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The new thioantimonate(I11) (CgN2H1g)ShsS7 (CgNoH16 = 1,6-diaminohexane) was synthesized
under solvothermal conditions using Sb, S and 1,6-diaminohexane (1,6-DAH). The compound crys-
tallizes as orange needles in the triclinic space group P1 with lattice parameters a = 6.9834(5),
b=11.8748(10), c = 13.6588(12) A, oo = 115.248(9), B = 100.165(9) and y = 92.568(9)°. A cen-
tral SbS,4 group shares edges with two other SbS, moieties forming Sbh3Sg units which are joined by
SbS3 pyramids sharing vertices to form a chain of alternating Sb3Sg and SbS3 units. One S atom of
the SbS3 pyramid connects neighboring chains into sheets which contain large SbyS19 heterorings.
The sheets are then further connected into four atoms thick double sheets. Six edge-linked SbS, units
are condensed yielding a complex ShgS14 building block. Layers of diprotonated amines and thioan-
timonate(l11) layers are stacked along [001] in a sandwich-like fashion with an interlayer distance of
8.46 A. The amine layer is two molecules thick with the amines being oriented parallel to the anionic

layers. The title compound represents the first example for a layered [SbsS7]?~ anion with a diamine

as structure director. The compound is an optical semiconductor with a band-gap of about 1.9 eV.
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Introduction

Thioantimonates(l11) exhibit several chemical and
structural features resembling the chemistry of sili-
cates or zeolites. Analogous to structures of silicates
with isolated anions, anionic chains, layered anions
and three-dimensional networks, also thioantimonat-
es(ll) are known which contain isolated ring an-
ions, one-dimensional chains, two-dimensional lay-
ers and three-dimensional networks. In addition, sil-
icates show a large range for the Si:O ratio and
this phenomenon is also found in thioantimonat-
es(lll). The Sb: S ratio varies from 1:1.625to 1:
2 and examples are [ShgS13]>~ [1-5] for 1 : 1.625,
[SbsSs]~ [6-10], [SbeS10]*~ [11-13], [SbgS15]>~
[13], [Sb12S20]*~ [14] for 1 : 1.667, [Sb4S7]%>~
[15-28], and [Sb12S,1]8~ [26] for 1: 1.75, [Sb5Se]®~
[29], [Sb10313]67 [30] for 1 : 1.8, and [SbS;]™
[31’32]1 [Sb284]2_ [3311 [SbSSB]S_ [34}1 [Sb488]2_
[35], [SbaSs]*~ [36] for 1: 2. But there are some re-
markable differences between silicates and thioanti-
monates(l11). Under normal conditions Si is always in

a tetrahedral environment of O atoms, whereas Sh(ll1)
can be surrounded by 3 to 6 S atoms. The Si-O bond
is relatively rigid and shows only a small variation,
whereas Sh-S bond lengths scatter over a large range
from about 2.3 A up to the sum of the van der Waals
radii of about 3.8 A. Finally, the Si-O-Si angle is flexi-
ble with values between 90 and 180°, but Sh-S-Sb an-
gles are distributed in a narrow range from about 90
to 110°.

Anions with stoichiometry [SbsS;]%~ are particu-
larly prevalent in thioantimonates(l1l) and examples
include K23b437 [15], (NH4)2Sb4S7 [16], Rb23b437
- HyO [17], Cs2ShsS7 [18], K3SbsS7-HL0 [19],
SrShyS7 - 6H,0 [20], Rb,ShsSy [21], (C4N2Hg)ShsSy
[8], [M(C2N2H8)3]5b487 (M = Mn, Fe, Co, NI)
[22-24], (C2H5NH3)2SbsaS7 [25], [Ni(CaH13N3)2]-
Sb4S7- H,O [26], [MH(C4H13N3)2]Sb4S7 [27] and

(CeHaoN4)[SbaS7]  [24], (H3N(CH2)4sNH3)ShsS7,
(CH3(CH2)2NH3)2SbsS7,  ((CH3)2CHNH3)2SbsS7,
(CH3(CH2)3NH3)2SbsS7, and  (CH3(CH2)4NH3)-

