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Re-investigation of Barium-Gold(I)-Tetra-Thiostannate(IV),
Ba[Au2SnS4], with Short AuI···AuI Separation Showing

Luminescence Properties
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Abstract. New investigations combining single crystal- and synchro-
tron-based powder X-ray diffraction data revealed that Ba[Au2SnS4]
crystallizes in the orthorhombic crystal system in space group C2221

instead of P21212 as reported earlier. While the principle crystal struc-
ture is not altered, there are significant differences of the interatomic
distances Au-S and Sn-S. A salient property of this crystal structure is
the partial framework composed of AuS2 dumbbells and SnS4 tetrahe-
dra to form chains [(Au2SnS4)2–]� propagating in the [100] direction.
Within the chains a short Au···Au separation of 2.9538(13) Å is ob-

Introduction

Thiostannate anions feature a variety of building units like
e.g. [SnS4]4–, [Sn2S6]4–, [Sn2S5]2–, [Sn2S7]6–, [Sn2S8]2–,
[Sn3S7]2–, [Sn4S9]2–, [Sn4S10]4–, or [Sn5S12]4–. Charge com-
pensation is achieved by different cations including main
group metal cations,[1–9] combinations of main group and
transition metal cations,[10–22] transition metal cations and/or
complexes,[23–34] and organic ammonium and/or metal cat-
ions.[35–40] Several of these compounds exhibit interesting
physico-chemical properties like second harmonic genera-
tion,[17,18] efficient ion exchange behavior for rare earth cat-
ions,[41] promising properties as anode materials in lithium ion
batteries,[39] selective heavy metal cation sequestration from
aqueous solutions,[8] photoconductivity,[28] or photocatalytic
activity for dye degradation,[30] to name just a few. Comparing
the pure inorganic thiostannates the chalcophilic elements e.g.
Cu, Ag, or Au seem to be easily integrated in such compounds
forming tetrahedral scaffolding structures. Thiostannate com-
pounds with Au are rare, and until now, only Cs2Au2SnS4,[42]

K2Au2SnS4 and K2Au2Sn2S6
[43] and BaAu2SnS4

[21] were re-
ported.
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served, while the interchain Au···Au separation is longer at 3.383 Å.
The Ba2+ cation is eightfold coordinated by S2– anions in a distorted
bicapped trigonal prismatic environment BaS8. These polyhedra share
all S2– anions thus generating a three-dimensional network. This con-
nection Scheme generates voids along [100] hosting [(Au2SnS4)2–]�

chains. In addition, the compound has been shown to be luminescent
at the blue-green spectral range with emission maximum at approxi-
mately 21000 cm–1.

In all these compounds, the Au···Au separations are rela-
tively short at about 3 Å indicating weak interactions. These
interatomic Au–Au distances are comparable with the distance
in elemental gold (2.8782 Å[44]). The nature of the interaction
responsible for occurrence of short Au–Au distances was
strongly debated since the late 1980’s.[45,46] Finally, the terms
aurophilic bonding or aurophilicity were created.[47–51] The
title compound, having also comparable short Au–Au dis-
tances, was one of most early examples mentioned during this
discussion.[45] Furthermore, AuI compounds are interesting
luminescence materials, since the aurophilic interaction is in-
volved as a source of the emission process.[52–55] Lumines-
cence, on the one hand, depends on structural features like
e.g. pairs, rings, chains, or layers[56] and the type of ligands.
Otherwise, it was suggested that the emission energy should
also correlate with the inverse of the Au–Au distance.[57,58]

Actually, these correlations are complex. However, in very
simplified terms it seems likely that with increasing Au–Au
distances implying decreasing aurophilic interactions, the
emission energy declines and vice versa. Structure–lumines-
cence relationship is a central issue for the development of
luminescent materials.

