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Abstract

The aims of the present work were the synthesis and characterization of new
thiostannates, oxo-thiostannates and tin-sulfide compounds. The salt NasSnS4:-14H20
was used as precursor, which was reacted with transition metal complexes containing
macrocyclic amine ligands. The advantage of macrocyclic amine ligands is on the one
hand they form very stable complexes and on the other hand they provide one or two
free coordination sites so that a bond formation between thiostannate anion and
transition metal cation is possible, if the transition metal cation prefers an octahedral

environment.

The formation of NasSnSs4+-14H20 was investigated demonstrating that
NasSnS4-14H20 could be prepared through a new simple procedure reacting
Naz2S-9H20 with SnCls-5H20 in H20 at room temperature. For the precipitation of the
product dried acetone was added to the aqueous solution. Furthermore, the stability of
NasSnS4:14H20 was investigated indicating that NasSnS4-14H20 transforms slowly to
the new compound NasSn2Se-5H20 in the solid state. The formation of NasSn2Se-5H20
probably requires a protonation of the terminal S anions and condensation of the
protonated species under release of H2S. In addition, the stability of NasSnS4-14H20
in H20 was investigated by '°Sn-NMR spectroscopy demonstrating that the [Sn2Se]*

anions were formed very fast in aqueous solution.

NasSnSs4-14H20 was reacted with the complexes [Ni(cyclen)](ClO4)2 and
[Ni(cyclen)(H20)2](ClO4)2-H20 under hydrothermal conditions leading to the generation
of new oxo-thiostannate compounds: {[Ni(cyclen)]s[SneS1202(OH)s]}-2(ClO4)-19H20
and [Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20 (cyclen = 1,4,7,10-tetraazacyclo-
dodecane). The crystal structure of {[Ni(cyclen)]ls[SneS1202(OH)s]}-2(ClO4)-19H20 is
constructed by the rare cluster [SnsS1202(OH)s]'% and six Ni?* centered complexes
which are covalently bonded to the cluster via Ni-S und Ni—OH bonds. In
[Ni(cyclen)(H20)2]4[Sn10S2004] -~13H20 only isolated cations and anions are observed.
Both compounds display good photocatalytic activity for H2 generation. Investigations
of the thermal properties of both compounds indicate that the water molecules of
[Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20 can be reversibly removed and incorporated
without structural collapse. However, the crystal water of
{[Ni(cyclen)]s[SneS1202(OH)e]}-2(ClO4)-19H20 cannot be reversibly removed and



treatment with small amounts of water was required leading to the generation of the

pristine material and an unidentified phase.

Using the [Cu(cyclam](ClO4)2 complex (cyclam = 1,4,8,11-tetraazacyclotetradecane)
the new layered compound {[Cu(cyclam)]2[Sn2Se]}n-2nH20 could be obtained, which is
the first thiostannate compound containing Cu(ll) cations.
{[Cu(cyclam)]2[Sn2Se]}n-2nH20 was synthesized at room temperature using H20 as
solvent. In the crystal structure distorted CuN4S2 octahedra are observed. The
distortion of the octahedra was confirmed by EPR spectroscopy. The sample can be
dehydrated and rehydrated without changing the crystallinity of the material.

Similar to the synthesis of {{Cu(cyclam)]2[Sn2Ss]}n-2nH20, syntheses were performed
using the complexes [Ni(L1)](ClO4)2 and [Ni(L2)](CIO4)2 (L1 = 1,8-dimethyl-
1,3,6,8,10,13-hexaazacyclotetradecane and L2 = 1,8-diethyl-1,3,6,8,10,13-
hexaazacyclotetradecane) at room temperature leading to crystallization of new
compounds: [Ni(L1)][Ni(L1)Sn2Se]n'2H20 and [Ni(L2)]2[Sn2S6]-4H20. Since the
complexes [Ni(L1)](ClOa4)2 and [Ni(L2)](ClO4)2 are poorly soluble in water but exhibit a
good solubility in organic solvents like acetonitrile or dimethylsulfoxide, syntheses were
carried out by overlaying an aqueous solution of NasSnSs4-14H20 with the
[Ni(L1)](ClO4)2 complex dissolved in acetonitrile or by overlaying a solution of the
[Ni(L2)](ClO4)2 complex dissolved in dimethylsulfoxid with an aqueous solution of
NasSnS4:-14H20.



Kurzzusammenfassung

Die Ziele der vorliegenden Arbeit waren die Synthese und Charakterisierung neuer
Thiostannate, Oxo-Thiostannate und Zinn-Sulfid-Verbindungen. Als Precursor wurde
das Salz NasSnS4-14H20 verwendet, welcher mit Ubergangsmetallkomplexen zur
Reaktion gebracht wurde. Die Komplexe beinhalteten ausschliel3lich makrozyklische
Amin-Liganden, da diese einerseits sehr stabile Komplexe bilden und andererseits
eine oder zwei freie Koordinationsstellen zur Verfigung stellen, so dass die Bildung
einer kovalenten Bindung zwischen dem Thiostannat-Anion und dem
Ubergangsmetallkation moglich ist, falls das Ubergangsmetallkation eine oktaedrische

Umgebung bevorzugt.

Die Untersuchungen der Bildung von NasSnSs4-14H20 haben gezeigt, dass
NasSnS4:14H20 durch ein neues einfaches Verfahren synthetisiert werden kann. Bei
diesem Verfahren wurde Na2S-9H20 mit SnCls-5H20 in H20 bei Raumtemperatur zur
Reaktion gebracht und zur Fallung des Produktes wurde trockenes Aceton zugegeben.
Des Weiteren wurde die Stabilitat von NasSnS4-14H20 untersucht. NasSnS4-14H20
wandelt sich langsam im festen Zustand in die neue Verbindung NasSn2Ss-5H20 um.
Die Bildung von NasSn2Ss-5H20 erfordert wahrscheinlich eine Protonierung der
terminalen SZ-Anionen und die Kondensation der protonierten Spezies unter
Freisetzung von H2S. Daruber hinaus wurde die Stabilitat von NasSnS4-14H20 in H20
mit "9Sn-NMR Spektroskopie untersucht. Die Ergebnisse der Untersuchungen

zeigten, dass sich [Sn2Se]*-Anionen sehr schnell in Losung bilden.

Bei der Reaktion von NasSnS4-14H20 mit den Komplexen [Ni(cyclen)](ClO4)2 und
[Ni(cyclen)(H20)2](ClO4)2-H20 unter hydrothermalen Bedingungen konnten zwei neue
Oxo-Thiostannate hergestellt werden: {[Ni(cyclen)]s[SneS1202(0OH)s]}-2(ClO4)-19H20
und [Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20 (cyclen = 1,4,7,10-
Tetraazacyclododecan). Die Kristallstruktur der Verbindung
{[Ni(cyclen)]s[SneS1202(OH)e]}-2(ClO4)-19H20 besteht aus dem bisher nicht
beobachteten Cluster [SneS1202(OH)e]'®- und aus sechs Ni?*-zentrierten Komplexen,
welche kovalent am Cluster via Ni-S- und Ni—~OH-Bindungen gebunden sind. In der
Struktur von [Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20 hingegen werden isolierte
Kationen und Anionen beobachtet. Beide Verbindungen zeigten gute

photokatalytische Aktivitat fir die H2-Generierung. Untersuchungen der thermischen



Eigenschaften belegten, dass das Kristallwasser  der  Verbindung
[Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20 ohne Kollaps der Kristallstruktur reversibel
entfernt und wieder eingebaut werden kann. Das Kristallwasser der Verbindung
{[Ni(cyclen)]s[SneS1202(OH)s]}-2(ClO4)-19H20 hingegen konnte nicht unter ambienten
Bedingungen in die Struktur eingelagert werden, und erst nach der Behandlung der
wasserfreien Probe mit wenig Wasser bildeten sich das Ausgangsmaterial und eine

unbekannte Nebenphase.

Bei der Verwendung von [Cu(cyclam](ClO4)2 (cyclam = 1,4,8,11-
tetraazacyclotetradecan) konnte die Schichtverbindung {[Cu(cyclam)]2[Sn2Se]}n-2nH20
synthetisiert werden. Diese stellt das erste Thiostannat dar, welches Cu in der
Oxidation Stufe +Il aufweist. {[Cu(cyclam)]2[Sn2Ss]}n-2nH20  konnte  bei
Raumtemperatur und unter Verwendung von H20 als Lésungsmittel synthetisiert
werden. In der Kristallstruktur liegen verzerrte CuN4S2-Oktaeder vor. Die Verzerrung
der Oktaeder konnte mittels EPR-Spektroskopie bestatigt werden. Die
Wassermolekile, welche sich zwischen den Schichten befinden, kdnnen thermisch
entfernt und anschliellend wieder eingelagert werden. Dabei kommt es zu keiner

Anderung der Kristallinitat des Materiales.

Analog zu der Synthese von {[Cu(cyclam)]2[Sn2Se]}n-2nH20 wurden Synthesen bei
Raumtemperatur durchgefiihrt, in denen die Komplexe [Ni(L1)](ClO4)2 und
[Ni(L2)](ClOa)2 (L1 = 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecan und L2 = 1,8-
diethyl-1,3,6,8,10,13-hexaazacyclotetradecan) verwendet wurden. Dabei konnten die
neuen Verbindungen [Ni(L1)][Ni(L1)Sn2Ss]n-2H20 und [Ni(L2)]2[Sn2Se]-4H20 erhalten
werden. Da die Komplexe [Ni(L1)](ClO4)2 und [Ni(L2)](ClO4)2 eine schlechte Loslichkeit
in Wasser aufweisen, aber in organischen Losungsmitteln wie Acetonitril oder
Dimethylsulfoxid sehr gut I16slich sind, wurde eine wassrige Ldsung von
NasSnS4-14H20 mit einer Losung von [Ni(L1)](CIO4)2, geldst in Acetonitril, oder eine
Lésung von [Ni(L2)](ClOa4)2, geldst in Dimethylsulfoxid, mit einer wassrigen Lésung von
NasSnS4-14H20 Uberschichtet. Mit diesem synthetischen Vorgehen konnten die

beiden Verbindungen erfolgreich hergestellt werden.
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1. Introduction

1. Introduction

1.1 Motivation

The preparation of chalcogenide-based open framework materials was motivated by
their applications in gas adsorption, ion exchange, electrical conductivity and
photocatalysis.['l The first microporous sulfides with germanium and tin were reported
by Bedard et al.[Zl These compounds were obtained under hydrothermal conditions in
the presence of amine molecules acting as template agents.l? Under mild solvothermal
conditions molecular building units remain intact und can be interconnected by corner-
and/or edge-sharing to networks containing pores. The interest in the class of
thiometalates is to combine the typical exchange and catalytic properties of zeolite-like
materials and the optoelectronic features of chalcogenidometalates.] However, the
low thermal stability (< 500 °C) of chalcogenide-based open framework materials limits
their applications very often.['l Nevertheless, there are many thiometalate compounds
that show reasonably good properties in catalysis, ion exchange, ion conductivity and
as absorber material. For example, Cu2Sn1xSixS3 (0.4 < x < 0.6; band gaps of 1.25,
1.35 and 1.45 eV) and [dienH2][Cu2Sn2Se] (dien = diethylenetriamine) display potential
as absorber for photovoltaic devices,*®! the compound [H30]4[CusSn3S12] exhibits high
proton conductivity,[® [CH3NH3]2[Ag4sSn3Ss] reveals photocatalytic activity for
degradation of crystal violet under visible-light irradiation,[’] KeSn[Zn4Sn4S+7] displays
exceptional ion exchange properties for Cs* and NH4" cations,®! in
[Me2NH2]1.33[Me3NH]o.67[Sn3S7]-1.25H20 the protonated amine molecules can be
exchanged by UO22* ions!® and the compound [DMA][H*-TMA]18[H20]14[Sn40016S73]('7]

(DMA = dimethylamine, TMA = trimethylamine) reveals photoluminescence emission.

1.2 Thiostannates

Thiostannates are compounds containing isolated cations and anions.['" In the crystal
structure of thiostannates, different building units like a tetrahedron (coordination = 4),
a trigonal-bipyramid (coordination = 5) or an octahedron (coordination = 6) are
observed. Examples for thiostannate compounds with the [SnSs]* tetrahedron are
NasSnSa4-14H20,1'2 K4SnS4-4H20, RbaSnS4-4H20, Ba2SnS4+-11H20 and
Cs4SnS4-3H20.I"3 Condensation of two [SnS4]* tetrahedra via a common edge leads




1. Introduction

to the generation of the dimeric [Sn2Se]* anion. Additionally to the anions [SnS4]* and
[Sn2Se]*, diverse anions generated by condensation were reported such as [Sn2Ss]?,
[Sn2S7]%, [Sn2Ss]?, [SN3S7]%, [Sn4aSe]%, [SnsS12]* or [SnaS10]*.[11:14-16] |n the [Sn2S7]®
and [Sn4S10]* anions, Sn atoms are tetrahedrally coordinated by S atoms while in the
anions [Sn2Ss]> and [Sn3S7]*, the Sn atoms exhibit a trigonal-bipyramidal
environment. Mixed-coordination numbers of 4 and 6, 4 and 5, and 5 and 6 for Sn are
observed in [Sn2Ss]%, [SnaSe]* and [SnsS12]*, respectively.l'14-16] The condensation
of small structural units to large aggregates depends mainly on the pH value and
concentration ratios of the components.['"! In thiostannate and tin-sulfide compounds
Sn occurs in three oxidation states: +II, +lll and +IV. In the above-mentioned examples
for thiostannate anions Sn exhibits only the oxidation state +|V. However, there are
thiostannate and tin-sulfide compounds, in which Sn adopts the oxidation states +II/IV
or +lI1/1V.['"-201 Such compounds are called mixed-valent. The variable coordination
number as well as the variable oxidation state of Sn lead to a versatility of the crystal
structures of thiostannates and tin-sulfide compounds, in which three types of cations
compensating the negative charge of [SnxSy]™ anions can be distinguished: metal

cations, protonated amine molecules or transition metal complexes.

1.2.1 Metal cations

Thiostannates containing metal cations for charge compensation are e.g.
NasSnSas-14H20,1'2 KaSnS4-4H20, RbaSnS4-4H20, Cs4SnS4-3H20,
Ba2SnS4-11H20,1"3 K2Sn2Ss,[' NasSn2Se-14H20,21 A2Sn2Ss (A = K and Rb),[4
NasSn3Ssl??l and Cs4SnsS12-:2H20,12% which include isolated anions such as [SnS4]*,
[Sn2Ss)%, [Sn2Se]*, [Sn2Ss]?, [Sn3Ss]* and [SnsS12]*. In [Sn2Ss)? only SnSs trigonal-
bipyramids are observed. These bipyramids are connected via two common edges
consisting of one axial S and one equatorial S atom generating chains [SnS3]%, which
are cross-bound by the remaining equatorial S atoms of SnSs forming an anionic 3D
framework. In this anionic framework, 1D tunnels are observed, in which the K* cations
are found.' The [Sn2Se]* units are generated by edge-sharing of two [SnS4]*
tetrahedra.l?'! The structure of the [Sn2Sg]?> anion consists of SnSa4 tetrahedra and SnSe
octahedra, which are linked via sulfide as well as polysulfide anions (S4?") forming a
layered framework. The metal cations K* and Rb* are positioned between the layers.['4]
Similarly, the [SnsS12]*- anion exhibits a layered structure. However, the Sn atoms are

2



1. Introduction

fourfold and sixfold coordinated. The Cs* cations and H20 molecules are located
between the layers.l?®l In contrast, the [Sn3Sg]* units feature a 3D structure, in which
Sn atoms have a tetrahedral as well as trigonal-bipyramidal environment.[?2

The compounds AnBmSnxSy present a further class of thiostannates with charge
compensating metal cations, in which one kind of metal cations is integrated in the
anionic frameworks and the other type balances the negative charge. Examples are:
A2CdSnSs (A = Li and Na), NasCdSn4S12,?41 Rb2Cu2SnS4, Rb2Cu2Sn2Ss, K2Au2SnS4
and K2Au2Sn2Se.[?%! These compounds feature 1D, 2D and 3D structures. Most of these
compounds are synthesized by high-temperature reaction or by molten flux synthesis.
Under solvothermal conditions, amine molecules can be used as structure-directing
reagents generating new thiostannate compounds with crystal structures, which are

not available using high-temperature reaction or molten flux synthesis.

1.2.2 Protonated amine molecules

Compounds with protonated amine molecules as charge balancing cations enclose
mostly layered anions. The most prominent examples are R-SnS-1 and R-SnS-3,
where R represents the type of cations. In these materials, the layered anions [Sn3S7]*
and [SnaSo)?%, respectively are observed (Figure 1).[26:271 Prominent examples include
[DABCOH]2[Sn3S7] (DABCO = 1,8-diazabicyclooctane),['>2"1 [ATEA]2[Sn3S7] (ATEA =
ammonium-tetraethylammonium), [TEA]2[Sn3S7] (TEA = tetraethylammonium),'s]
[TMA]2[Sn3S7] (TMA = tetramethylammonium),i?8 [trenH]2[Sn3S7] (tren = tris(2-
aminoethyl)amine),?® [1AEP]2[Sn3S7] (1AEP = 1-(2-aminoethyl)piperidine),]
[TPA2[SnsSe] (TPA = tetrapropylammonium), [TBA]2[Sn4Se] (TBA =
tetrabutylammonium).['d! The structure of the [Sn3S7]?> anion consists of the clusters
{Sn3S4}, where Sn atoms are in trigonal-bipyramidal environment. The linkage of
{Sn3S4} via (p-S)2 leads to the generation of negatively charged layers, in which
hexagonal rings with 24 atoms are observed. Similarly, the structure of the [Sn4So]*
anion is composed of the clusters {Sn3S4}, which are interconnected by (u-S)2 as well
as by (u-S2SnSz2) units forming elliptically shaped 32-atom rings. In contrast to [Sn3S7]*
layers, the Sn atoms are in a tetrahedral as well as a trigonal-bipyramidal coordination.
The negative charge of the layers is balanced by protonated amine cations located
between the layers. In addition to both materials, there are also thiostannates with

protonated amine molecules containing [Sn2Se]*, e.g. [CHAH]4[Sn2Ss] (CHA =

3
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cyclohexylamine),B [enH]4[Sn2S6],1%2] [enH]a[Sn2Se]-en (en = ethylenediamine),
[C12H25NH3]4[Sn2Se]-2H20B4 and [trenH2]2[Sn2Se].3% In the presence of transition
metal cations, complexes were often obtained, which are in-situ formed and act as

counterions.

or ﬁ@”@
ﬁ; J?; ﬁ;

gt

Figure 1: Crystal structures of the layered [Sn3S7]* (top) and [SnsSg]? anions (bottom). Yellow:
S atoms, grey: Sn atoms.

1.2.3 Transition metal complexes

Thiostannate compounds with transition metal complexes are listed in Table 1. As can
be seen numerous compounds involve Ni?* centered complexes as counterions.

Moreover, only a few thiostannates contain Co?*, Mn?* or Zn?* centered complexes
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and no thiostannates with Ag*?*, Cu*’?* or Fe?* complexes are observed. According to

Table 1, bi-, tri- and hexadentate amine molecules such as 2amp (2amp = 2-

(aminomethyl)pyridine), 1,2-dach (1,2-dach = 1,2-diaminocyclohexane), dap (dap =

1,2-diaminopropane), dien, en, aepa (aepa = N-2-aminoethyl-1,3-propandiamine) or
peha (peha = pentaethylenehexamine) prefer to form saturated complexes with the
transition metal cations Co?*, Mn?*, Ni?* and Zn?*. In contrast, tetra- and pentadentate
amine molecules like cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane), tren, trien
(trien = triethylenetetramine) or tepa (tepa = tetraethylenepentamine) favor to generate
complexes with free coordination sites enabling the S anions of the anionic unit to
coordinate to the metal cation forming tin-sulfide compounds (see below). In the case
of thiostannates comprising Ni?* cations, various amine ligands with different
denticities are observed demonstrating that the affinity of Ni?* cations for N atoms is

higher than for S atoms.

1.3 Tin-sulfides

Tin-sulfide compounds with transition metal complexes include mainly the [Sn2Se]*
anion (Table 1). The transition metal cations and the thiostannate anions are covalently
bonded by three connection modes: a) two trans terminal S anions of the thiostannate
unit have bonds to two transition metal centers, b) one transition metal center is
coordinated by N atoms of the amine molecule and by two S? anions, or c) each metal
center is coordinated by one S? anion. Many tin-sulfide compounds contain Mn2*
centered complexes, in which mostly bidentate amine ligands are present, indicating
that Mn?* cations exhibit approximately the same affinity to S atoms and to N atoms.
Tin-sulfide compounds with Ag* complexes are not observed until now and only
compounds with integrated Ag* in the anionic framework were reported such as [1,4-
dabH2][Ag2SnS4] (1,4-dab = 1,4-diaminobutane),®8 [enH2][Ag2SnS4]¥71  and
[NH4]2[AgeSn3S10].28 Similarly, there are many tin-sulfide frameworks with integrated
Cu* in the anionic framework like in [enH][Cu2AgSnS4],2¥1 [enH]3s[Cu7Sn4S+2],
[enH]6+n[Cu40SN15Se60],l'®  [enH2]2[CusSn3S12],*%  [dienH2][Cu2Sn2Se],5)  [DBUH]
[CuSnS3] (DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene), [1,4-dabH2][Cu2SnSa4],#!
[Hatren][Cu7Sn4S12].['8 In both tin-sulfide types, Ag and Cu atoms are in the oxidation
state +l. Cu(ll) thiostannates and tin-sulfides have not been observed due to the

reduction of Cu(ll) by S?- anions to Cu(l).
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Table 1: Thiostannate and tin-sulfide compounds containing transition metal complexes.

Thiostannates

Ag +/2+

Co?*

[Co(en)s]2[Sn2Se],[*2 [Co(dien)2]2[Sn2Se],[*3 [Co(dien)z2](dienH2)Sn2Ss, 44
[Co(2amp)3]2[Sn2Se]-10H20, [Co(1,2-dach)s]2[Sn2Se]-8H2014%1

Cu +/2+

Fe?*

Mn2*

[Mn(en)s]2[Sn2Se],#2 [Mn(en)s]2[Sn2Se]-2H20, [Mn(dien)2]2[Sn2Se],
[Mn(dien)2][MnSnSa]46]

Ni2*

[Ni(en)3]2[Sn2Se],#7-48] [Ni(dien)2]2[Sn2Se],*"! [Ni(1,2-dap)s]2[Sn2Ss]-2H20, 148
[Ni(1,2-dach)s]2[Sn2Se]-4H20,43! [Ni(peha)]2[Sn2Ss]-H20,431 [Ni(tren)(en)]2
[Sn2Se]-2H20,19 [Ni(aepa)2]2[Sn2Se],[*3 [Ni(tren)(1,2-dap)]2[Sn2Se]-4H20,149
[Ni(tren)(en)]2[Sn2Se]-6H20,4% [Ni(tren)(2amp)]2[Sn2Se]- 10H20,“°!]
[Ni(tren)(1,2-dach)]2[Sn2Se]-4H20,149 [Ni(tren)(1,2-dach)2[Sn2Se]-3H20, 1491
[Ni(2amp)3]2[Sn2S6]-9.5H20,2% [Ni(tren)(ma)(H20)]2[Sn2Se]-4H20,157]
[Ni(tren)(1,2-dap)]2[Sn2Se]-2H20,5" [Ni(tren)2]2[Sn2Se]-8H20,152]
[Ni(tren)(2amp)]2[Sn2Se](%2

Zn%*

[Zn(en)s]2[Sn2Se]*2

Tin-sulfides

Ag +/2+

Co?*

{[Co(tren)]2[Sn2Se]},148 {[Co(tepa)]2[Sn2Se]},?3 {{Co(Phen)2]2[Sn2Se]}, B4
{[Co(Phen)2]2[Sn2Se]}-Phen-H20,54 {[Co(cyclam)]2[Sn2Se]}n-2nH20055]

Cu +/2+

6
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Fe?*

{[Fe(tepa)]2[Sn2Se]},1%3 {[Fe(Phen)2]2[Sn2Se]},154
{[Fe(Phen)2]2[Sn2Se]}-Phen-H20,54 {[Fe(1,2-dach)2][Sn2Se]}n-2n(1,2-dachH )¢l
Mn2+
{IMn(tren)]2[Sn2Se]},2% {Mn(trien)]2[SnSa]}-4H20, 571 {{Mn(trien)]2[SnSa4]}, 13
{IMn(2,2'-bipy)2]2[Sn2Sé]},1%¢! {{Mn(1,2-dach)2][Sn2Se]}n-2ndachH, 58]
{IMn(1,2-dach)2(H20)]2[Sn2Ss]},1%8 {{Mn(Phen)2]2[Sn2Se]},15
{IMn(Phen)2]2[Sn2Sé]}-Phen-H20,5% {[Mn(Phen)2]2[SnSa]2[Mn(Phen)]2}-
H20,51 {{Mn(Phen)2]2[Sn2Sé]}-Phen, 5% {{Mn(phen)]2[SnSa]}n-nH20,60
{IMn(en)2]2[Sn2Ss]},1" {{Mn(en)2]2(u-en)(u-Sn2Se)}=,162]
{IMn(tepa)]2[Sn2Se]},13 {{Mn(1,2-dap)2]2[Sn2Se]},*6]
{IMn(1,2-dap)2(H20)]2[Sn2Ss]}164
Ni2*

{[Ni(tepa)]2[Sn2Ss]},153 {o[Ni(tepa)]2[Sn2Se]},*]
{[Ni(phen)2]2[Sn2Ss]}-2,2’-bipy,1% {[Ni(Phen)2]2[Sn2Se]}-4,4'-
bipy-0.5H20,%% {[Ni(phen)2]2[Sn2Ss]}-biph,°6! {[Ni(phen)2]2[Sn2Se]}-phen-H20, 58]
{[Ni(cyclam)]2[Sn2Se]}n-2nH20,581 {[Ni(tren)]2[Sn2Ss]}1*8]

Zn?

{[Zn(tren)]2[Sn2Se]}*4

ma: methylamine, 2,2’-bipy: 2,2’-bipyridine , 4,4'-bipy: 4,4’-bipyridine, biph: biphenyl, phen:
1,10- phenanthroline.

1.4 Oxo-Thiostannates

In oxo-thiostannate compounds the anions [SnxSyO_]™ are observed, in which the SnSx
polyhedra are connected via O anions. For example, the anion [Sn10S2004]% is
composed of ten corner linked SnS4 tetrahedra forming the T3-type supertetrahedron
[Sn10S20]. The O% anions are positioned between the SnSs tetrahedra and exhibit a
tetrahedral coordination of Sn atoms.[".66-681 The Sn4O tetrahedra are connected via
corners forming an anti-T2 cluster.%® |solated anionic clusters [Sn10S2004]% with
inorganic cations compensating the negative charge are observed in
[Lig(H20)290][SN10S2004]-2H2016¢! and [Css(H20)13][SN10S2004].16"1 Only in the compound
{[Ni(1,2-dach)2(ma)]4[Sn10S2004]}, the [Sn10S2004]% cluster is covalently bound via S

7
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atoms to Ni?* cations.[®! In addition to this cluster, there are further oxo-clusters, in
which CI- anions or sulfur containing organic molecules are integrated in the cluster
like in  [Sn10S1604Cla]* " [SngS1204(SPh)s]® (Ph = pheny) and
[SnsS1202(0OH)2Cle]*17% (Figure 2).

Figure 2: View of the clusters [Sn1S204]% (top left), [SnsS1204(SPh)s]® (top right),
[SnsS1202(OH),Clg]* (bottom left) and [Sn10S1604Cls]' (bottom right). The teal colored
polyhedra highlighting the octahedrally coordinated Sn, the blue polyhedra highlight the
trigonal bipyramidal coordinated Sn.

1.5 Aims of this work

1.5.1 Utilization of building units

Many thiostannate and tin-sulfide compounds were synthesized applying the elements
Sn, S and transition metals or transition metal salts under solvothermal conditions.["2]
Using the elements Sn and S as starting materials basic conditions are required to

form polysulfide anions which are able to react with Sn yielding thiostannate anions.3"]
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The needed basic conditions are achieved using amine molecules in water as solvents,
which can also act as structure directing agents and charge compensating cations.
Moreover, SnS22373741 and salts like SnCla-5H20[4247.62731 or SnCl2-2H20[%3781 were
utilized as Sn sources. To minimize the reaction parameters of solvothermal reactions,
building units were applied. For example, the compound {[Ni(tren)]2[Sn2Se]}n was
applied as precursor leading to the formation of new thiostannate compounds at room
temperature.l®'521 The drawback of this precursor is the restricted product diversity.
Applying NasSnS4-14H20 as precursor thiostannate and tin-sulfide compounds could
be obtained under solvothermal conditions as well as at room temperature.[4%:50.56] The
use of such building units can simplify the planning of the reactions leading to the
generation of thiostannates and/or tin-sulfide compounds, if these building units are

stable in the used solvents.

