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New Transition Metal Oxo-Thiostannate: Synthesis,
Characterization, and Investigation of its Photocatalytic Properties

Assma Benkada,'®! Michael Poschmann,'® Christian Nither,'*! and Wolfgang Bensch*!!

Abstract.  The new  wansiion  metal  oxo-thiostannate
{[Ni(cyclen) ][ SngS 120200H)4 | }2(C104) 19H,O (1) was  prepared
under  hydrothermal  conditions using  NaySnS, 14H.O  and
[Nifeyelen)[(C10y), as reactants, In the crystal structure the rarc
[Sn6S120:(0H)6 ' anion is observed, which is composed ol

SnS,0(0H); and SnS,0, octahedra, and SnS, letrahedra sharing edges
and comers. The anion is expanded by six Ni** centered complexes
via Ni-S and Ni-OH bonds. The photocatalytic propertics for the
visible light driven hydrogen evolution reaction shows  that
26.6 mmol-g~' H, were evolved alter 3 h.

Introduction

Thiostannates, oxo-thiostannates and tin-sulfur compounds
are an interesting group among the group of thiometalates
compounds that show a versatile structural behavior and are
promising candidates as catalysts, ion exchangers, absorbers
and as sensors.”" ! Due to the variable coordination number
and oxidation state of tin, the different tin building units like
tetrahedron, trigonal bipyramid, and octahedron are observed
in the crystal structures of thiostannates.!”] The most thio-
stannates(TV) and tin-sulfur compounds contain the [Sn,S¢]*
anion,'®’ which is formed by two edge-sharing [SnS,*
tetrahedra. The [Sn,S¢]* anion is either isolated
as in  NaySnySe-14H,0,71  [Ni(2amp)s][SnsSe]-9.5H,0,®!
[Ni(tren)(amine)]o[ Sn.Se|-#H-O  [amine 1,2-diaminocyclo-
hexane (1,2-dach); 2-(aminomethyl)pyridine (2amp); ethylen-
diamine (en); 1,2-diaminopropane (1,2-dap); n = 2, 3, 4, 6,
101,11 [Ni(aepa)y|-[SnySsl  (acpa N-2-aminoethyl-1,3-
propandiamine), [Ni(peha)|[Sn,S¢l-H-O  (peha penta-
ethylenehexamine), [Co(dien),]s[Sn,Se] (dien = diethylene-
triamine), "1 [M(en)s;]a[Sn,Se] (M = Co, Mn, Zn),""' or is
bonded covalently to transition metal cations such as in
{[M(tepa)]a[SnaSel} (M Co, Fe, Ni; tepa tetraethyl-
enepentamine)''?! forming neutral complexes,

In addition to the [Sn,S4]* anion, different other thiostann-
ate anions like [SnS;]%, [SnS4]*, [SmySs1®, [SnyS4]%,
[SnuSg1?, [SnsS517, [SnuSol™, [SnsSia)* 13171 or the
tetrameric adamantane-like unit [Sn,S,o[* are known.!'3!
In the above mentioned anions tin is in the oxidation
state  IV. However, in the compounds BalnSn,Se
(Ln Ce, Pr, NdU¥  (trenH;)Cu;8n,8,5,'”
[(PhsPCu)s {(CH,)sSnS: |« CuaSn, P [(R*Sn),SnS.], {[(R*Sn)

* Prof. Dr. W. Bensch

Fax: +49-431-880-1520
E-Mail: wbensch@ac.uni-kiel.de

[a] Institute of Inorganic Chemistry
Christian-Albrechts-University of Kiel
Max-Eyth-Str. 2
<postCode/24118 Kicl. Germany

= Supporting information for this article is available on the WWW
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(R™Sn)SnS,],FeR™C} {R? C(Me)>,CH,C(Me)=NNH,,
R4 = [C(Me)>CH,C(Me)=N-NHC(0)]fC[C(O)NH-NH,, and
RCO = [fC(CO0R]I* 1P [(CuPPhy),(Sn"ClL{(RSN™),Se, )],
[(CuPPhs)o(Sn""Cu,) {(R'Sn'™),Se4) 5],

[(CuPPh3)>(Sn"C1)>{ (R'Sn'YC1)Ses }-] and
[Cu(CuPPh3)(Sn"Cus}{ (R'Sn'Y),Se, }5] [R'=
CMe,CH,C(O)Me] 1221 tin adopts the oxidation states 1T
and v, whereas in [{(CMe,CH,C(O)Me)Sn)a(p-
$),18n,84],/23! Sn'™" and Sn'V cations are observed.

