

‘
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Fig. 43 (color online). Part of the structure of (Me3NH);-
Sn5S9O, with [Sn10S20041%~ units. The cationic part is not
displayed.

like [SnsSi2]*~ in (pipH)2(4,4"-epipH;)SnsS1, [101]
with Sn in trigonal-bipyramidal and octahedral en-
vironment (Fig. 42, top) and S22~ (x = 4,5,
6,9) in (EtgN)3(Sn(S4)2)0.4(Sn(S4)2(Se))o.6 [149] and
(PPhy),Sn(S4)3 [150] (Fig. 42, right) have been re-
ported.

Until now only one compound has been reported
with Sn having bonds to S and O atoms, namely
(Me3NH),Sn5S90, [151] with a silicate-like structure
consisting of [Sn10S20041% units (Fig. 43).

Synthetic and Structural Chemistry of Thiometal-
lates with the Coinage Metals Cu and Ag

In the previous section we discussed special syn-
thetic strategies for the incorporation of transition
metal cations into thioantimonate(III) networks. Ap-
plying the calcophilic cations Cu™ and Ag™ in the
solvothermal syntheses such synthetic ‘tricks’ are not
required. A series of Cu(I)-thioantimonates(IIl) with
general formula (L)Cu,SbS3 and L = frans-1,2-dach,
dien, baep, en, 1,3-dap, and 1,4-dab [152, 153] (the en
compound was also reported in ref. [154]) could be
prepared under solvothermal conditions using different
starting materials like Sb or Sb,S3, Cu or CuCl,- H,O0,
and S heated in the corresponding amine solution for 5
to 7 d at temperatures between 120 and 140 °C. All
compounds crystallize in space group P2;/n, and the
network topology of the layered [Cu;SbS3]™ anion is
identical. The primary building units are one [SbS3]
pyramid, one [SbS4] group, one [CuSs3] triangle, and
a distorted [CuS4] tetrahedron. A single layer is con-
structed by corner-sharing of these building units thus
forming different types of heterocycles as shown in
Fig. 44. The final double-layer is formed by Cu-S
bonds between two individual layers.
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Fig. 44 (color online). A single layer (left) and a double-layer (right) of the [Cu;SbS3]~ anion.

y

Fig. 45 (color online). The sandwich-like arrangement of the
[CuySbS3]~ layers and the structure-directing ammonium
cations in the series of compounds (L)Cu,;SbS3 (L = 1,4-dab
as an example).

The structure-directing protonated amine molecules
are located in the galleries of successive [CuySbS3]™
layers (Fig. 45), and the interlayer separation depends
on the chain lengths and orientation of the cations cov-
ering the range from 4.4 AforL=ento88A forL=
baep. The ammonium head groups of the structure di-
rectors are always oriented in a way optimizing S---H
bonding interactions.

Under identical reaction conditions a Cu(I)-thioanti-
monate(IIl) with a different composition (L)Cu3Sb, S5
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Fig. 46 (color online). The undulated layered [CuzSbyS5]~
anion in (L)Cu3Sb,S5 with L = dien.

with L = dien could be synthesized. Applying L =
trien a second compound with the same composition
of the layered [Cu3Sb,Ss]~ anion was obtained ex-
hibiting a totally different topology. The structure of
the [Cu3Sb,yS5]™ anion with L = dien comprises one
[SbS3] pyramid, one [SbS4] moiety, two [CuS3] trian-
gles and one [CuS4] tetrahedron. These units are joined
generating a complex undulated layer containing five
different 6-membered rings, one 10-membered hetero-
cycle and a 4-membered ring. Two such single layers
yield a double-layer (Fig. 46). The shortest inter-layer
separation measures 6.1 A, and the cations are located
within the galleries of successive layers.