Sb457 [28]. (C6H20N4)Sb437 [24]. Of these, only
K,SbsS7 [15] shows a three-dimensional [Sh4S7]%~
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anionic framework, and with increasing size of
the cation, the dimensionality is reduced to two-
dimensional layers and finally to one-dimensional
chains [23,37]. The compounds with organic amines
as structure directors may be regarded as inorganic-
organic hybrid materials, with the arrangements
of the organic ammonium ions being often remi-
niscent of what is observed in layered clays. For
instance, in vermiculites with a high layer charge,
the alkyl-ammonium ions adopt a paraffin-like orien-
tation. In addition, in many organically ‘templated’
thioantimonates(I11) the -NH3™ groups adopt a
special arrangement with respect to the S atoms of
the thioantimonate network [10,38-40]. It can be
assumed that this special orientation of the ammo-
nium groups allows H---S bonding interactions.
Furthermore, in the layered compounds the inter-
layer spacing covers a large range from for instance
6.56 A for (C2Hs5NH3)2ShsS7 [25] to 9.90 A for
(CH3(CH2)4NH3)2SbsS; [28]. In our continuing
work in the field of solvothermal syntheses of thioan-
timonates(I11) we applied 1,6-diaminohexane as
‘template’ with the aim to prepare a layered thioan-
timonate(lll) with the diamines acting like “pillars’.
Here we present the crystal structure and optical
spectroscopy data for the compound (CgN2H15)ShsSy.

Experimental Section
Synthesis

The compound (CgN2H18)SbsS7 was prepared under
solvothermal conditions in a Teflon-lined steel autoclave. A
mixture of Sb (1 mmol) and S (3 mmol) was heated for 7 d
in 4 ml of 1,6-diaminohexane. The product was collected by
filtration and washed with deionized water and acetone and
dried in vacuum. The compound crystallizes as orange nee-
dles and is stable on air. The yield of the product was about
90% based on Sh. (CgN2H1g)SbsS7 (829.5): calcd. C 8.4,
H 3.2, N 2.0; found C 8.2, H2.9, N 1.7.

X-ray structure determination

The X-ray intensity data were collected at 293 K using
a STOE AED 4 with graphite monochromated Mo-Ky, ra-
diation (A = 0.71073 A). The raw intensities were treated
in the normal way applying a Lorentz polarization correc-
tion. The structure was solved using SHELXS-97 [41]. Crys-
tal structure refinement was carried out against F? with
SHELXL-97 [42]. All non-hydrogen atoms were refined
with anisotropic displacement parameters. The hydrogen
atoms were positioned with idealized geometry and refined
with fixed isotropic displacement parameters using a riding

Table 1. Selected crystallographic data and refinement results
for (C6N2 H13)8b457.

a[A] 6.9834(5)

b [A] 11.8748(10)

c[A] 13.6588(12)

o [°] 115.248(9)

B ] 100.165(9)

r[°] 92.568(9)

V [A%] 999.18(14)

dcalc [g Cm73] 2.758

Crystal system triclinic

Space group P1

26 [deg] 6-56

hkl Range —-8<h<8,-15<k<15,
—18<k<18

No. coll. Refl. 7421

No. unique Refl. 3620

Refl. Fo > 40 (F) 2669

No: par. 173

RL(F, > 40(Fo)) 0.0462

WR2 (Fo > 40(F,)) 0.1154

R1 (all refl.) 0.0665

wR2 (all refl.) 0.1230

GOF 0.982

S(F)le A3 —1.280/1.075

model. Details of data collections and refinement results are
summarized in Table 1. Bond lengths and angles are listed in
Tables 2—4. The crystal investigated was non-merohedrally
twinned. Therefore, both individuals were indexed separately
and integrated using the TWIN option in the STOE IPDS-1
software package.

Crystallographic data (excluding structure factors) have
been deposited with the Cambridge Crystallographic Data
Center as supplementary publication no. CCDC-296852.
Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge
CB2 1 EZ, UK. (fax: +44-(0)1223-336033 or email: de-
posit@ccdc.cam.ac.uk).

Spectroscopy

The Raman spectrum was measured from 100 to
3500 cm~1 with a Bruker IFS 66 Fourier transform Raman
spectrometer (wavelength: 514.5 nm, T = 20 K).