1.5.2 Utilization of macrocyclic amines

In this work, transition metal complexes including macrocyclic amine ligands like cyclen
(cyclen = 1,4,7,10-tetraazacyclododecane), cyclam, 1,8-Dimethyl- (L1) and 1,8-Diethyl-
1,3,6,8,10,13-hexaazacyclotetradecane (L2) were applied as charge balancing agents
(Figure 3). The advantage of macrocyclic ligands is that they form stable complexes
and provide two free coordination sites on transition metal cations and if these cations
favor an octahedral environment, the coordination of S? anions of the [SnxSy]™ and
[SnxSyOz]™ moieties to transition metal cations is achievable. In fact, in the compounds
{[M(cyclam)]2[Sn2Se]}n-2nH20 (M = Co and Ni), the [M(cyclam)]** cations are
covalently bonded to the [Sn2Se]* anions according to connection mode c) (see
chapter 1.3 Tin-Sulfides) generating layers.’%%1 The N4Cu/Ni moieties in
[Cu(cyclam)]?*, [Ni(L1)]** and [Ni(L2)]** complex cations are coplanar, whereas the
coplanarity of N4Ni units in [Ni(cyclen)]?* is not achieved. Cyclen is the smallest ligand
of the macrocyclic amine molecules. This could be the reason why the coplanarity of
the NsNi units in compounds containing cyclen ligands decrease and thus the cis-
stereochemistry is preferred, which is indeed observed in the complex
[Ni(cyclen)(H20)2](ClO4)2-2H20171,
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Figure 3: Molecular structures of [Ni(cyclen)]?* (top left), [Ni(L1)]** (top right), [Cu(cyclam)]?*
(bottom left) and [Ni(L1)]>* complex cations (bottom right). H atoms are omitted for clarity. Blue:
N atoms, black: C, cyan: Ni and violet: Cu.

1.5.3 Alternative synthetic approach: Room temperature synthesis

Pure inorganic thiostannate and tin-sulfide frameworks were generally prepared
applying either the high-temperature synthesis or polysulfide flux approach.l'4.24.78-81]
In contrast to the high-temperature synthesis (T > 600 °C) that leads to the preparation
of mainly thermodynamically stable products,#283 the polychalcogenide fluxes (200-
600 °C) and solvothermal approaches (T < 400 °C) allow the generation of kinetically
stable structures.[®284 The incorporation of protonated amine molecules in the
structure of thiostannate and tin-sulfide compounds is achieved only under
solvothermal conditions.[”?l However, the solvothermal synthesis is a complex reaction
system and product formation depends on many parameters like temperature,
pressure, pH-Wert, concentration of the educts, nature of the solvents etc.[84! All these
parameters made a product prediction impossible. In the past, room temperature
syntheses were performed vyielding new thiostannate compounds like
[dda]4[Sn2Se]-2H20 (dda = dodecylamine),4 [(CH3)2NH2(NH4)][SnS3],

10
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[CH3C(NH2)2]s[Sn2SeSnS4] and [NH4]s[Sn3So]-1.3H20.18% However, the formation of
these compounds required few months. In another synthetic approach, the reaction of
NasSnS4-14H20 with [Ni(amine)s]?* complexes (amine = 2-(aminomethyl)pyridine, 1,2-
diaminocyclohexane, 1,2-diaminopropane, ethylenediamine) in tren amine aqueous
solution led to the generation of new thiostannate compounds in a short reaction time
(1-7 days).[4°!

The aims of this work were the development of new synthetic routes, the synthesis and
characterization of new oxo-thiostannate compounds, the application of macrocyclic
ligands to form new thiostannate and tin-sulfide compounds and investigation of their

properties.

11
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2. Experimental Section

2.1 Chemicals

All chemicals used in this doctoral thesis are listed in Table 2.

Table 2: Overview of the used chemicals.

Chemicals Purity Manufacturer
Acetone (C3HesO) >99.8 % Fisher Chemical
Acetonitrile (C2HsN) >99.5 % Fischer Chemical
Copper(ll) perchlorate hexahydrate
pper(il) p Y 98 % abcr
(Cu(ClO4)2:6H20)
Cyclen (CsH20Na4) >98 % Strem Chemicals, Inc.
Cyclam (C1oH24N4) >98 % Alfa Aesar
Dimethyl sulfoxide (C2HsOS) 99 % Grussing
Ethanol (C2Hs50H) 99 % Walter-CMP
Ethylenediamine (C2HsNz2) 99 % Grissing
Formaldehyde (CH20) 37 % in MeOH Grussing
Glycerine (C3HsO3) 99 % Grussing
Sodium sulfide nonahydrate _
>98 % Acros Organics
(Na2S-9H20)
Nickel(ll) chloride hexahydrate
] >97 % Merck
(NiCl2:6H20)
Nickel(ll) perchlorate hexahydrate
99 % abcr
(Ni(ClO4)2:6H20)
Methanol (CH3OH) 99 % Walter-CMP
Methylamine (CH3NHz) 40 % aq. solution aber
Tin(IV) chloride pentahydrate _
>98 % Acros Organics
(SnCls-5H20)
Tris(2,2'-bipyridine)ruthenium(ll)
hexafluorophosphate 97 % Aldrich
([Ru(bpy)s](PFe)2)
Triethylamine ((C2Hs)3N) 99 % Grussing

12
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2.2 Characterization Methods

In order to investigate the educts and products diverse standard characterization

methods were applied like: X-ray powder diffraction (XRPD), single crystal analysis,

scanning electron microscope equipped with energy-dispersive X-ray spectroscopy
(SEM/EDX), elemental analysis (EA), IR-, UV/Vis-, Raman-, Electron Paramagnetic

Resonance (EPR)- and '"°Sn-NMR spectroscopy, differential thermoanalysis and

thermogravimetry (DTA-TG), H20- and Nz sorption and in-situ investigation. All applied

methods are summarized in Table 3.

Table 3: Overview of the characterization methods utilized in this work.

Methods Equipment Description
XRPD Stoe Stadi-P Transmission geometry,
Cu-Ka1 (A=1.5406 A) Ge-
monochromator Mythen
1K-Detector
single crystal Stoe IPDS-2 Mo-Ka radiation

analysis (A =0.71073 A) Graphite
monochromator
SEM/EDX Philips ESEM XL30 Scanning electron microscope
with XL-30 EDX detector
EA Elemental Analyzer EURO Burning in O2 at 1000 °C,
EA, EURO VECTOR Detection by GC with a thermal
conductivity detector
IR Bruker Vertex70 FT-IR Range: 80-6000 cm-’
spectrometer
UV/Vis 1. Cary 5 UV/Vis/NIR two 1. Reference: BaSO4
channel spectrometer, Varian 250-2000 nm
Techtron Pty. Darmstadt 2. 190-1100 nm, Deviation:
2. Agilent 8453 spectrometer 0.5 nm, Wavelength
reproducibility: £ 0.02 nm
Raman Bruker RAM Il FT-Raman equipped with a N2 cooled,

spectrometer

highly sensitive Ge detector
Radiation: 1064 nm

13
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Resolution: 3 cm™

EPR Bruker EMXplus cooled with N2 and equipped
spectrometer with a PremiumX microwave
bridge and a Bruker dual mode
X-band cavity
119Sn-NMR Bruker Avance3 400 HD in D20 at 149 MHz, pulse width:
spectrometer 11 us at 30.974 W, relaxation
delay: 1 s, number of scans:
256, Tmax =80 °C
DTA-TG Linseis STA PT1600 Heating rate: 0.1, 1, 4 and 16

K/min, N2-flow

H20 sorption Belsorpmax, BEL JAPAN INC. T=303K
N2 sorption Belsorpmax, BEL JAPAN INC. T=77K
In-situ EasyMax reactor system stirring = 300 rpm,

investigation

(Mettler Toledo GmbH,
Giessen, Germany),
equipped with a pH and

redox electrode

T =90 °C (5 K/min),
pH electrode: InLab Semi-Micro,
Mettler Toledo; sensor type,
combined pH
electrode; reference system,
Argenthal (0-100 °C)
redox electrode: InLab Redox

Micro (Mettler Toledo); sensor
type, combined ORP electrode
with platinum ring; reference
system, Argenthal (ceramic
diaphragm, 3 M KCI as the
reference electrolyte (0-100 °C)
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2.3 Programs

All programs utilized in this work are listed in Table 4.

Table 4: Overview of the utilized programs.

Programs

Description

SHELXS-97186]

Solution of crystal structures

SHELXL-2014(87]

Refinement of crystal structures

STOE WinXPow8l

Calculation of X-ray powder diffractograms from
data of single crystal analysis, visualization of
powder diffractograms and software for data

collection

Diamond 3.2k!89]

Visualization of crystal structures

Calculation of the solvent accessible space in a

Olex? [%0]
crystal structure
Indexing of X-ray powder diffractograms, solving of
TOPAS Academicsl®'! crystal structures and refinements by Rietveld
method
Determination of the positions of atoms using direct
EXP0O2009[°?

methods

Materials Studiol®?!

Molecular modeling and optimization by calculation

of force-field

Platon[®4

Calculation of the solvent accessible space in

structures containing voids

PIEFACE®]

Software to analyze the distortion of polyhedra and

to calculate the MBE (minimum bounding ellipsoid)
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2.4 Synthetic approaches

2.4.1 Solvothermal synthesis

Some of the compounds presented in this work were synthesized under hydrothermal
conditions. The thiostannate salt NasSnSs-14H20 and the transition metal (TM)
complexes were transferred in a DURAN® culture tube (V = 11 mL, Tmax = 180 °C)
including PBT  (Polybutylene terephthalate) screw cap and PTFE
(Polytetrafluoroethylene) gasket. Water was added and the reaction mixture was
shaken for 1 min and heated up to 120 °C either under static (< 7 d) or under dynamic
(under stirring, > 2 h) conditions. The reaction products were filtered off, washed with

small amounts of water and dried in air.

The advantage of dynamic syntheses is that they allow a visual monitoring of the
reaction. Furthermore, owing to the continuous stirring of the reaction medium an
homogeneous mixture is obtained enabling a rapid reaction of the reactants leading to
an increase of the yield and reduction of the reaction time. Under dynamic conditions
crystalline precipitate is often obtained. Crystals suitable for single crystal structure

analysis were formed under static conditions.

2.4.2 Room temperature synthesis

Room temperature reactions were carried out in snap cap bottles (V = 5 mL). The
thiostannate salt NasSnS4-14H20 was dissolved in water and added to an aqueous
solution of TM™* complex. The reaction mixture was stirred for ~ 20 min. and kept at
room temperature until crystalline precipitate was generated. Since several TM"™
complexes are poorly soluble in water and display a good solubility in organic solvents,
syntheses were performed by dissolving NasSnS4-14H20 in water and dissolving the
TM™ complexes either in acetonitrile (CH3CN) or in dimethylsulfoxide (DMSO). Using
DMSO as solvent, the organic phase was overlayed with the aqueous solution.
However, if CH3CN is utilized as solvent, the aqueous phase was overlayed with the
organic phase. The reaction products were filtered, washed with water and ethanol and
dried in air. NasSnS4-14H20 and TM™ complexes were synthesized according to

literature procedures.[77,96-9°
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3.1 “New Transition Metal Oxo-Thiostannate: Synthesis,

Characterization, and Investigation of its Photocatalytic Properties”

The reaction of NasSnSs14H20 with the complex [Ni(cyclen)](ClO4)2 under
hydrothermal conditions led to crystallization of a new transition metal oxo-thiostannate
compound with the formula {[Ni(cyclen)]ls[SneS1202(OH)g]}-2(ClO4)-19H20. The crystal
structure of this compound is composed of the cation {[Ni(cyclen)]s[SnsS1202(OH)e]}?*
and perchlorate anions. In addition, a complex hydrogen-bonding network is observed,
which stabilizes the structure. The cation {[Ni(cyclen)]s[SneS1202(OH)s]}** contains the
rare anion [SneS1202(0OH)e]'%, which is constructed by two SnS20(OH)s, two SnS402

octahedra and two SnSa tetrahedra. Six Ni?* complexes are covalently bonded to the

anion via Ni-S and Ni-OH bridges. Heating
{[Ni(cyclen)]s[SneS1202(0OH)s]}-2(ClO4)-19H20 to 150 °C and treating the residue with
small amounts of H20 led to the recrystallization of

{[Ni(cyclen)]s[SneS1202(0OH)s]}-2(ClO4)-19H20 and to the generation of an unidentified
crystalline phase. Moreover, the compound reveals good photocatalytic activity for Hz
production. The Hz2 generation reached 26.6 mmol-g™! after 3 h irradiation time. During
the photocatalytic reactions nanoparticles were formed. Since the photocatalytic
reaction is a complex system, it is not clear whether the compound or the nanoparticles

are the active species.

Reprinted with permission from A. Benkada, M. Poschmann, C. Nather, W. Bensch,
New Transition Metal Oxo-Thiostannate: Synthesis, Characterization, and
Investigation of its Photocatalytic Properties, Z. Anorg. Allg. Chem., 2019, 645, 433-
439. DOI: 10.1002/zaac.201800475. Copyright 2019 John Wiley & Sons.
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DOI: 10.1002/zaac.201800475

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[ SnaSel-#H20O [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),]o[SnySel  (aepa = N-2-aminoethyl-1,3-
propandiamine), [Ni(peha)|[Sn,Se-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[SnaSe]} (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
(In = Ce, Pr, NI (trenHy)CuySnsS o,
[(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
under http://dx.doi.org/10.1002/zaac.201800475 or from the au-
thor.

(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""Cuy){(R'Sn"),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%
[Sn1081604C14 12,121 [SngS1504(SPh)s|*,127!
[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)a91[Sn10S200412H,0,**!  and  only in
{[Ni(1.2-dach)>(ma)]4[Sny5S2004]1)  (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(cyclen)(H;0),](C10,),;H,0  with  Na,SnS, 14H,O in
water. The reaction mechanism for the formation of this oxo-
cluster is still not fully understood, but it is assumed that

Z. Anorg. Allg. Chem. 2019, 645, 433-439

Wiley Online Library 433
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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
52, 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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C—H-+S contacts but the H--§ distances and C-H--S angles
indicate that this is only a weak interaction (Table S5, Support-
ing Information).

In the [Ni(cyclen)S;] and [Ni(cyclen)(OH),] units the
Ni-N, Ni-O, and Ni-S bond lengths are in the range of
2.071(9)-2.144(10), 2.107(6)-2.115(6), and 2.459(2)-2.543(2)
A agreeing well with literature data.?**!! The octahedra
NiN,S, and NiN4(OH), (Figure 3) are distorted as evidenced
by the angles around the Ni%* cations (Table S6, Supporting
Information). These values are in good agreement with those
reported in literature.l*! = The distortion of NiN,S; and Ni-
N,(OH); can be quantified using two parameters: the octahe-
dral angle variance Gy~ and the mean octahedral quadratic
elongation 2,,.**1 The values of Ggope=’ = 85.310,
hoot = 1.025 for Nil, Ggepes? = 95.035, koo = 1.037 for Ni2,
and Ggpe=> = 103.119, k, = 1.039 for Ni3 confirm a strong
distortion of the octahedra. In this context, it is important to
notice that Sn—OH-Ni units have been rarely observed so far.

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

embedded. These water molecules are linked only to the per-
chlorate anions via strong intermolecular N-H-+O and weaker
C—-H---0O hydrogen bonding (Table S5).

Figured4. Crystal structure of 1  with  view along the
crystallographic  »  axis  showing the arrangement ol the
{[Ni(cyclen)]s[SnsS,>0,(0H)4] }2* cations and the perchlorate anions
with intermolecular hydrogen bonding shown as dashed line. For clar-
ity. only the hydrogen atoms involved in intermolecular hydrogen
bonding are shown. Please note, that the one of the two crystallograph-
ically independent C10,~ anions is disordered.

Since the hydrogen atoms of the H,O molecules could not
be located, for all Q-0 separations up to 3.2 A intermolecular
O-H-+O hydrogen bonding interactions were assumed, which
is also supported experimentally by IR spectroscopic investi-
gations, where a broad band is observed at about 3387 cm™!
(see below). If all hydrogen bonds are considered a complex
hydrogen bonding network is formed (Figure 5).

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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Spectroscopic Properties

The typical bands of the cyclen molecule in compound 1
can be identified in the IR spectra (Figure S5 and Table S7,
Supporting Information). The broad absorption at approxi-
mately 3387 cm™! is assigned to the OH stretching vibration
of the water molecules. The N-H stretching vibration of cyclen
oceurs around 3149 em™! and the Ni-N stretching mode is ob-
served around 426cm™'. The UV/Vis spectrum shows
the expected d—d transitions. For the high spin complex
[Ni(H,0)g]** these transitions are located at about 1.05eV
(1176 nm, 3.‘\2g — 3ng). 1.71 eV (724 nm, 3A2g — 3Tlg (F)),
and 3.14 eV (395 nm, 3Azg — 3Tlg (P)).**! For 1 the d—d tran-
sitions occur at 1.21 eV (1024 nm), 2.11 eV (587 nm) and
3.45eV (359 nm) (Figure S6, Supporting Information). The
latter absorption seems to be too intense and too broad for a
d—d transition indicating that a charge-transfer band is super-
imposed. The color of the crystals is caused by the transition
at 2.11 eV (587 nm) which corresponds to green. The strong
absorption at 4.11 eV may be regarded as HOMO-LUMO
transition,

Thermogravimetric Analysis

To get some information on the stability of compound 1 and
to investigate if the water molecules can be reversibly re-
moved, measurements using simultaneously differential
thermoanalysis and thermogravimetry (DTA-TG) were per-
formed. Upon heating two mass steps are observed in the TG
curve, of which the first one is accompanied by two endother-
mic signals in the DTA curve at peak temperatures of ca. 75
and 106 °C (Figure 6). The mass loss of 10.5 % in the first step
is in good agreement with that calculated for the removal of
nineteen H,O molecules (caled. 10.8%). In the second TG step
the anhydrate formed as intermediate decomposes at 250 °C in
an exothermic reaction. In a further experiment, heating was
stopped after the first TG step at 150 °C and the residue was
investigated by X-ray powder ditfraction, and the powder
pattern reveals some similarities to that of the pristine com-
pound. The anhydrate does not show water uptake on storage
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Figure 6. TG (black), DTA (red), and DTG (blue) curves of
compound 1.

at room temperature and therefore, it was treated with small
amounts of water. The X-ray powder pattern of this residue
consists of a mixture of the pristine compound 1 as the major
phase and a small amount of an additional unknown crystalline
phase (Figure S7, Supporting Information).

Photocatalytic Hydrogen Evolution

The photocatalytic experiments were performed using 1,
[Ru(bpy)s|(PFg), as photosensitizer, the sacrificial agent trieth-
ylamine as electron donor, H,O as proton source, and CH;CN
as solvent for the photosensitizer. The photocatalytically
evolved H, (Figure 7) increases with increasing irradiation
time, and then levels-off reaching 26.6 mmol-g~" after 3 h irra-
diation. During the reaction the orange solution turned brown
leading to a reduced absorption of the incident light, which
may explain the decline of the initially steep evolution curve.
Such color change demonstrates the photodegradation of
[Ru(bpy)a](PFs); as reported previously.*6—>! Because 1 is
soluble in water one may assume that the photocatalytic reac-
tion is homogeneous. Hence, the stability of 1 in both H>O
and a mixture of trimethylamine, acetonitrile and H,O was in-
vestigated by storing the sample for 1 d at room temperature,
but 1 could not be recovered after evaporation of the solvents
indicating decomposition of the compound.

254
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Figure 7. Photocatalytic hydrogen evolution using compound 1,
[Ru(bpy);1(PFg)> as photoscensitizer, tricthylamine as sacrificial, water
as proton donor, and acetonitrile as solvent.

Indeed, the Tyndall effect could be detected after the photo-
catalytic reaction confirming the presence ol nanoparticles, i.e.
such particles were generated during the catalytic test. It was
reported in the literature that transition metal complexes may
be destroyed during the photocatalytic reaction and nanopar-
ticles are generated, which are the active species.|”?! Such
complexes may be regarded as pre-catalysts which are in-situ
transformed into the catalytically active species. Therefore, we
assumed that during chemical decomposition the Ni** centered
complex is released, and thereflore a photocatalytic experiment
was performed with the mixture [Ni(cyclen)(H>0)](ClO,),
H>O/[Ru(bpy)s|(PF¢)> (Figure S8, Supporting Information).
For this system 14.2 mmol-g™! H, were obtained after 1.5 h
irradiation time. In the present case the situation is more com-
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Table 1. Comparison of the photocatalytic activity of diffcrent catalysts at various conditions.

Catalyst Reaction mixture / Light source Activity/TON
1 Tricthylamine, acctonitrile, water, [Ru(bpy); (PFg)o/ 330 W Xc lamp, cut-off filter 83.1

(4 > 400 nm)
[Ni(eyelen)(H,0)51(ClO, ), H,O Triethylamine. acetonitrile, water, [Ru(bpy); [(PFg)»/ 330 W Xe lamp, cut-off filter 44.4

7> 400
[Co(N4Py)(OH)]* 154 ( %
[Co(N4Py)(NCMe)] > 1541
[Co(N4Py)(Ny )]+ 1541

H,A/NaHA. pH = 4, [Ru(bpy),;]Cly/ 150 W Xe lamp, cut-off filter (4 > 400 nm) 65
H,A/NaHA, pH = 4, [Ru(bpy),]Cly/ 150 W Xe lamp, cut-off filter (4 = 400 nm) 67
H>A/NaHA, pH = 4, [Ru(bpy),]Cly/ 150 W Xe lamp, cut-off filter (4 = 400 nm) 5

[Co(N4Py)(NCS) 2+ 1541 H,A/NaHA, pH = 4, [Ru(bpy),]Cl/ 150 W Xe lamp, cut-off filter (2 > 400 nm) 3
[Co(N4Py)CIJ>+ 1541 H,A/NaHA, pH = 4, [Ru(bpy)a]Cly/ 150 W Xe lamp, cut-off filter (4 = 400 nm) 65
[Co(N4Py)Br |2+ 541 H,A/NaHA, pH = 4, [Ru(bpy),|CL/ 150 W Xe lamp, cut-ofT filter (i > 400 nm) 68

[Ni(bpy)s > 1551
lamp (4 = 420 nm)

Acctonitrile-water; 8/2, TEOA, pH = 9, [Ir(dfppy).(Hdcbpy)] » / 30 W white LED 118

[Ni(bpet)}( CHy;CN),[(C10,), 1561 < DMA/ascorbate buffer (pH = 4.0), [Ru(bpy);|Cl/ 6 W diode LED lamp 36
(A =450 nm)

[Ni(bppt)(CH;CN),|(BPh,), 561 ) DM A/ascorbate buffer (pH = 4.0), [Ru(bpy):]Cl»/ 6 W diode LED lamp 3.8
(A =450 nm

a) N4Py = 1,1-bis(pyridin-2-y1)-N,N-bis(pyridin-2ylmethyl)methanamine. by dfppy = 2-(3 4-difluorophenyl)pyridine; Hdebpy = 4-carboxy-2,2'-
bipyridine-4'-carboxylate. ¢) bpel = bis(2-pyridylmethyl)-1,2-ethanedithiol, bppt = bis(2-pyridylmethyl)-1,3-propane-dithiol.

plex than only using a Ni** centered complex and the sensitizer
because the anion may also decompose and the nanoparticles
generated contain both Ni and Sn.

A comparison of the photocatalytic activity with data re-
ported in literature is difficult because the activity depends on
a large number of parameters like, e.g., the solvents, the
amount of the catalyst, the co-catalyst, the photosensitizer, the
intensity and wavelength of the light source, the sacrificial
compound, pH value etc. In addition, the amount of hydrogen
produced is reported as different quantities like erg'mmol-g~!,
mmol, mL, TON (turnover number, Table 1) or TOF (turnover
frequency).””* Nevertheless, the TON of 83.1 for the title com-
pound is in the range of data reported for Ni** and Co** cen-
tered complexes (Table 1).

Conclusions

The presented work was motivated by previous investi-
gations, in which a new oxo-thiostannate was accidently ob-
tained simply by the reaction of [Ni(cyclen)(H,0),](ClO,)>
H,0 with Na,SnS,-14H,0. Therefore, we investigated if other
oxo-thiostannate compounds can be synthesized by this route
and whether the Ni** cations can be bonded to the cluster
anion. Under similar conditions the new oxo-thiostannate
{[Ni(cyclen)]g[SngS120-(0H)6 | }2(ClOL 19H,0  was  ob-
tained, in which the Ni** cations are covalently bonded to the
cluster anion. The photocatalytic experiments show a high ac-
avity for H, generation. Since the catalytic system is complex
the nature of the catalytic process could not be determined.
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3.2 “Synthesis and Characterization of a Rare Transition-Metal

Oxothiostannate and Investigation of its Photocatalytic Properties”

The  hydrothermal reaction of NasSnSs4-14H20  with the  complex
[Ni(cyclen)(H20)2](ClO4)2:H20 led to the generation of the new oxo-thiostannate
compound [Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20. Its structure consists of isolated
cations [Ni(cyclen)(H20)2]?* and cluster anions [Sn10S2004]%, which include ten [SnS4]*
tetrahedra connected via corners. The O? anions are placed between these tetrahedra
and exhibit a tetrahedral environment of Sn atoms. "°Sn NMR investigations of an
aqueous solution of NasSnS4-14H20 revealed only the presence of the anions [SnS4]*
and [Sn2Se]* up to 120 °C and the presence of the complex
[Ni(cyclen)(H20)2](ClO4)2-H20 is required for the formation of the anion [Sn10S2004]%".
Thermal investigations of the compound demonstrate that the water molecules located
in tunnels directed along [001] can be reversibly removed. The crystallinity remains
unchanged. Furthermore, [Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20 exhibits a high

activity for hydrogen formation and reached 18.7 mmol.g™" after 3 h.

Reprinted with permission from A. Benkada, H. Reinsch, M. Poschmann, J. Krahmer,
N. Pienack, and W. Bensch, Synthesis and Characterization of a Rare Transition-Metal
Oxothiostannate and Investigation of Its Photocatalytic Properties, Inorg. Chem., 2019,
58, 2354-2362. DOI: 10.1021/acs.inorgchem.8b02773. Copyright 2019 American

Chemical Society.
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ABSTRACT: The new transition-metal oxothiostannate [Ni(cyclen)-

sns

(H,0),1,[8n05,00,]-~13H,0 (1) was prepared under hydrothermal /

conditions using Na,SnS,-14H,0 as the precursor in the presence of

[Ni(cyclen)(H,0),]{C10,),-H,0. Compound 1 comprises the

[Sn;yS20,)% anion constructed by the T3-type supertetrahedron e
[SnSs0] and the [Sn,¢O,] anti-T2 cluster. Channels host the H,O
molecules, and the sample can be reversibly dehydrated and rehydrated
without significantly affecting the crystallinity of the material. 1°Sn
NMR spectroscopy of an aqueous solution of Na,SnS, 14H,O
evidences that between 25 and 120 °C only [SnS,]*" and [Sn,S.]*"
anions are present. In further experiments, hints were found that the
formation of tin oxosulfide jons depends on the Ni**-centered

N
¥ .
X

5ns;*

[8n35,,0,0°

complexes. Compound 1 exhibits promising photocatalytic properties
for the visible-light-driven hydrogen evolution reaction, with 18.7 mmol-g~ H, being evolved after 3 h.

B INTRODUCTION

Thiostannates exhibit a pronounced structural flexibility due to
the variable oxidation state and coordination of Sn™* (n = 2, 4)
cations. Hence, SnS, primary structural building units like a
tetrahedron, a trigonal bipyramid, and an octahedron are
observed.! In the crystal structures of thiostannates(IV),
mainly the [Sn$,]*” tetrahedron occurs, which is either
isolated as in Na,SnS, 14H,0,” K,SnS,4H,0, Rb,SnS,:
4H,0, or Cs,SnS;3H,0° or condensed, forming the
[Sn,Ss]*™ anion such as in Na,Sn,S¢14H,0.* Compounds
with isolated [Snlsé]"_ anions combined with inorganic,
organic, or complex cations for charge compensation form
the most frequent class of thiostannates(IV). Depending on
the pH value, various SnS, polyhedra are formed in aqueous
solution. Thus, in addition to the [SnS,]*™ and [Sn,S:]*"
anjons, different condensation products are observed like, e.g.,
[S“ss]l_/ [5“235]1_; [S'sz:]é_) [Sn,Se]*, [Snas:']lu» [Sn459]7“,
and [SnsS;,]* anions™™" or the tetrameric adamantane-like
moiety [Sn,S,,]*". In thiostannate compounds, three types of
cations for charge compensation are distinguished: (i) metal
cations, (ii) protonated organic molecules and metal
complexes, or (iii) transition-metal cations with bonds to the
anionic frameworks. Examples for group i are Na,SnS,-
14H,0,* Na,8n,8414H,0," Cs,Sn8,,2H,0° or Rb,Sn,S;-
2H,0,” with isolated anions like [SnS,]*", [Sn,S¢]*,
[SngS 5]+, and [Sn,S,]*, layered materials like M,Cu,Sn,S;
(M = Na, K, Cs, and R]:;)lU or three-dimensional structures as
observed in K,$n,S:" and NaySn,Sg.'' Group ii covers
materials like [Ni(dap);],8n,S52H,0 (dap = 1,2-diaminopro-
pane),"> [M(en);],Sn,8; (M = Ni, Co, Mn, and Zn; en =

v ACS Publ'\[ationg © 2019 American Chemical Society
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ethylenediamine),”"u and [M(dien),],5n,S¢ (M = Ni and
Mn; dien = diethylenetriamine)*"* with discrete [Sn,S4]*~
anions and compounds with layered anions, e.g,, (Et,N),5n,S;,
(DABCOH),8n;S; (DABCO = 1,4-diazabicyclo[2.2.2]-
octane),” and (trenH),8n,S..'® In group iii, transition-metal
cations have bonds to the anionic framework exemplified by
Rb,Cu,SnS,, M,Cu,Sm,Ss (M = Na, K, Cs, and Rb)"
Cu,CdSn,Sg, " {[Mn(2,2'-bipy),,[Sn,Ss]} (2,2"-bipy = 2,2
bipyridine),"* {[M(1,10"-phen),],[Sn,Ss]} (M = Mn, Fe, and
Co; 1,10-phen = l,lO’—phenanthroIinc),m*l" {[Ni-
(cyclam)],[Sn,S4]},-20H,0 (cyclam = 1,4,8,11-tetraazacyclo-
tetradecane),'® (1,4-dabH,)Ag,$n8, (1,4-dab = 1,4-diamino-
butane),”’ or (dienH,)Cu,5n,85 "

In most thiostannates, Sn adopts oxidation state IV, but
there are some mixed-valent thiostannates in which Sn occurs
in oxidation states II/IV or I1I/IV, e.g, BaLnSn,S4 (Ln = Ce,
Pr, and Nd),” (trenH,)Cu,Sn,S,, (tren = tris(2-aminoethyl)-
amine),”* [(PhyPCu)¢{(CH,),SnS,},Cu,Sn],”* and
[{(CMe,CH,COMe)Sn, (4-S),}Sn,84].° In the first five
compounds, Sn'"Y is observed, while in the sixth Sn adopts
oxidation states III and IV.