Recently, we synthesized and characterized the compound
mono(dithiocarbamato)-gold(I), AuS2CNH2.[59] The crystal
structure of this compound features infinite Au chains linearly
coordinated by two sulfur atoms of the dithiocarbamate moiety
[Au–Au = 3.2299(1) Å]. This compound exhibits luminescent
properties at the orange spectral range with an emission maxi-
mum at approximately 26316 cm–1. AuS2CNH2 is an example
of a compound with an extended crystal structure showing lu-
minescence, while the above given examples from the litera-
ture,[52–58] investigated with respect to luminescence, are mo-
lecular AuI compounds. It seems to be necessary to investigate
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especially further AuI-3D structures in order to come perhaps
later to a general conclusion about the relationship between the
dimensionality of a structure and luminescence. In this context,
a re-examination of Ba[Au2SnS4], applying modern measure-
ment methods, appeared to be worthwhile. Herein, we report
about the results of a revised single crystal structure analysis,
powder X-ray diffraction investigations based on synchrotron
radiation data and luminescence properties observed irradiat-
ing the sample with UV light.

Experimental Section

Synthesis: The synthesis procedure was reported in our earlier
work.[21] Ba[Au2SnS4] formed during a solid state reaction from the
mixture of the binary starting sulfides (BaS, Au2S and SnS2) in the
temperature range 400–540 °C in sealed silica glass ampoules with the
starting materials placed in sintered corundum crucibles. A sulfur ex-
cess is necessary (approx. 1 mol/formula mass of the end product) and
the ampoules were sealed under reduced argon pressure. The investi-
gations described here were carried out with a still available sample
from the earlier work.

X-ray Powder Diffraction: Synchrotron powder X-ray diffraction
was carried out at PETRA III, beamline P0.21[60] (DESY, Hamburg)
with a wavelength of λ = 0.20712 Å. The sample was loaded in a
0.3 mm glass capillary. The instrumental resolution was determined by
refinement of LaB6 (NIST SRM 660c) as standard using a Thompson-
Cox-Hastings pseudo-Voigt profile. Rietveld refinements were carried
out using Topas Academic version 6.0.[61]

Single-crystal X-ray Investigation: A STOE Imaging Plate Diffrac-
tion System (IPDS-1) with graphite monochromatized Mo-Kα radiation
(λ = 0.7107 Å) was used to collect single-crystal X-ray diffraction data
of a red, needle shaped crystal at ambient temperature. After the cor-
rection of the raw data for Lorentz and polarization effects, the space
group (C2221, vide infra) was determined with the help of X-RED,[62]

and the absorption correction was applied using X-RED and
X-Shape[63] The SHELXL-2014 program package[64] was used for the
location of the heavy atom positions from Patterson synthesis, and
to solve the crystal structure. The final refinement with anisotropic
displacement parameters was performed against F2. Technical details
of the data acquisition and selected refinement results are summarized
in Table 1. The final atomic coordinates as well as the equivalent iso-
tropic displacement parameters are listed in Table S1 (Supporting In-
formation). Table 2 shows the list of selected shortest interatomic dis-
tances and bond angles.

Crystallographic data (including structure factors) for the structure in
this paper have been deposited with the Cambridge Crystallographic
Data Centre, CCDC, 12 Union Road, Cambridge CB21EZ, UK.
Copies of the data can be obtained free of charge on quoting the de-
pository number CCDC-2031831 (Fax: +44-1223-336-033; E-Mail:
deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

Luminescence Measurements: Luminescence measurements were
carried out with a FL322 Fluorolog-3 fluorescence spectrometer (HO-
RIBA Jobin Yvon GmbH), containing a 450 W xenon lamp, a R928P
photomultiplier, iHR-320-FA triple grating imaging spectrograph, and
a Syncerity CCD detector. The solid Ba[Au2SnS4] sample was mea-
sured at room temperature in Suprasil® quartz ampoule. The color
coordinates were calculated from the measured luminescence spectra,
applying the Software Origin®.[65]
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Table 1. Crystal data and structure refinement for Ba[Au2SnS4].