In contrast to [Sn,S,]"" anions, oxo-thiostannale anions
[Sn,S,0.1" are relatively rare and much less investigated.
Prominent representatives are [8n4585004]% 2%
[SUwSquCma,Dﬁ] [SHSSIZCM(SPh)(,]E’ =
[SngS1202(0H);Cls]* 2% and [Sn,Ss5(S3)0CLI* > Among
these anions the [Sn;,S,;0,4]% anionic cluster is most com-
mon. It has an idealized T, symmetry and can be described as a
supertetrahedral cluster (denoted as T3) formed by ten corner-
linked SnS, polyhedra. Four empty sites are occupied by 0>~
anions expanding the coordination number of Sn from four
to five or six.**2>21 All §n-0-S compounds contain isolated
[Sn;4S2004]% anionic clusters with inorganic cations compen-
sating the negative charges like in [Csg(H,0)3][Sn;¢S2004]%"!
and  [Lig(H20)501[S1165200412H,0,*!  and  only  in
{[Ni(1,2-dach)>(ma)]4[SnyS:0041}  (1,2-dach 1,2-diami-
nocyclohexane; ma = methylamine)'*°! the cluster is expanded
via sulfur atoms to Ni** centered complexes.

In this context, we have reported on a new oxo-thiostannate
with the composition [Ni(cyclen)(H,0),]4[Sn,0S:00,] car
13H,0 that consists of a T3-type [Sn;pS2,04] cluster anion.
The negative charge is compensated by Ni** cations that are
coordinated by four nitrogen atoms of a cyclen ligand. The
octahedral Ni coordination is completed by two additional

water molecules that occupies the axial positions, leading to
the formation of a [Ni(cyclen)(HQO)z]z* cation. Therefore,
they are not connected to the cluster anion. Surprisingly, the
oxothiostannate cluster has formed only by the reaction of
[Ni(cyelen)(H,0),](C104)H,O  with  Na,SnS, 14H,0 in
water. The reaction mechanism for the formation of this oxo-
cluster is still not fully understood, but it is assumed that
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[SnS3(OH)P~ is formed, which condense to generate
[SnySsO1*- that further reacts with [SnyS;]™  vielding
[Sn4S1p01° anions. These anions might be further linked by
sulfur atoms leading to the formation of the [Sn;San04]*
cluster.' Based on these assumptions the question arises,
whether additional oxo-thiostannate clusters can be synthe-
sized using these reactants and if bond formation between the
Ni?* cations and the cluster anions can be enforced by using
slightly different synthesis conditions, e.g. less water in the
slurry.  Therefore, we reacted NaySnS, 14H,O  with
[Ni(cyclen)](ClO,); under hydrothermal conditions and we ob-
tained a new oxo-thiostannate cluster with the composition
{[Ni(cyclen)]s[SngS120-(0OH)gl}.  Finally, this compound
shows promising photocatalytic properties and therefore, such
investigations were also conducted. Herein we report on these
investigations.

Experimental Section

Na,SnS,-14H,0 and [Ni(cyclen)](ClOy), were synthesized according
to literature methods.*>*31 Generally, the reaction products were fil-
tered off, washed with tiny amounts of water, and dried at ambient
conditions.

Caution: Perchlorates are potentially explosive if heated and must be
handled with care.

Synthesis of {[Ni(cyclen)]s[SngS;,0,(0H)s]1}2(Cl0,4)- 19H,0 (1):
Na,SnS14H,0 (147.8 mg. 025 mmol) and  [Ni(cyelen)|(C104),
(107.5 mg, 0.25 mmol) were reacted in a glass tube with 2 mL H,O
for 7 d at 120 °C. The mixture was cooled down (o room temperature,
filtered off, and the blue-green mother liquor was kept in a refrigerator
until blue-green block-like crystals were formed (12% yield based on
Sn). Elemental analysis: caled. C: 18.26, H 5.23, N 10.64 %; found C
17.33, H 4.94, N 10.07