Another group of tin compounds contain sulfide and oxide
anions, and prominent reipresentatives are [SnyS50,]% 2"
[Sn,48,50,CL ], g [S"aslzot;(sph).s]éifm
[Sng81,0,(OH),CLJ*,* and [Sn,S,(S,)OCL]*"*" Among
these anions, the [Sn,;S,50,]%” moiety is the most common. It
has an idealized T, symmetry and can be described as a
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supertetrahedral cluster (denoted as T3) formed by 10 corner-
linked SnS, polyhedra. Four empty sites are occupied by O*~
anions ixg»)anding the coordination number of $n' from 4 to §
OF:, W8T

‘While many thiostannate compounds were prepared using
the molten flux approach like, e.g, Cs,Sn,Sy Rb,Sn,S,
K,8n,S,, and Li,CdSn$,**** or high-temperature synthesis,
e.g, AGaSnS, (A = Na, K, Rb, Cs, and TI),** BaCdSnS,,* and
Au,BaSnS,,*” the solvothermal approach allows the prepara-
tion of inorganic—organic hybrid compounds containing amine
molecules and/or in situ generated transition-metal complexes,
and this synthetic method led to an enormous expansion of the
chemical and structural diversity of thiostannates.”* Many of
these compounds were synthesized by applying the elements
Sn and $ and transition metals or salts like SnCl,-SH,O and
Na,$-9H,0 in aqueous amine solutions.*® Here we present a
new rare oxothiostannate, which was synthesized under
hydrothermal conditions using Na,SnS,;-14H,0 as the
precursor and the [Ni(cyclen)(H,0),](ClO,),-H,0 complex.
The potential of Na,SnS,-14H,0 as single-source precursor for
the generation of thiostannates has only been explored a little.
Hence, we investigated the behavior of this salt in H;O from
room temperature up to 120 °C using ''”Sn NMR spectros-
copy in order to monitor the stability. In addition to the
synthesis and crystal structure of the new compound
[Ni(eyclen)(H,0),14[Sn1052004]-~13H,0 (1), we report an
in situ investigation of the formation of 1, its thermal and H,O
sorption behavior, and the photocalytic properties of the title
compound as well.

B EXPERIMENTAL SECTION

Na,SnS,-14H,0 and [Ni(cyclen)](CIO,), were synthesized accord-
ing to literature methods.”" [Ni(cyclen)(H,0),)(ClO,),-H,O was
prepared by dissolving [Ni(cyclen)](CIO,), in a H,O/ethanol (1:1)
mixture and allowing the solvent to evaporate slowly until purple
crystals formed. Cyclen (Strem Chemicals, Inc., 98%) and Ni(CIO,),-
6H,0 (aber, 99%) were used without further purification. Generally,
the reaction product was filtered off, washed with tiny amounts of
H,O, and dried at ambient conditions. Caution! One should keep in
mind that perchlorate compounds are potentially explosive if heated and
must be handled with care.

Synthesis of [Ni(cyclen)(H;0),14[5n,05200,41:~13H,0 (1), For
the synthesis of 1, 120.9 mg (0.25 mmol) of [Ni(cyclen)(H,0),]-
(ClO,),'H,0 was dissolved in 10 mL of H,O. A total of 147.8 mg
(0.25 mmol) of Na,SnS$,-14H,0 also dissolved in 10 mL of H,0O was
added dropwise to the [Ni(cyclen)(H,0),](ClO,),-H,O solution.
The mixture was filtered off to remove the black solid, and the
reaction was then carried out under dynamic conditions (2 h at 120
°C). The product was cooled to room temperature, the green powder
of compound 1 was filtered off, and the green mother liquor was again
heated for 2 h to 120 °C until the solution became light pink and
green crystals of 1 were formed (27% yield based on Sn). Compound
1 could also be obtained by using Ni(ClO,),6H,0 (91.0 mg, 025
mmol) and cyclen (43.0 mg, 0.25 mmol) instead of the complex, The
salt and ligand were dissolved in 10 mL of H,O and stirred at room
temperature for 20 min. Na,SnS,-14H,0 (147.8 mg, 0.25 mmol) was
added portionwise to the solution, The slurry was filtered to remove a
black solid, and the clear brown solution was heated under dynamic
conditions (120 °C). Compound 1 crystallized as green crystals after
2 h in a similar yield. We performed syntheses below 120 °C and
observed that crystallization of compound 1 already occurred at 90
°C. Elem anal. Found: C, 12.58%; H, 3.21%; N, 7.33%; S. 20.54%.
Caled: €, 12.03%; H, 3.85%; N, 7.02%; S, 20.08%.

Structure Determination from Powder X-ray Diffraction
(PXRD) Data. The PXRD pattern of compound 1 could be
successfully indexed with a tetragonal unit cell using TOPAS
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Acadernics,”* and the reflection extinction conditions point to space

group I4,/a. Using the lattice parameters and composition based on
the energy-dispersive X-ray (EDX) data and CHNS analysis, the
positions of the heavy Sn, $/0, and Ni atoms could be determined
using direct methods, as implemented in EXP02009.** This initial
model was further complemented by the missing atoms of the cyclen
ligand and the H,0O molecules of the nickel complex, which were
inserted using the molecular modeling software Materials Studio.™
The obtained model was further optimized by force-field calculations
using the universal force ﬁl:ld,M as implemented in the forcite routine
in Materials Studio. The structurally optimized starting model was
subsequently refined by the Rietveld method using a Thompson—
Cox—Hasting profile shape function and an 18th-order polynomial
background function. The positions of all atoms of the {Sn;,5,,0,}
cluster were freely refined using only bond restraints. The nickel
complex was refined as rigid body. Attempts to position the complex
so that Ni—O/S bonds to the cluster are formed led to a bigni.ﬁcnnt
decline of the figures of merit. The comparably high values for the
displacement parameters were refined element-specific or as a group
for the nickel complex. The crystallographic details and resulting
reliability factors are summarized in Table S1, and the results of the
Rietveld refinement are shown in Figure SI. In the difference Fourier
map, only weak electron densities could be observed, indicating that
for disordered H,O, which was not considered in the refinement.
Hence, the final structure contained voids, and using the program
suite PLATON, a solvent-accessible space of 2050 A? was calculated
(23% of the unit cell volume).” Assuming that a H,0 molecule
requires 40 A* space, app. 13 H,0 molecules occupy the voids (Figure
$2). The structural data have been deposited in the Cambridge
Crystallographic Data Centre as CCDC 1863577 (1).

Characterization Methods. PXRD. The PXRD patterns were
collected with a STOE Stadi-P diffractometer equipped with a
MYTHEN IK detector (DECTRIS) using menochromatized Cu Kar,
radiation (4 = 1.540598 A). The experimental and calculated patterns
using the results of the Rietveld refinement matched perfectly,
indicating the phase purity of the sample (Figure S3).

EDX Spectroscopy. EDX analysis (Table S2) was performed with a
Philips ESEM XL30 environmental scanning electron microscope
equipped with an EDX detector.

Elemental Analysis. CHNS elemental analyses were performed
with a EURO EA elemental analyzer (EURO VECTOR Instruments
and Software).

195 NMR Spectroscopy. *”Sn NMR spectra were recorded in
D,0 at 149 MHz using a Bruker Avance3 400 HD spectrometer (T,
=80 °C) and at different temperatures. The pulse width was 11 gs at
30.974 W, the relaxation delay 1 s, and the number of scans 256. The
NMR samples were prepared in a 5 mm tube and referenced to SnCl,
[8('"°Sn) = =150 ppm]. To be consistent with literature data, the
NMR shifts were corrected using SnMe, as the standard (0 ppm).

in Situ Investigation of the Formation of Compound 1. The
crystallization of compound 1 was investigated in situ using an
EasyMax reactor system (Mettler Toledo GmbH, Giessen, Germany),
which allowed control of the temperature, dosing of the solution, and
stirring, With this cell, simultaneous measurements of, e.g, pH value,
redox potential, ion conductivity, in situ IR spectroscopy, and in situ
luminescence, can be perfm‘med.h‘L"'P In the present experiment, the
precursor was dissolved in H,0 and placed inside the glass reactor
vessel. [Ni(cyclen)(H,0),](Cl0O,),H,0 was also dissolved in H,0
and then added dmpwise to the reactor vessel under constant stirring
(300 rpm). The solution was slowly heated to 90 °C (5§ K-min™").
The pH value and redox potential were measured with a pH electrode
[InLab Semi-Micro, Mettler Toledo; sensor type, combined pH
electrode; reference system, Argenthal (0—100 °C as the temperature
range)] and a redox electrode [InLab Redox Micro (Mettler Toledo);
sensor type, combined ORP electrode with platinum ring; reference
system, Argenthal (ceramic diaphragm, 3 M KCl as the reference
electrolyte, and 0—100 °C as the temperature range)].

IR Spectroscopy. IR spectra were measured in the region from 400
to 4000 cm™" with a Bruker Alpha P spectrometer.

DOL: 10.1021/acs.inorgchem 8b02773
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UVVis Spectroscopy. UV /vis analysis was performed at room
temperature with a Cary $ UV/vis—near-IR two-channel spectrometer
(Varian Techtron Pty,, Darmstadt, Germany, 200—3000 em™) using
BaSQ, as the reference material. The UV /vis diffuse-reflectance data
were transformed by applying the Kubelka—Munk function.

Thermogravimetric Analysis (TGA). TGA was performed with a
Linseis STA PT1600 instrument. The samples were heated in a N,
atmosphere with a heating rate of 4 K-min .

N, and H,0 Sorption Measurements. The N, and H,O sorption
isotherms of compound 1 were measured by a Belsorpmax instrument
(BEL Japan Inc,, Toyonaka, Japan) at 77 K (N,) and 303 K (H,0).
The samples were pretreated by heating to 130 °C in a vacuum for 16
h to remove H,O molecules.

Photocatalytic Hydrogen Evolution. In the photocatalytic experi-
ments, a double-walled thermostatically controlled vessel with 1 (10
mg, 3.13 pmol) or [Ni(cyclen)(H,0),](ClO,), H,0O (6.0 mg, 12.5
pmol) and [Ru(bpy);](PFs), (8.6 mg, 1.00 pmol) as the photo-
sensitizer were used. Triethylamine (10 mL) and acetonitrile (10 mL)
were dried with CaH,, distilled under N,, and added to the mixture.
Subsequently, degassed H,O (3 mL) was added. The system was
stirred in the dark for 1 h and irradiated after equilibration with UV
light (330 W Xe lamp with a 400 nm cutoff filter) at 30 °C. Evolved
gas was collected after a distinct reaction time and quantified by gas
chromatography (Agilent 6890 Plus gas chromatograph with a 5 A
molecular sieve column and a thermal conductivity detector; the
carrier gas was argon).

M RESULTS AND DISCUSSION

Synthetic Aspects and In Situ Investigations. To prove
which species might form when the precursor was dissolved in
H,0, measurements using '°Sn NMR spectroscopy were
performed. Depending on the reaction conditions, one can
expect that different thiostannates or oxothiostannates can
form, which can easily be distinguished because the chemical
shift is sensitive whether only $*~ anions or mixed anions are
present. In the 'Sn NMR spectra, the chemical shifts of
thiostannate and oxothiostannate ions are in the range of
~1000 to +1000 ppm.***” If the precursor Na,SnS, 14H,0 is
dissolved in H,O, two signals occur at approximately 69 and 74
ppm, indicating that the Sn'" cations in the solution are in a
tetrahedral environment (literature data: 49-74 ppm;™"
Figures 1 and $4). The signal at 69 ppm can be assigned to
the [Sn,S;]* anion and that at 74 ppm to [SnS,]*. This
observation suggests that a relatively fast protonation and
condensation reaction must occur, in which H,S is emitted and

T=25°C
T=80°C
T=60C
T=50°C
T=40°C
T=30°C
T=26"C

119,

Sn chemical shift/ ppm

Figure 1. '”Sn NMR spectra of the precursor Na,SnS, 14H,0
dissolved in D,0 measured at the indicated temperatures in the range
of 80 to 65 ppm (*: ''*Sn NMR spectrum of the precursor solution,
which was heated at 120 °C for 1 h and cooled to room temperature).
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[Sn,S4]*" anions are formed. The evolution of H,S could be
proven with wet lead acetate paper. With increasing temper-
ature, the signals occurred at slightly larger chemical shifts
because the Sn—S bond lengths increased, leading to a change
of the nuclear magnetic shielding.”' Upon heating of [$n,8,],
the equilibrium was shifted to [SnS,]*", and integration of
both signals confirmed that with increasing temperature the
amount of [Sn,S4]*~ was reduced (Table S3). However, no tin
oxosulfide ions were detected, demonstrating the stability of
Sn" in the $*~ environment up to at least 80 °C. In another
experiment, the precursor solution was heated at 120 °C for 1
h, and after cooling to room temperature, the '9Sn NMR
spectrum (Figure 1) showed only the signals of [Sn,S4]* and
[SnS,]*, while tin oxosulfide species were absent because they
should show signals between —200 and —500 ppm.*® The two
signals exhibited different intensities compared to the spectrum
recorded at the beginning of the experiments (T = 25 °C) and
now the two anions were present in a nearly 1:1 ratio (Table
§3). The main conclusions of the ''’Sn NMR investigations
are that, in the presence of H,0, no tin oxosulfides are
generated and that [SnS,]* and [Sn,S,)*" anions are stable up
to 120 °C.

In the following, an in situ experiment monitoring the redox
potential, pH value, and temperature of the solution
simultaneously was performed (Figure 2). Dissolution of the

' —-=—Temperature
1004 —+=pH 1 14,0
A == Redox-pofential
400
13,5
2 102
g 5
5 1305 5
&8
E 4-04 i
L T
<
12,5 e
~-06
e —
T r r T T T 12,0
20 40 B0 80 100 120 140 160
Time [min]

Figure 2. In situ investigation of the crystallization of compound 1.
The temperature (red), pH value (green), and redox potential (blue)
were recorded simultaneously: (I) showing the precursor solution
before the solution containing the Ni** complex was added (11); (TIT)
heating the solution to 90 °C; (IV) keeping the temperature constant;
(V) cooling the solution to room temperature.

precursor in H,O (region I) yields an initial pH value of 13.9
and a redox potential of —0.40 V. After addition of the
dissolved Ni** complex (region IT), the pH value drops to 13.4,
which can be explained by dilution of the solution.
Simultaneously the redox potential reaches —0.51 V, indicating
the release of reducing species like, e.g., HS™ formed according
to H,S + H,0 © HS™ + H;0°.% In region III, the
temperature is successively increased, which is accompanied
by a reduction of the pH value to 123 and of the redox
potential to —0.59 V at T = 90 °C (region III). The pH value
drop is caused by the temperature dependence of the pH and
eventually by further release of H,S. Alteration of the redox
potential can also be traced back to the increased temperature.
In region LV, the slight decrease of the pH (12.1) can be
explained by further generation of H,S, and the minute change

DOL: 10.1021/acs.inorgchem 8b02773
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of the redox potential may be caused by the consumption of,
e.g, HS™. Finally, lowering the temperature to room
temperature (region V) is accompanied by an increase of the
pH value. The PXRD pattern of the solid recovered from the
slurry demonstrates that 1 already crystallized at 90 °C (Figure
$s).

For an explanation of the formation of the tin oxosulfide
species, the chemical reactivity of organotin compounds RySnX
(R = organic molecule; X = electronegative ligand) in H,0
may serve as a model. For example, the hydrolysis of RySnX
leads to the formation of R;Sn(OH), which further reacts to
R;SnOSnR,.>**" In analogy, one may propose that
[SnS;(OH)]*~ is formed and then condenses to generate
[Sn2350]4’. This anion reacts with [Sn,S$;]%, yielding
[Sn,S,,0]%". The connection of these anions via S atoms
leads to formatmn of the [Sn;(S,00,]% cluster (Scheme 1).

Scheme 1. Propused Mechanism for the Formation of
[Sny(S,00,]* Starting from the [SnS,]*” Anion

i\ At WX

[SnS‘]‘ [SnS4(OH)I* [SnzSaOTL
[Sn,S; 18 [8n,S;01*
¢
[Sn,S,,0]*
¢ x4
¢
¢
[8n4682,Q4]*

To confirm this suggestion, the pH value of the precursor
solution without the Ni** complex was adjusted to 12.3 (with
0.2 M HCI) and the solution was heated at 90 °C for 1 h. After
cooling to room temperature, a '”Sn NMR spectrum was
recorded (Figure $6), which shows only the signal of [Sn,Se 1+
at 55 ppm and no signal for [SnS,]*" or any possible oxo
species. Therefore, one may assume that the Ni** complex
plays a crucial role for the formation of the oxosulfide species,

Crystal Structures. Compound 1 crystallizes in the
tetragonal space group I4,/a with three unique Sn atoms,
five independent § atoms, three unique O atoms, and one
independent Ni atom. The structure of the [Sn;S;00,]*"
anion consists of ten [SnS,]*" tetrahedra, which are linked via
corners, yielding the T3-type supertetrahedron [S$nygS;0]" "
(Figure 3, top). The O atoms are located between the SnS,
tetrahedra (Figure 3, bottom) and are in a tetrahedral
environment of Sn atoms. The arrangement of the O atoms
can be described as an anti-T2 cluster”’ (Figure 4, bottom).

In the [Sn850,]% cluster, Snl and Sn3 are in an
octahedral environment, while a trigonal-bipyramidal coordi-

Figure 3. View of the T3 supertetrahedral cluster [Sn;sS,,] in the
structure of 1 (top) and the O atoms located in the voids of the
cluster (bottom). Only crystallographically unique atoms are labeled.

Figure 4. Structure (top) and a polyhedral representation (bottom)
of the anti-T2 cluster formed by the tetrahedral environments of the
O atoms in the structure of 1.

DOL: 10.1021/acs.inorgchem 8b02773
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nation is observed for Sn2. In the Sn1S,0, octahedron, the O
atoms are in the trans positions, while in $n35,0,, the O atoms
occupy the cis positions. In the two octahedra, the Sn—§/8n—
O bonds in the basal plane and Sn—S/Sn—0 bonds to the
apical atoms (Table $4) are comparable with data reported in
the literature.*>** For the $n$,0 trigonal bipyramid, the Sn—
O/8 bonds are slightly larger than those in the octahedra. The
$—Sn—S/5—5n—0/0—5Sn—0 angles (Table S4) in the three
polyhedra indicate distortions from ideal geometry, as were
also observed in similar compounds.***® The $n,0O tetrahe-
dron is strongly distorted, as evidenced by the Sn—O bond
lengths (2.001(7)—2.681(1) A) and the Sn—O-Sn angles
(92.95(6)—128.77(6)°). One cluster of 1 is located on each
corner and another in the middle of the unit cell, and two
clusters are positioned on the middle of the faces (010) and
(001) (Figure 5).

b

Vs

y b

Figure S. View of the arrangement of the {Sn;S,,0,} moieties and
Ni**-centered complexes (blue octahedra) in the unit cell of
compound 1. H atoms are not shown.

The [Sn3yS200,]% clusters on the corner and in the middle
of the unit cell are arranged in rods along the b axis, and the
remaining clusters form rods along [100]. The cations and
H,0 molecules occupy the empty spaces between the anions,
The size of the channel along [001] is about 5.5 A? measured
from coordinate-to-coordinate. In 1, charge compensation is
achieved by the Ni** cation, which is in an octahedral
environment of four N atoms of the cyclen ligands and two O
atoms of the H,O molecules (Figure 6).

We note that all Sn—0—-8 compounds contain isolated
[Sn;082004]% clusters with inorganic cations compensating for
the negative charges like in [Csg(H,0) 15][8n,05,00,] ™ and
[Lig(H,0)5][8n1,8500,]-2H,0,”” and only in {[Ni(1,2-
dach),(ma)],[Sn4S;00,]} (1,2-dach = 1,2-diaminocyclohex-
ane; ma = methylamine)™ is the cluster expanded via S atoms
to Ni**-centered complexes. In this compound, the Ni** cation
is in an octahedral environment of five N atoms of the amine
ligands and of one § atom of the [Sn;S;00,]% cluster.

Spectroscopy Properties. The typical bands of the cyclen
molecule in 1 can be identified in the IR spectrum (Figure S7
and Table §5). The OH band of H,O molecules in compound
1 is located at 3373 cm™. The N—H stretching vibration of
cyclen occurs around 3199 cm™', and the Ni-N stretching
mode is observed around 417 cm™'. The UV/vis spectrum
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(8

Figure 6. Views of the [Ni(cyclen)(H,0),]** complex (left) and the
[Sn;(S;004]%" amion (right). Nearly trigonal-bipyramidal Sn$,0:
polyhedra, green; octahedra, blue.

shows the expected d—d transitions. For the high-spin complex
[Ni(H,0)4]**, the d—d transitions are located at 1.05 eV
(1176 nm, *A;, = 3Tyy), L71 eV (724 nm, *A,, = 3T, (F)),
and 3.14 eV (395 nm, 3A2g - 3T]g (P)).*” For 1, these
transitions are found at 1,16 eV (1068 nm), 2.03 eV (610 nm),
and 3.11 eV (398 nm) (Figure S8); ie., the color stems from
d—d transitions at 2.03 eV (610 nm), explaining the green
color of the crystals. The absorption band at 3.11 eV is too
intense for a d—d transition and is mostly the sum of the d—d
and HOMO-LUMO transition.”> The strong absorption at
3.72 eV may be regarded as a charge-transfer band.”®

TGA. The TGA, differential thermal analysis (DTA), and
derivative thermogravimetry curves of 1 are displayed in Figure
$9. A mass loss of 4.5% is observed in the first step, which is
accompanied by a broad endothermic event (T, = 75 °C)
and corresponds to the removal of eight crystal H,O molecules
(calcd 4.6%). The second decomposition step with a mass loss
of 26.7% is also accompanied by an endothermic event (Tpc.lk =
335 °C) and corresponds to the removal of eight H,0
molecules that coordinate to the Ni** cation and four cyclen
ligands (calcd 26.6%). To confirm the emission of individual
constituents of the compound, the black residue of the
decomposition product (T = 500 °C) was investigated by
PXRD and IR spectroscopy. According to the PXRD pattern,
the residue consists of NiO, SnS, Ni3Sn,S,, and an unknown
phase (Figure $10). Furthermore, in the IR spectrum, no
bands of H,O molecules and cyclen ligands are observed
(Figure S11). According to the void space, the crystal H,0
content should be app. 13. An experiment was performed with
a freshly prepared compound, which was weighed at room
temperature for about 1 day at regular time intervals. The
weight was reduced within several minutes, which may explain
the difference between the observed and expected H,0
content in the TGA curve. In a further experiment,
decomposition was stopped at 130 °C and a PXRD pattern
was collected. Afterward, the residue was stored for 1 day in a
H,O atmosphere, and again a PXRD pattern was measured
(Figures $12 and S13). The removal of H,O is accompanied
by a slight shift of the positions of the Bragg reflections (Figure
S12, bottom), while rehydration leads to a PXRD pattern in
full agreement with that of the pristine material.

N, and H,O Sorption. The N, adsorption—desorption
curves of 1 were recorded, but the Brunauer—Emmett—Teller
surface area was only app. 20 m>g™; ie, the sample is
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nonporous (Figure S14, bottom). Nevertheless, the H,O
sorption—desorption was measured, and ca. 13 H,0 molecules
were adsorbed at p/p, = 0.9 (Figure S14, top). The desorption
branch exhibits a divergent shape, and at p/p, = 0.1, the sample
still contained about 4 H,0 molecules. After H,O uptake, a
PXRD pattern was recorded that matches that collected for the
pristine material (Figure $15); i.e., the sample is stable. The
observed H,O isotherm does not follow the typical isotherms
according to the TUPAC nomenclature. At the moment, no
straightforward explanation can be given, but we will assume
that kinetics play an important role and strong interactions
between H,O and atoms of the host material lead to the
observed isotherm. Similarly, the low N, adsorption (Figure
S14, bottom) may be a kinetic phenomenon because the
measurement is performed at 77 K, and additionally N, and
H,0O exhibit different kinetic diameters (N,, 3.64 A; H,0, 2.65
A>). We note that the observation made here is not unusual,
and, eg, MOF-802,%" Ni-CAU-29,°" or §TA-12°* did not
show N, adsorption but good H,O uptake. We calculated the
Connolly surface (Figure $16) for H,O as the probe molecule
(probe radius 1.32 A) using Materials Studio. The calculated
accessible volume for this guest molecule is 19.3% of the total
volume, being proportional to a maximum H,O content of
approximately 9 wt %. These data clearly support the
experimental findings.

Photocatalytic Hydrogen Evolution. Photocatalytic
experiments were carried out with 1, [Ru(bpy);](PF;), as
the photosensitizer, the sacrificial agent triethylamine as the
electron donor, H,O as the proton source, and CH;CN as the
solvent for the photosensitizer. The photocatalytically evolved
H, (Figure 7) increases with increasing irradiation and then
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Figure 7. Photocatalytic hydrogen evolution using compound 1,
[Ru(bpy);](PE;), as the photosensitizer, triethylamine as the
sacrificial agent, HyO as the proton donor, and acetonitrile as the
solvent,

levels off, reaching 18.7 mmol-g'l after 3 h of irradiation time,
and longer irradiation yields a constant H, evolution up to $ h.
During the reaction, the light-orange solution turned brown,
leading to a reduced absorption of incident light, which may
explain the decline of the initially steep curve. Such a color
change indicates photodegradation of the sensitizer, as
reported in several pu‘blications.mi{'M The compound could
be recovered after photocatalysis, but the PXRD pattern
indicates low crystallinity (Figure $17). When new solvents are
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applied to the recovered material, the hydrogen evolution
reaches only 3.2 mmol-g~". This observation is an indication
that the compound is destroyed during the photocatalytic
reaction, Therefore, the stability of 1 in the solution of
triethylamine/acetonitrile/H,O was investigated by storing the
sample for 1 day at room temperature. The PXRD pattern
shows a modulated background besides reflections of 1,
suggesting the formation of an amorphous solid. This
observation supports the assumption that 1 is not stable
under the basic conditions for a longer time and irradiation
may accelerate the amorphization process. We assume that
during chemical decomposition the Ni**-centered complex is
released, and therefore a photocatalytic experiment was
performed with the mixture [Ni(cyclen)(H,0),](ClO,),:
H,0/[Ru(bpy);](PF), (Figure S18). For this system, 18.9
mmol-g~' H, was obtained after 3 h of irradiation time, and
longer irradiation yields a constant H, evolution up to 5 h.
However, it was reported that transition-metal complexes may
be destroyed during the photocatalytic reaction and nano-
particles are generated, which are the active species.”” Such
complexes may be regarded as precatalysts, which are in situ
transformed into the catalytically active species. The
appearance of the Tyndall effect after the photocatalytic
reaction confirms the presence of nanoparticles. In the present
case, the situation is more complex than only using a Ni**-
centered complex because the anion may also be decomposed
and the amorphous particles generated may contain both Ni
and Sn. A possible photocatalytic mechanism has already been
discussed for the [Ni(bpy);]** complex (bpy 2,2'-
bipyridine)”” and on the basis of this proposed mechanism,
we assume a similar mechanism for the [Ni(cyclen)(H,0),]*
complex (Scheme 2).

Scheme 2. Proposed Mechanism for Photocatalytic
Hydrogen Generation Using the [Ni(cyclen)(H,0),]**
Complex”

2TEA*
4
2TEA 25

2ps*

2H

Hy

“P§ = [Ru(bpy);](PFy),; TEA = triethylamine. The scheme was
adapted from ref 70.