The second compound with the [Cu3Sb,Ss]™ an-
ion contains two [SbS3] trigonal pyramids, two [CuSs3]
moieties, and one [CuS4] tetrahedron which are con-
nected forming exclusively 6-membered Cu;SbS3 or
CuSb;,S3 rings (Fig. 47). The rings are condensed
yielding a 6 net which may be regarded as a puckered
graphene layer. Again the structure-directing cations
are sandwiched by the [Cu3Sb,Ss]™ layers with the
shortest layer separation at about 6.4 A. In all men-
tioned compounds relatively short Cu—Cu and in part
Cu—Sb separations are observed which may indicate
weak bonding interactions.
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Fig. 47 (color online). The graphene-like layer anion in the
compound (L)Cu3Sb,Ss with L = trien.
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Fig. 48 (color online). Interconnection of the [SbeS101>~
layers by [CuS4] tetrahedra in the compound
(pipH2)0.5CuSbgS10.

Another Cu(I)-thioantimonate(IIT) with composi-
tion (pipH2)o.5CuSbeS o could be prepared in the pres-
ence of triethylenetetramine applying a different syn-
thesis strategy [155]. 0.9 mL of the amine was first
treated with H,S gas for 90 min and then mixed
with 1.6 mL of water, followed by Sb,S3 and Cu,S,
and heated to 200 °C for 10 d. The layers with sto-
ichiometry [SbeS1]>~ generated by [SbS3] pyramids
and [SbS4] groups are pillared via severely distorted
[CuS4] tetrahedra sharing a common edge (Fig. 48).
The structure-directing molecule was decomposed un-
der the synthesis conditions, and piperazine was iden-
tified in the cations.

Another interesting synthetic approach was also
recently published [156]. The authors used in situ
formed Ni** complex cations as structure-directing
units and obtained the two new compounds [Ni(1,2-
dap),CuySb,Se] and [Ni(dien);]CuSbsSg. For the first
compound a mixture of CuCl, - 2H,0, NiCl, - 6H;0,
1,2-propanediamine and S was used, and Sb, S, Cu,
NiCl, - 6H;0O and diethylenetriamine for the second
compound. A puckered anion layer [CusSb,rSe]? is
formed therein by condensation of Cu,;SbS3 rings in
contrast to the [Cu3zSb,S5]~ anion where two types
of rings, Cu,SbS3; and CuSb,S3, were observed. The
layers are joined into a three-dimensional network by
the [Ni(1,2—dap)2]2+ complexes. The layered structure
of the [CuSbsSe]>~ anion contains large 18-membered
Cu;,Sb7S9 and six-membered CuSb;,S3 heterorings.

With the Ag' cation thioantimonates(Ill) with
the compositions (1,4-dabH;)Ag3SbsS7, (enH),Ags-
Sngg [157], (enH)zAg5Sb353, (enH)AggsbS3 [158],
and (trienH;)AgsSb3Sg [159] have been reported. The
syntheses of these compounds were performed with
AgNOj3 as Ag source and Sb or Sb,S3 as starting ma-
terials. The fusion of 5-membered Ag,SbS3 rings gen-
erates [AgySbS3] ™ chains in (enH)Ag;SbS3. The Agt
cations are in a nearly trigonal-planar environment of
three S atoms. The individual chains are connected by
Sb-S and Ag—S bonds to form the layered anion. Short
Ag-Ag distances indicate d'° — d'° bonding interac-
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Fig. 49 (color online). The double-layer anion [AgsSb3Sg]>~
generated by condensation of 6-membered rings.

tions [160]. The [Ag5Sb388]2_ anion features a bent
[AgS,] moiety, [AgSs3] triangles and [AgS4] tetrahedra
besides [SbS3] pyramids. Vertex-linking of the primary
building units generates 6-membered rings which are
condensed to form a sheet. Because 1/8 of the rings
contain two Sb and one Ag atom, the stoichiometry of
the sheet corresponds to [Ag5$b388]2_. Two individ-
ual sheets are linked by Ag—S bonds into a buckled
double-layer anion (Fig. 49).

Similar honeycomb-like layers of fused 6-
membered rings were observed for (enH),Ags-
Sb3Sg [157] and (trienH)AgsSbsSg [159]. The main
differences between the three compounds are found
in the interatomic distances and in the arrangement
of the protonated amine molecules residing in a
sandwich-like fashion between the double-layers.