Structure Determination: Data [or compound 1 were collected with
a STOE IPDS-1 (Imaging Plate Dillraction System) with graphite mo-
nochromated Mo-K,, radiation (4 = 0.7107 A) at 170(2) K. The struc-
ture was solved with direct methods using the program SHELXS-
97,131 and the refinements were done with SHELXL-2014.1%31 All non-
hydrogen atoms were refined anisotropically. The C-H hydrogen
atoms were positioned with idealized geometry and were refined iso-
tropically with Ui (H) = 1.2 U,(C) using a riding model. The hydroxy
hydrogen atoms were located in the difference Fourier maps, their
bond lengths were set to ideal values and finally they were refined
isotropically with Ui (H) = 1.5 U, (O) using a riding model. The
water hydrogen atoms were not located but considered in the calcula-
tion of the formula and the molecular weight. One of the perchlorate
anions is disordered on a center of inversion and was refined using a
split model. The position of the other perchlorate anion seems to be
disordered with water molecules and was refined with only half occu-
pation. Several water molecules are also disordered and were refined
using a split model with in part not full occupation (Table S1, Support-
ing Information).

Crystallographic data (excluding 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-1863370 (Fax: +44-1223-336-033; E-Mail:
deposit@ccde.cam.ac.uk, http://www.cede.cam.ac.uk).

Characterization Methods

X-ray powder Diffractometry: The powder diffraction patterns were
collected with a STOE Stadi P diffraclometer equipped with a
MYTHEN 1K detector (DECTRIS) using germanium monochro-
matized Cu-K,; radiation (4 = 1.540598 A). The cxperimental and the
calculated patterns using the single-crystal X-ray data match perfectly
indicating phase purity ol the samples (Figure S1. Supporting Infor-
mation),

Energy dispersive X-ray Spectroscopy (EDX): EDX analyses (Table
§2, Supporting Information) were performed with a Philips Environ-
mental Scanning Electron Microscope ESEM XL30 equipped with an
EDX detector.

Elemental Analysis: CHNS elemental analyses were performed with
a EURO EA Elemental Analyzer (EURO VECTOR Instruments and
Softwarc).

Infrared Spectroscopy: IR spectra were measured in a region from
400 to 4000 cm™! with a Bruker Alpha P spectromeler.

UV/Vis Spectroscopy: UV/Vis analyses were performed at room tem-
perature with an UV/Vis/NIR two channel spectrometer Cary 5 (Varian
Techtron Pty., Darmstadt, 200-3000 cm™') using BaSO, as reference
material, The UV/Vis reflectance data were transformed applying the
Kubelka—Munk [unction.

Thermogravimetric Analysis: Thermogravimetric analysis was per-
formed with a Linseis STA PT1600 instrument. The sample was heated
in a nitrogen atmosphere with a heating rate of 4 K-min™".

Photocatalytic Hydrogen Evolution: In the photocatalytic experi-
ments, 1 (10mg, 3.2pumol) or [Ni(eyclen)(H,0):1(Cl04),-HO
(9.3 mg, 19.2 pmol) and [Ru(bpy);](PFg), (8.6 mg, 1 pmol) as photo-
sensitizer were ftransferred in a double-walled thermostatically con-
trolled vessel. Triethylamine (10 mL) and acetonitrile (10 mL) were
dried with CaH,, distilled in a nitrogen atmosphere, and added to the
mixture. Subsequently, degassed H,O (3 mL) was added. The reaction
mixture was stirred in the dark for 1 h and irradiated with UV light
(330 W Xe lamp with a 400 nm cut-off filter) at 30 °C. The evolved
gas was collected after distinct reaction times and was quantified by
gas chromatography using an Agilent 6890 Plus gas chromatograph
with a 5 A molecular sieves column and TCD detector with argon as
carrier gas.

Supporting Information (see footnote on the first page of this article):
Crystal data and refinement results; X-ray powder pattern of the title
compound; Tables with distances and angles: TR and UV-Vis spectra;
X-ray powder patterns of the pristine samples, dehydrated and re-
hydrated; additional photocatalysis curves.