A comparison of the photocatalytic activity with data
reported in the literature is difficult because the activity
depends on a large number of parameters like solvents, the
amount of the catalyst, the cocatalyst, the photosensitizer, the
intensity and wavelength of the light source, the sacrificial
compound, the pH value, etc. In addition, the amount of H,
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produced is reported as different quantities like, e.g,, mmol-g !,
mmol, mL, turnover number, or turnover frequency.’ ‘
Nevertheless, the amount of H, of 138 ymolh™' is in the
range of data reported for sulfidic compounds or composites

(Table 1).

Table 1, Comparison of the Photocatalytic Activity of
Different Catalysts at Various Conditions

activity/
pmol-
catalyst reaction mixture/light source h!
compound 1 triethylamine, acetonitrile, H,0O, 138
[Ru(bpy);](PF,),, 330 W Xe lamp,
cutoff filter (4 > 400 nm)
colloidal MoS,"* scorbic acid, acetonitrile, methanol, 420
[Ru(bpy);](PFy),, 300 W Xe lamp,
cutoff filter (4 > 420 nm)
TiO,/MaS,/graphene”™  ethanol, H,0, 350 W Xe lamp 165
MoS,C,* triethylamine, acetonitrile, H,O, 120
[Ru(bpy);](PE,),, 300 W Xe lamp,
cutoff flter (4 > 420 nm)
MoS,/8i0,” KOH, TiO,, H,0, methanol, 860
medium-pressure Hg lamp
CoS,/graphene”™® TEOA, H,0, Eosin Y/300 W Xe 300
lamp, cutofl filter (4 > 455 nm)
[Coy(CeHLN) 1y triethylamine, acetonitrile, H,0, 98
S22 (4a-8)) ] 4HL0 [Ru(bpy)s](PE)y 330 W Xe lamp
CoS/mpg-CN (mpg = H,0, tricthanolamine, 300 W Xe lamp 37
mesoporous
graphitic)™®

M CONCLUSION

In this work, we present the structure of a new rare
oxothiostannate 1, which was prepared by the reaction of
Na,$n$,-14H,0 with [Ni(cyclen)(H,0),](ClO,),-H,O under
hydrothermal conditions. The anion is constructed by a T3
supertetrahedron and an anti-T2 cluster. In the structure,
tunnels are directed along [001], which host H,O molecules.
The sample can be reversibly dehydrated and rehydrated
without significant loss of crystallinity. '”Sn NMR inves-
tigations of an aqueous solution of Na,SnS,-14H,0 demon-
strate that only [SnS,]*™ and [Sn,S¢]*~ anions exist in solution,
and they are stable up to 120 °C. The formation of [Sn,S¢]*
oceurs via a condensation reaction, and H,S is released. One
must postulate that generation of the oxosulfide [81,08,004]%
ion requires the presence of the Ni**-centered complex in the
reaction mixture. In situ investigations of the formation show
that crystallization already occurs at 90 °C and pH 12.3. The
photocatalytic experiments show a high activity for hydrogen
generation, and the catalysis is most probably heterogeneous.
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3.3 “The First Thiostannate Compound with Copper(ll) Synthesized
Under Ambient Conditions: Crystal Structure, Electronic and

Thermal Properties” VIP Paper

The first Cu(ll) thiostannate compound, {[Cu(cyclam)]2[Sn2Se]}n-2nH20, was obtained
at room temperature by reacting NasSnS4-14H20 with [Cu(cyclam)](ClOa4)2 in aqueous
solution. The compound was formed in good yield after only 2 h reaction time. The
crystal structure is composed of the [Sn2Se]* anions and the [Cu(cyclam)]?* cations,
which are connected via Cu-S bonds forming layers along the a-axis. Between these
layers water molecules are located. The Cu?* cations have a distorted octahedral
coordination sphere formed by four N atoms of the cyclam ligand and two S?- anions
of the [Sn2Se]* anion. According to EPR spectroscopy the unpaired electron is in the
dx?-y? orbital demonstrating that the CuN4S2 octahedron is distorted along the z-axis. In
the UV/Vis spectrum only one d-d transition is observed, which is the overlap of the
three possible transitions: 2B1g — 2A1g, ?B1g — 2?B2g and ?B1g — 2Eg. Heating
{[Cu(cyclam)]2[Sn2Se]}n-2nH20 to 165 °C and storing the residue in air led to recovery

of the pristine material indicating that the water molecules can be reversibly removed.

Reprinted with permission from A. Benkada, H. Reinsch, W. Bensch, The First
Thiostannate Compound with Copper(ll) Synthesized Under Ambient Conditions:
Crystal Structure, Electronic and Thermal Properties, Eur. J. Inorg. Chem., 2019,
4427-44432. DOI: 10.1002/ejic.201900924. Copyright 2019 John Wiley & Sons.
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The First Thiostannate Compound with Copper(ll) Synthesized
Under Ambient Conditions: Crystal Structure, Electronic and

Thermal Properties

Assma Benkada,®! Helge Reinsch,®! and Wolfgang Bensch*

Abstract: The new compound {[Cu(cyclam)]s[Sn;Sel},»2nH,0
containing Cu(ll) was synthesized at room temperature reacting
aqueous solutions of Na,SnS,+14H,0 and of [Cu(cyclam)](ClO,),.
A crystalline precipitate consisting of small crystallites was
formed after a very short reaction time of 2 h. Structure analysis
reveals that [Sn,S¢]" anions are joined by the [Cu(cyclam)]?*
cations via Cu-S bonds generating layers which are stacked
along the crystallographic a-axis. The Cu(ll) centers are in a dis-

torted octahedral environment of four N and two S atoms. The
distortion is reflected in the EPR spectrum that displays the A
lines characteristic for Cu?* (I = 3/2) and due to g; > g, >
2.0023, the unpaired electron is located in the d,2. 2 orbital.
The crystal water molecules can be removed at elevated tem-
peratures, while crystallinity of the sample is mainly retained.
Storage of the dehydrated sample on air leads to water uptake
and recovery of the pristine compound.

Introduction

The integration of transition metals into thiostannate frame-
works significantly alters the crystal structures and properties
of the inorganic framework. Pure inorganic bulk thiostannates,
respectively tin sulfides containing transition metals are pre-
pared using the high temperature route,!"! by reaction of ele-
ments in an inert flux,? in reactive fluxes™ or by mechanical
alloying combined with spark plasma sintering.”! In the past, it
was demonstrated that the solvothermal method is most prom-
ising for the generation of thiostannates containing transition
metal complexes. Considering only compounds that contain the
[Sn,Sel* anion, saturated complexes with the cations Mn?*,
Co?*, Ni** and Zn?* are observed with bi- and tridentate amine
molecules like en (en = ethylenediamine), dap (dap = 1,2-di-
aminopropane), 1,2-dach (1,2-dach = 1,2-diaminocyclohexane),
2amp (2amp = 2-(aminomethyl)pyridine), dien (dien = diethyl-
enetriamine) and aepa (aepa = N-2-aminoethyl-1,3-propandi-
amine), as exemplified by the compounds [M(en);],[Sn;Se]
(M = Mn, Co, Ni and Zn),'>¢ [Ni(dap)slo[Sn,Ss]-2H,0,18 [Ni(1,2-
dach)3]5[5n,56]-4H,0,71 [M(dien),],[Sn;S4] (M = Co and Ni),!”!
[Ni(2amp)s]2[Sn,S6l-9.5H,0® and [Ni(aepa),la[Sn;Sel.”" In con-
trast, tetra- and pentadentate amines like tren (tren = tris-

[al Institute of Inorganic Chemistry, Christian-Albrechts-University of Kiel,
Max-Eyth-Str. 2, 24118 Kiel, Germany
E-mail: wbensch@ac.uni-kiel.de
http://www.ac.uni-kiel. de/de/bensch

= Supporting information and ORCID(s) from the author(s) for this article are
available on the WWW under https://doi.org/10.1002/ejic.201900924.

G © 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA. -
This is an open access article under the terms of the Creative Commons
Attribution-NonCommercial License, which permits use, distribution and re-
production in any medium, provided the original work is properly cited and
is not used for commercial purposes.

Eur. J. Inorg. Chem. 2019, 4427-4432 Wiley Online Library

4427

(2-aminoethyl)amine), trien (trien = triethylenetetramine),
cyclam (cyclam = 1,4,8,11-tetraazacyclotetradecane) or tepa
(tepa = tetraethylenepentamine) form unsaturated metal com-
plexes allowing the coordination of 5%~ of the inorganic frame-
work to metal cation. Examples include [M(tren)],5n,5s (M =
Mn, Co and Ni)’®'% {[Mn(trien)]5[SnS4l},,”" {[M(cyclam)],-
[Sn5Sel},2nHL0 (M = Co and Ni)'"'? and {[M(tepa)l,[Sn,Sel}
(M = Co, Fe and Ni).l'*! All these compounds contain the anionic
[Sn,Sel* unit, which occurs as an isolated anion like in
[Ni(tren),]5[Sn,S6]-8H,0 and [Ni(tren)(2amp)lo[SnauSel '™ or is
linked to the transition metal complexes by covalent M-S
bonds. The linkage is realized by three different modes: A) two
trans terminal $?~ anions form a bond such in {[Fe(1,2-dach),]-
[Sn,S¢lt,-2n1,2-dach;l'? B) all four terminal 52 are involved in
bonds and two S~ anions bind to two transition metal com-
plexes like in {[M(phen);];[Sn;Sel}-phen-H,O (M = Co, Fe and
M) or in {[Ni{phen);l5[Sn,Se]}-2,2"-pipy;!'® C) each $* anion
binds to one complex, so that four complexes are bound to one
[Sn,Sgl*™ unit as observed in {[M(cyclam)],[Sn;Ssl},2nH,0
(M = Co and Ni).l"'?

Only a few thiostannate and tin sulfide compounds contain-
ing Cu or Ag are known so far, whereby both metals exhibit the
oxidation state +l. In addition, Cu(l) and Ag(l) cations have
bonds to the $2~ anions of the thiostannateions like in [1,4-dabH]-
[Ag55nS4] (1,4-dab = 1,4-diaminobutane),l"” [H,en)[Ag,5n5,),®
[enH][Cu,AgSnS,] e [dienH,][Cu,5n.S4],12Y [enHlgn-
[CusoSnysSeol " [enHIs[CuzSngSe2] 21 [trenHsl[CuzSnySyz], 2"
[DBUHI[CuSnSs] (DBU = 1,8-diazabicyclo[5.4.0lundec-7-ene),'2?
[Hoen],[CugSnsS,,1123 [1,4-dabH,)[Cu,SnS,l22) where  proto-
nated amine molecules provide charge balance and act as
structure directing agents. All these compounds were synthe-
sized under solvothermal conditions using the elements Sn, S,
Cu or CuyS in amine solvents. The compounds Cu,5n;,5i,S;3

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Ca. KGaA, Weinheim
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(0.4 = x = 0.6) with band gaps of 1.25, 1.35 and 1.45 eVR¥ as
well as (dienH,)Cu,5n,5,12% reveal potential as absorber materi-
als for photovoltaic devices.

The existence of Cu(ll) in thiostannates and tin sulfides has
not been observed until now. The reason is that Cu(ll) is re-
duced by $% anions to Cu(l). Our challenge was to find an
amine ligand that forms stable complexes with Cu(ll) leaving
sites at the Cu(ll) center free for bond formation to $?”. Indeed,
after a research in the Cambridge Structural Database (CSD) we
found that cyclam generates stable complexes with transition
metal cations and especially with Cu(ll) (log K = 27.2,?5) see
Synthetic aspects). Encouraged by this observation we per-
formed syntheses with the [Cu(cyclam)](ClO,); complex under
hydrothermal conditions as well as at room temperature.
Herein, we present the first copper{ll) containing tin-sulfide
compound {[Cu(cyclam)]5[Sn,Sel},+2nH50, which exhibits a 2D
structure. This compound was prepared by using NasSnSs
14H,0 as precursor and the stable complex [Cu(cyclam)}(ClO,),
in water at room temperature. In addition, electronic and ther-
mal properties of the title compound were investigated and the
results are presented herein.

Results and Discussions

Synthetic Aspects

The overwhelming number of thiostannates were synthesized
using elemental Sn and S in aqueous amine solutions.!*! The
basic conditions are necessary to generate polysulfide anions,
which react with Sn to form thiostannate ions.?”) Applying
Na,SnS,+14H,0 as precursor the addition of amine is not neces-
sary, and recently we have shown that [SnS,]*~ condenses very
fast to form [Sn,Sgl* units under release of H,S.%?® Reacting
[Ni(cyclen))(CIQ4); (cyclen = 1,4,7,10-tetrazacyclododecane) and
Na,SnS4+14H50 under hydrothermal conditions we successfully
prepared {[Ni(cyclen)ls[SngS1202(0H)s]}2(CI04)-19H,0.2%  Cy-
clen is a tetraaza macrocyclic ligand that forms TM™* centred
complexes with two free coordination sites and if TM™* prefers
an octahedral coordination, bond formation to thiostannate an-
ions is possible, which is observed in the structure where
[Ni(cyclen)]** cations are bound to the central core unit via 5%~
and OH" anions.”! Encouraged by this observation we used
in the present work the [Cu(cyclam)]** complex with a planar
environment around Cu(ll) and the two apical positions are free
for bond formation. The compounds {[Ni(cyclam)]s[Sn,Selh,-
2nH,0 and {[Colcyclam)1,[Sn,S5¢l},-2nH,0 were prepared under
solvothermal conditions by reacting [Ni(cyclam)](CIO,), with
Na,SnS414H,0 or by reacting [Co(cyclam)Cl,]CI with elemental
Sn and S, For comparison, we heated an aqueous solution of
NasSnS4-14H,0 with [Cu(cyclam))(ClO4); at T = 120 °C for 1 d
but no thiostannates could be obtained. In the X-ray powder
pattern reflections of CugSs could be identified indicating that
[Cu(cyclam)](ClO,); is not stable under hydrothermal conditions.
Because the [Cu(cyclam)](ClO,), complex exhibits a good solu-
bility in water (solubility = 14.4 g/L, Figure S1), syntheses at
room temperature were carried out by adding an aqueous solu-
tion of Na,SnS414H,0 to aqueous solution of the complex.
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Comparison of the complex stability constants of the Cofll),
Zn(ll), Ni(ll) and Cu(ll) complexes (Table 1) demonstrates that
the Cu(ll) centered complex is most stable in this series of com-
pounds. The high stability makes formation of Cu(ll) aqua
complexes unlikely which are prone to react with 5~ anions in
solution thus leading to precipitation of CuS or Cu,S.

Table 1. Complex stability constants (log K) of Co(ll), Zn(ll), Ni(ll) and Cu(ll)
complexes,

Ligand Co?* (|Ug KJ[ES'I 7n* (|09 K)DS\ Ni2* (ng K]!QS'\ Cu?* (|Clg K)[zs:

Cyclam 127 15.0 22.2 27.2

Crystal Structures

Compound I, {[Culcyclam)];[Sn;Selta+2nH50, crystallizes in the
triclinic space group PT with one formula unit per unit cell. The
unique Sn and S atoms of the [Sn,Sg]*" anion are located on
general and the Cu atoms of the complexes on special posi-
tions. The [Sn,S¢* anion is formed by two edge-sharing
[SnS,l*~ tetrahedra (Figure 1).

@sn
@cu

s3g

Figure 1. View of the constituent in the structure of compound I Only se-
lected atoms are labelled and H atoms are omitted for clarity.

The Sn-5,, bond lengths vary between 2.3877 and
2.3935 A, while the Sn-Sy,.iq bonds scatter between 2.4262 and
24946 A (Table S1). These values are in the typical range of
literature data. The S-5n-S angles are in the range of 93.04-
117.25° Seorm=SN-Srerm: 111.30% Sprig=SN=Spriai 93.04°, Spyia=Sn-
Sterm: 108.95-117.25°) indicating a pronounced distortion of the
tetrahedra.”'"*% Both Cu(ll) cations are in an octahedral envi-
ronment of four N and two S atoms occupying the apical posi-
tions (Figure 1). The Cu-N/S bonds are Cu-N = 1.992(2)-2.085(1)
A and Cu-S = 2.764(9)-2.782(9) A, with corresponding angles
around Cu(ll) cations (Table S1) indicative for a significant dis-
tortion of the ideal octahedral geometry. However, all Cu-N and
N-Cu-N values are in the range of literature data.®"! The Cu-S
bonds are longer than the sum of ionic radii [Cu?* (CN = 6) =
0.73 A; S 1.84 A; sum: 2.57 A1, but shorter than the sum of
the van der Waals radii (3.4 A).3¥ A search in the Cambridge

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Ca. KGaA, Weinheim
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Structural Database for the complexes with CuN,S, cores
(mainly thiolates and complexes with SCN-), in which S is in
the apical position, yields Cu-S separations between 2.560 and
3.258 A. These values indicate that Cu-S bonds in the CuN,S,
moieties are between the sum of ionic radii and the sum of the
van der Waals radii. For analyzing the distortions of polyhedra,
a new method was reported by Cumby et al.*¥ in which the
shape of a polyhedron is approximated by an ellipsoid (mini-
mum bounding ellipsoid, MBE). Regardless of coordination
number and geometry, the calculation of the MBE can be car-

Table 2. Volumes and shape parameters of the Cu?' centered octahedra.

Atom VAT s
Cul () 49.8 0.227
Cu2 () 45.2 0.155

Ll

L.

c

Figure 2. View of the crystal structure of compound I along [001] {top) and
along [100] (bottom). The H atoms of the complexes are omitted for clarity.
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ried out for any polyhedron. In addition, the MBE must be the
ellipsoid of smallest volume that includes all atoms. Normally,
the vertices of high symmetry polyhedra are positioned on the
surface of a sphere. Variation of the symmetry of polyhedra
causes a transformation of the sphere into an ellipsoid. The
principal ellipsoid radii are R1 = R2 = R3, their average <R> and
their variance 02(R) or standard deviation a(R) = Ya?(R) present
the size and the distortion of the polyhedra, respectively. An
important parameter to describe the distortion of the polyhe-
dra is the shape of the ellipsoid § which is represented by
S = R3/R2 - R2/R1. 5 is in the range of -1 to 1. A sphere has
$ =0, for an axially compressed ellipsoid S < 0 and for an axially
stretched ellipsoid S > 0. Table 2 shows the volumes and the
shape parameters § of the two Cu centered polyhedra. As can
be seen from the data the polyhedra are axially elongated and
the Cul centered polyhedron shows the largest stretching.

All S atoms of the [Sn,S¢]* moiety are bonded to the
Cu?* cations in two different directions forming layers within
the ac plane. The layers are stacked along [100] and in a---AAA--
sequence with the shortest interlayer separation of = 4.4 A
(measured from coordinate to coordinate).

The water molecules are located between the layers (Fig-
ure 2). Compound | is isostructural to the compounds
{IM{cyclam)1.[Sn,Sel}n-2nH,0 (M = Co and Ni),!""'? and all three
compounds belong to the relatively rare two-dimensional thio-
stannate compounds containing TM2* cations, like observed in
[enH][Cu,AgSnS,11"® [dienH,][CuySn,Sel 29 Ko AgsSnsS =% or
[enH.][Ag,5n5,41."®!

Spectroscopic Properties

The characteristic bands of the macrocyclic amine molecule can
be identified in the IR spectrum (Figure 52; Table S2). The broad
band at approximately 3441 ¢cm™' is attributable to the OH
stretching vibration of H,O. The N-H stretching vibrations of
cyclam are located around 3202-3101 cm™ and the Cu-N
stretching mode is observed at about 424 cm™'. The typical
Sn-S medes occur in the Raman spectrum in the region of
400 to 100 cm™". The Sn-S.m stretching mode is located at
384 cm'. The Sn-5-Sn and Sn,S, ring vibrations are observed
at 341 and 277 cm™'. The deformation and lattice vibrations of
the [Sn,Sg]*~ unit occur between 200 and 100 cm™', however a
reasonable assignment is not possible (Figure S3).

The UV/Vis spectrum of | displays the expected d-d transition
(Figure 3). For [Cu(H,0)¢** the transition is located at about
1.55 eV (800 nm, 2E4—2T,,).5% The title compound shows a
signal at 227 eV (546 nm) which is shifted to higher energy
compared to the hexa-agua complex caused by the differing
bonding properties. Compounds with CuN,S; cores, in which
S is in apical position exhibit a single broad band between 1.87
and 2.26 eV,5738 which is the envelope of the three possible
transitions: 2B;;—?A4, 2B15—3?B,g and 2B, 4—?E1* The color
of the crystals of the title compound is caused by the transition
at 2.27 eV (546 nm) which corresponds to violet color. The
strong absorption at 2.87 eV (432 nm) is attributed to charge
transfer transition.”!

© 2019 The Authors. Published by Wiley-VCH Verlag GmbH & Ca. KGaA, Weinheim
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Figure 3. Kubelka-Munk-Factor F? as function of energy calculated from
UV/Vis spectroscopic data.

Electronic Properties

The electron paramagnetic resonance (EPR) spectroscopy is an
interesting method to study the coordination geometry and the
electronic structure. Based on the two important parameters g,
and g, the ground state can be determined. For an elongated
octahedron, a square pyramid or square planar environment of
Cu(ll) the ground state is d,?.,* and g > g, >2.0023. When the
d,. orbital is the ground state, then g, > g, = 2.0023 and the
coordination sphere is compressed octahedral or trigonal
bipyramidal.**! The EPR spectrum of | (Figure 4) reveals only
three of the four A lines characteristic for Cu?* {/ = 3/2).1" This
is due to the overlap of the signals assigned to g, with those
assigned to g,.5ince g (2.26) > g, (2.02) > 2.0023, the unpaired
electron is located in the d,”.,” orbital.“”) The metal hyperfine
coupling A in this region is = 205 G, These results demonstrate
that the CuN,S, octahedron is elongated, which is in line with
relatively long Cu-S bonds (see above) and are in good agree-
ment with those of Cu(ll) complexes with distorted octahe-
dra.lﬂ'l,dzj

Intensity

g, =226
g, =202

T T

T T
3000 3200 3400 3600
Magnelic Field/ G

2800

Figure 4. EPR spectrum for compound I in water/glycerin mixture at 77 K,

Thermogravimetric Analysis

To investigate the stability of compound I and if the water mo-
lecules can be reversibly removed, measurements using simul-
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taneously differential thermoanalysis and thermogravimetry
(DTA-TG) were performed. Upon heating two mass steps are
observed in the TG curve (Figure $4). The first step is accompa-
nied by an endothermic signal in the DTA curve at peak temper-
ature of = 140 °C. The mass loss of 4.0 % is in good agreement
with that calculated for the removal of two H;O molecules (calc.
3.6 %). In the second step the intermediately formed anhydrate
decomposes between 200 and 400 °C in two endothermic reac-
tions (7T, = 228 and 252 °C). The mass loss of 43.7 % probably
matches with the emission of two cyclam molecules and one
H,S molecule (calc. 43.7 %). The X-ray powder pattern of the
black residue obtained after heating the sample to 500 °C con-
tains SnS, Cu,S and CugSs (Figure S5). In a further experiment,
heating was stopped after the first step at 165 °C and the light
purple powder was investigated by X-ray powder diffraction.
The powder pattern is very similar to that of the pristine com-
pound, with some reflections being shifted and broadened.
Storing this sample on air at room temperature the title com-
pound is retained, but the crystallinity is slightly reduced as can
be seen comparing the pattern of the pristine material with
that of the rehydrated one (Figure S6). The anhydrate was also
dispersed in methanol to investigate whether a polar solvent
can be incorporated. Nevertheless, the X-ray powder pattern
indicates that the uptake of methanol was unsuccessful (Figure
S7).

Conclusion

The first Cu(ll) thiostannate was prepared at room temperature
in good yield applying a simple aqueous synthesis method us-
ing Na,SnS,:14H,0 and [Culcyclam)](CIO,),. The crystallites of
the title compound were formed after 2 h reaction time, which
is much faster than for classical solvothermal syntheses. In the
structure of | the [Sn,S¢]* anions are covalently bound to the
[Cu(cyclam]]z* cations by Cu-S bonds in trans position. In this
way, layers are generated which are stacked along [1-10]. The
Cu(ll) cations are in a distorted octahedral environment which is
reflected by the EPR data. According to these data, the unpaired
electron is located in the d,?>., orbital, which is typical for a
distortion of the octahedron along the z axis. A further confir-
mation was provided from UV/Vis spectrum, in which only one
broad band is observed which is the envelope of the three
possible electronic transitions. The crystal water molecules can
be thermally removed without collapse of the structure. Further
experiments are under way with other Cu(ll) centered com-
plexes to check whether the new synthetic approach can be
used for generation of further new compounds.

Experimental Section

Na,5nS4+14H,0 and [Cu(cyclam)](CIO,), were prepared according to
literature methods."*¥ Generally, the reaction products were filtered,
washed with water and dried at ambient conditions. Caution: Per-
chlorate anions are potentially explosive if heated and must be han-
dled with care.

Synthesis of {[Cu{cyclam)],[Sn;Sel},:2nH,0 (1): Na,SnS,-14H,0
(59.1 mg, 0.1 mmol) was dissolved in 0.5 mL of H;0 and [Cu-
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(cyclam))(CIO,); (46.3 mg, 0.1 mmol) in 0.5 mL of H,0. The
Na,SnS,+14H,0 solution was added to the [Cu(cyclam)](ClO,), solu-
tion, stirred for 20 min. and was kept at room temperature. A violet
crystalline precipitate was formed after 2 h (= 29 % yield based on
Sn). Elemental analysis: found C: 23.90 %, H: 5.23 %, N: 11.11 %,
calculated: C: 24.18 %, H: 5.28 %, N: 11.28 %.

Structure Determination: The X-ray powder pattern (PXRD) of
compound I could be successfully indexed in a triclinic unit cell with
a Goodness of Fit of 50.6 using TOPAS Academics.* The position
of most atoms except for some carbon atoms of the cyclam ligand
could be determined using direct methods as implemented in Expo
2009.%1 The missing carbon atoms of the ligand were subsequently
inserted using the molecular modelling software Materials Stu-
dio."8! The thus obtained model was further optimized by force-
field calculations using the universal force-field™’! as implemented
in the forcite routine in Materials Studio. This structurally optimized
starting model was afterwards converted into the conventional
crystallographic setting using Platon!*®! and the structure could be
successfully refined with the Rietveld method. The positicns of all
atoms were freely refined using only bond restrains. The residual
electron density in the Fourier map was attributed to crystal water
molecules. A preferred orientation along [1-10] was taken into ac-
count using the method of March.*® The isotropic displacement
factors were refined element specific or as a group for C and N
atoms. The final Rietveld refinement plot is shown Figure S8 and
some reliability factors are summarized in Table S3.

CCDC 1947342 (for compound 1) contains the supplementary crys-
tallographic data for this paper. These data can be cbtained free of
charge from The Cambridge Crystallographic Data Centre.

Characterization Methods

X-ray Powder Diffraction (PXRD): The powder diffraction patterns
were measured with a STOE Stadi-P diffractometer equipped with
a MYTHEN 1K detector (DECTRIS) using monochromatized Cu-K,
radiation (1 = 1.540598 A). The experimental and the calculated
patterns using the results of the Rietveld refinement match per-
fectly indicating phase purity of the sample (Figures $9).

Energy Dispersive X-ray Spectroscopy (EDX): EDX analysis (Table
S4) was carried out on a Philips Environmental Scanning Electron
Microscope ESEM XL30 equipped with an EDX detector.

Elemental Analysis: CHNS elemental analysis was performed with
an EURO EA Elemental Analyzer (EURO VECTOR Instruments and
Software).

Infrared Spectroscopy: The IR spectrum was measured at room
temperature from 80 to 6000 cm™' with a Bruker Vertex70 FT-IR
spectrometer.

Raman Spectroscopy: The Raman spectrum was collected at room
temperature on a Bruker RAM Il FT-Raman spectrometer equipped
with a liquid nitrogen cooled, highly sensitive Ge detector. The radi-
ation and the resolution are 1064 nm and 3 cm™', respectively.

UV/Visible Spectroscopy: UV/Vis measurement was done at room
temperature with an UV/Vis/NIR two channel spectrometer Cary 5
(Varian Techtron Pty, Darmstadt, 200-3000 cm~") using BaSO, as
reference. The UV/Vis data were converted applying the Kubelka—
Munk function. For determination of the solubility of the complex,
UV/Vis spectra were measured on an Agilent 8453 spectrometer in
a range of 190 nm to 1100 nm with deviation of +0.5 nm and
wavelength reproducibility of £0.02 nm.

Electron Paramagnetic Resonance (EPR) Spectroscopy: The EPR
spectrum was collected on a Bruker EMXplus spectrometer cooled
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with liquid nitrogen (T = 77 K) and equipped with a PremiumX
microwave bridge and a Bruker dual mode X-band cavity. The sam-
ples were dissolved in a mixture of HO/Glycerine (4:6) transferred
into a 1 mm quartz tube and measured at 77 K.

