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The novel thioantimonate(IlI) [Fe(C4H13N3)2]SbgS10 + 0.5 H,O
was synthesised under mild hydrothermal conditions by al-
lowing elemental Fe, Sb, and S to react in a 50% diethyl-
enetriamine (dien) solution. The compound crystallises in the
monoclinic space group C2/c with a = 33.789(3), b =
8.5697(4), ¢ = 24.620(2) A, B =118.411(8)°, and V = 6270.3(7)
A3, In the crystal structure, five SbS; trigonal pyramids and
one SbS, unit are interconnected by sharing common S
atoms, forming Sb,S,, Sb;S,;, and SbsSs heterocycles. The
layered [SbgSi0]?>” anion is formed by condensation of the
rings in the order Sb;S;—SbsS5-Sb,S,-SbsS5s-Sb,S,. The in-
terconnection of the different Sb,S, heterocycles leads to the
formation of a large Sby¢S;6 ring. The special geometries of

the SbS, units and their interconnection results in a new and
unprecedented architecture of the four-atoms thick thioanti-
monate layer. The calculated bond valence sums (BVS) for
the Sb atoms range from 3.07 to 3.16 v. u., indicating that the
Sb atoms are formally trivalent. The [Fe(dien),]** cations and
the water molecule are located between neighbouring
layers. The thermal behaviour of the compound was investig-
ated using DTA-TG measurements. Upon heating decom-
position starts at about 200 °C, which is accompanied by the
removal of the organic ligands and the incorporated water
molecules. In the X-ray powder pattern of the decomposition
product, the three compounds Sb,S3, FeSb,S,, and FeS could
be identified.

Introduction

In several articles published in the last few years the tech-
nologically useful properties of microporous solids have
been reviewed in detail.l' 3] The syntheses of such micro-
porous solids are typically carried out under solvothermal
conditions in the presence of an organic molecule that
should exert a directing effect on the crystallisation process,
resulting in the formation of an open-framework inorganic
material. The organic species is retained within the cavities
or channels of the products. The vast majority of research
work is focused on oxidic materials. But chalcogenidometal-
lates with open frameworks have attracted considerable in-
terest because several new compounds are semiconductors
and show photoconductivity.>71 The syntheses and the
structural features of chalcogenidometallates have been re-
cently reviewed.[®?! A large number of thioantimonates(11I)
exhibiting different degrees of condensation of the Sb.S,
anionic fragments were reported.l'°~23! In these compounds
the linking of the complex anions leads to very different
structures. Compounds with one-, two-, and three-dimen-
sional structures were isolated and characterised. Despite
the great differences between the thioantimonate(III) struc-
tures several structural relationships have been reco-
gnised.”>!l For an insight into the general structural chem-
istry of the thioantimonates(III) new compounds must be
synthesised and characterised. Here we report on the novel
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compound [Fe(dien),]SbgS10°0.5H,0, which adopts a new
structure type.

Results and Discussion

The compound [Fe(dien),]SbgS ¢ « 0.5 H,O crystallises in
the monoclinic space group C2/c with eight formula units in
the unit cell. There are two crystallographically independent
Fe?* cations in the asymmetric unit placed in a distorted
octahedral environment of two chelating dien ligands (Fig-
ure 1: A and B). Hexacoordinated diethylenetriamine com-
plexes of transition group elements have been known for a
long time,?>2%1 and the geometric isomers of the cations
were intensively studied.[?>277321 The ligand and the cation
form fused five-membered rings with conformations that
are expected to be different for both isomers. The two inde-
pendent [Fe(dien),]>* cations in [Fe(dien),]SbeS; * 0.5 H,O
are meridional [Fe(1)] and s-facial [Fe(2)]. We note that
[Fe(dien),]*" cations have not been reported until now. The
Fe—N distances are between 2.185(3) and 2.257(3) A
(Table 1) and comparable with those reported in the literat-
ure.’3] The angles N—Fe—N vary between 78.1(2) and
156.2(2)°. As noted before the conformations of the two
cations are significantly different and an attempt to fit the
two cations onto each other results in a mean root deviation
of about 1.5 A.