Ba[Au2SnS4]

Empirical formula Au8 Ba4 S16 Sn4

Formula weight 3112.88
Temperature /K 298(3)
Wavelength /Å 0.71073
Crystal system orthorhombic
Space group C2221

a /Å 6.6387(3)
b /Å 11.0605(7)
c /Å 10.9676(6)
Volume /Å3 805.32(8)
Z 1
ρ (calculated) /g·m–3 6.418
μ /mm–1 45.144
F(000) 1312
Crystal size /mm3 0.143�0.112�0.081
Θ range for data collection /° 3.579 to 28.249°
Reflections collected 4106
Independent reflections 999
R(int) 0.0511
Completeness to Θ = 25°/% 100.0
Absorption correction numerical
Max. /min. transmission 0.0385 / 0.0095
Refinement method Full-matrix least-squares on F2

Data / restraints / parameters 999 / 0 / 40
Goodness-of-fit on F2 1.091
R1 [Fo � 4σ(Fo)] 0.0363
wR2 [Fo � 4σ(Fo)] 0.0976
R1 (all data) 0.0385
wR2 (all data) 0.0991
Absolute structure parameter 0.01(3)
Extinction coefficient 0.0020(3)
Δρ /e·Å–3 1.901 / –1.423

Table 2. Selected bond lengths /Å and angles/° for Ba[Au2SnS4] (stan-
dard deviations in parenthesis).

Ba–S 3.238(5) 2�
Ba–S 3.285(5) 2 �
Ba–S 3.378(5) 2�
Ba–S 3.424(5) 2�
Au–S 2.314(5)
Au–S 2.324(5)
Sn–S 2.416(5) 4�
Au–Au 2.9538(13)
S–Au–S 177.3(2)
S–Sn–S 108.7(2)
S–Sn–S 106.6(2) 2�
S–Sn–S 113.6(2) 2�
S–Sn–S 107.9(2)

Supporting Information (see footnote on the first page of this article):
Atomic coordinates (Table S1). Comparison of the BS8 polyhedra for
some selected thiostannates (Table S2))

Results and Discussion

Ba[Au2SnS4] crystallizes in the orthorhombic space group
C2221 (no. 20), and the C-centering is unambiguously present
which was overlooked in[21] where the space group P21212
was reported. The inspection of the polycrystalline product
indicated that a minor impurity phase is present. For semi-
quantitative determination of the side-phase in-house X-ray
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data collected with Cu-Kα radiation are not suitable due to the
pronounced absorption of X-rays. Even in a thin capillary of
0.3 mm diameter, the absorption coefficient μr is ca. 11, pre-
venting a reliable determination of the amount of the side-
phase. Hence, we decided measuring an X-ray powder pattern
using hard X-rays available at P02.1 (DESY) allowing collect-
ing data of high quality with negligible absorption effect (μr ≈
0.25), which are also suitable for a Rietveld refinement. The
refinement (Figure 1) was only successful using the space
group C2221 supporting the results of single crystal structure
determination. We note that the lattice parameters obtained by
the Rietveld refinement agree well with that determined on a
single crystal. Moreover, the Rietveld refinement resulted in a
contamination of the product by about 13 % elemental Au and
a small amount of an unidentifiable by-product.

Figure 1. Result of the Rietveld refinement of X-ray data collected at
DESY (λ = 0.20712 Å). Vertical bars indicate the positions of Bragg
reflections. Impurity lines from an unknown compound are marked
with an asterisk.

In the crystal structure the unique Sn4+ cation is surrounded
tetrahedrally (Figure 2) by four S2– anions with Sn–S bond
length of 2.416(5) Å, which is comparable with bond lengths
in other related thiostannates.[19–22] The sum of the ionic radii
is Σ = r(Sn4+) + r(S2–) = 2.39 Å,[66] and the experimental bond
length agrees well with this value. The S–Sn–S angles indicate
a moderate distortion of the tetrahedron (Table 2). The unique
Au+ cation is linearly coordinated in a dumbbell-like fashion
(Figure 1) with Au–S bond lengths of 2.314(5) and
2.324(5) Å. The S–Au–S angle of 177.3(2)° indicates a small
deviation from linearity. (see Table 2). Deviations from linear-
ity of the S–Au–S angle have been mentioned earlier in the
literature, e.g. for Cs2Au2SnS4 173.8°,[42] for K2Au2SnS4

175.1°, 174.6°, for K2Au2Sn2S6 175,4°,[43] for
Au2[S2CN(C2H5)2]2 177.1°, 176.8°,[67] for [Au(mpdtc)]2