Thermogravimetric Analysis: Thermogravimetric investigations
were carried out using a Linseis STA PT1600 instrument, in which
the sample was heated in a nitrogen atmosphere with a heating
rate of 4 K-min~".
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3.4 “Room temperature synthesis of new thiostannates by slow

interdiffusion of different solvents”

The preparation of the new compounds [Ni(L1)][Ni(L1)Sn2Se]n-2H20 (I) and
[Ni(L2)]2[Sn2Se]-4H20 (Il) was achieved using a new synthetic approach at room
temperature. In this approach, an aqueous solution of NasSnS4-14H20 was overlayed
with a solution of the complex [Ni(L1)](ClO4)2 dissolved in CH3CN or a solution of the
complex [Ni(L2)](ClO4)2 dissolved in DMSO was overlayed with an aqueous solution of
NasSnS4-14H20 (L1 = 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclotetradecane and L2 =
1,8-diethyl-1,3,6,8,10,13-hexaazacyclotetradecane). Both compounds crystallized in
the interface region of the solvents. The structure of compound I consists of [Ni(L1)]**
centered complexes and [Sn2Se]*- anions, whereby the Ni?* cations exhibit different
coordination geometries. One Ni?* cation features octahedral environment of four N
atoms of the L1 ligand and two S atoms of the [Sn2Ss]* anion leading to the formation
of chains along the a-axis. The second Ni?* cation is in a square-planar environment
und is located between the chains. Compound Il composes of isolated [Ni(L2)]?* cations
and [Sn2Se]* anions. The Ni?* cations are in a square-planar coordination environment
of four N atoms of the L2 ligand. The calculation of volumes and spaces of both
complexes indicates the differences of the space requirements of the ligands. This may
be the reason why the crystal structures of | and Il are different. Both structures were
stabilized by intermolecular S---H, N---H, O---H and H---H interactions. The importance
of these interactions was confirmed by Hirshfeld surface analysis.

Reprinted with permission from A. Benkada, C. Nather, W. Bensch, Room
Temperature Synthesis of New Thiostannates by Slow Interdiffusion of Different
Solvents, Z. Anorg. Allg. Chem., 2020. Accepted 15.06.2020. DOI:
10.1002/zaac.202000199. Copyright 2020 John Wiley & Sons.
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Abstract. The new compounds [Ni(L,)][Ni(L,)Sn,S,],-2H,0 (I) and
[Ni(L2)]2[SnaSg]-4H,0 (1I) containing the macrocyclic ligands L,
(L, = 1.8-dimethyl-1,3,6.8,10,13-hexaazacyclotetradecane) and L,
(Ly = 18-diethyl-1,3,6,8,10,13-hexaarzacyclotetradecane) were pre-
pared at room temperature by overlaying an aqucous solution of
Na,SnSp14H,0 with the [Ni(L)](ClO4), complex dissolved in
CH;CN (I) or by overlaying a solution of the [Ni(L,)](C10,), complex
dissolved in DMSO with an aqueous solution of Na,SnS,-14H,0 (II).
The slow interdiffusion of the two solvents guarantees supersaturation
in the interface region of the solvents so that crystallization of the

compounds occurs. In the structure of I one Ni** cation has bonds to
$?~ anions of the thiostannate anion thus gencrating chains along [ 100].
This cation is in an octahedral environment of four N atoms of L; and
two S atoms of the [Sn,Se]* anion. The second [Ni(L,)]** complex
exhibits a square-planar coordination geometry. These [Ni(L,)]** com-
plexes and water molecules are located between the chams. In the
structure of I isolated [Sn,S4]"~ anions and [Ni(L,)]** cations are ob-
served. The Ni** cations are fourfold coordinated by N aloms of the
L, ligand and feature also a square planar environment.

ey

Introduction

Traditionally, thiostannates containing TM"* cations (TM =
transition metal) or TM"™* centered complexes are prepared
from the elements Sn and S or from SnS,, salts like
SnCl+5H,0 and transition metals or transition metal salts in
aqueous amine solution applying the solvothermal approach.!'!
A solvothermal reaction requires special vessels and is a com-
plex system. What compound is formed depends on many pa-
rameters, such as temperature, concentration of starting materi-
als, pH value, nature of the solvent, structure directing mol-
ecule and others.!?! In addition, very often by-products are
formed leading to a reduction of the yield of the desired prod-
uct and require manual separation of the different compounds.
Hence, predicting the nature of a compound that crystallizes
under solvothermal conditions is not possible.

To avoid solvothermal conditions, room temperature
syntheses were performed leading to crystallization of e.g.
(dda)y[Sn»Se]-2H-0 (dda = dodecylamine),*!
[CH;C(NH,)>1s5n>84SnSs,  (CHs).NH»(NH,)SnS;  and

* Prof. Dr. W, Bensch
Fax: +49-431-880-1520
E-Mail: wbensch@ac.uni-kiel.ded

[a] Institut fiir Anorganische Chemie
Christian-Albrechts-Universitiit zu Kiel
Max-Eyth-Str. 2
24118 Kiel, Germany

& Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/zaac.202000199 or from the au-
thor.

& © 2020 The Authors. Published by Wiley-VCH Verlag GmbH &
Co. KGaA. - This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited and is not used for commercial
purposes.

(NH4)Sn3So:1.3H,0.1% (dda),[Sn,S¢]-2H-0 was prepared by
the reaction of SnCl;*SH,O with Na,S-OH,O in H,O and a
mixture of dodecylamine dissolved in  ethanol."*
[CH3C(NH»)»]5Sn,S4SnS,, (CH;3)>sNH,(NH,)SnS5, and
(NH,)6Sn3S¢'1.3H,0 were synthesized by reacting amorphous
SnS, with (NH,),S in an aqueous solution. For the crystalli-
zation of these compounds solvents like acetonitrile and N,N-
dimethylformamide were added and a crystallization time of
several months was required.”!

Recently, we explored solvothermal syntheses using dif-
ferent thiostannate sources and transition metal complexes as
reactants for the generation of thiostannates. For example, the

reaction of Na,SnS, 14H.O with [Mn(2,2"-bipy):](C10,),,

[Ni(cyclam)](ClO,),, [Ni(cyclen)[(CI1Oy),, or
[Ni(cyclen)(H,0),](C10Oy),"H,O in H,O led to
crystallization of four new tin-sulfur compounds, e.g.

[Mn(2,2"-bipy), 2SSl - (2,2-bipy = 2,2"-bipyridin),
{[Ni(cyclam)],[Sn,Se]},2nH,0 (cyclam = 1.4,8,11-tetraaza-
cyclotetradecane),! {[Ni(cyclen)]glSngS 120,(0H)g] }+
2(ClO4)19H,01°1  and  [Ni(cyclen)(H;0)5]4[Sn6S2004]
~13H,0"! (cyclen = 1,4,7,10-tetraazacyclododecane). In an-

other room temperature based synthesis approach,
{[Ni(tren)]s[SnyS¢]},, (tren = tris(2-aminoethyl)amine} was
used as precursor in aqueous amine solution and the

two new thiostannates  [Ni(tren);]>[Sn;Sg]-8H>0  and
[Ni(2amp)(tren)],[Sn,Sg] (2amp = 2-(aminomethyl)pyridine)
could be synthesized. For the generation of both compounds,
a breakage of the Ni-S bonds in the precursor is necessary, so
that free coordination sites on the Ni** cation are generated to
which N atoms of the amine molecules can coordinate.”®! But
the product diversity is limited using {[Ni(tren)],[Sn,S¢]}, as

precursor. Hence, a further synthetic approach at room tem-
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perature was developed in our group to synthesize thiostan-
nates with a large variety of chemical compositions. Applying
Na,SnS, 14H,0 and the [Ni(amine);]>* complexes [amine =
ethylenediamine (en), [,2-diaminocyclohexane (1,2-dach),
1,2-diaminopropane (1,2-dap), 2amp] in aqueous tren solution,
six new compounds crystallized between 1 and 7 days:
[Ni(tren)(en)]>[Sn,S4]-2H-0, [Ni(tren)(en)],[Sn,S¢]-6H-0,
[Ni(tren)(1,2-dach)][Sn»Sg]*3H,0, [Ni(tren)(1,2-dach)]>[Sn,Ss]*
4H,0, [Ni(tren)(1.2-dap)],[Sn,S4]-4H,0, and
[Ni(tren)(2amp)Jo[SnuSe]- 10H,0.1°! In these compounds two
bidentate amine ligands (en, 1,2-dach, 1,2-dap, and 2amp)
were replaced by one tetradentate tren ligand during the reac-
tion, so that two kinds of amine molecules are coordinated to
the Ni>* cation instead of only one. However, the octahedral
environment of the Ni** cations by the N donor atoms re-
mained unchanged. Using this synthesis strategy the formation
of Ni sulfides is prevented, because the presence of tren sup-
presses the generation of [Ni(H>0)g]** complexes in water.”!

Most of the ligands used in our group or by others for the
generation of new thiostannate or tin-sulfur compounds con-
taining TM™ complexes exhibit a reasonable good solubility
in water. To enhance the structural diversity, integration of
more bulky TM>* complexes is a promising route. In this re-
spect macrocyclic polyaza ligands are suitable candidates. The
synthetic challenge is the low solubility of complexes with
such ligands in water. Because the solubility is much better in
organic solvents, syntheses were performed at room tempera-
ture using an aqueous phase containing the thiostannate and an
organic phase containing the Ni* complexes. The slow inter-
diffusion of the two solvents afforded crystallization of the
new compounds [Ni(L)][Ni(L,)Sn:S],2H,0 (I) and
[Ni(L2)]5[Sn,S4]-4H,O (IT). Herein we report the synthetic
procedure, the crystal structures, the thermal behavior, spectro-
scopic properties and a Hirshfeld surface analysis.

Experimental Section

Na,SnS,-14H,01'% and [Ni(L,)](Cl04)» (n = 1 and 2)'"7 were synthe-
sized according to literature procedure. Generally, the reaction prod-
ucts were filtered, washed with water and dried at ambient conditions.
Caution: Perchlorate anion containing compounds are potentially ex-
plosive il heated and must be handled with care.

Synthesis of [Ni(L)][Ni(L,)Sn;S¢],-2H,0  (I):  Na,SnS,-14H,0
(59.1 mg, 0.1 mmol) was dissolved in 2 mL H,O and [Ni(L,)](Cl1Oy),
(48.4 mg, 0.1 mmol) in 2mL CH;CN. The Na,SnS,+14H,0 solution
was overlayed with the CH;CN solution and was kept at room tem-
perature. Small brown crystals are alrcady observed after 2 h at the
interface between the aqueous and organic phases and after 1 d single
crystals are formed (ca. 32 %, 0.032 mmol and 33.4 mg yield based on
Sn). Note: compound I could also be obtained using a DMSO solution
ol the complex, but in this case the yield is very low. Elemental analy-
sis: caled. C: 23.01%, H: 5.41%, N: 16.10%; found C 22.84 %, H:
5.48%, N: 15.90%.

Synthesis of [Ni(L,)]2[Sn;Ss]-4H,0 (11): Compound II was prepared
by dissolving NaySnS, 14H;0 (59.1 mg, 0.1 mmol) in 0.5 mL H,O
and [Ni(L2)](ClOy), (51.6 mg, 0.1 mmol) in 1.0 mL DMSO. The
Na,SnS,+14H,0 solution was carelully added to the [Ni(L,)](CIO,),

solution and the mixture was kept at room temperature. The first larger
crystallites appear after about 2 to 3 d and brown crystals suitable for
single crystal determination were formed after 7 d (ca. 22%,
0.022 mmol and 24.9 mg yield based on Sn). Elemental analysis:
caled. C: 25.37 %, H: 6.03 %, N: 14.79%: found C 24.03 %, H: 5.53 %,
N: 13.66%

Structure Determination: Data for compounds 1 and II were col-
lected using a STOE IPDS-1I (Imaging Plate Diffraction System) with
graphite monochromated Mo-K,, radiation (4 = 0.7107 A) at 170(2)
and 200(2) K, respectively. The structures were solved with direct
methods using the program SHELXS-97./'2! and the refinements were
done with SHELXL-2018.131 All non-hydrogen atoms were refined
anisotropically. The C-H and N-H H atoms were positioned with ide-
alized geometry (methyl H atoms allowed to rotate but not to tip) and
refined isotropic with Ui(H) = 1.2 Uy(C) (1.5 for methyl H atoms)
using a riding model. The O-H H atoms in compound I were located
in difference maps, their bond lengths were set to ideal values and
alterwards they were refined using a riding model with U, (H) =
1.5 U,y(O). The oxygen position of one water molecule is only half
occupied. In compound II the O-H H atoms were located in ditference
maps and the bond lengths were set to ideal values and finally, they
were refined isotropically with Ui,(H) = 1.5 Ug(O) using a riding
model. Details of data collection and refinement results are summa-
rized in Table S1 (Supporting Information).

Crystallographic data (excluding structure factors) for the structures 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 numbers CCDC-1950867 (I) and CCDC-1950765 (IT) (Fax:
+44-1223-336-033;  E-Mail:  deposit@ccdc.cam.ac.uk,  http://
www.ccede.cam.ac.uk).

X-ray Powder Diffraction (XRPD): The powder diffraction patterns
were recorded on a STOE Stadi-P diffractometer equipped with a
MYTHEN 1 K detector (DECTRIS) using monochromatized Cu-K,,;
radiation (2 = 1.540598 A). Comparison of the experimental and the
calculated patterns using the results of the single-crystal X-ray data
indicates phase purity of the samples (Figures S1 and S2, Supporting
Information).

Energy Dispersive X-ray Spectroscopy (EDX): EDX analysis (Table
S2, Supporting Information) was performed with a Philips Environ-
mental Scanning Electron Microscope ESEM X130 equipped with an
EDX detector.

Elemental Analysis: CHNS clemental analyses were done with an
EURO EA Elemental Analyzer (EURO VECTOR Instruments and
Software).

Infrared Spectroscopy: IR spectra were collected al room (empera-
ture from 80 to 6000 cmi™' with a Bruker Vertex70 FT-IR spectrometer.

Raman Spectroscopy: The Raman spectra were measured at room
temperature on a Bruker RAM II FT-Raman spectrometer equipped
with liquid nitrogen cooled, highly sensitive Germanium detector. The
radiation and the resolution are 1064 nm and 3 cm™!, respectively.

UV/Vis Spectroscopy: UV/Vis analyses of the powdered samples
were performed at room temperature with an UV/Vis/NIR two channel
spectrometer Cary 5 (Varian Techtron Pty., Darmstadt, 200-3000 ¢em™)
using BaSQ, as reference material. The UV/Vis data were transformed
applying the Kubelka-Munk function. To determine the solubility of
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the complexes in H,O, CH:CN and DMSO, UV/Vis spectra were re-
corded on an Agilent 8453 spectrometer in a range of 190 nm to
1100 nm with deviation of * 0.5 nm and wavelength reproducibility of
+0.02 nm,

Thermogravimetric Analysis: Thermogravimetric measurements
were performed with a Linseis STA PT1600 instrument. The samples
were heated in a nitrogen atmosphere with a heating rate of
4 K-min~'.

Supporting Information (see footnote on the [irst page of this article):
Single crystal data, X-ray powder patterns, EDX data, Tables with
bond lengths and angles, additional figures, IR, Raman, UV/Vis spec-
tra and DTA-TG curves.

Results and Discussion

Synthetic Aspects

Recently, we performed syntheses under hydrothermal con-
ditions with the complexes [Ni(cyclen)](ClO,), and
[Ni(cyclen)(H,O),](Cl1O4),*H,O in the  presence  of
Na,SnS.-14H,0 as precursor leading to the formation of
{[Ni(cyclen)]s[SngS 1202(0OH)s ] }+2(C104)+19H,0 and
[Ni(eyclen)(H;0):14[8n 6520041~ 1 3H,0.107!

Cyclen is a tetraaza macrocyclic ligand that usually gener-
ates TM™ complexes with two free coordination sites allowing
S%" of the thiostannate anion to coordinate to the TM™ centers.
This is indeed observed in the structure of
{[Ni(cyclen)]s[SngS 1202(OH)6] }+2(C104)*19H,0, in which
[Ni(cyelen)]** cations are bound to the central cluster via S~
and OH™ anions. This observation encouraged us to perform
syntheses with Ni** complexes composed of even larger
macrocyclic ligands that also offer free coordination sites at
the Ni* center. Reacting [Ni(L,)][(C104); or [Ni(L2)][(ClO4),
with Na,SnS,+14H,O under hydrothermal conditions no crys-
talline compounds could be obtained. Hence, syntheses under
ambient conditions were performed using H,O as solvent for
[Ni(L)J(ClOy4), and [Ni(L1)](ClO,), leading to crystallization
of these complexes only. However, when the mixture [Ni(L,)]-
(Cl0y)>/NaySnS - 14H,0/H,0 s stirred for 2 d at room tem-
perature, tiny amounts of I together with an amorphous phase
are  obtained.  Stirring  the  slurry  [Ni(Lo))(ClO4)/
Na,SnS, 14H,0/H,O no reaction occurred and only an
amorphous sample was formed. We assumed that the solubility
of the complexes may be too low in water and therefore the
solubility was determined in different solvents (Table 1, Fig-
ures S3 and S4, Supporting Information) demonstrating that
[Ni(L)](ClO4)> and [Ni(L,)](C10y4), are very well soluble in
CH;CN and DMSO. Therefore, syntheses at room temperature
were carried out by overlaying an aqueous solution of the
thiostannate with the [Ni(L)](C104), complex dissolved in
CH;CN (I) and overlaying a solution of the [Ni(L»)](C10,),
complex dissolved in DMSO with an aqueous solution of
NaySnSy 14H,0  (IT). The successful preparation  of
[Ni(L DIINi(L;)Sn3861,2H,0 (D) and [Ni(Lo)]2[Sn;S6]-4H,0
(II) suggests that the complexes slowly diffuse from the or-
ganic into the aqueous phase, leading to a local supersaturation
allowing nucleation and crystal growth of the new phases. Fur-

ther investigations demonstrated that T can also be prepared by
using DMSO as solvent for the complex. However, higher
yields, better crystal quality and shorter synthesis times could
be achieved by dissolving [Ni(L;)](ClO4), in CH3;CN. Com-
pound II was synthesized applying a solution of
[Ni(L2)](ClOy4), in CH3CN or DMSO. The structures of both
compounds contain the [Sn;S4]*~ anion which is in-situ formed
in the aqueous solution of Na,SnS,+14H,0 in H,QO. As already
demonstrated, the formation of the [Sn,Sg]*" anion occurs at
room temperature and is very fast.!”!

Table 1. Solubility of the Ni>* complexes in H,O. CH;CN and DMSO.
Solubility /g-L-!

H,0 CH,CN DMSO
[Ni(L.)](CIO,) 9.8 29.0 3925
[NIL)ICIO,), 9.0 76.2 198.1

Crystal Structures

Compound I crystallizes in the monoclinic space group
P21/c with two formula units per unit cell, while compound IT
crystallizes in the triclinic space group PI with one formula
unit per unit cell. In compounds T and II, the Sn and S atoms
of the [SnaSg]* anions are positioned on general and the
[Ni(L,)]?* cations (n = 1, 2) are located on centers of inver-
sion. [n both compounds, the [SnySel* anion is constructed by
two edge-sharing [SnS,]*" tetrahedra (Figure 1). The Sn—S..,
bond lengths in both compounds scatter between 2.325(2)—
2.3469(8) A, whereas the Sn—Sy,;q bonds are in the range of
2.4440(8) to 2.460(2) A (Tables $3 and S4, Supporting Infor-
mation). The corresponding S$-Sn—S angles are between
91.97(6) and 116.28(7)°  [Sirm=SN-Serm:  116.24(3)—
116.28(7)°, Spia—Sn—Spa: 91.97(6)-92.53(3)°, Spria—Sn—Serm:
107.85(7)-115.298(7)°] suggesting a distinct distortion of the
SnS, tetrahedra in the [Sn,S¢]* anion. All the geometric pa-
rameters are in the range of literature data.!>14-26)

@sn
£s

¢

Figure 1. Structure of the [Sn,S4|* anion in compounds 1 and 11 gen-
erated by two edge-sharing [SnS,|*" tetrahedra.

I+

The two independent [Ni(L))** complexes in the structure
of I display different coordination geometries. The Nil** cat-
ion is in an octahedral environment of four N atoms of the L,
ligand and two S, atoms of the [Sn,S¢]* moiety, while
Ni2?" is fourfold coordinated by N atoms of L; in a square-
planar environment. The Nil-N distances of 2.047(3)—
2.057(3) A are significantly longer than the Ni2-N bonds of
1.933(3)-1.936(3) A. A comparison with literature data of Ni%*
centered complexes containing hexaazacycloctadecane ligands
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yields Ni-N bond lengths of 2.07(2) A for Ni®* in octahedral
environment.'*’*!! In compounds containing Ni** in a square-
planar geometry of hexaazacycloctadecane ligands the Ni-N
bonds are significantly shorter at around 1.93 A.32-35 A ge-
arch in the Cambridge structural database (CSD, Nov. 2019)
reveals that only 29 Ni** centered complexes with the ligands
L, and L, are known with mainly Ni’* in octahedral environ-
ment. The Nil-S bond length is at 2.6444(8) A which is longer
than the sum of ionic radii of 2.53 A (Ni>*¢ys = 0.69 A; 82
1.84 A).3% Comparable Ni-S bonds were observed for
{[Ni(cyclam)][Sn,Se] },,2nH, 0,151 [Ni(pda),][CusSb,Ss]
(pda = 1.2-propanediamine),®”!  [Ni(tren)][Sb,S,],[**!
{[Ni(tren)]o[SnaSgl .. {[Ni(phen),]o[Sn,S,])-biph (phen =
1,10-phenanthroline, biph = biphenyl), and
{[Ni(phen),]2[Sn2Sg] }-phen-H,0."!

We note that the second terminal $> of the anion is 3.14 A
apart from the Ni** cation in the square-pyramidal environ-
ment of L,. But this distance is too long for significant bonding
interactions. The angles around the Ni2* cations (Tables S3
and S4, Supporting Information) indicate a pronounced distor-
tion of the ideal octahedral and of the square-planar geometry.
The distortion of the Nil?* centered octahedron in T was ana-
lyzed by the method reported by Cumby et al.'**! This method
is based on the approximation of the shape of polyhedra by
an ellipsoid (minimum bounding ellipsoid: MBE). Usually, the
vertices ol polyhedra with high symmetry are located on the
surface of a sphere and deviation from the ideal geometry leads
to the transformation of the sphere into an ellipsoid. An essen-
tial parameter to characterize the distortion of the polyhedra is
the shape of the ellipsoid S, which is in the range of —1 to 1.
A sphere has S = 0, for an axially compressed ellipsoid S < 0
and for an axially stretched ellipsoid S > 0. The calculated
volume of the polyhedron is 46.2 A3 and the shape parameter
S = 0.134 indicates an axially elongated octahedron.

In the structure of T two of the four S, atoms of the
[Sn,S4]* anion have a bond to the Nil** cations in trans posi-
tion leading to the generation of chains directed along the a
axis (Figure 2). The square-planar and octahedral complexes

—

sn1

N13 s

&

N||

Figure 2. View of the arrangement of the chains and the square-planar
[Ni(L,)]** complexes along [010] in compound I. Selected atoms are
labeled. The H atoms of the complexes are omitted for clarity.

alternate along the b and ¢ axis (Figure 3). The [Ni(L,)]>* com-
plexes and water molecules are located between the chains and
interact with them by one medium strong O-H=-S.,,, interac-
tion. Further relatively weak hydrogen bonding N—H-S and
C-H--S interactions are observed (Figure S5, top; Table S35,
Supporting Information).

Figure 3. View of the arrangement of the square-planar and octahedral
[Ni(L)]** complexes in compound L. The Sn atoms arc omitted and
only H atoms of H,O are shown.

The asymmetric unit of compound TI contains one [Sn,S¢]*
anion, two [Ni(L,)]** complexes and two water molecules. In
contrast to compound I, the anion and cations are isolated (Fig-
ure 4).

;r.a

Figure 4. View of the crystal structure of compound II viewed along
[010]. Selected atoms are labeled. The hydrogen atoms of the com-
plexes are omitted for clarity.

The two Ni%* cations are fourfold coordinated by N atoms
of the L, ligand in a square-planar manner. The shortest Ni-S
separations are 3.260 A to the bridging S>~ of the anion and
3388 A 10 a terminal $2-, and both values are longer than a
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typical covalent Ni—S bond, but shorter than the sum of van
der Waals radii. The Ni-N bond lengths are between 1.915 and
1.932 A, ie. in the region observed for square-planar com-
plexes with hexaazacycloctadecane ligands. Along [001] layers
consisting of Ni2 centered cations and anions alternate with
layers composed only by Nil centered cations, while along
[100] and [010] cations and anions alternate. The two unique
H>0 molecules form a dimer by strong O-H+Q interaction
(Table S6, Supporting Information). One of the terminal S
atoms has three strong hydrogen bonds, while the second Sy,
is involved in two such contacts. In contrast to T the Sy,y atom
has one S+H-O interaction (Figure S5, bottom, Supporting
Information).

Comparison of the crystal structures of the two compounds
suggests an influence of the macrocyclic ligand surrounding
the transition metal cations on the structural dimensionality. In
compounds T and TI, the macrocyclic ligands have either a
methyl or an ethyl group as substituents. Hence, the lower ste-
ric requirement of the ligand in I allows the formation of
chains by Ni-S bond formation. The dimensionality is reduced
to isolated ions in the structure of II, where ethyl groups in-
stead of methyl groups are bound to the tertiary N atoms. In-
deed, the calculated volumes and surfaces of the [Ni(L,)]**
complexes (n = 1 and 2) using the software Materials Stu-
dio!*! (Table 2) demonstrate that the complex [Ni(L»)]** needs
more space than [Ni(L,)]**. These differences may be respon-
sible for the differences of the crystal structures of the two
compounds.

Table 2. Volumes and surfaces of [Ni(L,)]** and [Ni(L)]** complexes.
Volume /A3

[Ni(L )+ 253
[NI(L)** 283

Surface /A2

249
280

Hirshfeld Surface Analysis

To get more information about the close intermolecular con-
tacts in the structures of I and II calculation of the Hirshfeld

surface was carried out using Crystal Explorer 3.1.1261 The
important quantity of a Hirshfeld surface is the normalized dis-
tance dyorm Which is calculated using the distances d, and 4,
which represent the distance from the surface to the nearest
atom outside the surface and the distance from the surface to
the nearest atom within the molecule. In the 3D plot different
areas are observed on the Hirshfeld surface. Distances shorter
than the sum of the van der Waals radii are regions with the
strongest intermolecular contacts and are visualized as red
areas. Areas with distances longer than the sum of the van der
Waals radii are displayed in white to blue. The 2D representa-
tion of the 3D surface is called fingerprint plot. The Hirshfeld
surface of the cation in I (Figure 5) reveals that the important
intermolecular contacts are HH (70.2 %) and H--S (24.9%)
interactions. Further intermolecular contacts are N+H (2.7 %)
and NiS (1.3 %).

Figure 6 displays the Hirshfeld surfaces and the fingerprint
plots of the cations and anion in the structure of II. According
to the fingerprint plots of both cations some differences are
observed. The percentage of H-+S contacts of cation 1 (21.8 %)
is larger than for cation 2 (16.1 %), while more H+O interac-
tions are found for cation 2 (6.7 %) than for cation 1 (4.1%).
Slight differences are also observed for H-+H and N--H con-
tacts (H=-H: 69.9% cation 1, 74.2% cation 2; N--H: 1.7%
cation 1, 1.9% cation 2). As expected, the main contributions
for the intermolecular interactions of the anion are S+H bonds
(90.4%) (Figure 6, bottom, right), while minor contributions
stem from S+=Ni (2.8 %) and Sn-H (1.6 %) interactions.

Spectroscopic Properties

The typical bands of the macrocyclic ligands in compounds
I and II are observed in the IR spectra (Figure S7, Table S7,
Supporting Information). The broad absorptions at approxi-
mately 3394 and 3399 cm™ are assigned to the OH vibration
of HyO molecules. The N-H stretching bands of L, and L,
ligands are observed around 3228-3108 and 3202-3132 cm™,
respectively and the Ni-N stretching modes in T are located at

de

di

¢h) 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

Figure 5. Hirshfeld surface (left) and 2D fingerprint plot (right) mapped with d,,,,,, of the cation in the siructure of compound I. The regions

of intermolecular contacts are indicated in the fingerprint plot.
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Figure 6. Hirshfeld surfaces (left) and 2D fingerprint plots (right)
mapped with d,,, distance of cation 1 (top). cation 2 (middle), and
the anion (bottom) of compound IIL. In the fingerprint plots the inter-
molecular contributions are indicated.

424 and 436 cm™!, in accordance with two differing Ni-N
bond lengths in I, while only one band is observed for IT at
436 cm™'. The characteristic Sn—S modes of the [Sn,Sq]* unit
are observed in the Raman spectra in the region of 400 to
100 em™'. The Sn-S., stretching mode is observed at
374 em™! (I) and is split into two signals located at 378 and
393 cm™' for II. One possible explanation for the occurrence
of two signals may be the differing strengths and numbers of
S-+H bonding interactions in the structure of II. The Sn—-S-Sn
and Sn,S, ring vibrations occur at around 336 and 272 cm™!
(I) and 338 and 275 cm™' (II). The deformation and lattice
vibrations of the [Sn,Sg]* unit are located between 200 and
100 cm™, but a definite assignment is not possible (Figure S8,
Supporting Information). 474!