Formal valence considerations suggest that all Sb atoms
are trivalent. With the exception of Sb(6) each of the crys-
tallographically unique Sb atoms is coordinated by three
sulfur atoms with distances Sb—S ranging from 2.3920(8)
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Figure 1. Structures of the two crystallographically independent
[Fe(dien),]**  cations in  the crystal  structure  of
[Fe(dien),]SbeS - 0.5 H>O with labelling: (A) mer isomer and (B)
s-fac isomer; note: atoms with superscripts are generated by sym-
metry operations

Table 1. Selected geometric parameters [A, °]  for
[Fe(dien)z]Sb(,Sm - 0.5 Hzo
Sb(1)—S(1) 2.4562(7) Sb(1)—S(4) 2.4331(8)
Sb(1)—S(6) 2.5023(8) Sb(2)—S(1) 2.4405(8)
Sb(2)-S(2) 2.4560(8) Sb(2)—S(7)al 2.5014(8)
Sb(3)—S(5) 2.3920(8) Sb(3)—-S(3) 2.4691(9)
Sb(3)-S(2) 2.4725(7) Sb(4)—S(10)! 2.4491(8)
Sb(4)—S(4) 2.4594(8) Sb(4)—-S(3) 2.5075(8)
Sb(5)—S(8) 2.3976(8) Sb(5)—S(6) 2.4283(8)
Sb(5)—S(7) 2.5209(8) Sb(6)—S(9) 2.4131(8)
Sb(6)—S(10) 2.4824(8) Sb(6)—S(8) 2.7111(09)
Sb(6)—S(9)®! 2.7522(8) Fe(1)—N(1) 2.203(4)
Fe(1)—N(2) 2.185(3) Fe(1)—N(3) 2.236(4)
Fe(2)—N(4) 2.257(3) Fe(2)—N(5) 2.228(3)
Fe(2)—N(6) 2.187(3)
S(4)—Sb(1)—S(1)  98.88(3) S(4)—Sb(1)—S(6) 86.15(3)
S(1)—Sb(1)—S(6)  81.83(3) S(1)—Sb(2)—S(2) 99.76(3)
S(1)=Sb(2)—=S(7)a  88.63(3)  S(2)—Sb(2)—S(7)&  87.63(2)
S(5)—Sb(3)—S(3)  98.40(3) S(5)—Sb(3)—S(2) 96.51(3)
S(3)—Sb(3)—S(2)  95.86(3)  S(10)PI—Sb(4)—S(4)  92.37(3)
S(10)®1—Sb(4)—S(3)  85.50(3) S(4)—Sb(4)—S(3) 94.93(3)
S(8)—Sb(5)—S(6) 101.38(3)  S(8)—Sb(5)—S(7) 91.26(3)
S(6)—=Sb(5)—S(7)  92.97(3)  S(9)—Sb(6)—S(10)  95.55(3)
S(9)—Sb(6)—S(8)  89.44(3)  S(10)—Sb(6)—S(8)  88.38(3)
S(9)—Sb(6)—S(9)PI  88.87(3)  S(10)—Sb(6)—S(9)®!  90.41(3)
S(8)—Sb(6)—S(9) I 177.81(2)  Sb(2)—S(1)—Sb(1)  106.50(3)
Sb(2)-S(2)—Sb(3)  97.65(3)  Sb(3)—S(3)—Sb(4)  97.88(3)
Sb(1)—-S(4)—Sb(4) 103.58(3)  Sb(5)—S(6)—Sb(1)  98.79(3)
Sb(2)A—-S(7)—Sb(5)  99.19(3)  Sb(5)—S(8)—Sb(6)  106.75(3)
Sb(6)—S(9)—Sb(6)®!  91.13(3)  Sb(4)P1-S(10)—Sb(6) 101.67(3)
Symmetry codes: ™1 1.5 —x, =05+, 15—z — P11 —x 2 —y,