Results and Discussion

Crystal Structure

The compound {[Ni(cyclen)]g[SngS,,0,(OH)g] }+2(ClOy,)*
19H,0 (1) crystallizes in the monoclinic space group C2/c
with four formula units per unit cell. The [SngS;20,(OH)4]'
anionic building unit is located on a center of inversion and
consists of three crystallographically independent Sn cations
that exhibit different coordination arrangements (Figure 1 top).
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Figure L. The structure of the [SneS;20,(0H}s)'® anion with labelling
(top) and in polyhedral representation (bottom) in compound 1. Only
the crystallographically unique atoms are labeled.

Snl is coordinated by three terminally bonded OH™ anions,
wo Hp-bridging S atoms, and one p3-O atom to form a
SnS,0(0H); octahedron. Sn3 is also octahedrally coordinated,
but by one terminal and three p,-bridging S atoms as well as
two p3-O atoms forming SnS,0; units. Sn2 is in a tetrahedral
environment of four S atoms. Each two SnS,0, octahedra are
linked via two O atoms sharing common edges forming a
double octahedron (Figure 1 bottom). The double octahedron
is further connected to two SnS,0(OH); units by ps-oxo and
H>-S atoms sharing common edges into tetranuclear units, in
which the Sn atoms are coplanar. The two SnS, tetrahedra are
located above and below this plane and are linked to two
SnS,0; and one SnS,O(OH); octahedra by common corners.

The Sn-S bond lengths are in the range of 2.386(2) to
2.623(2) A for bridging $>*, whereas the bonds to terminal $2-
are between 2.327(2) and 2.408(2) A (Table S3, Supporting
Information). The p;-O-Sn bonds are between 2.075(5) and
2.128(5) A. Similar values have also been reported in litera-
ture.[7:30:36:37.381 The Sn—OH bond lengths range from 2.066(6)
to 2.102(6) A and are significantly shorter than for bridged
OH- anions (2.310 and 2.348 A) (Figure S2, Supporting Infor-

mation). According to BVS. analysis, the oxidation states of
the O atoms of the hydroxyl groups are between (.68 and (.77
(average: 0.71) and the oxidation state of the p3-O atom is
2.08, which is in agreement with bridging 0> and terminal
OH" anions 1. In the two different Sn octahedra, the angles
around Sn indicate a severe distortion (Table §3, Supporting
Information). The S—Sn-§ angles in the SnS, tetrahedron are
between 105.42(7) and 109,05(9)° indicating a moderate dis-
tortion,

The SngS;302(0H), cluster anions are expanded by six
[Ni(cyclen)]** cations, of which four are coordinated by S*~ and
by two OH™ anions into {[Ni(cyclen)]q[SngS;,0.(0H)e]}>*
cations and the positive charge is compensated by two ClIOy
anions (Figure 2). The Ni** cations within these clusters form
a trigonal antiprism (Figure S3, Supporting Information). The
cluster is stabilized by strong intramolecular O-H--S and
N-H-+§ hydrogen bonds between the S atoms and the
hydroxyl and amino hydrogen atoms (Figure 2 bottom and
Table S4, Supporting Information). There are additional weak

Figure 2. [[Ni(cyclen)]s[SneS,,0-(OH)6]}?* cluster cation with view
along (top) and perpendicular (bottom) to the plane formed by the
octahedral coordinated Sn cations in the crystal structure of 1. Intramo-
lecular O-H-S and N-H--§ hydrogen bonding is shown as dashed
lines and C-H hydrogen atoms are omitted for clarity.
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Figure 3. Coordination sphere of the three octahedrally coordinated Ni
cations in the crystal structure of 1. The C-H hydrogen atoms are
omitted for clarity.

In the crystal structure of 1 the
[[Ni(cyclen)]¢[SneS ,0,(0H)g] }>* cations are linked into
chains by centrosymmetric pairs of C—H-+§ hydrogen bonds
(Figure S4 and Table S5, Supporting Information). Between
the chains the perchlorate anions are located that are hydrogen
bonded to the cations (Figure 4). This includes one strong
N-H+O hydrogen bond with a H~O distance of 2.32 A and
the corresponding N-H++O angle of 158.4° as well as a number
of weaker C—H=O interactions (Table S5). By this arrange-
ment cavities are formed, in which the water molecules are

Figure 5. View of the hydrogen-bonded network generated by inter-
molecular O++O interactions between the water molecules, perchlorate
anions, and the anionic [SngS20,(0H);]'® anions (dotted grey lines)
as well as within the anionic unit (dotted turquoise lines).
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