171.3° –172.5°[56] [(mpdtc) = methyl(2-(pyridin-2-yl)ethyl)di-
thiocarbamate], and for Tl2Au2S3 175°.[68]

The intra-chain Au···Au separation of 2.9538(13) Å is only
slightly longer than in elemental Au (2.8782 Å),[44] whereas
the inter-chain Au···Au separation is longer at 3.383 Å. The
AuS2 dumbbells connect two adjacent SnS4 tetrahedra, as de-
picted in Figure 2. This connection scheme generates chains
[(Au2SnS4)2–]� propagating in the [100] direction (Figure 2).
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Figure 2. Interconnection of the SnS4 tetrahedra and the AuS2 dumb-
bells generating chains [(Au2SnS4)2–]�.

The Ba2+ cations are in a distorted archimedic anti-prismatic
or bicapped trigonal prismatic environment. The mean Ba–S
bond length of 3.331(5) Å (Table 2) corresponds to the sum of
the ionic radii [Σ r(Ba2+) + r(S2–) = 3.26 Å[66]]. The BaS8 poly-
hedra are joined by corner-sharing of all eight S2– anions form-
ing a three dimensional network (Figure 3, top). This network
contains channels along [100] hosting the [(Au2SnS4)2–]�

chains (Figure 3, bottom).
Due to the strong distortion the description of the geometry

of coordination polyhedron (BaS8) is not straightforward.
However, when compared with some selected thiostannates,
compositional variants of the TlSe type,[69] which have a tetra-
hedral framework structure, a special feature can be identified.
Table S2 (Supporting Information) shows the Ba–S distances
for seven examples. In five of these all Ba-S distances are
relatively close to the mean values in the range of 3.22 to
3.33 Å. In contrast for Ba[Au2SnS4] two Ba–S bonds at
3.424(5) Å are clearly outside this range. For Ba3[CdSn2S8]
[70(e)] this is even more pronounced with 3.510(6) Å. In these
cases the description of the BaS8 polyhedron as a bicapped
trigonal prism is possibly more appropriate. The volume and
shape parameter S of the Ba polyhedron was calculated using
the minimum bounding ellipsoid (MBE) approach[71] yielding
V = 151.2 Å3 and S = –0.l7, indicating that the polyhedron is
axially compressed. For Sn the volume is 58.8 Å3 and S =
–0.05, indicating only a small axial compression of the tetrahe-
dron. We analyzed the six compounds listed in Table S2 (Sup-
porting Information) with the MBE method. While the vol-
umes of the SnS4 tetrahedra show no pronounced variation
(54.7–56.8 Å3) indicating a relatively rigid behavior, the vol-
umes of the BaS8 polyhedra are much more variable with vol-
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Figure 3. Polyhedral representation of the three-dimensional network
generated by corner-sharing of the BaS8 polyhedra (top) and location
of the SnS4 tetrahedra and Au+ cations (bottom).

umes between 132.8 Å3 and 150.4 Å3, i.e. the Ba2+ environ-
ment is flexible adapting the structural packing requirements
of the different constituents. The construction of the crystal
structure is reminiscent of that of KFeS2

[72,73] and the struc-
tural principle reported for TlSe[69] or TlS, respectably.[74] In
these compounds chains made of edge-sharing tetrahedra are
observed. However, the AuS2 dumbbells replace every second
tetrahedron in the chains, respectively. The Au–Au distance
obtained here is the shortest compared to the values reported
for the other three thiostannates mentioned above, with Au–Au
= 3.13091(13) Å for Cs2Au2SnS4,[42] having an isostructural
framework Au–Sn–S to the title compound, and K2Au2SnS4

[Au–Au = 3.363(2) Å, 3.929(2) Å and 4.015(3) Å], and
K2Au2Sn2S6 [Au–Au = 3.010(2) Å].[43] The latter two com-
pounds have different structural frameworks compared to the
title compound.