1 -z

to 2.5209(8) A (Table 1). The SbS; units have an approxim-
ately trigonal-pyramidal geometry with angles between
81.83(3) and 106.50(3)° (Table 1). For Sb(6) only two short
bonds to S atoms of 2.4131(8) and 2.4824(8) A are ob-
served, and two longer distances of 2.7111(9) and 2.7522(8)
A (Table 1). The latter distances are longer than expected
for single bonds that vary between about 2.4 and 2.6 A,
but they are significantly shorter than the typical so-called
secondary bonds with Sb—S distances above around 2.9 A.
Hence, for the further discussion the two S atoms are in-
cluded in the first coordination sphere of the Sb(6) atom.

1836

We note that SbS, units with distances between 2.4 and 2.85
A were reported for Cs,SbgS;3,32) (CH3NH;),SbgS; 3,134 or
CssSbgS g(HCO5).2% All antimony atoms complete their
coordination environments with sulfur neighbours at dis-
tances between 3.0567(8) and 3.7462(9) (Table 2), which is
less than the sum of the van der Waals radii (Syqw +
Sbygw = 3.80 A).I31 It is noted that the presence of short
and long Sb—S distances is often observed in antimony sul-
fides. The longer Sb—S separations link the primary build-
ing blocks yielding higher structural units.

Table 2. Additional long Sb—S bonds [A]

Sb1—S5 3.1130(9)
Sb1-S7 3.7277(9)
Sb1-S8 3.629(1)
Sb2—S5 3.1651(8)
Sb2—S6! 3.5850(8)
Sb2—S6lt! 3.5355(9)
Sb3—S6lt! 3.5048(9)
Sb4—S5 3.3124(9)
Sb4—S9 3.0567(8)
Sb5—S1 3.5424(8)
Sb5—S5ld] 3.3102(8)
Sb6—S4 3.3624(8)
Sb6—S51d] 3.7462(9)

Symmetry codes: @ x, =1 +y,z. =PI 15— x —0.5+y 1.5—z
—15—x05+p15—z. —Wx 14y, z

A way to describe the structure of the anion is based on
the condensation of different Sb,S, heterocycles formed by
the interconnection of the SbS; and SbS, units. The vertex
linkage of SbS; pyramids involving Sb(1) to Sb(4) leads to

Figure 2. Condensation of the Sb,S, heterocycle and the Sb;Sg unit
generating an SbsSs ring; note: atoms denoted with superscripts
are generated by symmetry operations

the formation of a puckered Sb,S, ring (Figure 2). A second
building-block with composition SbsSg is composed of two
edge-sharing SbS, units [Sb(6) and Sb(6a)] being vertex-
linked to the Sb(5)S; pyramid. The two Sb(6)S; units are
related by a centre of symmetry forming an Sb,S, ring (Fig-
ure 2).

The SbsSg unit is condensed to the SbsS, ring via two S
atoms [S(6) and S(10a)], resulting in the formation of an

Eur. J. Inorg. Chem. 2001, 1835—1840
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SbsSs ring [involving Sb(1), Sb(4), Sb(5), Sb(6), and Sb(6a)]
(Figure 2). Due to the inversion centre located between the
two Sb(6)S, units, a system of condensed heterocycles with
the order SbsS;—SbsS5—Sb,S,—SbsSs—Sb,S, is generated
(Figure 3). The assembly into the final layered anion is
achieved by vertex linking of the condensed ring system via
the terminal S(7) atoms. Consequently, another large heter-
ocycle with composition Sb;6S;¢ is present (shaded area in
Figure 3). We note that the layers are four atoms thick,
whereas for the overwhelming number of thioantimonate-
s(IIT) two-atom thick layers are observed.