In the UV/Vis spectra of T and TI the expected d—d transi-
tions are observed (Figure S9, Supporting Information). For
the high spin complex [Ni(H,0)]** these transitions oceur at
about 1.05eV (1176 nm, A,, — 3Ty,), 1.71eV (724 nm,
Az, — Ty, (F)) and 3.14 eV (395 nm, *A,, — Ty, (P)).2

For compound T only one defined maximum is located at
1.00 eV (1239 nm), while broad and more or less featureless
signals occur between 1.5 and 3.5 eV. The molecular symmetry
of the octahedrally surrounded Ni** center is Dy, and therefore
four transitions *By, — 3Ag,, *By, — °E,, *Bj, — *Bs,, and
By —> *As, can be expected.””'! In addition, the Ni** cation
in the square-planar coordination has a d—d transition at about
275 eV (450 nm)."! It is highly likely that the overlap of the
different possible transitions leads to the very broad bands. For
compound IT with Ni** in square-planar coordination one d—d
transition at about 2.75 eV (450 nm) is expected. Indeed, in
the UV/Vis spectrum of IT one signal is observed at 2.72 eV
(456 nm). The strong absorptions at 4.11 eV (ca. 302 nm; com-
pound I) and 3.95 eV (ca. 314 nm; compound II) can be as-
signed to charge transfer transitions.

Thermogravimetric Analysis

The thermal decomposition of compound I occurs in two
steps (Figure S10, top, Supporting Information). The first step
starts at T = 65 °C with an endothermic event at T, = 129 °C.
The mass loss of 3.3% matches well with the expected value
for the emission of two H,O molecules (caled. 3.4%). In the
second step the decomposition of the anhydrate formed by
water removal takes place from 185 until 470 °C, in an endo-
thermic reaction with 7}, = 213 °C. The mass loss of 45.9%
probably corresponds to the emission of two L; molecules and
a half H,S molecule (caled. 45.8 %). The X-ray powder pattern
of the black residue recovered at 500 °C shows broad reflec-
tions indicating that nanocrystalline samples were formed.
Several of the reflections can be assigned to SnS, NiS, ¢; and
NiS (Figure S11, Supporting Information).

Heating compound IT to 500 °C two mass steps are observed
in the TG curve (Figure S10, bottom, Supporting Information).
The first step starts at 7 = 35 °C which is accompanied by an
endothermic event at 7, = 92.4 °C. The mass loss of 7.1%
agrees with the removal of four H,O molecules (caled. 6.3 %).
The anhydrate is decomposed between 180 and 500 °C, ac-
companied by two endothermic signals at 7, = 190 and 7, =
238 °C in the DTA curve. The mass loss of 46.5 % is in reason-
able agreement with the emission of two L, molecules and a
half H,S molecule (caled. 47 %). The X-ray powder pattern of
the black residue investigated after the decomposition shows
reflections of SnS, NiS; g7 and NiS besides some not identified
reflections (Figure S12, Supporting Information).

Conclusions

We presented a new synthetic approach for the preparation
of thiostannate compounds at room temperature containing
bulky Ni** centered complexes. Reactions of [Ni(L)](C1O,),
or [Ni(Ly)](ClOy), with Na,SnS, 14 H,O in water at room
temperature were not successful, because only the complexes
could be obtained. In the structure of I chains of alternating
[Sn>Sgl* and [Ni(L)]*>* ions are observed whereas in II the
anions and cations are isolated. The differences of the crystal
structures may be explained by the differing space require-
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ments of the ligands L, and L,. Hirshfeld surface analyses
demonstrate the importance of intermolecular S+-H, H+H,
N-++H and O-~H interactions for the arrangement of the cations
and anions. Currently we investigate whether the new synthetic
protocol presented here can be applied for the preparation of
new compounds with complexes which exhibit a very low sol-
ubility in H>O, but a rather good solubility in organic solvents.
This may offer the opportunity for the preparation of highly
unusual materials.
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3.5 “Transformation of Na;SnS4-14H.0 into NasSn:Se-5H2.0 at room
temperature in the solid state: Synthesis and Crystal Structure of the

new compound NasSn2Sg¢-5H2.0”

The thiostannate salt NasSnS4-14H20 was synthesized at room temperature by a new
simple synthetic approach using Naz2S-9H20 and SnCl4-5H20 as reactants and H20 as
solvent. Storing NasSnS4-14H20 in air for 1 d led to the formation of the new compound
NasSn2Se-5H20, whereby NasSnSs-14H20 represents the major phase. The new
compound NasSn2Ses-5H20 could be obtained by heating NasSnS4-14H20 in MeOH at
90 °C for 30 min. NasSn2Se-5H20 reveals a 3D network structure, in which the Na*
cations have octahedral as well as trigonal-bipyramidal environments of O atoms and
S?- anions. Heat treatment of NaisSnS4-14H20 led to generation of a kinetically
stabilized phase of NasSnSs, when fast heating rates like 4 and 16 K-min-! were used.
A mixture of NasSnS4 and the kinetically stabilized phase was observed with slower
heating rate of 1 K-min-'. Storing the anhydrate of NasSnS4-14H20 in air for 1 d led to
the formation of NasSnS4-14H20 and NasSn2Se-5H20. However, NasSnSs-14H20 is
the dominant phase. In contrast to NasSnS4-14H20, water uptake of the anhydrate of

NasSn2Se-5H20 resulted in the generation of the pristine material.

A. Benkada, H. Reinsch, H. Lihmann, W. Bensch, Transformation of NasSnS4-14H20
into NasSn2Se-5H20 at room temperature in the solid state: Synthesis and Crystal

Structure of the new compound NasSn2Se-5H20, Eur. J. Inorg. Chem., 2020. Submitted
15.07.2020.
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Transformation of NasSnS4:-14H:20 into NasSn2S¢-5H20 at room
temperature in the solid state: Synthesis and Crystal Structure of
the new compound NasSn2Se¢-5H20

Assma Benkada,? Helge Reinsch,® Henning Lihmann, @ and Wolfgang Benscha*

water molecules are emitted led to water free Na,SnSi, which
represents a new polymorphic form, which is most probably a
kinetically stable polymorph of Na,;SnSs. An exothermic transition
occurs at T = 563 °C and the X-ray powder pattern shows mainly
reflections of the known Na,SnS, phase. Hence, the compound
reported in literature is the thermodynamically stable polymorph in
this temperature range. Heat treatment of compound Il led to the
formation of the anhydrate which absorbs water from atmosphere
resulting in recovery of the pristine material. Water uptake of the
anhydrate of | led to generation of | and Il, whereby | is the major
phase.

temperatures. For example, Au,BaSnS,!'" BaCdSnS,, "
AGaSnS; (A = Na, K, Rb, Cs, TI)I" were obtained through the
high temperature synthesis, while A2SnsSs (A = K, Rb, Cs),F!
A2CdSnS; (A = Li and Na) and NasCdSn,S:l'" were prepared
applying the molten-flux approach. Protonated amine molecules,
transition metal cations or transition metal complexes as counter
ions compensating the negative charge of the [Sn,S,]™ anions
were solely observed in the structures of compounds which were
synthesized under solvothermal conditions. 1820

Generally, solvothermal syntheses of thiostannates were done
using the elements Sn and S, SnS;, metal salts like SnCl;-5H,0
and NaS-9H,0 or using a precursor like Na;SnSy 14H,0.E21-2]
Recently, we performed syntheses in agueous amine solutions
applying the compound {[Ni(tren)]2[Sn.Ss]}» as educt.”Y Because
the product diversity is limited with this precursor, we developed
a further synthetic approach: an aqueous solution of
Na;SnS;14H;0 is reacted with transition metal complexes
leading to crystallization of new tin sulfides like [Mn(2,2-
bipy)2l2[SnzSe], {[Ni(cyclam)]o[Sn,Ssl}n-2nH0,1"* {[Ni(cyclen)]s
[SNeS1202(OH)e]}2(Cl04)-19H,021  “and  [Ni(cyclen)(Hz0)z]e
[SN16S2004]~13H,0%  (2,2-bipy = 2,2"-bipyridin, cyclam =
1,4,8,11-tetraazacyclotetradecane, cyclen = 1,4,710-
tetraazacyclododecane). Notably, in the structures of these
compounds either the [Sn;Se]* anion or oxo-thio anions are
observed, but not the [SnS,* anion. The compound
NasSnSs 14H20 was already reported in 1973 and was prepared
in agueous solution by reaction of NaS-9H,O with freshly
synthesized SnS; or with SnCly and by adding acetone to
precipitate the product.! A different synthetic protocol was
reported in 2011 where aqueous solutions of Na:S-9H.O and
SnCly-5H,0 were heated for 8 h at 45 °C and MeOH was used
instead of acetone to precipitate the product.? Because only little
is known about the stability on air and about the thermal stability,
we prepared Na;SnSq-14H-0C using both procedures reported in
literature. Applying these procedures, mainly phase mixtures
were obtained. Hence, we investigated the parameters that
influence product formation in detail. Furthermore, we
investigated the stability of Na;SnS4-14H,0 at room temperature
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and the thermal behavior using thermal analyses. We present a
new synthetic approach to generate phase pure Na,SnS,-14H,0
(). In addition, we report the preparation and crystal structure of
the new compound NasSn»Ss 5H>O (ll), which is formed by a
protonation and condensation reaction.

Results and Discussion

Synthetic aspects

According to the procedure reported in® compound | was
synthesized by heating an aqueous solution of Na,S-9H;O and
SnCly-5H20 for 8 h at 45 °C. The product was precipitated by
addition of MeOH to the solution. X-ray powder diffraction patterns
(XRPD) demonstrate that a mixture of | and Il crystallized (Figure
S1). Therefore, we investigated whether the temperature and/or
solvent influence the formation of the two compounds. Various
experiments were performed at 295 K for different reaction times
and using dried acetone instead of MeOH for precipitating the
product. The results of the experiments demonstrated that | is
formed very fast after 30 min. in an aqueous solution of
NazS-9H-0 and SnCls-5H20 applying a 4:1 molar ratio. The drying
procedure of the product plays an important role. If the sample is
dried in vacuum, the water molecules are successively removed
from | leading to the formation of Il (Figure S2). During this
process some S? anions of the [SnS,]* anions are protonated and
adjacent [SnS;SH]* units condense to generate the [Sn,Sgl*
anion. The condensation requires formation of HS, which could
be experimentally verified using humid Pb acetate paper. The
decomposition of | can be formally described by the following
chemical equation:

2 Na,SnS;-14H;0 — Na;Sn,S-5H;0 + 19 H;O + 2 H,S + 4 NaOH

Storing | in dry Ar for 1 d no changes could be observed in the
XRPD pattern, while prolongation of the time led to generation of
a mixture of | and Il (Figure $3). This observation indicates that
an intramolecular proton transfer from H2O to terminal S of the
[SnS4]* anion occurs leading to formation of [SnySe]* as
proposed above.

In further experiments with 1 we were able to crystallize Il as phase
pure product by heating Iin MeOH at 90 °C for 30 min.

Stability of compound | at room temperature

The observations presented above prompted us to investigate the
stability of | at room temperature on air for several days. In distinct
time intervals XRPD patterns were recorded. The XRPD pattern
of the starting material reveals phase purity (Figure 1). After
storage for 1 d reflections of Il appeared, but still compound | is
the major phase (Figure 1). Further storage for 3, 6 and 11 d led
to subsequent conversion of I into Il. However, compound I is still
the dominating phase indicating that the transformation process
is very slow (Figure 1). Using the integrated intensities of selected
reflections of the two compounds about 35 % of | was transformed
into Il

WILEY-VCH
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20/

Figure 1. X-ray powder patterns recorded at different time intervals for
investigation of the stability of  on air. Black: compound I (calc.), red: compound
1l (calc.) and blue: freshly prepared I.

Crystal Structures

Compound 1, Na;SnSs14H,0, crystallizes in the monoclinic
space group C2/c (Z =4, a=8.622, b=23.534, ¢ = 11.347 A and
B = 110.53 ). The asymmetric unit of I is composed of one
[SnSy]* anion, seven H,O molecules and three Na* cations, which
are octahedrally coordinated: Na2/Na3 by six H.O molecules and
Na1 by five H,O and one S2 anion of the [SnS,]J* unit (Figure 2,
bottom). The Na-O bond lengths are between 2.239 and 2.587 A
(average: 2.418 A) and the Na-S bond is at 2.873 A. The bonds
are in the range of the sum of ionic radii [rna (CN = 6): 1.02 A, 0%
:1.35 A, $%:1.84 A )] and the values match well with those
reported in literature.>'5'"271 The angles around the three unique
Na® cations indicate a moderate distortion of the octahedra. The
volumes of the polyhedra were calculated using the minimum
bounding ellipsoid approach yielding 57.3, 57.5 and 67.3 A3 for
Na2, Na3 and Na1 respectively.”® According to the calculation all
three polyhedra are axially stretched.

l_> b o7
/ ] ® ]
a S [
e °

P
)
2’
P

Figure 2. Top: View of the crystal structure of compound | along the c-axis;
bottom left: H bonding interactions between H20 molecules and the [SnS4]*
anion and bottom right: coordination environments of the Na* cations. Only
selected atoms are labelled and H atoms are omitted.
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The Na* centered polyhedra are connected via common corners
and edges to form a 3D crystal structure (Figure 2, top). Only two
of the four S% ions of the [SnS4]* anion are involved in bonds to
Na* cations. Between H,O molecules, an extended H bonding
network is observed, and the S% anions are also involved in H
bonding interactions. The geometric parameters for O-H---S as
well as O-H---O separations and angles indicate strong H bonds
(Table S1).

Compound Il, NasSn;Se-5H,0, crystallizes in the tetragonal space
group P44242 with four formula units in the unit cell. The Sn, Na,
S2, S4, 02 and O3 atoms are located on general and S1, S3 and
O1 are on special positions. The asymmetric unit contains one
[Sn,Se]* anion, two Na* cations and three water molecules. The
[Sn2Se]* anion is constructed by two edge-sharing [SnS4*
tetrahedra. The Sn-Syi bond lengths are in the range from
2.450(3) to 2.454(3) A and are longer than the Sn-Sim bonds,
which vary from 2.339(5) to 2.349(5) A. This bond length
distribution is typical and was observed in many [Sn,Se]*
containing compounds.[®29%2 The Sim-Sn-Sem angles are
117.46 °, which slightly deviate from those in other [SnySe]*
containing compounds.®'-34 The angles in the Sn,S; ring scatter
from 86.33 to 93.34 A indicating a distortion of the tetrahedra.
However, all values match well with those reported in literature. 2>
3234 All S anions of the thiostannate moiety are involved in bonds
to Na* cations but in different fashions: the bridging S atoms (S1
and S3) have bonds to two Na*, while the terminal S2 and S4
atoms have one respectively three bonds to Na* (Figure 3).

Na1
Na2

Na2

Na2

Na1

Nal Nat Na2 @ha
Na2

Figure 3. View of the [Sn2Se]* anion and the bonding pattern of S% anions to
Na* cations.

The Na* cations exhibit different environments: Na1 is
octahedrally coordinated by three O atoms and three S* anions
of [Sn2Sg]*, while Na2 is in a trigonal bipyramidal environment of
two O atoms and three S2 anions (Figure 4). We note that this
type of coordination is rare in thiostannates containing only main
group cations.

WILEY-VCH
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C ¢ @°

Figure 4. View of the coordination environment of the two unique Na* cations in
the structure of compound Il. Only selected atoms are labelled and the H atoms
are not shown.

For Na1, the Na-O bond lengths are in the range from 2.406(14)
to 2.558(10) A (average: 2.499 A) and the Na-S bonds vary
between 2.973(9) and 3.138(9) A (average: 3.045 A). Na2 has
bonds to O atoms between 2.314(14) and 2.358(15) A (average:
2.336 A), and Na-S bond lengths in the range from 2.862(9) to
3.244(9) A (average: 2.997 A). The Na-O/S bond lengths are in
accordance with the sum of ionic radii [rva (CN = 6): 1.02 A, rna
(CN'=5):1.00 A, 0%: 1.35 A, S%: 1.84 A, However, all these
values match with those reported in literature.l''617271 The
Na103;S; and Na20,S; polyhedra share common edges and a
Na,O3Ss group can be identified as secondary building unit
(Figure 4). These units are further joined generating a 3D network
structure (Figure 5). O---S separations are between 3.108(13)
and 3.269(7) indicating strong H bonding interactions.

Figure 5. View of the interconnection of the different polyhedra in the structure
of Il forming a 3D network structure. Note that only some atoms are labeled.

Thermoanalytical investigations

The thermal properties of compound | were investigated using
simultaneously thermogravimetry and differential thermoanalysis
(TG-DTA). Upon heating to 300 °C two steps are observed in the
TG curve which are accompanied by intense and broad
endothermic events in the DTA curve (T, =66 and 142 °C) (Figure
6), demonstrating that the loss of water occurs in different steps.
The mass loss of 42.4 % determined at 170 °C matches well with
that calculated for the removal of all H,O molecules (calc. =
42.6%). Above T ~ 170 °C no further mass change can be
observed. Interestingly, the XRPD pattern of the product obtained
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at 300 °C is not in accordance with that of the fully dehydrated
compound NasSnS4#! (Figure S4). One may assume that a new
compound was formed at T = 300 °C and therefore a second
thermal experiment was performed where the decomposition was
stopped at T= 170 °C.

0 4

.10 .
Z .20 =
5 z
=
[a]

=304

-40 4

50 100 150 200 250
TioC

Figure 6. TG (black), DTA (red) and DTG (dashed-dotted blue) curves of
compound | measured with a heating rate of 4 K-min~' in N2 atmosphere.

Again the XRPD pattern did not match with that of any Na
thiostannate or dehydrated Na,SnS, (Figure 7) but is identical
with that obtained for the sample recovered at T = 300 °C (Figure
S4). The reflections in the patterns of both samples are relatively
broad and some exhibit an unusual shape indicating small
coherently scattering domains and structural disorder, preventing
structure solution from the powder data.

Increasing the heating rate to 16 K-:min"' did not improve
crystallinity of the product (Figure S5). The observations can be
summarized as follows: heating | with 4 or 16 K-min"! generates
a new compound which is most probably a new and possibly
kinetically stable polymorph of Na,SnS,.

Na\‘,SnS4 (cale.)

comp. Il {calc.)
pristine material

170°C

Relative Intensity/ a.u

26
Figure 7. X-ray powder patterns of the sample recovered after heating to 170

°C (olive) and stored at 295 K for 1 d (blue). Black: Nas:SnSs (calc.), red:
compound Il (calc.), blue: pristine material.

We hypothesize that the sample formed heating | with a rate of 4
K-min"" is kinetically stabilized. Hence, compound | was heated to
300 °C with the lower heating rate of 1 K-min"' (Figure 8). As
expected the TG curve is different compared to that obtained for
4 K-min~', showing at least three not well resolved reaction steps
accompanied by two broad endothermic events in the DTA curve
(T, =62 and 92 °C). The weight loss (41.1%) is already finished

WILEY-VCH

at around 105 °C (Figure 8) and is in reasonably good agreement
with the emission of the crystal water molecules. A second TG run
was performed by heating only to 140 °C. Independent from the
final temperature (140 or 300 °C) the XRPD patterns show
reflections of NasSnS; and of the unknown compound already
observed in the pattern after heating | with 4 K:min™ (Figure S6).
We note that the intensity of the reflections of NasSnS. is much
higher in the pattern of the sample obtained at 300 °C compared
to those of the sample recovered at 140 °C. Integrating the
intensities of the two reflections located at 15.9 and 17 ° 26
(NasSnS,) and of that at 18.1 ° 20 (unknown compound) yields a
ratio of 3:1 for Na;SnSs/unknown at T=140°C and of 9:1 at T =
300 °C. Isothermal annealing of the product at T = 140 °C heated
with 1 K -min-! led to a successive transformation of the unknown
thiostannate into the known one (Figure S7). The slower heating
rate, prolonged annealing and higher final temperatures favor
formation of the known Na:SnS. indicating that this modification
is thermodynamically more stable than the unknown compound.

4
D TN 000 e
3
2
= 3
E 209, 1T E
N " =
£ -41.4 % (calc.: 42.6 %) o
P 1o
304
—TG
—opT1A -1
i) DTG
T T T T T -2
50 100 150 200 250

T/°C

Figure 8. TG (black), DTA (red) and DTG (dashed-dotted blue) of compound |
camied out with a heating rate of 1 K-min~" in N2 atmosphere.

A further TG experiment was performed up to 620 °C (heating
rate: 1 K-min') showing a broad exothermic event at Tp = 563 °C
(Figure 9). The XRPD pattern is now clearly dominated by
reflections of Na,SnS, with small amounts (7 %) of the phase
obtained in the experiments presented above (Figure 10).

0 5
4
=104
3
F 204 23
£ : 2
3
16
304 l -43.0 % (calc.: 42.6 %) .
—T6
——DTA {1
403 .- - DTG
2

T T T T T T
100 200 300 400 500 600
T/°C

Figure 9. TG (black), DTA (red) and DTG (dashed-dotted blue) of compound |
carried out with a heating rate of 1 K-min~' in N; atmosphere up to 620 °C.
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——Na,Sns, (calc.)

Relative Intensity/ a.u.
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5 10 15 20 25 30 35 40
20/

Figure 10. X-ray powder pattern of the sample recovered after heating to 620
°C (blue) compared with the calculated pattern of NasSnSa (black).

The exothermic event in the DTA curve demonstrates that the
known NasSnS; is the thermodynamically stable polymorph over
the entire temperature range.

The thermal stability of Il was also investigated and the TG curve
(Tinar = 300 °C, heating rate: 4 K-min™") shows two not well-
resolved mass steps (Figure 11), which are accompanied by
endothermic events in the DTA curve (T, = 95 and 132 °C). The
experimental mass loss of 16.7 % is slightly larger than that
calculated for the removal of all water molecules (calc.: 14.7 %).
Applying a lower heating rate of 1 K-min™! (Figure S8) leads to a
similar mass change (16.9 %) in almost one step with an
endothermic event at T, = 128 °C. In both thermal decomposition
reactions, a yellow solid was formed which may indicate a partial
decomposition. The XRPD patterns are characterized by broad
reflections which exhibit only a partial match with reflection
positions of Il (Figure S9). The quality of the powder pattern did
not allow structure solution.

04

2] R,

DTA/ pV/

12
14

-16 4

T T T
150 200 250

T/°C

T
50 100

Figure 11. TG (black), DTA (red) and DTG (dashed-dotted blue) of compound
1l performed with a heating rate of 4 K-min~" in N2 atmosphere.

In the Raman spectrum of the yellow residue, the typical Sn-S
modes of the [Sn,Sg]* anion are observed between 450 and 50
cm™ (Figure 12). The Sn-Sim resonance occurs at 377 cm,
while the Sn-S-Sn bands are observed at 342 (vas) and at 304 cm-
1 (vs). The SnyS, ring vibration is located at 284 cm™. The
deformation and lattice vibrations are between 200 and 50 cm™,
but no reasonable assignment can be performed in this region.*!

5
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Figure 12. Raman spectrum of the anhydrate obtained by heating compound Il
to 300 °C.

To examine whether the anhydrates of compounds I and Il absorb
water from atmosphere, the samples obtained by heating I to 170
°C (4 K-min'') and 140 °C (1 K-min'") were stored in air (T = 295
K). An XRPD pattern was recorded after 1 d and reflections of |
and Il are present with | being the major phase (Figures S10 and
S11). Storing the yellow anhydrate of compound Il also on air at
295 K for 1 d led to recovery of the pristine material and the solid
formed was slightly yellow (Figure S12).

Conclusions

In this work we present a new synthetic procedure for the
preparation of compound | at room temperature. | could be
synthesized after only 30 min. by reacting Na,S-9H,O with
SnCls-5H,0 in water. Investigation of the stability of |1 on air
demonstrated that | was converted to the new compound Il after
1 d storing, but | represents the dominant phase. Phase pure
product of Il was obtained by a simple synthetic approach, in
which compound | was heated in MeOH at 90 °C for 30 min. To
obtain the water free NasSnSy, | was thermally treated. Applying
fast heating rates only a kinetically stabilized phase of Na;SnS,
was formed. However, when slower heating rate such as 1 K.min-
" was applied, a mixture of Na,SnS, and the kinetically stable
polymorph of Nas;SnS, were generated. A transformation of the
low temperature modification into the thermodynamically most
stable polymorph occurs at about 563 °C. Storing the anhydrates
of | in water atmosphere for 1 d results in the formation of I and
small amounts of Il. Unlike I, the crystal water of compound Il
could be reversibly removed.

Experimental Section

Synthesis of NasSnSa-14H20 ()

1.80 g (7.50 mmol) Na,S-9H,0 were dissolved in 5 mL H,O. 0.655
g (1.87 mmol) SnCls-5H,0 also dissolved in HO (3 mL) were
added dropwise to the NayS-9H,O solution. The mixture was
stirred for 30 min. at RT until the generated yellow precipitate
dissolved and a blue-green solution formed. To this solution, 4 mL
cold (3 °C) pure acetone were added and stored at this
temperature for 10 min. The colorless crystals were filtrated and
kept on air for = 15 min (yield = 68 % based on Sn).
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Synthesis of NasSn2Ss-5H.0 (1l)

0.750 g (1.27 mmol) NasSnSs14H.O was dispersed in 4 mL
MeOH and heated for 30 min. at 90 °C. The white solid of
Na,Sn,Se-5H,0 was filtrated, washed with MeOH and dried in air
at room temperature (yield = 40 % based on Sn).

Structure determination

The PXRD pattern of Il could be indexed with a tetragonal unit cell
with extinction conditions suitable for the space group P412:2
using TOPAS Academics.?® Using these parameters and an
estimated composition based on EDX spectroscopy, the position
of the heavy Sn, S and Na atoms could be determined using direct
methods as implemented in Expo 2009.1%! This initial structure
model was subsequently refined by Rietveld methods using a
Thompson-Cox-Hastings profile function and a 12" order
polynomial background function. Residual electron density was
identified by Fourier synthesis and attributed to oxygen atoms
representing water molecules coordinated to the sodium atoms.
The positions of all atoms were freely refined without any
restrains. The temperature factors were refined element specific.
The final plot is shown in Figure S13 and some figures of merit
are summarized in Table 1.

CCDC-1984037 (ll) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from the Cambridge Crystallographic Data Centre via
http://www.ccdc.cam.ac.uk/data_request/cif.

X-Ray powder diffraction

The powder diffraction patterns were measured with a STOE
Stadi-P diffractometer equipped with a MYTHEN 1K detector
(DECTRIS) using monochromatized Cu-K,s radiation (. =
1.540598 A). The experimental and the calculated patterns using
the results of the Rietveld refinement match perfectly indicating
phase purity of the sample (Figure S14).

Thermogravimetry and Differential thermal analysis

Thermogravimetric experiments were performed using a Linseis
STA PT1600 instrument. The samples were heated in a nitrogen
atmosphere with a heating rate of 0.1, 1, 4 and 16 K-min~".

Raman spectroscopy

The Raman spectrum was measured at room temperature on a
Bruker RAM Il FT-Raman spectrometer equipped with a Ge
detector.

Table 1. Crystallographic parameters determined by Rietveld refinement for
compound II.

WILEY-VCH
Rovass %] 38
Rexp [%] 5.5
GoF 13

empirical formula

NasSn,Se-5H,0

crystal system tetragonal
space group P4,2,2
a=b[A] 8.45087(3)
c[A] 23.32912(12)
VA9 1666.10(1)
4 4
Density (calc.) [g/cm®] 2.40
Diffractometer STOE Stadi P
Detector Dectris Mythen
Radiation Cu-Ka1, A = 154.0598 pm

Temperature [K] 293
Range of data collection 8<206<70

Independent atoms 10

Rwe [%] 7.2

Re [%] 55
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The thiostannate salt NasSnS4-14H20 was applied as precursor for the formation of
further Sn-S containing compounds. Investigation of the stability of NasSnS4-14H20
indicated that the transformation of NasSnSs-14H20O into the new compound
NasSn2Se-5H20 occurs slowly at room temperature and is most probably induced by
the protonation of the terminal S? anions forming the [SnS3SH]* anions, which
condense to form the dimer [Sn2Se]* under release of H2S. NasSn2Se-5H20 exhibits a
3D network structure, in which the Na* cations are octahedrally as well as trigonal
bipyramidally coordinated by S? anions of the [Sn2Se]* unit and the O atoms of H20
molecules. The compound NasSn2Ss-5H20 could be obtained as phase pure product
by heating NasSnS4-14H20 in MeOH. Due to the simple synthetic procedure, the good
yield and the good solubility in H20 NasSn2Se-5H20 can be applied as precursor to
prepare further thiostannates and especially thiostannates containing the [Sn2Ss]*" unit.

The reaction of NasSnSs+14H20  with  [Ni(cyclen)](CIO4)2  or  with
[Ni(cyclen)(H20)2](ClO4)2-H20 under hydrothermal conditions led to crystallization of
two new compounds:  {[Ni(cyclen)ls[SneS1202(OH)s]}-2(ClO4)-19H20  and
[Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20. In the crystal structure of the compound
{[Ni(cyclen)]s[SneS1202(0OH)e]}-2(Cl04)-19H20, the rare [SneS1202(0OH)s]'% cluster
could be observed. The [Ni(cyclen)]?* cations are covalently linked to this cluster
[SneS1202(0OH)6] "% forming the isolated cations {[Ni(cyclen)]s[SneS1202(OH)s]}?*.
[Ni(cyclen)(H20)2]4[Sn10S2004]-~13H20 is the first Sn(lV) oxo-sulfide compound, in
which isolated anions and transition metal centered complexes arise. The Ni?* cations
are in an octahedral environment of four N atoms of cyclen and two O atoms of H20
molecules thus preventing a bond formation between the [Ni(cyclen)(H20)2]?* cations

and the [Sn10S2004]%- anions.