The structure of the layered [Ag3Sb3S;]>~ anion
is unique and is composed of [SbyS4] chains formed
by vertex-linking of [SbS3] pyramids and a [Ag3SbSs]
group composed of [AgSs3], [AgS4] and [SbS3] units.
The [AgS4] tetrahedron shares two edges with two
[AgSs] triangles and one edge with the [SbS3] pyra-
mid to form [Ag3SbSs] moieties which are bridged by
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Fig. 50 (color online). The [AgzSbSs] moiety bridged by S
atoms yielding the central chain of the [Ag3Sb3S7]%>~ anion
and the surrounding [SbyS4] chain.
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an S atom yielding the central chain of the anion. Each
central chain is connected to [Sb;S4] chains forming
the layered [Ag3Sbs3S7]%>~ anion (Fig. 50).

A special feature of the structure is the rare binding
mode of one S atom having bonds to four Ag atoms
and one Sb atom.

Synthetic and Structural Aspects of Thioantimon-
ates(V)

Compared to the large number of thioanti-
monates(III), related compounds containing Sb(V) are
still rare as summarized in Table 10. In most hybrid
thioantimonate(V) structures the [SbS4]>~ anion and
the counterions are isolated. There are few examples
where bonding interactions between the [SbS4]?~ an-
ions and transition or lanthanoide cations occur. These
compounds are presented in Table 10 (marked with *).
The [SbS4]>~ anion can act as monodentate lig-
and like in [Mn(tren)(trenH)]SbS,4 and [Mn(trans-1,2-
dach);]>[Mn(trans-1,2-dach),(SbSy),] - 6H,0 [161],
as a bidentate bridging ligand as observed in
[Nd(en)3(H,O)(tp-SbS4)] [162], or as a tridentate
ligand like in [La(en)s(u3-SbS4)] [162]. In con-
trast to Sb(IIDS, moieties, the [SbS4]°~ tetrahedron
has no tendency to further condensate like [InS4]°~
or [GeS4]*~ tetrahedra which form a large variety
of more complex supertetrahedral clusters of types
M4S10, M10S20, M20S35, and M35Ss6 (M = In, Ge) [3].

In situ Energy Dispersive X-Ray Scattering
(EDXRD) Experiments Performed During the
Solvothermal Syntheses of Thioantimonates and
Thiostannates

The results discussed in the previous sections clearly
demonstrate that no general rules can be formulated al-
lowing a rational synthesis of new thiometallates. The
processes leading to the formation and crystallization
of such materials under solvothermal conditions are
very complex and poorly understood. The understand-
ing of the mechanism of the formation of the prod-
ucts is essential for more rational syntheses. In prin-
cipal two approaches can be envisaged to acquire a
deeper knowledge of the processes occurring under
solvothermal conditions. In the first approach ex situ
experiments can be conducted where the reactions are
quenched after distinct reaction times and the reaction
products isolated and characterized. There are several
disadvantages of such experiments: a large number of
syntheses must be performed to explore one reaction at

967
Table 10. Thioantimonates(V).
Ref.
[Sm(en)4]SbS4 - 0.5en [163]
[Sm(en)3 (H20)(p-SbS4)]* [163]
[La(en)s (13-SbS4)]* [162]
[Nd(en)3 (H20)(t2-SbS4)]* [162]
[Eu(en)4]SbS4 - 0.5en [162]
[Dy(en)4]SbSy4 - 0.5en [162]
[Yb(en)4]SbS4 - 0.5en [162]
[Ni(trans-1,2-dach)3]3(SbS4), - 4H,O [163]
[Co(trans-1,2-dach)3]3(SbS4), - 4H, O [164]
[Co(dien); ][Co(tren)SbS4 ], - 4H, O* [164]
[Ni(en)3](enH)SbS, [28]
[Ni(tren)SbS4J(paH)* [165]

[Mn(tren)(trenH)]SbS4 [161]
[Mn(trans-1,2-dach); o [Mn(trans-1,2-dach), (SbS4),]-6H, O* [161]
[Ce(dien)s (13-SbS4)]n* [141]
(trenH3)SbSy4 [166]

one distinct temperature which is time consuming and
also costly; quenching experiments are dangerous be-
cause one cannot be sure that the reaction processes oc-
curring at elevated temperatures are really frozen dur-
ing the quenching procedure. In situ experiments are
more suitable because crystallization processes and re-
action kinetics can be studied without disturbing the
reacting system. In several contributions it has been
demonstrated that in siftu EDXRD using synchrotron
radiation is a powerful method [102,131,167-178].
The in situ approach allows continuous monitoring of
the syntheses, and much more data are obtained for
one reaction in comparison to ex situ experiments.
An important advantage of the in situ technique is
the possibility of observing the formation of inter-
mediate phases and their transformation into the fi-
nal products. Using the high-energy and brilliant syn-
chrotron radiation, EDXRD allows monitoring reac-
tions at short time scales, and under special conditions
X-ray powder patterns can be collected within a few
seconds.