4 -

Figure 3. The layered anion with the large SbsS;¢ ring (shaded
area) with displacement ellipsoids drawn at the 50% probability
level

The description becomes more complex when the second-
ary Sb—S bonds are considered. The Sb atoms in the SbsS,
ring have longer Sb—S contacts [Sb(1)—S(5), Sb(1)—S(7),
Sb(1)—S(8), Sb(2)—S(5), Sb(2)—S(6A), Sb(2)—S(6B),
Sb(3)—S(6B), Sb(4)—S(5), Sb#)—S(), Sb(5)—S(1C),
Sb(5)—S5(D), Sb(6)—S(4A), Sb(6)—S(5D)] ranging from
3.0567(8) to 3.7462(9) A (Table 2), enhancing the coordina-
tion number from three to six. The atoms Sb(1) and Sb(6)
have six neighbours and are in a distorted octahedral envir-
onment (Figure 4, B, F). When the s> lone pair is treated

(A) (B)

as a coordination site the polyhedron about Sb(3) may be
described as distorted y-SbS, trigonal-bipyramid. The
Sb(4) and Sb(5) atoms have two S neighbours, giving a dis-
torted y-SbSs octahedron (Figure 4, C, D). With the en-
hanced coordination environments, different secondary
building units can be identified (Figure 4). An Sb;S, semi-
cube (Figure 4, E) involving the two symmetry-related Sb(6)
atoms and Sb(4) is formed, which is common in
thioantimonates(III).[1%-36—39

The two symmetry-related Sb(6)Ss octahedra share a
common edge yielding an Sb,S;, double-octahedron (Fig-
ure 4, F). Such a secondary building unit was found in
Cs,SbeS53%1 and (CH;NHj5),SbgS,5.B37 The three atoms
Sb(1), Sb(2), and Sb(4) have secondary bonds to the S(5)
atom that is located on top of the crown-like Sb,Ss hetero-
cycle (Figure 4, A) thus joining the polyhedra of these Sb
atoms of the ring.

The layered anions are within the (—101) plane, and are
stacked onto each other parallel to the [110] plane. The cat-
ions as well as the water molecule are located between the
layers (Figure 5). Six short intermolecular N—H-S dis-
tances (Table 3) with H--+S distances ranging from 2.460 to
2.959 A and N—H-S angles between 149.17° and 175.46°
are observed, indicative of hydrogen bonding (Table 3).

The crystal structures of many thioantimonates(IIl) can
be described on the basis of the condensation of different
Sb,S,  heterocycles. In the compound [(CHj;-
NH3)1‘03K2.97]Sb12820 - 1.34 HzO,[4O] in which the anionic
part has the same composition when divided by two, the
layered [Sb;,S,0]*~ anion is formed by two complex rings
having the same composition — Sb;,S,, — and a very sim-
ilar shape. Including the S atoms of the different rings
(note: in the original contribution only the Sb atoms were
counted) an SbgSg ring and four Sb;S; rings are condensed
giving the Sb;,S,, complex ring system. The complex rings
are interconnected into two-atom thick layers by so-called
secondary bonds that are between 3.0567(8) and 3.5850(8)

(€)

Figure 4. The environments of the Sb atoms with related long secondary bonds (dotted lines); the letters denote symmetry-related atoms
(symmetry codes are given in Table 3); the probability ellipsoids are drawn at the 50% level

Eur. J. Inorg. Chem. 2001, 1835—1840
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Figure 5. Arrangement of the [SbeS,o]>~ anions and [Fe(dien),]>* cations in the crystal structure of [Fe(C4H;3N3),5]SbeS 0 + 0.5 H,O (water

molecules and hydrogen atoms are omitted for clarity)

Table 3. Intermolecular N—H-+S contacts and angles [A, °]

D-H d(H-A) D-H-A A D-H d(HA) D-H-A A
N4—H6N 2.553 149.54 S2lal N2—H3N 2.460 175.46 Sglal
N6—HI0N 2.959 149.17 S2lal N1-H2N 2.573 158.67 S9ibl
N3—H5N 2.792 160.47 S3lel NI-HIN 2.361 161.21 o1
N5—H8N 2.740 153.55 71 N3—H4N 2.185 157.36 o1

Symmetry codes: ) —x + 3/2, =y +3/2, —z+ 1. =Pl —x + 1, p, =z + 32. = —x + 1, —p + 1, —z + 1. = —x + 3/2, y — 1/2,

—z + 3/2.