Results and Discussion

The new compound (CgN2H15)SbsS7 crystallizes in
the triclinic space group P1 with all atoms located in
general positions (Table 1). For the discussion of the
structure Sb-S distances up to about 3.1 A are con-
sidered as bonding contacts. But one should keep in
mind that Sh-S distances scatter over a large range
from about 2.3 to 4 A and therefore, the assignment
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Sh(1)-S(3) 2.390(3) S(3)-Sb(1)-S(1) 98.33(11) Table 2. Selected interatomic
Sh(1)-S(1) 2.460(3) S(3)-Sb(1)-S(2) 88.12(9) distances (A) and angles (°) for
Sh(1)-S(2) 2.539(3) S(1)-Sh(1)-S(2) 87.51(10)  (CgNoH1g)SbsS7.  Estimated
Sh(2)-S(4) 2.415(3) S(4)-Sh(2)-S(7)2 110.54(10)  standard deviations are given
Sbh(2)-S(7)? 2.471(3) S(7)3-Sb(2)-S(3) 81.38(9) in parentheses.

Sb(2)-S(3) 2.653(3) S(4)-Sb(2)-5(3) 87.91(9)

Sb(2)-S(5) 2.775(3) S(4)-Sb(2)-S(5) 88.38(8)  Symmetry codes: @ —x+3, —y+2,
Sb(3)-5(5) 2.412(2) S(7)°-Sb(2)-S(5) 86.70(8) 741 ° _x42 —y+1,
Sb(3)-S(7) 2.491(3) S(3)-Sb(2)-S(5) 165.37(9) —z+1; © —x+3,-y+1, —z+1.
Sb(3)-5(6) 2.562(3) S(5)-Sb(3)-5(7) 91.58(9)

Sb(4)-S(2) 2.409(3) S(7)-Sb(3)-S(6) 85.15(9)

Sb(4)-S(1)° 2.475(3) S(2)P-Sh(4)-S(1)° 93.32(10)

Sb(4)-S(6) 2.435(6) S(6)-Sb(4)-S(L)° 90.11(9)

Sb(4)°-S(2)-Sh(1) 105.49(10) Sb(4)-S(6)-Sb(3) 93.40(10)

Sb(3)-S(5)-Sh(2) 97.97(9) Sb(2)2-5(7)-Sh(3) 104.09(10)

Sb(1)-S(1)-Sh(4)° 104.81(10) Sb(1)-S(3)-Sb(2) 92.03(9)

Table 3. Long Sb-S distances [A] in (CgN2H18)ShS7. Esti-
mated standard deviations are given in parentheses.

Sb(D) - S(d) 3.089(2) Sb(3) - S(d) 3.26902)
Sh(4) - S(4) 3.393(2)° Sb(2) - S(5) 3.587(2)°
Sb(4) - S(4) 3.717(2)

Symmetry codes: 22 —x,1—y,1—z P —14+x,Yy,Z ©2—x2—y,
1-z

Table 4. N-H---S distances and angles [A, °] for
(CeN2H18)Sh4S7.

D-H diH---A) Z DHA A

NI-HIA 2.618 159.28 ST
N1-H1B 2.997 155.89 s
N1-H1C 2.689 160.96 S6°
N2-H2A 2.824 120.46 s4d
N2-H2A 2.954 121.95 s2°
N2-H2B 2.369 167.32 s7f
N2-H2C 2.563 160.16 S3

Symmetry codes: 2 —x+3,—y+1,—z+1; ? —x+2,—y+1,—z+
1, © —x4+2,—-y+1,—z+1; 9x—1y-1z exy—17z F—x+
2,-y+1,-z+1; 9 —xy-12z

of the dimensionality is often arbitrary. The primary
building units (PBUs) of (CgN2H18)Sb,S7 are one trig-
onal ShS3 pyramid and three ShSy4 units (Fig. 1). The

Fig. 1. The connectivity pattern of the
ShS,4 and SbS3 units in (CgN2H18)ShsS7
with atom labeling.

Sb-S distances in ShSz groups scatter less (2.390(3)—
2.562(3) A) than in the SbS, moieties (2.412(2)—
2.967(3) A) (Table 2). In the SbS4 groups the two long
Sh-S bond lengths are in trans position and the an-
gles S-Sh-S are about 165°. Sh-S bond lengths and an-
gles are in the range observed in many other thioan-
timonates(I11) [15—-28]. All Sb atoms increase their
coordination spheres with S atoms at distances up to
3.8 A (Table 3) forming another SbS,4 group (Sh(1))
and three distorted SbSs rectangular pyramids.