For such in situ EDXRD experiments of solvother-
mal syntheses special reaction cells are required
which were developed in our laboratory a few years
ago [171]. In the following some selected results of
in situ EDXRD studies are discussed. It is beyond the
scope of this review to present all details of the inves-
tigations, and the reader should consult the references
for more information.

The results of the in situ EDXRD study of the crys-
tallization of [Mn(1,3-dap)MnSb,Ss] (see above) per-
formed under solvothermal conditions have demon-
strated that the induction time is significantly reduced
with increasing reaction temperature. At 7 > 105 °C all
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Fig. 51. Time-resolved powder pattern recorded at 110 °C
for the formation of [Mn(1,3-dap)MnSb;Ss] (see text). For
the most intense reflections the indices are given, and the Sb
fluorescence lines are marked. (Reprinted with permission
from [171].)
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Fig. 52. The sequence of powder patterns recorded at 150 °C
showing the occurrence of the two crystalline intermediates
in which the most intense lines of the first (cross) and second
(arrows) intermediate are marked (c.f Fig. 51). (Reprinted
with permission from [171].)

product reflections grow simultaneously, and the reac-
tion is finished within several hours (Fig. 51).

At lower temperatures two crystalline intermediates
are detected (Fig. 52) of which the first one decays
within a very short time. The intensities of the reflec-
tions of the second crystalline intermediate first grow
and then start to decay as the product growth starts.

A detailed analysis of the extent of reaction o sug-
gests that a small fraction of the intermediate is either
dissolved or converted into an amorphous state, fol-
lowed by fast crystallization of the product (Fig. 53).
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Fig. 53. Extent of reaction ¢ for the second crystalline in-
termediate and the product at T = 105 °C (c. f. Figs. 51, 52).
(Reprinted with permission from [171].)
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Fig. 54. Time-resolved diffraction pattern of [Mn(dien)-
MnSb,Ss] at T = 130 °C. The three crystalline intermediates

are marked with a, b, and c. (Reprinted with permission from
[172].)

The evaluation of the crystallization kinetics shows
that similar mechanisms dominate at temperatures be-
tween 105 and 125 °C. A good agreement is obtained
with a first-order reaction and/or phase boundary-
controlled mechanisms. At later stages of the reaction
the mechanism seems to change, suggesting consecu-
tive and/or parallel kinetics as the reaction proceeds.
At 130 °C and ¢ > 0.75 a three-dimensional diffusion-
controlled process dominates.

Very different behaviors were observed for L =
mdap and dien. Performing the synthesis with mdap
down to the lowest temperature no crystalline inter-
mediates could be detected. The evaluation of the
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Fig. 55. Powder patterns recorded at a reaction temperature
of 120 °C for the formation of [Co(tren)SbyS4]. Reflection
indices and Sb K fluorescences are marked. (Reprinted with
permission from [173].)

crystallization kinetics suggest that up to o« = 0.8
the reaction is dominated by nucleation, and that
a diffusion-controlled mechanism dominates at later
stages.

In contrast, applying dien at least three crystalline
phases occur (Fig. 54) before the product starts to
Srow.

The crystallization seems to be diffusion-controlled
and faster than for the 1,3-dap and mdap compounds.
Conversion experiments were performed heating the
compounds with L = 1,3-dap or mdap in a dien solu-
tion. The in situ EDXRD patterns show a conversion to
the dien product, and the analysis of the data revealed
that the two educts are dissolved followed by crystal-
lization of the dien-containing material. The activation
energy for the crystallization of the mdap-containing
sample was estimated to about 65(5) kJ/mol, and
to 73(3) kJ/mol for L = dien. The results of these
studies have demonstrated that even for compounds
with very similar network topologies the crystalliza-
tion mechanisms differ significantly.