A. The compound [Ph,P],SbeS;o/4!! contains also an
[SbeSio]?>~ anion, but it forms an infinite one-dimensional
anionic (SbeS;¢>7), chain by vertex linkage of SbS; pyr-
amids. The interconnection of the pyramids leads to the
formation of condensed 10-membered SbsSs rings with al-
ternating Sb and S atoms. The anionic part of this structure
is similar to that reported for Sb;Ss*N(C3H),.[231 It can be
assumed that the size, shape, and charge of the cations de-
termine the dimensionality and the condensation density of
the thioantimonate(III) anion.

The SbsS; rings as well as Sb,S, rings are also found in
[(CH3CH2CH2CH2NH2CHZ)Z]0.SSb7811.[39] In the thioanti-
mOHateS(III) [HgN(CH2)3NH3]Sblos16,[42] (CH3NH3)2-
SbgS, 3,4 (enH»)SbgS 5 31, and (NH,),Sb,S; 19, the SbsS;
rings are present, and the former two compounds may be
viewed as 3-dimensional framework structures when the
longer Sb—S contacts are considered.

The bond valence sums (BVS) for the Sb atoms were cal-
culated using the parameters from Brese and O Keeffel*4!
(minimum valence = 0.01). The BVS range from 3.07 to
3.16 v. u. indicating that the Sb atoms formally trivalent.
Strong deviations of the calculated BVS from integer num-
bers are correlated to the stereoactivity of the lone electron

1838

pairs (LEP).[*3461 Applying the procedure reported in ref.[*]
the BVS of the SbS, polyhedra are plotted against a para-
meter |®|, which is the length of the vector ® = —X®; with
®; being a vector pointing from Sb; to the coordinating
atom S; at the distance D;. The length of @, is given by
exp(—D;/0.2). The summation is performed over all coordi-
nating S atoms of a polyhedron. For a strong deviation of
the spatial distribution of the LEP from spherical sym-
metry, large |®| values are expected. We observe higher |®|
values for Sb(1), Sb(3), and Sb(5), indicating stronger sp>
character of their LEP.*! One can assume that the LEP of
these Sb'! cations are on the opposite side of the three
shortest Sb—S bonds of each SbS; pyramid.

Thermal Investigations

The thermal behaviour of the title compound was invest-
igated using simultaneous difference thermal analysis and
thermogravimetry experiments (Figure 6). Heating selected
single crystals of [Fe(dien),]SbgSo + 0.5 H,O under argon a
mass loss of 16.5% is observed at T, = 240.7 °C in the
TG curve, which can be attributed to the complete removal

Eur. J. Inorg. Chem. 2001, 1835—1840
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of the dien ligands and the incorporated water molecules
{=Amgeoc[(dien), + 0.5 H,O = 16.2%]}. The removal of
the ligands is accompanied by two endothermic events at
Tp = 261.1 °C and Tp = 277.5 °C. These two peaks were
always observed, irrespective of whether large single crystals
or powdered samples were used. Such a splitting of the
DTA peak during the loss of this organic ligand was also
observed for other compounds in which metal cations are
surrounded by two dien ligands.3%#7-48] For the present
thermal reaction the splitting of the DTA peak is presum-
ably due to a stepwise loss of the ligands, because both cat-
ions are in a different environment. In the X-ray powder
pattern of the product, the compounds Sb,Ss, FeSb,S,, and
FeS could be identified. Spectroscopic investigations prove
the loss of the organic ligands during the thermal decom-
position and elemental analysis shows that only a small
amount of carbon and nitrogen is present in the residue (C:
1.11%; N: 0.6%).