The emission spectrum of Ba[Au2SnS4] (Figure 4, ν̃ex =
34483 cm–1) is composed mainly by a broad band distributed
between approximately 17500 cm–1 and 27000 cm–1 with a
maximum at 21000 cm–1, whereas the excitation band is lo-
cated at the energy range � 25000 cm–1 (Figure 4, ν̃em =
22222 cm–1). These optical properties result in the lumines-
cence at the blue-green spectral range, with Commission inter-
nationale de l’éclairage (CIE) 1931[75] color coordinates of
x = 0.1525 and y = 0.2834 (Figure 5). This luminescent
behavior can be assigned to aurophilic interactions.
Similar luminescence behavior for AuI compounds was
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already reported in the literature, for instance, for the
compounds [Au(epdtc)]2,[56] [Au(mpdtc)]2 [Au···Au:
2.7525(7)–2.7783(8) Å, λem,max = 17778 cm–1],[56]

[C2mim][Au(SCN)2],[76] Au2(NHC-(CH2)3-NHC)2(PF6)2
[77]

(Au···Au: 3.189 Å; λem,max = 21187 cm–1) Au2(NHC-(CH2)3-
NHC)2Br2

[77] (Au···Au: 3.132 Å; λem,max = 22728 cm–1)
[epdtc = ethyl(pyridine-4-ylmethyl)dithiocarbamate, mpdtc =
methyl(2-(pyridin-2-yl)ethyl)dithiocarbamate, C2mim = 1-
alkyl-3-methylimidazolium]. As already mentioned in the in-
troduction, it seems likely that with increasing Au–Au dis-
tances the emission energy declines and vice versa. However,
this was shown e.g. for a series of bis(thiocyanato)-aura-
tes(I)[58] and therefore, perhaps this is a special correlation not
necessarily applicable to the title compound.

Figure 4. Emission (ν̃ex = 34483 cm–1, continuous curve) and exci-
tation spectra (ν̃em = 22222 cm–1, dotted curve) of Ba[Au2SnS4].

Figure 5. Plot of color coordinates of x = 0.1525, y = 0.2834 of
Ba[Au2SnS4] on the chromaticity diagram CIE 1931.[75]

Conclusions

We reinvestigated Ba[Au2SnS4] motivated by our observa-
tion that even AuI compounds with an extended structure show
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luminescence properties. The results show that the true space
group is C2221 in contrast to what was reported earlier. While
the main structural features are not significantly different to
the model presented in,[21] several geometric parameters are
significantly changed. In the structure the shortest Au···Au sep-
aration among the AuI containing thiostannates is observed and
the distance is only about 3 % longer than in elemental Au. An
analysis of the related Ba2+ containing thiostannates demon-
strates a rigid behavior of the SnS4 tetrahedra while the BaS8

polyhedron seems to be flexible reacting on the structural
requirements of the other constituents by Ba–S bond lengths
variation and distortion. In the former model the existence of
a block structure was assumed, in which areas of the unit cells
with identical arrangement superimpose with those twisted
lengthwise [001] by 90° (note here we have different cell-ori-
entation). This approach in fact led to significant distortions
of the true coordination polyhedra though, not to fundamental
changes in the structure principle of the crystal lattice. In any
case, the present study with newly measured X-ray data has
clearly shown that the description presented in reference[21]

was inaccurate.
Actually, the compound tends to crystallize twinned. The

structure could only be refined successfully as a 2-component
inversion twin. Surely, this also applies to the data set of the
old crystal used at that time (1978). Ba[Au2SnS4] is a rare
example of a three-dimensional material showing lumines-
cence at the blue-green spectral range with emission maximum
at approximately 21000 cm–1. This seems plausible in com-
parison e.g. with the observed emission of AuS2CNH2, and
the presumed correlation between the emission energy and the
distance Au···Au (vide supra, introduction). Whether a rela-
tionship between the energy of the luminescence and the
Au···Au separation can be established for three dimensional
AuI containing materials requires characterization of many
more compounds. Finally, we would like to refer to two very
recently published reviews,[78,79] which also seem interesting
in connection with this article and the title compound. The first
review deals with innovative molecular design strategies in
materials science that follow the aurophillic concept. The latter
refers to the fact that short Au···Au contacts are found that
exhibit all kinds of multi-stimulus-induced light-emitting prop-
erties.
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