In a further study we combined in situ EDXRD
with in situ X-ray absorption fine structure spec-
troscopy (EXAFS). The formation of [Co(tren)SbyS4]
(see above) was investigated at different reaction tem-
peratures and using different Co sources. In most reac-
tions all product reflections grow simultaneously sug-
gesting that after in siru formation of the layered ma-
terial these layers adopt the three-dimensional long-

at 120 °C demonstrating the different growth behavior com-
pared to that displayed in Fig. 55, see text. (Reprinted with
permission from [173].)

range ordering within a very short time period (see
Fig. 55). The analysis of the crystallization kinetics
suggests a change of the crystallization mechanism as
the reaction progresses. At the early stages of the re-
action diffusion seems to play the most important role,
whereas at later stages a more complex behavior is ob-
served. At the end of the reaction a second Co-free
phase is formed which coexists with [Co(tren)Sb,S4].
The results of the studies suggest that the second phase
is not formed by decomposition of [Co(tren)Sb,S4] but
rather due to the very low Co>* concentration in the
solution.

In some reactions a very different behavior was ob-
served. After the induction period first only one intense
reflection could be detected and after a distinct time all
other reflections of the product phase grew simultane-
ously (Fig. 56).

This unusual behavior indicates that first layers are
formed which show no three-dimensional long-range
order, and at later stages this ordering occurs. The
in situ EXAFS experiments performed at the Sb K-
edge provided evidence that independent of the reac-
tion time, the Sb: S ratio, and the amine applied only
the two species [SbS3] and [SbS4] coexist in solution in
an approximate 50 : 50 ratio. Furthermore, the changes
in the spectra give clear hints that an amorphous phase
is formed at intermediate stages.

The results of the experiments are schematically
summarized in Fig. 57. After dissolution of the starting
materials the dissolved species condense forming lay-
ers which are directly organized in a three-dimensional
long-range order (pathway 4 in Fig. 57) or which form
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the intermediate (pathway 3 in Fig. 57) leading to the
unusual growth behavior.

In several experiments a soluble Co salt was used
as starting material. In all reactions only one reaction
pathway could be observed, and in all powder patterns
the reflections of the product started to grow simul-
taneously. We concluded from these experiments that
elemental Co adhered at the surface of the magnetic
stirrer stick, and dissolution of Co was somewhat arbi-
trary.

Solvothermal reactions are influenced by a large
number of different parameters which are not well un-
derstood in detail. Several efforts were undertaken to
improve the knowledge and to shed light on heteroge-
neous multicomponent reactions.

The layered compound (Me4N),Sn3S7 was investi-
gated as case study, and the ion exchange capability
with alkali and earth alkali metal cations [93], the tun-
ing of the optical band gap by partial substitution of
S with Se [179] or the influence of microgravity onto
the self-assembly of the layered structure [92] were
studied.

However, all these investigations gave only details
about the properties of a compound, and no con-
clusions could be drawn concerning the formation
mechanisms and crystallization kinetics. Such infor-
mation can only be acquired using in situ methods
like in situ energy dispersive X-ray diffraction (in situ
EDXRD) [131]. According to a first study using this
technique the thiostannate anions produced by dissolv-
ing Sn and S in aqueous Me4NOH solution form an-
ionic layers by condensation, and after some time the
three-dimensional orientation of the layered anions is
achieved (Fig. 58).

[Co(tren)Sb,S,]

v/ 4

Fig. 57 (color online). Reaction scheme
for the formation of [Co(tren)SbySy4].
(Reprinted with permission from [173].)

Sngy /8¢, / Me NOH/ H,0 o, fon, 5, (0H), J'o 7 2 27 @,

—
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Fig. 58. Scheme of the postulated mechanism of the for-
mation of (Me4N)>Sn3S7: (1) solid reactants are dissolved
and form thiostannate anions and methylammonium cations;
(2) condensation and preorientation of the layers followed by
three-dimensional ordering of the layers (3). (Reprinted with
permission from [131].)