Further syntheses with other macrocyclic amine molecules like 1,4,7,10-
tetraazacyclododecane (cyclam), 1,8-dimethyl-1,3,6,8,10,13-hexaazacyclo-
tetradecane (L1) and 1,8-diethyl-1,3,6,8,10,13-hexaazacyclotetradecane (L2) under
hydrothermal conditions were unsuccessful. Therefore, room temperature syntheses

were performed leading to the formation of three new compounds:
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{[Cu(cyclam)]2[Sn2Se]}n- 2nH20, [Ni(L1)][Ni(L1)Sn2Ss]n-2H20 and [Ni(L2)]2[Sn2Ss]-4H20.
In the compound {[Cu(cyclam)]2[Sn2Ss]}n- 2nH20, the [Cu(cyclam)]?* cations are bound
to the [Sn2Se]* anions according to connection mode c) (see chapter 1.3 Tin-Sulfides)
generating layers, while in compound [Ni(L1)][Ni(L1)Sn2Se]a-2H20, the [Ni(L1)]** cations
are linked to the [Sn2Se]* anions following connection mode a) (see chapter 1.3 Tin-
Sulfides) forming chains. Utilizing the [Ni(L2)]?>* cations for charge compensation only
isolated cations and anions could be obtained indicating that the ethyl groups linked to
N atoms of the ligand require more space as methyl groups in L1 ligands. Hence, a

bond formation between thiostannate anions and Ni?* cations can be prevented.

The compound {[Cu(cyclam)]2[Sn2Se]}n-2nH20 was obtained at room temperature by
reacting NasSnS4:-14H20 with [Cu(cyclam)](ClO4)2 as starting materials in aqueous
solution. Applying the complex [Cu(cyclam)](ClO4)2, which is very stable (log K =
27.21'%0)) - the formation of aqua complexes is impeded. The crystallization of
{[Cu(cyclam)]2[Sn2Se]}n-2nH20 occurs very fast. The compound
{[Cu(cyclam)]2[Sn2Se]}n-2nH20 is the first example with Cu(ll) in a S% environment.
Since cyclam ligands form very stable complexes with Cu(ll) the reduction of Cu(ll) to
Cu(l) is prevented.

The compounds [Ni(L1)][Ni(L1)Sn2Se]n'2H20 and [Ni(L2)]2[Sn2Ss]-4H20 were
synthesized through an overlaying process, in which an aqueous solution of
NasSnS4+14H20 and organic solutions of the complexes [Ni(L1)](ClO4)2 and
[Ni(L2)](ClOa4)2 were applied. Due to the poor solubility of both complexes in H20 the
solubility of the complexes was determined in organic solvents indicating that both
complexes exhibit a good solubility in dimethylsulfoxid and acetonitrile. This synthetic
route allowed the crystallization of thiostannate and tin-sulfide compounds in the
interface region of the solvents, which are inaccessible using only H20 as solvent.
Moreover, this synthetic procedure can be used to obtain unusual materials, which

could not be prepared using standard methods.

61



5. References

5. References

[1] P. Feng, X. Bu, N. Zheng, Acc. Chem. Res. 2005, 38, 293—-303.

[2] R. L. Bedard, S. T. Wilson, L. D. Vail, J. M. Bennett, E. M. Flanigen, Studies in
Surface Science and Catalysis 1989, 375-387.

[3] A. K. Cheetham, G. Férey, T. Loiseau, Angew. Chem. 1999, 111, 3466—3492.

[4] A. Lafond, J. A. Cody, M. Souilah, C. Guillot-Deudon, R. Kiebach, W. Bensch,
Inorg. Chem. 2007, 46, 1502—-1506.

[5] N. Pienack, A. Puls, C. Nather, W. Bensch, Inorg. Chem. 2008, 47, 9606—9611.
[6] D. Zhang, G. Li, Y. Peng, L. Li, Inorg. Chem. 2017, 56, 208-212.

[7] B. Zhang, J. Li, C.-F. Du, M.-L. Feng, X.-Y. Huang, Inorg. Chem. 2016, 55, 10855—
10858.

[8] M. J. Manos, K. Chrissafis, M. G. Kanatzidis, J. Am. Chem. Soc. 2006, 128, 8875—
8883.

[9] M.-L. Feng, D. Sarma, X.-H. Qi, K.-Z. Du, X.-Y. Huang, M. G. Kanatzidis, J. Am.
Chem. Soc. 2016, 138, 12578-12585.

[10] J.Lv, W.Wang, L. Zhang, C. Xue, D. Hu, T. Wu, Cryst. Growth Des. 2018, 18,
4834-4837.

[11] B. Krebs, Angew. Chem. 1983, 95, 113-134.

[12] W. Schiwy, S. Pohl, B. Krebs, Z. Anorg. Allg. Chem. 1973, 402, 77-86.

[13] E.Ruzin, S. Jakobi, S. Dehnen, Z. Anorg. Allg. Chem. 2008, 634, 995-1001.
[14] J. H. Liao, C. Varotsis, M. G. Kanatzidis, /Inorg. Chem. 1993, 32, 2453-2462.

[15] T.Jiang, A. Lough, G. A. Ozin, R. L. Bedard, R. Broach, J. Mater. Chem. 1998,
8, 721-732.

[16] W. S. Sheldrick, Z. Anorg. Allg. Chem. 1988, 562, 23-30.

[17] K. Feng, X. Zhang, W.Yin, Y. Shi, J. Yao, Y. Wu, Inorg. Chem. 2014, 53, 2248—
2253.

62



5. References

[18] M. Behrens, M.-E. Ordolff, C. Nather, W. Bensch, K.-D. Becker, C. Guillot-
Deudon, A. Lafond, J. A. Cody, Inorg. Chem. 2010, 49, 8305-83009.

[19] H.P. Nayek, W. Massa, S. Dehnen, Inorg. Chem. 2008, 47, 9146—9148.

[20] Z.Hassanzadeh Fard, C. Muller, T. Harmening, R. Péttgen, S. Dehnen, Angew.
Chem. 2009, 121, 4507-4511.

[21] B. Krebs, S. Pohl, W. Schiwy, Z. Anorg. Allg. Chem. 1972, 393, 241-252.
[22] J.-C. Jumas, E. Philippot, M. Maurin, J. Solid State Chem. 1975, 14, 152—159.

[23] Y.Ko, C. L. Cahill, J. B. Parise, J. Chem. Soc., Chem. Commun. 1994, 251, 69—
70.

[24] M. S. Devi, K. Vidyasagar, J. Chem. Soc., Dalton Trans. 2002, 2092—-2096.
[25] J. H. Liao, M. G. Kanatzidis, Chem. Mater. 1993, 5, 1561-1569.

[26] T.Jiang, G. A. Ozin, R. L. Bedard, Adv. Mater. 1994, 6, 860—865.

[27] T.Jiang, A. Lough, G. A. Ozin, Adv. Mater. 1998, 10, 42—46.

[28] J.B. Parise, Y. Ko, J. Rijssenbeek, D. M. Nellis, K. Tan, S. Koch, J. Chem. Soc.,
Chem. Commun. 1994, 251, 527.

[29] N. Pienack, D. Schinkel, A. Puls, M.-E. Ordolff, H. Lihmann, C. Nather, W.
Bensch, Z. Naturforsch. B: Chem. Sci. 2012, 67, 1098—-1106.

[30] M. Q. Filsg, I. Chaaban, A. Al Shehabi, J. Skibsted, N. Lock, Acta Crystallogr. ,
Sect. B 2017, 73, 931-940.

[31] T.Jdiang, A. Lough, G. A. Ozin, R. L. Bedard, J. Mater. Chem. 1998, 8, 733—741.
[32] S. Dehnen, C. Zimmermann, Z. Anorg. Allg. Chem. 2002, 628, 2463—2469.

[33] H. Pada Nayek, Z. Lin, S. Dehnen, Z. Anorg. Allg. Chem. 2009, 635, 1737—
1740.

[34] J.Li, B. Marler, H. Kessler, M. Soulard, S. Kallus, Inorg. Chem. 1997, 36, 4697—
4701.

[35] E.Karey, K. A. Rosmus, J. A. Aitken, J. Macneil, Acta Crystallogr., Sect. E 2011,
67, m1516-m1517.

63



5. References

[36] N. Pienack, W. Bensch, Z. Anorg. Allg. Chem. 2006, 632, 1733—-1736.

[37] Y. An, B. Menghe, L. Ye, M. Ji, X. Liu, G. Ning, Inorg. Chem. Commun. 2005,
8, 301-303.

[38] M. BaiYin, L. Ye, Y. An, X. Liu, C. Jia, G. Ning, Bull. Chem. Soc. Jpn. 2005, 78,
1283-1284.

[39] W.-W. Xiong, J. Miao, P.-Z. Li, Y. Zhao, B. Liu, Q. Zhang, CrystEngComm. 2014,
16, 5989-5992.

[40] R.-C. Zhang, H.-G. Yao, S.-H. Ji, M.-C. Liu, M. Ji, Y.-L. An, Chem. Commun.
2010, 46, 4550-4552.

[41] N. Pienack, C. Nather, W. Bensch, Solid State Sci. 2007, 9, 100-107.

[42] D.-X. Jia, Y. Zhang, J. Dai, Q.-Y. Zhu, X.-M. Gu, Z. Anorg. Allg. Chem. 2004,
630, 313-318.

[43] N. Pienack, H. Luhmann, B. Seidlhofer, J. Ammermann, C. Zeisler, F. Danker,
C. Nather, W. Bensch, Solid State Sci. 2014, 33, 67-72.

[44] J. Zhou, X. Liu, G.-Q. Chen, F. Zhang, L.-R. Li, Z. Naturforsch. B: Chem. Sci.
2010, 65, 1229-1234.

[45] H. Luhmann, I. Jel3, C. Nather, W. Bensch, Z. Anorg. Allg. Chem. 2020, 646,
234-240.

[46] C.-Y. Yue, X.-W. Lei, L. Yin, X.-R. Zhai, Z.-R. Ba, Y.-Q. Niu, Y.-P. Lij,
CrystEngComm. 2015, 17, 814-823.

[47] D.-X. Jia, J. Dai, Q.-Y. Zhu, Y. Zhang, X.-M. Gu, Polyhedron 2004, 23, 937—
942.

[48] M. Behrens, S. Scherb, C. Nather, W. Bensch, Z. Anorg. Allg. Chem. 2003, 629,
1367-1373.

[49] J. Hilbert, C. Nather, W. Bensch, Cryst. Growth Des. 2017, 17, 4766—4775.
[50] J. Hilbert, C. Nather, W. Bensch, Z. Anorg. Allg. Chem. 2017, 643, 1861-1866.

[51] J. Hilbert, C. Nather, R. Weihrich, W. Bensch, Inorg. Chem. 2016, 55, 7859—
7865.

64



5. References

[52] J. Hilbert, C. Nather, W. Bensch, Inorg. Chim. Acta 2017, 459, 29-35.

[53] N. Pienack, S. Lehmann, H. Luhmann, M. EI-Madani, C. Nather, W. Bensch, Z.
Anorg. Allg. Chem. 2008, 634, 2323—-2329.

[54] J. Hilbert, C. Nather, W. Bensch, Z. Anorg. Allg. Chem. 2014, 640, 2858—-2863.
[55] C. Zeisler, C. Nather, W. Bensch, CrystEngComm. 2013, 15, 8874.

[56] J.Hilbert, N. Pienack, H. Luhmann, C. Nather, W. Bensch, Z. Anorg. Allg. Chem.
2016, 642, 1427-1434.

[57] N. Pienack, C. Nather, W. Bensch, Eur. J. Inorg. Chem. 2009, 2009, 1575
1577.

[58] N. Pienack, C. Nather, W. Bensch, Z. Naturforsch. B: Chem. Sci. 2008, 63,
1243-1251.

[59] J. Hilbert, C. Nather, W. Bensch, Inorg. Chem. 2014, 53, 5619-5630.

[60] G.-N. Liu, G.-C. Guo, F. Chen, S.-P. Guo, X.-M. Jiang, C. Yang, M.-S. Wang,
M.-F. Wu, J.-S. Huang, CrystEngComm. 2010, 12, 4035.

[61] Z.Wang, G. Xu, Y. Bi, C. Wang, CrystEngComm. 2010, 12, 3703.

[62] X.-M. Gu, J. Dai, D.-X. Jia, Y. Zhang, Q.-Y. Zhu, Cryst. Growth Des. 2005, 5,
1845-1848.

[63] J.Zhou, G.-Q.Bian, J. Dai, Y. Zhang, A.-B. Tang, Q.-Y. Zhu, Inorg. Chem. 2007,
46, 1541-1543.

[64] H.-P.Zhang, X.-W. Lei, Chin. J. Inorg. Chem. 2014, 1-7.

[65] J. Hilbert, C. Nather, W. Bensch, Dalton Trans. 2015, 44, 11542—-11550.

[66] T.Kaib, M. Kapitein, S. Dehnen, Z. Anorg. Allg. Chem. 2011, 637, 1683—1686.
[67] W. Schiwy, B. Krebs, Angew. Chem. 1975, 87, 451-452.

[68] J.B. Parise, Y. Ko, Chem. Mater. 1994, 6, 718—720.

[69] J. Hilbert, W. Bensch, C. Nather, Curr. Inorg. Chem. 2017, 6, 181-186.

[70] J.-J. Zhang, S.-M. Hu, X.-T. Wu, W.-X. Du, R.-B. Fu, L.-S. Wang, Inorg. Chem.
Commun. 2003, 6, 744—747.

65



5. References

[71] L. Wu, L. Chen, J. Dai, C. Cui, Z. Fu, X. Wu, Inorg. Chem. Commun. 2001, 4,
574-576.

[72] B. Seidlhofer, N. Pienack, W. Bensch, Z. Naturforsch. B: Chem. Sci. 2010, 65,
937-975.

[73] Y. Ko, K. Tan, D. M. Nellis, S. Koch, J. B. Parise, J. Solid State Chem. 1995,
114, 506-511.

[74] Y. Wang, M. Baiyin, S. Ji, X. Liu, Y. An, G. Ning, Chem. Res. Chin. Univ. 2006,
22, 411-414.

[75] Q. Zhao, D. Jia, Y. Zhang, L. Song, J. Dai, Inorg. Chim. Acta 2007, 360, 1895—
1901.

[76] N. Pienack, H. Lihmann, C. Nather, W. Bensch, Z. Anorg. Allg. Chem. 2016,
642, 25-30.

[77] B. Scott, K. J. Brewer, L. O. Spreer, C. A. Craig, J. W. Otvos, M. Calvin, S.
Taylor, J. Coord. Chem. 1990, 21, 307-313.

[78] J. W. Lekse, M. A. Moreau, K. L. McNerny, J. Yeon, P. S. Halasyamani, J. A.
Aitken, Inorg. Chem. 2009, 48, 7516-7518.

[79]1 A. Kumari, K. Vidyasagar, J. Solid State Chem. 2007, 180, 2013—-2019.

[80] G. A. Marking, M. Evain, V. Petricek, M. G. Kanatzidis, J. Solid State Chem.
1998, 7141, 17-28.

[81] G. A. Marking, M. G. Kanatzidis, Chem. Mater. 1995, 7, 1915-1921.
[82] W.S. Sheldrick, M. Wachhold, Angew. Chem. 1997, 109, 214-234.
[83] W.-W. Xiong, G. Zhang, Q. Zhang, Inorg. Chem. Front. 2014, 1, 292.
[84] G. Demazeau, J. Mater. Sci. 2008, 43, 2104—-2114.

[85] P. Ngrby, E. Eikeland, J. Overgaard, S. Johnsen, B. B. Iversen,
CrystEngComm. 2015, 17, 2413-2420.

[86] G. M. Sheldrick, SHELXS-97, Program for the Solution of Crystal Structures;
University of Gottingen, Gottingen, Germany, 1997.

66



5. References

[87] G. M. Sheldrick, SHELXL-2014, Program for the Refinement of Crystal
Structures, University of Gottingen, Gottingen, Germany, 2014.

[88] Stoe & Cie, WinXPow, Stoe & Cie GmbH Darmstadt 2001.

[89] K. Brandenburg, Diamond. Crystal Impact GbR, Bonn, Germany 2014.
[90] Olex2. OlexSys Ltd. 2004.

[91] Coelho Software, Topas Academics 4.2, Brisbane 2007.

[92] A. Altomare, M. Camalli, C. Cuocci, C. Giacovazzo, A. Moliterni, R. Rizzi, J.
Appl. Crystallogr. 2009, 42, 1197-1202.

[93] Accelrys Inc., Materials Studio Version 5.0, San Diego 2009.
[94] A. L. Speck, Platon. A Multipurpose Crystallographic Tool 2010.
[95] J. Cumby, J. P. Attfield, Nat. Commun. 2017, 8, 14235.

[96] Y.Oh, S.Bag, C.D. Malliakas, M. G. Kanatzidis, Chem. Mater. 2011, 23, 2447—
2456.

[97] |. Pérez-Toro, A. Dominguez-Martin, D. Choquesillo-Lazarte, E. Vilchez-
Rodriguez, J. M. Gonzalez-Pérez, A. Castifieiras, J. Niclos-Gutiérrez, J. Inorg.
Biochem. 2015, 148, 84-92.

[98] J. H. Coates, D. A. Hadi, S. F. Lincoln, H. W. Dodgen, J. P. Hunt, Inorg. Chem.
1981, 20, 707-711.

[99] M. P. Suh, S. G. Kang, Inorg. Chem. 1988, 27, 2544—-2546.

[100] X. Liang, P. J. Sadler, Chem. Soc. Rev. 2004, 33, 246—-266.

67



6. Appendix

6. Appendix

6.1 Supporting Information

6.1.1 “New Transition Metal Oxo-Thiostannate: Synthesis, Characterization, and

Investigation of its Photocatalytic Properties”

68



6. Appendix

Z. Anorg. Allg. Chem. 2018 - ISSN 0044-2313

SUPPORTING INFORMATION

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

Photocatalytic Propertics
Author(s): A. Benkada, M. Poschmann, C. Nither, W. Bensch*

Ref. No.: z201800475

69



6. Appendix

Supporting Information

New Transition Metal Oxo-Thiostannate: Synthesis,

Characterization and Investigation of its Photocatalytic Properties

Assma Benkada, Michael Poschmann, Christian Nather, Wolfgang Bensch

Content

Table S1 Crystal and refinement data for compound 1 p. 2

Figure S1  Experimental PXRD patterns of compound 1 compared with their simulated p. 3
from single-crystal X-ray data

Table S2 EDX data for compound 1 p.3

Table S3 Bond lengths and angles of the {[Ni(cyclen)]s[SneS1,0>(0H)¢]} cation p.4

Figure S2  Distribution of the SnO distances and their average values for ys-oxo, terminal p. 5
OH, us-hydroxo and terminal oxo fragments in crystal structures retrieved
from the Cambridge Crystallographic Database (CSD)

Figure S3  View of the trigonal antiprismatic arrangement of the Ni(II) cations p. 6

Table S4 Intramolecular hydrogen bonds in compound 1 p. 6

Table S5 Intermolecular hydrogen bonds in compound 1 p.7

Table S6 Bond lengths and angles around the Ni cations in compound 1 p. 8

Figure S4  View of the chains with intermolecular C-H--S hydrogen bonding p.9

Figure S5 IR spectra of compound 1 and 1,4,7,10-tetraazacyclododecane (cyclen) p. 10

Table S7 Values of the absorption observed in the IR spectrum of compound 1 together p. 10
with their assignment

Figure S6  Kubelka-Munk-Factor F* as function of energy retrieved form UV/Vis p.11
spectroscopic data

Figure S7  Experimental X-ray powder patterns of compound 1, of the dehydrated p. 11
sample and of the sample after rehydration

Figure S8  Amount of H, as function of time in the photocatalytic hydrogen evolution p. 12

using [Ni(cyclen)(H,0),](ClO,),-H,0

70



6. Appendix

Table S1: Crystal and refinement data for compound 1.

Crystal system
Empirical formula
Space group

M (g/mol}

a(A)

b (A)

c(A)

a(’)

B()

v ()

v (A%)

Temperature (K)

z

Dcalc (g/cm?)

W (mm)

Scan range (deg)
Reflections collected
Independent reflections
Observed reflections
Goodness-of-fit on F?
R values (1>24(1))

R values (all data)
Res. Elec. Dens. (e.A”)

Monoclinic

C48 H164 CI2 N24 Ni6 035 512 Sné

C2/c

3158.04
25.7223(9)
15.6522(3)
29.0703(10)

90

105.879(3)

90

11257.4(6)
170(2)

4

1.863

2.632

1.457< 6 £25.099
36263

9966

7886

1.069

R1 =0.0584, wR2 = 0.1460
R1=0.0766, wR2 = 0.1552
1.080 and -0.717
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Figure S1: Experimental PXRD patterns of compound 1 (black) compared with the pattern calculated
from single-crystal X-ray data (red).

Table S2: EDX data for compound 1

Ni Sn S
calculated 1 1 2
C dil
i i measured 0.83 1 1.90
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Table $3: Bond lengths [A] and angles [°] of the {[Ni(cyclen)]s[SneS1,0,(0H)s]} cation in compound 1

sn(1)-0(3) 2.066(6) sn(1)-0(2) 2.102(6)
Sn(1)-0(4)#1 2.080(5) sn(1)-5(2) 2.491(2)
Sn(1)-0(1) 2.097(6) Sn(1)-5(1) 2.528(2)
0(4)-Sn(1)#1 2.080(5) 0(4)#1-5n(1)-5(2) 93.67(16)
0(3)-Sn(1)-0(4)#1 175.4(2) 0(1)-5n(1)-5(2) 88.33(18)
0(3)-5n(1)-0(1) 87.9(2) 0(2)-Sn(1)-5(2) 167.01(17)
0(4)#1-5n(1)-0(1) 95.8(2) 0(3)-5n(1)-5(1) 93.09(18)
0(3)-5n(1)-0(2) 87.9(2) O(4)#1-5n(1)-5(1) 82.74(15)
0(4)#1-5n(1)-0(2) 90.2(2) 0(1)-Sn(1)-5(1) 169.02(18)
0(1)-Sn({1)-0(2) 78.5(2) 0(2)-Sn(1)-5(1) 90.19(16)
0(3)-5n(1)-5(2) 89.2(2) 5(2)-Sn(1)-S(1) 102.60(7)
Sn(2)-5(4) 2.327(2) Sn(2)-5(5) 2.394(2)
Sn(2)-5(3) 2.386(2) Sn(2)-5(2) 2.399(2)
5(4)-5n(2)-5(3) 114.31(9) 5(4)-5n(2)-5(2) 109.05(9)
S(4)-5n(2)-5(5) 105.56(9) 5(3)-5n(2)-5(2) 108.32(8)
5(3)-Sn(2)-5(5) 105.42(7) S(5)-Sn(2)-5(2) 114.30(8)
Sn(3)-0(4)#1 2.075(5) sn(3)-S(1)#1 2.525(2)
Sn(3)-0(4) 2.128(5) sn(3)-5(5) 2.561(2)
Sn(3)-5(6) 2.408(2) Sn(3)-S(3)#1 2.623(2)
S(1)-Sn(3)#1 2.525(2) S(3)-Sn(3)#1 2.623(2)
0(4)-Sn(3)#1 2.075(5) 0(4)-5n(3)-5(5) 91.04(15)
0(4)#1-5n(3)-0(4) 73.3(2) 5(6)-Sn(3)-5(5) 86.79(7)
0(4)#1-5n(3)-5(6) 101.32(16) S(1)#1-5n(3)-S(5) 89.64(7)
0(4)-5n(3)-5(6) 174.06(15) 0(4)#1-5n(3)-5(3)#1 96.48(15)
O(4)#1-Sn(3)-S(1)#1  154.94(16) 0(4)-Sn(3)-S(3)#1 93.24(15)
0(4)-5n(3)-5(1)#1 81.89(15) 5(6)-5n(3)-S(3)#1 89.86(7)
5(6)-Sn(3)-S(1)#1 103.61(7) S{1)#1-Sn(3)-S(3)#1 81.15(7)
0(4)#1-5n(3)-5(5) 94.26(15) S(5)-5n(3)-5(3)#1 169.19(7)
Ni(2)-5(1)-Sn(3)#1 95.69(8) sn(2)-5(5)-5n(3) 105.31(8)
Ni(2)-S(1)-Sn(1) 114.94(9) Ni(3)-S(5)-5n(3) 90.49(7)
Sn(3)#1-S(1)-Sn(1) 85.76(6) Sn(3)-5(6)-Ni(3) 96.24(8)
sn(2)-5(2)-Sn(1) 105.09(8) Sn(1)-0(1)-Ni(1) 100.7(3)
sn(2)-5(3)-Ni(2) 107.95(8) Sn(1)-0(2)-Ni(1) 100.2(2)
Sn(2)-5(3)-Sn(3)#1 104.29(7) Sn(3)#1-0(4)-Sn(1)#1  143.6(3)
Ni(2)-S(3)-Sn(3)#1 92.64(8) Sn(3)#1-0(4)-Sn(3) 106.7(2)
sn(2)-5(5)-Ni(3) 105.48(8) Sn(1)#1-0(4)-Sn(3) 109.6(2)
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Figure S2: Distribution of the SnO distances and their average values for ps-oxo (A), terminal OH (B),

Us-hydroxo (C) and terminal oxo (D) fragments in crystal structures retrieved from the Cambridge
Crystallographic Database (CSD).
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S

Figure S3: View of the trigonal antiprismatic arrangement of the Ni(II) cations.