5
Ite T=261.°C
0
endo
5 <
0
am /% ] 2 T =277.5°C
P
10 - exo -
T,..=2407°C
15
lora o b
-20

LA B I B E| T T T 1 T
50 75 100 125 150 175 200 225 250 275 300 325 350
T/°C

Figure 6. DTA-TG curve for [Fe(dien),]SbgS;o + 0.5 H,O (under ar-
gon, weight 108.5 mg, powdered crystals, T;, = peak temperature)

Experimental Section

Synthesis: [Fe(dien),]SbeS|o * 0.5 H>O (dien = diethylenetriamine)
was prepared by treating elemental Fe, Sb, and S in an aqueous
solution of dien under solvothermal conditions. In a typical syn-
thesis, 1 mmol of Fe (0.055847 g), 1 mmol of Sb (0.121757 g), and
3 mmol of S (0.032066 g) were added to 10 mL of 50% dien solu-
tion. The mixture was heated in a Teflon-lined autoclave at 150 °C
for 6 d. The reaction mixture was filtered, washed with water and
acetone, and cleaned in an ultrasonic bath. The product consisted
of two phases: dark-red needle-like crystals of the title compound
as the major phase (yield: 90% based on Sb) and a grey microcrys-
talline powder as the minor phase, which was amorphous against
X-ray powder diffraction. In the by-product the elements iron, sul-
fur, and antimony were identified with an EDAX analysis.

Structure Determination: Intensities were collected with a STOE
Imaging Plate Diffraction System (IPDS) using monochromated
Mo-K, radiation (A = 0.71073 A). The intensities were corrected
for Lorentz, polarisation, and absorption effects. Structure solution
was performed using SHELXS-97.[41 Refinement was done against
F? using SHELXL-97.5% All heavy atoms were refined aniso-
tropically. The hydrogen atoms were positioned with idealised geo-

Eur. J. Inorg. Chem. 2001, 1835—1840

metry and refined with fixed isotropic displacement parameters us-
ing a riding model. Technical details of data acquisition and refine-

ment results are summarised in Table 4.

Table 4. Crystallographic data for [Fe(dien),]SbeS - 0.5 H,O

Empirical formula
Colour, habit
Crystal size
Molecular mass
Crystal system
Space group
Calculated density
Lattice parameters
a[A]

b [A]

¢ [A]

BI°]

V [A3]

zZ

Temperature

Scan range

Measured reflections
Independent reflections
Reflections with F, > 4c(F,)
Rim,

Absorption correction
min./max. trans.
Extinction correction?!
Weight!®!

Residual electron density
R1 for all F, > 4c(Fo)
R1 for all reflections
wR2 for all F, > 4c(F,)
wR2 for all reflections
Goodness of fit

[Fe(C4H13N3),]SbgS 10 + 0.5 H,O
red needles

0.3 X 0.1 X0.1 mm

1321.3 g/mol

monoclinic

C2/c¢ (I. T. No. 15)

2.799 glem?

33.789(3) A
8.5697(4) A
24.620(2) A
118.411(8)°
6270.3(7) A3

8

293 K

3.8°=20 =56.3°
—44=h=44
-9=k=10
-32=/=32
25723

7061

6304

0.0245

6.22 mm™!
face-indexed
0.3101/0.5057

x = 0.00029(2)
y=0.0377, z = 1.2074
max. 0.73/min. —0.77 ¢~ /A3
0.0209

0.0253

0.0508

0.0524

1.014

@ px = F, (k{1 + 0.001 - x - F,2 - A3/sin (20)]702%). — [l =
V[cXFE2) + (v - P)* + z - P; P = [max (E,20) + 2 - F.2)/3.

Thermoanalytical Measurements: Thermoanalytical measurements
were performed using a DTA-TG device STA 429 from Netzsch.
All measurements were performed under argon (flow rate 50 mL
min~!) with Al,O; crucibles and heating rates of 3 K min—').

ESEM/EDAX Investigations: Scanning electron microscopic in-
vestigations were conducted with the Environmental Scanning
Electron Microscope (ESEM XL 30, Fa. Phillips) equipped with
an EDAX system.

X-ray Powder Diffractometry: The X-ray powder patterns were re-
corded with a STOE Stadi-P diffractometer (Co-K,, radiation, & =
1.788965 A) in transmission geometry.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication
no. CCDC-151878. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1 EZ, UK [Fax: (internat.) + 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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