As mentioned above we applied in siftu EDXRD
investigations very successfully for monitoring
solvothermal syntheses of thiometallates and other
compounds [102,171-173]. The great potential of
this method was recently demonstrated studying
the solvothermal synthesis using Sn, Cu, S, and
DBN [102]. The two thiostannates (DBNH),Sn3Sq
and (DBNH),CugSn,Sg coexist under the chosen reac-
tion conditions, and interestingly (DBNH),Sn3S¢ is a
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Cu-free mixed-valent product with Sn(Il) and Sn(IV).
In order to obtain crystals of (DBNH),CugSn,Sg
with a sufficient quality for a single-crystal structure
determination the reaction time must be extended
from 5 d up to 27 d. However, longer reaction times
are not always an advantage because binary sulfides
may be more stable than the complex thiostannate
compounds.

To understand the complex reactions occurring un-
der the solvothermal conditions and to optimize the
synthesis conditions leading to crystallization of only
one of the two compounds mentioned above, many
ex situ experiments and also time-resolved in situ
EDXRD investigations were undertaken. First the in-
fluence of the reaction temperature onto the product
formation was investigated. The results have demon-
strated that the induction time, which is the time until
the first crystallites are observed, decreases with in-
creasing reaction temperature, i. e., the formation of
the compounds is much faster at elevated temperatures.
In further studies the influence of Cu on product for-
mation, especially on the crystallization of the mixed-
valent compound, was followed in situ. It is quite re-
markable that in this case the induction time decreases
drastically, and the Cu-free mixed-valent compound is
formed after a very short time. In the presence of Cu in
the reaction mixture, the nucleation and crystallization
of (DBNH),CugSn,Sg is preferred, and the growth of
(DBNH);Sn3Sg is significantly retarded.

Conclusions

During the last decade a large number of hybrid
inorganic-organic thioantimonates and thiostannates
have been synthesized under mild solvothermal condi-
tions in the temperature range between 100 and 200 °C.
As the synthesis parameters can be greatly varied, it
can be expected that many more thiometallates will be
reported in the future. The flexible coordination behav-
ior of Sb(III) and the strong condensation tendency of
the primary [SbS,] (x = 3-5) units allows to generate
networks with structural dimensionalities ranging from
isolated thioantimonate anions to three-dimensional
networks. Interestingly, the tetrahedral [SbS4]3~ an-
ion with Sb(V) exhibits no condensation tendency,
and its structural chemistry is less diverse than that
of thioantimonates(IIT). In many thioantimonates(III)
the structure-directing effect of the protonated amine

molecules or transition metal complexes is obvious.
These molecules lead to the formation of large pores in
the networks and become located mainly above/below
these pores. Another striking feature of the thioanti-
monate and thiostannate chemistry is the occurrence
of extended S---H hydrogen bonding interactions. In
most crystals the structure-directing molecules are ori-
ented with respect to the anionic networks optimizing
these interactions.

The coordination preference of transition metals can
be used for the synthesis of networks with different
topologies and different connection modes of the pri-
mary thiometallate units. In most syntheses a sulfur
excess is supplied, but the polysulfide species which
are present in the reaction solution are seldom found
in the structures of the thiometallates. In contrast to
the lighter homologous element As, antimony has no
pronounced tendency for homologous bond formation,
and only one compound with a Sb—Sb bond was re-
ported until now.

In the presence of suitable multidentate amines and
transition metal cations thioantimonates and thiostan-
nates can act as ligands forming compounds of differ-
ent complexity. The structural chemistry of thiostan-
nates is dominated by the [SnS4]*/[SnySe]*~ anions,
and in contrast to Sb(III) the Sn(IV)/Sn(Il) cations
show no tendency to extend the coordination geome-
try.

Analyzing the synthesis conditions of the relatively
large number of thioantimonate and thiostannate com-
pounds no general rules can be formulated which may
lead to more rational syntheses. The number of reac-
tion parameters is too large, and there have been only
very few systematic studies exploring the influence of
temperature, time, starting materials, concentration of
amine efc. The results of several in situ X-ray diffrac-
tion studies performed under real solvothermal condi-
tions gave some insights into the crystallization kinet-
ics and stability of thiometallates, but many more such
studies are needed before general trends or rules can be
formulated.
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