The layered [SbsS7]?~ anion is constructed in the
following way. The Sh(2)S,4 group shares edges with
two other SbS, moieties forming an Sh3Sg unit as a
secondary building unit (SBU) (Fig. 1). These SBUs
are then joined by SbS3 pyramids sharing vertices
yielding a chain of alternating Sb3Sg and ShS3 units
(Fig. 1). The S(1) atom of the SbS3 pyramid con-
nects neighboring chains to form sheets within the
ab plane that contain relatively large Sb19Si9 het-
erorings (Fig. 1). These sheets are then further con-
nected through S(5) into four atoms thick double
sheets (Fig. 2). The double sheets contain six edge-
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Fig. 2. The double layer in (CgNoH1g)-
Sh4S7. Note that Sb atoms of the second
sheet are drawn with a different shading.

linked SbS, units yielding a complex SbgSy4 build-
ing block (Fig. 2). The individual layers are stacked
along [001] with the diprotonated amine molecules ly-
ing in between (Fig. 3). The two N atoms of an amine
molecule are directed towards S atoms of one thioan-
timonate(I11) anion, i.e. the amines are oriented paral-
lel to the anionic layers. Along [010] the orientation
of the amines is .. .up-down-up-down. .. to form a two
molecules thick organic layer (Fig. 3) and the short-
est interlayer distance amounts to 8.46 A. All H atoms
bound to the two N atoms are involved in H- - - S bond-
ing interactions with distances ranging from 2.369 to
2.997 A with corresponding N-H...S angles between
120.46 and 167.32° (Table 4).

A short comparison with the hitherto known organ-
ically ‘templated’ compounds containing [Sb4S7]%~
anions is given here. The topology of the an-
ionic network of the title compound is very simi-
lar with that of (C,Hs5NH3),ShsS7 [25], (CH3(CH3),-

NH3)2ShsS7, (CH3)2CHNH3)2SbsS7, (CH3(CHy)s-
NH3)25b4S7, and (CH3(CH2)4NH3)2Sb4S7 [28], and
only small differences are observed for Sh-S bond
lengths and S-Sb-S angles. But in all these compounds
the structure directors are mono-amines. The struc-
tures of the two compounds with diamines, (H3N-
(CH2)4NH3)Sb4S7 and (pipH2)Sh,S7 as well as that of
(CgH2oN4)SbsS7 with a tetramine contain a thioanti-
monate(l11) chain anion. Therefore, the title compound
is the first example with a layered [SbsS7]>~ anion
containing a diamine as structure director.

Optical spectroscopy

Charge compensation requires that the amine
molecules are diprotonated in (CgN2H1g)ShsS7. In the
IR spectrum the absorptions located at 1068, 1473,
1552, 1635, 2858, 3108 and 3400 cm ~1 are typical
for R-NH3™ groups. In the Raman spectrum (Fig. 4)



V. Spetzler et al. - (C5NoH15)ShsS7 a Thioantimonate(111) with a Layered [ShaS7]?~ Anion

719

0.16 S
0.12
i)
=
>
_E' 0.08 S
<
0.04

T T T
280 300 320 340

Wavenumber / cm™

the most intense resonances are located at 323.8 and
361.0 cm~. Weak bands are observed at 289.7 and
300.1 cm~?. The bands between 362 and 339 cm !
are typical for SbS3 units, while bands located at lower
wave numbers are due to bonding interactions between
Sh(I11) and the next nearest S atoms [43, 44]. Pfitzner
et al. explained resonances at 321 cm~! and about
290 cm~! with SbSs units [43,44]. In MnSb,S, the
resonances are at even lower wave numbers of 300
and 283 cm~1 which is due to the high coordination
number of the Sb atoms [44]. The optical band gap of
the compound was determined from the transformed
UV /vis diffuse reflectance spectrum in the usual way
(Kubelka-Munk relation). The optical band gap of
about 1.9 eV indicates that the compound is an opti-
cal semiconductor.

1 1
360 380  Fig. 4. Raman spectrum of (CgNyH1g)-
SbySy.

Summary

The new compound (CgN2H18)SbsS7 with dipro-
tonated 1,6-diaminohexane molecules is a further ex-
ample for the flexibility of thioantimonate(lIl) struc-
tures to adapt the size and charge requirements of the
structure director. In the present compound the diamine
molecules are parallel to the anionic layers with the
NH; groups oriented towards S atoms to ensure opti-
mal S---H bonding interactions. An interesting ques-
tion is whether it is possible to synthesize a layered
thioantimonate(l11) with diamines which act as pil-
lars’ between neighboring layers. Syntheses with di-
amines with less conformational flexibility are under
way to prove whether such thioantimonates(l11) can be
prepared.
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