Table S4: Intramolecular hydrogen bonds [A and °] in compound 1

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
0(1)-H(1)...5(6) 0.84 2.50 3.302(6) 160.9
0(2)-H(2)...5(5)#1 0.84 2.67 3.461(6) 156.5
N(4)-H(4N)...5(3)#1 1.00 2.37 3.297(8) 154.6
N(12)-H(12N)...S(6)#1 1.00 2.38 3.364(7) 167.7
N(14)-H(14N)...5(2) 1.00 2.30 3.270(8) 162.1
N(21)-H(21N)...5(4) 1.00 2.74 3.668(10) 155.4
N(22)-H{22N)...5(2) 1.00 2.42 3.304(9) 147.1
N(2)-H(2N)...0(3) 1.00 2.02 2.932(10) 150.2

Symmetry transformations used to generate equivalent atoms: #1 -x+3/2,-y+3/2,-z+1
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Table S5: Intermolecular hydrogen bonds [A and °] in compound 1

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
N(23)-H(23N)...0(24) 1.00 2.32 3.28(3) 158.4
C(21)-H(21A)...0(11)#10 0.99 2.62 3.38(2) 133.2
C(14)-H(14B)...0(12)#8 0.99 2.44 3.37(2) 155.8
C(28)-H(28B)...0(13)#1 0.99 2.64 3.38(2) 131.2
C(3)-H(3B)...0(14)45 0.99 2.58 3.50(2) 153.7
C(11)-H(11A)...0(14)#7 0.99 2.63 3.51(2) 149.0
C(24)-H(24A)...0(22) 0.99 2.66 3.42(2) 1335
C(13)-H(13A)...0(24)#1 0.99 2.62 3.19(2) 116.7
0(3)-H(3)...0(30)#3 0.84 2.05 2.872(19) 167.7
N(1)-H(1N)...O(40)#3 1.00 2.24 3.20(2) 160.2
N(1)-H(1N)...O(40")#3 1.00 2.07 3.04(3) 162.0
C(3)-H(3A)...0(34)#4 0.99 2.53 3.428(19) 151.3
N(3)-H(3N)...0(37)#4 1.00 2.35 3.17(3) 138.8
N(11)-H(11N)...O(31)#6 1.00 2.63 3.450(14) 138.8
N(13)-H(13N)...0(36)#3 1.00 2.18 3.12(2) 155.5
C(16)-H(16B)...O(39)#8 0.99 2.59 3.408(19) 140.1
C(17)-H(17B)...0(38)#9 0.99 2.51 3.45(3) 157.8
C(27)-H(27B)...0(40)#11 0.99 2.63 3.57(3) 157.7
C(6)-H(6B)...5(6) 0.99 3.03 3.851(12) 141.5
C(18)-H(18A)...5(4)#6 0.99 2.93 3.752(12) 141.1
C(22)-H(224)...5(2) 0.99 2.97 3.604(13) 122.7
C(27)-H(27B)...S(5) 0.99 2.99 3.506(12) 113.2

Symmetry transformations used to generate equivalent atoms:
#1 -x+3/2,-y+3/2,-241  #2 -x+1,y,-2+1/2 #3 -x+3/2,-y+1/2,-z+1
#4 -x+3/2,y+1/2,-2+43/2  #5 x+1/2,-y+1/2,2+1/2
#6 -X+2,-y+2,-z+1 H#7 -x+3/2,y+1/2,-2+41/2 #8 x+1/2,y+1/2,z

#9 -x+2,y,-2+3/2  #10 x+1/2,-y+3/2,2+1/2 #11x,y+1,2
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Table S6: Bond lengths [A] and angles [°] around the Ni cations in compound 1

Ni(1)-N(1) 2.071(9) Ni(1)-N(2) 2.108(7)
Ni(1)-N(3) 2.094(8) Ni(1)-N(4) 2.133(7)
0(1)-Ni(1) 2.107(6) 0(2)-Ni(1) 2.115(6)
N(1)-Ni(1)-N(3) 102.9(4) 0(1)-Ni(1)-0(2) 78.4(2)
N({1)-Ni(1)-0(1) 166.8(3) N(2)-Ni(1)-0(2) 95.0(3)
N(3)-Ni(1)-0(1) 90.0(3) N(1)-Ni(1)-N(4) 82.8(3)
N(1)-Ni(1)-N(2) 82.8(3) N(3)-Ni(1)-N(4) 82.4(3)
N(3)-Ni(1)-N(2) 81.9(3) 0(1)-Ni(1)-N(4) 102.2(3)
0(1)-Ni(1)-N(2) 96.2(3) N(2)-Ni(1)-N(4) 155.8(3)
N(1)-Ni(1)-0(2) 88.6(3) 0(2)-Ni(1)-N(4) 104.0(3)
N(3)-Ni(1)-0(2) 167.6(3) Ni(2)-N(14) 2.112(8)
Ni(2)-N(13) 2.092(7) Ni(2)-N(12) 2.129(7)
Ni(2)-N(11) 2.110(8) N(23)-Ni(3)-5(6) 88.2(3)
S(1)-Ni(2) 2.494(2) S(3)-Ni(2) 2.520(2)
N(13)-Ni(2)-N(11) 100.8(3) N(14)-Ni(2)-5(1) 98.1(2)
N(13)-Ni(2)-N(14) 82.0(3) N(12)-Ni(2)-5(1) 101.5(2)
N(11)-Ni(2)-N(14) 80.2(3) N(13)-Ni(2)-S(3) 166.0(2)
N(13)-Ni(2)-N(12) 81.4(3) N(11)-Ni(2)-5(3) 88.5(2)
N(11)-Ni(2)-N(12) 83.0(3) N(14)-Ni(2)-5(3) 110.1(2)
N(14)-Ni(2)-N(12) 153.7(3) N(12)-Ni(2)-5(3) 89.5(2)
N(13)-Ni(2)-5(1) 87.6(2) S(1)-Ni{2)-5(3) 83.82(7)
N(11)-Ni(2)-5(1) 171.1(3)
Ni(3)-N(21) 2.105(9) Ni(3)-N(22) 2.135(9)
Ni(3)-N(23) 2.109(9) Ni(3)-N(24) 2.144(10)
S(5)-Ni(3) 2.543(2) S(6)-Ni(3) 2.459(2)
N(21)-Ni(3)-N(23) 100.5(4) N(22)-Ni(3)-5(6) 93.8(3)
N(21)-Ni(3)-N(22) 80.9(4) N(24)-Ni(3)-5(6) 105.9(3)
N(23)-Ni(3)-N(22) 82.0(3) N(21)-Ni(3)-5(5) 86.8(3)
N(21)-Ni(3)-N(24) 82.2(4) N(23)-Ni(3)-5(5) 166.2(3)
N(23)-Ni(3)-N(24) 81.0(4) N(22)-Ni(3)-5(5) 110.9(2)
N(22)-Ni(3)-N(24) 153.4(4) N(24)-Ni(3)-5(5) 88.5(3)
N(21)-Ni(3)-5(6) 169.0(3) S(6)-Ni{3)-5(5) 86.11(8)
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Figure S4: View of the chains with intermolecular C-H---S hydrogen bonding shown as dashed lines.
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Figure S5: IR spectra of compound 1 (black) and 1,4,7,10-tetraazacyclododecane (cyclen, red).

Table S7: Values of the absorption observed in the IR spectrum of compound 1 together with their

assighment

Cyclen Compound 1 Assignment
3285m 3194m v (NH)
2915s, 2804s 2904w, 2870m v (CH,)
1667m 1642m & (NH)
1433m 1477w 8 (CH,)
1333m 1333w 6 (CH,)
1255m 1288w v (C-N)
1099s 1076s v (C-N)
932s 943s skeleton vib. cyclohex.
831m 864m §(C-C-Q)
725w, 619w, 564w, 497w 798m, 742s, 541m, 486w 6 (C-C-CQ)
430w 426w v (M-N)

10
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Figure S6: Kubelka-Munk-Factor F* as function of energy retrieved form UV/Vis spectroscopic data.
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Figure S7: Experimental X-ray powder patterns of compound 1 (black), of the dehydrated sample
(red) and of the sample after rehydration (blue).
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Figure S8: Amount of H, as function of time in the photocatalytic hydrogen evolution using

[Ni(cyclen)(H20)2](C|04)2‘H2

0. Triethylamine was wused as sacrificial, [Ru(bpy)s](PFs);
photosensitizer, water as proton donor and acetonitrile as solvent for the photosensitizer.
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6.1.2 “Synthesis and Characterization of a Rare Transition-Metal

Oxothiostannate and Investigation of Its Photocatalytic Properties”

Supporting Information

Synthesis and Characterization of a rare Transition Metal Oxo-
Thiostannate and Investigation of its Photocatalytic Properties

Assma Benkada, Helge Reinsch, Jan Krahmer, Michael Poschmann, Nicole Pienack, Wolfgang
Bensch

Content

Table S1 Crystallographic parameters obtained by structure solution and Rietveld p.2
refinement of the X-ray powder pattern of 1

Figure S1  Final Rietveld plot with experimental data shown in black, calculated fit shown p. 3
in red and difference curved shown in blue. The vertical bars indicate the
allowed peak positions

Figure S2  Solvent accessible space in compound 1 calculated using OLEX2 p. 4

Figure S3  Experimental PXRD pattern of compound 1 compared with the simulated p.5
pattern calculated from the results of the Rietveld refinement

Table S2 EDX data for compound 1 p.5

Figure S4  '1¥Sn-NMR spectra of the precursor Na;SnSa-14H,0 dissolved in D,O measured p. 6
at different temperatures in the range of 1000 to -1000 ppm

Table 53 11350 NMR Integrals of [SnS4]* and [Sn,Ss]* anions p.6

Figure S5  Calculated X-ray powder pattern of compound 1 and experimental powder p.7
pattern of a sample isolated after 40 min. in an in-situ experiment at 90 °C.

Figure S6  1°Sn-NMR spectrum of the NasSnS. - 14H,0 dissolved in D,0. The pH value of p.7
the solution was adjusted to 12.3 and the solution was heated to 90 °C.

Table 54 Bond lengths and angles of 1 p. 8
Figure S7 IR spectra of 1 and 1,4,7,10-tetraazacyclododecane (cyclen) p.9
Table S5 Values of the absorption observed in the IR spectrum of compound 1 together p. 9

with their assighment
Figure S8  UV-Vis spectrum of 1 plotted as Kubelka-Munk-Factor vs. energy .10
Figure S9 TG, DTA and DTG curves of compound 1 .10
Figure S10 Experimental X-ray powder pattern of the sample after heating to 500 °C p. 11
compared with simulated X-ray powder patterns of NiO, NizSn.S; and SnS
Figure S11  IR-spectrum of the sample after heating to 500 °C 11
Figure S12 Experimental X-ray powder pattern of compound 1, of the dehydrated p.12
compound and calculated X-ray powder pattern for compound 1; enlarged
view of a region of the powder patterns of pristine and dehydrated sample
showing the shift of the Bragg reflections
Figure S13  Calculated X-ray powder pattern of compound 1 and experimental powder p.13
pattern of the sample after rehydration
Figure S14  Adsorption isotherms of compound 1 with H,O and N,

T T

2

.14

Figure S15 Calculated X-ray powder pattern of compound 1 and experimental powder p. 15
pattern of the sample after sorption

Figure S16 Calculated Connolly surface for 1 using water as probe molecule using p. 15
Materials Studio

Figure S17 Experimental PXRD pattern of compound 1 after phototcatalytic hydrogen p. 16
evolution compared with their simulated from X-ray data

Figure S18 Amount of H. as function of time in the photocatalytic hydrogen evolution p. 16
using [Ni(cyclen)(H20)2](Cl04); - H20

o
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Table S1: Crystallographic parameters obtained by structure solution and Rietveld refinement of the
X-ray powder pattern of 1

Crystal system Tetragonal
Space group 14./a

a(h) 26.8992(8)

b (A) 26.8992(8)
c(A) 12.3616(6)

v (A3) 8944.7(7)

z 4

Dcalc (g/cm?) 2.13
Diffractometer STOE Stadi P
Detector Dectris Mythen
Radiation Cu-Kg1, A = 154.0598 pm
Temperature (K) 293

Range of data collection 3<20<50
Independent atoms 24

Rwe (%) 8.3

Ro (%) 6.5

Rerage (%) 3.0

Rexp (%) 2.9

GoF 2.9
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Figure S1: Final Rietveld plot with experimental data shown in black, calculated fit shown in red and
difference curved shown in blue. The vertical bars indicate the allowed peak positions.
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Figure 52: Solvent accessible space in compound 1 calculated using OLEX2 1,

[1]: O. V. Dolomanov, L. J. Bourhis, R. J. Gildea, J. A. K. Howard, H. Puschmann, J. Appl. Cryst.
2009, 42, 339-341.
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simulated
experimental

UL_A | R W R
)

relative intensity/ a.u.
_JL_
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Figure S3: Experimental PXRD pattern of compound 1 (black) compared with the simulated pattern
calculated from the results of the Rietveld refinement (red).

Table S2: EDX data for compound 1

Ni Sn 5
4 10 20
Calculated 11.38 % 57.54 % 31.08%
Compound 1
411 10.07 19.51
Measured 11.72 % 57.95% 30.32%
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119¢n-NMR

T=25°C

T=80°C

T=60"C
T=50°C
T=40"C

T=30°C
T=25°C

I T T T T T T T T T 1

1000 800 600 400 200 O -200 -400 -600 -800 -1000
"'°Sn chemical shift/ ppm

Figure S4: *°Sn-NMR spectra of the precursor NasSnSs-14H,0 dissolved in D20 measured at indicated

temperatures in the range of 1000 to -1000 ppm (*: ***Sn-NMR spectrum of the precursor solution,

which was heated at 120 °C for 1 h and cooled to room temperature).

Table $3: 1°Sn NMR Integrals of [SnS4]* and [Sn;Ss]* anions

T/ °C [Sn2Se]* [SnSa]*
25 2.69 il
30 1.42 1
40 1.52 1
50 1.41 1
60 1.36 1
80 0.92 1

120 0.98 1
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simulated
— sample after in-situ investigation

IB
M

relative intensity/ a.u.

5 10 15 20 25 30 35 40
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Figure S5: Calculated X-ray powder pattern of compound 1 (red) and experimental powder pattern of
a sample isolated after 40 min reaction time in an in-situ experiment at 90°C (black).

——pH=123and T=90°C

Satellites

|

75 70 65 60 55

119
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Figure $6: 1°Sn-NMR spectrum of the Na,SnSs-14H,0 dissolved in D;0. The pH value of the solution
was adjusted to 12.3 and the solution was heated to 90 °C.
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Table S4: Bond lengths [A] and angles [°] of compound 1

sn{1)-0(5) 2.003(6)  Sn{1)-5(7) 2.459(2)
Sn(1)-0(5)#1 2.263(7)  Sn{1)-5(8) 2.443(6)
sn(1)-5(4) 2.419(9)  Sn(1)-5(8)#1 2.460(1)
0(5)-5n(1)-0(5)#1 96.89(6)  O(5)-5n(1)-5(4) 168.28(7)
0(5)-5n(1)-5(8) 67.13(7)  O(5)-Sn(1)-S(7) 77.81(4)
O(5)#1-Sn(1)-5(4) 91.07(9)  O(5)-5n(1)-S(8)#1 83.36(5)
O(5)#1-Sn(1)-5(8) 78.69(8)  O(5)#1-5n(1)-S(7) 172.67(4)
S(4)-Sn(1)-5(7) 94.93(6)  O(5)#1-Sn(1)-S(8)#1 79.00(5)
5(4)-5n(1)-5(8) 106.33(3)  S(8)-5n(1)-5(7) 103.51(6)
5(4)-Sn(1)-S(8)#1 106.65(9)  S(8)-Sn(1)-S(8)#1 140.17(7)
S(7)-Sn(1)-S(8)#1 95.23(1)  S(6)-Sn(2)-5(4) 116.03(6)
sn{2)-5(3) 2.493(9)  S(6)-5n(2)-S(3) 96.49(9)
sn{2)-5(4) 2.467(2) 5(4)-5n(2)-5(3) 114.58(4)
Sn(2)-5(6) 2.449(8)  Sn(3)-5(3) 2.395(9)
sn(3)-0(5) 2.001(7)  Sn(3)-5(8) 2.461(5)
0(5)-5n(3)-0(5)#1 95.54(1)  O(5)-5n(3)-5(8) 84.09(6)
0(5)-5n(3)-5(3) 89.40(5)  O(5)#1-5n(3)-5(8) 66.78(5)
0(5)#1-5n(3)-5(3) 168.65(4)  S(3)-Sn(3)-S(8)#1 107.24(6)
5(3)-Sn(3)-S(3)#1 87.61(4)  S(8)-Sn(3)-5(8)#1 136.59(7)
5(3)-Sn(3)-5(8) 103.72(3)

Ni(9)-0(22) 1.882(2)  Ni(9)-N(11) 1.938(3)
Ni(9)-0(23) 1.973(1)  Ni(9)-N(12) 2.021(9)
Ni(9)-N(10) 1.924(8)  Ni{9)-N(13) 1.933(1)
0(22)-Ni{9)-N(10) 87.06(8) N(10)-Ni(9)-N(12) 91.84(1)
0(22)-Ni{9)-N(11) 90.72(2) N(10)-Ni(9)-N{13) 88.17(3)
0(22)-Ni(9)-N(12) 89.98(2) N(10)-Ni(9)-0(23) 93.38(1)
0(22)-Ni(9)-N(13) 95.59(3) N(11)-Ni(9)-N{12) 87.87(7)
0(23)-Ni{9)-N(12) 82.72(8) N(11)-Ni(9)-0(23) 88.76(9)
0(22)-Ni{9)-0(23) 172.70(6) N(13)-Ni(9)-N(12) 174.41(9)
N(10)-Ni{9)-N(11) 177.77(9) N(13)-Ni(9)-0(23) 91.69(9)
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Infrared spectroscopy
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Figure S7: IR spectra of compound 1 (black) and 1,4,7,10-tetraazacyclododecane (cyclen, red).

Table S5: Values of the absorption cbserved in the IR spectrum of compound 1 together with their
assignment

Cyclen Compound 1 Assignment
3285m 3199m v (NH)
2915s, 2804s 2910w, 2865m v (CH2)
1667m 1671m & (NH)
1433m 1456w & (CHz)
1333m 1337w 8 (CH2)
1255m 1286w v (C-N)
1099s 1085s v (C-N)

932s 934s skeleton vib. cyclohex.
831m 858m 8 (C-C-C)
725w, 619w, 564w, 497w 821m, 574m, 509w 5 (C-C-C)
430w 417w v (M-N)
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UV/Vis spectroscopy
54

max. = 3.11 eV

max. = 2.03 eV
max. = 1.16 eV
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Figure 58: UV-Vis spectrum of 1 plotted as Kubelka-Munk-Factor vs. energy.

Thermogravimetric analysis

Am/ %
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T/°C

Figure S9: TG (black), DTA (red) and DTG (blue) curves of compound 1.
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Figure S10: Experimental X-ray powder pattern of the sample after heating to 500 °C (black)

compared with simulated X-ray powder patterns of SnS (red), NisSnzS2 (blue) and NiO (green).
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Figure S11: IR-spectra of the samples bevor (black) and after heating to 500 °C (red).
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simulated
experimental
dehydrated sample
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Figure S12: top: Experimental X-ray powder pattern of compound 1 (black), of the dehydrated
compound {blue) and calculated X-ray powder pattern for compound 1 (red); bottom: enlarged view
of a region of the powder patterns of pristine and dehydrated sample showing the shift of the Bragg
reflections.
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after rehydration
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Figure S13: Calculated X-ray powder pattern of compound 1 (red) and experimental powder pattern
of the sample after rehydration (black).
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Figure S14: Adsorption isotherms of compound 1 with H,O (top) and N; (bottom).
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sample after sorption
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Figure S15: Calculated X-ray powder pattern of compound 1 (red) and experimental powder pattern
of the sample after sorption (black).
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Figure S16: Calculated Connolly surface for 1 using water as probe molecule using Materials Studio.
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Photocatalysis
simulated
— after photocatalytic hydrogen evolution
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Figure S17: Experimental PXRD pattern of compound 1 (black) after phototcatalytic hydrogen
evolution compared with their simulated from X-ray data (red).
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Figure S18: Amount of H; as function of time in the photocatalytic hydrogen evolution using
[Ni(cyclen)(H20):](Cl04); - H20.
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6.1.3 “The First Thiostannate Compound with Copper(ll) Synthesized Under
Ambient Conditions: Crystal Structure, Electronic and Thermal Properties”

Eur|IC

European Journal of
Inorganic Chemistry

Supporting Information

The First Thiostannate Compound with Copper(ll)
Synthesized Under Ambient Conditions: Crystal
Structure, Electronic and Thermal Properties
Assma Benkada, Helge Reinsch, and Wolfgang Bensch*

€jic201900924-sup-0001-SupMat. pdf
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Figure S1 UV/Vis absorbance curves of the [Cu(cyclam)](ClO4), complex in H,O with p.1
different concentrations

Table S1 Bond lengths and angles of the [Cu(cyclam)]2Sn2Se in compound | 42

Figure S2 IR spectrum of compound | 3

Table S2 Values of the absorption observed in the IR spectrum of compound I together 3
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Figure S3 Raman spectrum of compound | .4
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CugSs, CusS, SnS Herzenbergit and SnS

Figure S6 Experimental X-ray powder pattern of compound I, of the dehydrated sample p.6
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Figure S7 Experimental X-ray powder pattern of compound I, of the dehydrated sample p.7
and of the compound after storing in MeOH

Figure S8 Final Rietveld plot with experimental data shown in black, calculated fit shown p.8
in red and difference curved
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Figure S9 Experimental PXRD pattern of compound | compared with the pattern p.10
calculated from the results of Rietveld refinement

Table S4 EDX data for compound | L11

99



(o}

. Appendix

Solubility of [Cu{cyclam)(ClO4).]

absorbance at 506 nm

Absorbance/ log10

T T T T
300 400 500 600 700 800
Wavelength/ nm

;
calibration
///
B &
= /
(=]
2 o
78‘ /’ maximal solubility
o~
g
2 i
/ i
T T T T T T ]
0 50 100 150 200 250 300 350

Concentration*10*/ moliL”

Figure S1: Top: UV/Vis absorbance curves of the [Cu(cyclam)](ClO4); complex in H,O with different
concentrations: dark gray (3 mg/ 3 mL), red (7.5 mg/ 3 mL), green (15 mg/ 3 mL), blue (22.5 mg/ 3 mL),

pink (30 mg/ 3 mL) and cyan (dotted, saturated solution). Bottom: Absorbance as function of the
concentration.
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6. Appendix

Table S1: Bond lengths [A] and angles [°] of the [Cu(cyclam)}]>5n,Ss in compound |

Sn(1)-S(2) 2.394(7)  Sn(1)-5(1) 2.426(9)
Sn(1)-5(3) 2.388(7) Sn(1)-S(1)#1 2.495(7)
5(2)-5n(1)-5(1) 110.93(28)  5(2)-Sn(1)-S(1)#1 117.25(24)
S(3)-5n(1)-5(1) 114.35(26)  S(3)-Sn(1)-S(1)#1 108.95(26)
S(3)-Sn(1)-5(2) 111.30(25)  S(1)-Sn(1)-S(1) 93.04(26)
Sn(1)-5(2)-Cu(1) 119.02(25) Sn(1)-S(3)-Cu(2) 123.99(24)
Cu(1)-5(2) 2.783(6) Cu(2)-5(3) 2.765(6)
Cu(1)-N(11) 2.085(9) Cu(2)-N(1) 1.992(13)
Cu(1)-N(15) 2.056(11)  Cu(2)-N(4) 2.000(10)
N(11)-Cu(1)-N(15) 89.32(36)  N(1)-Cu(2)-N(4) 83.01(43)
N(11)-Cu(1)-N(15)#1 90.68(36)  N(1)-Cu(2)-N(4)#1 96.99(43)
N(11)-Cu(1)-N(11) 180.00 N(1)-Cu(2)-N(1) 180.00
N(15)-Cu(1)-N(15) 180.00 N(4)-Cu(2)-N(4) 180.00
N(11)-Cu(1)-5(2) 92.59(33) N(1)-Cu(2)-5(3) 87.71(39)
N(11)-Cu(1)-S(2)}#1 87.40(33) N(1)-Cu(2)-S(3)#1 92.29(39)
N(15)-Cu(1)-5(2) 85.95(35)  N(4)-Cu(2)-5(3) 80.99(35)
N(15)-Cu(1)-5(2)}#1 94.05(35) N(4)-Cu(2)-5(3}#1 99.01(35)
S(2)-Cu(1)-5(2) 180.00 S(3)-Cu(2)-5(3) 180.00

2
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Infrared spectroscopy
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Figure S2: IR spectrum of compound I.

Table S2: Values of the absorption observed in the IR spectrum of compound I together with their
assignment

Compound | Cyclam! Assignment

3202, 3101 3268, 3236 v (NH)

2913, 2848 2917, 2873 v (CH,)
1617 --- v (C-C}+ v (C-N)
1430 1434 v (C-C} +v (C-N)
1292 1286 v (C-C) + v (C-N)
1104 1110 v (C-N) + 6 (C-H)
996 997 & (N-H)
872 894 p (C-H)
424 v (Cu-N)

[1] G. F. Diaz, R.E. C. Clavijo, M. M. Campos-Vallette, M. S. Saavedra, S. Diez, R. Munoz, Vibrational
Spectroscopy 1997, 15, 201-2089.
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Raman spectroscopy
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Figure 53: Raman spectrum of compound I.

103



6. Appendix

Thermogravimetric analysis
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Figure S4: TG (black), DTA (red) and DTG (blue) curves of compound I.
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Figure S5: Experimental X-ray powder pattern of compound | after heating to 500 °C (black), CusSs
(green), Cu,S (red), SnS Herzenbergit (blue) and SnS (purple).
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Figure S6: Experimental X-ray powder pattern of compound I (red), of the dehydrated sample (black)

and of the compound after rehydration (blue).
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Figure S7: Experimental X-ray powder pattern of compound I (red), of the dehydrated sample (black)
and of the compound after storing in MeOH (blue).
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Figure S8: Final Rietveld plot with experimental data shown in black, calculated fit shown in red and
difference curved shown in blue. The vertical bars indicate the allowed peak positions.
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Table S3: Crystallographic parameters observed by Rietveld refinement for compound |

Crystal system
Space group

a (A)

b (A)

c(A)

a(®)

6(°)

y(©)

V(A

Z

Density (calc.) /g-cm™
Diffractometer

Triclinic
P-1
9.0579(2)
9.9419(2)
10.2352(1)
97.068(1)
94.314(1)
101.514(1)
891.57(3)
2
1.750
STOE Stadi P

Detector Dectris Mythen
Radiation Cu-Kqz, A = 154.0598 pm
Temperature /K 293
Range of data collection 7<20<70
Independent atoms 21
Rwe (%) 47
Reragg (%) 2.2
Rexp (%) 23
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6. Appendix

X-ray powder diffraction

—— simulated
experimental

Pl

relative intensity/ a.u.

10 20 30 40
2 theta/ °

Figure S9: Experimental PXRD pattern of compound I (black) compared with the pattern calculated
from the results of Rietveld refinement (red).
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6. Appendix

EDX spectroscopy

Table S4: EDX data for compound |

Cu sn s
—— calculated 1.00 1.00 3.00
p measured 1.07 1.00 293

11
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6. Appendix

6.1.4 “Room temperature synthesis of new thiostannates by slow interdiffusion

of different solvents”
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Supporting Information

Content

Table 51 Crystal and refinement data for compounds I and Il p.1

Figure S1 Experimental PXRD pattern of compound I compared with the pattern p.2
calculated from single-crystal X-ray data

Figure S2 Experimental PXRD pattern of compound Il compared with the pattern p.3
calculated from single-crystal X-ray data

Table 52 EDX data for compounds | and Il p. 4

Figure S3 UV/Vis absorbance curves of the [Ni(Ly)](ClO4), complex in H0, in CH;CN p. 5
and in DMSO with different concentrations

Figure S4 UV/Vis absorbance curves of the [Ni(L,)](ClO.), complex in H,0, in CH;CN p.6
and in DMSO with different concentrations

Table S3 Bond lengths and angles of the [Ni(L;)][Ni{L;)Sn,Ss], in compound | p.7

Table S4 Bond lengths and angles of the [Ni(L,)],[Sn;Se] in compound 1l p.7

Figure S5 View of hydrogen bonding interactions between the [Sn,S¢]* unit, Ni** p.
complexes and water molecules in compound | and in compound Il

Figure S6 ORTEP-plots of the crystal structures of compound I and Il p.9

Table S5 Intramolecular hydrogen bonds [A and °] in compound | p.9

Table S6 Intramolecular hydrogen bonds [A and °] in compound II p. 10

Figure S7 IR spectra of compounds | and |l p. 11

Table S7 Values of the absorption observed in the IR spectra of compounds | and Il p. 12
together with their assignment

Figure S8 Raman spectra of compound l and Il p. 13

Figure S9 Kubelka-Munk-Factor F? as function of energy retrieved form UV/Vis p. 14
spectroscopic data for compound land Il

Figure S10 TG, DTA and DTG curves of compound I and Il p. 15

Figure S11  Experimental X-ray powder pattern of compound I after heating to 500 °C, p. 16
SnS Herzenbergit, NiS; ¢7, NiS and SnS

Figure S12  Experimental X-ray powder pattern of compound Il after heating to 500 °C, p. 16
SnS Herzenbergit, NiS; 47, NiS and SnS
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6. Appendix

Table S1: Crystal and refinement data for compounds I and Il

Crystal system

Space group
Empirical formula

M (g/mol)

a(A)

b (A)

c(A)

a ()

B(°)

v ()

v (A%

Temperature (K)

Z

Dcalc (g/cm?)

W (mm)

Scan range (deg)
Reflections collected
Independent reflections
Observed reflections
Goodness-of-fit on F?
R values (1>2a(1))

R values (all data)
Res. Elec. Dens. (e.A®)

monoclinic
P2,/c
CaoHssN1;Ni;0,5¢5n;

1025.91
11.6481(4)
14.4268(3)
10.8450(3)

90

95.449(2)

90
1814.21(9)
170(2)

2
1.878
2.765
1.756< 6 £28.004
22728
4364
3946
1.047

R1=0.0323, wR2 =0.0826
R1=0.0370, wR2 = 0.0853

0.730 and -0.816

triclinic
P-1
C4HgaN15Ni;0,5:5n;
1136.06
9.1562(6)
10.3705(7)
12.2897(9)
66.761(6)
85.350(6)
81.308(6)
1059.67(14)
200(2)
1
1.780
2.381
1.804< 0 £25.195
8319
3786
2951
1.034
R1=0.0579, wR2 =0.1374
R1=0.0778, wR2 =0.1470
1.589 and -0.819
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6. Appendix

X-ray powder diffraction

simulated
experimental

Relative Intensity/ a.u.
L

Compound |

5 10 15 20 25 30 35 40 45
20/

Figure S1: Experimental PXRD pattern of compound I (black) compared with the pattern calculated
from single-crystal X-ray data (red).
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6. Appendix

simulated
experimental

Relative Intensity/ a.u.

Compound Il

. T T T . T 4 T d T o T E T 4 1

5 10 15 20 25 30 35 40 45
20/

Figure S2: Experimental PXRD pattern of compound Il (black) compared with the pattern calculated
from single-crystal X-ray data (red).
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6. Appendix

EDX spectroscopy

Table S2: EDX data for compounds I and Il

Ni Sn S
o — calculated 1 1 3
measured 1.08 1.02 2.9
Eompoaundii calculated 1 1 3
measured 0.97 0.94 3.09
4
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6. Appendix

Solubility of [Ni

204
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Figure S3: Left: UV/Vis absorbance curves of the [Ni(L;)](ClO;); complex in H,O (top), in CHiCN
(middle) and in DMSO (bottom), with different concentrations: dark gray (3 mg/ 3 mL), red (7.5 mg/ 3
mL), green (15 mg/ 3 mL), blue (22.5 mg/ 3 mL), pink (30 mg/ 3 mL) and cyan (dotted, saturated
solution) in CH3CN and in DMSO. In H,0: red (2.5 mg/ 3 mL), green (5 mg/ 3 mL), blue (7.5 mg/ 3 mL),
pink (10 mg/ 3 mL) and cyan (dotted, saturated solution). Right: Absorbance as function of the

concentration.
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6. Appendix

Solubility of [Ni(L2)](CIO.);
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Figure S4: Left: UV/Vis absorbance curves of the [Ni(L,)](ClO,); complex in H,O (top), in CH3CN
(middle) and in DMSO (bottom), with different concentrations: dark gray (3 mg/ 3 mL), red (7.5 mg/ 3
mL), green (15 mg/ 3 mL), blue (22.5 mg/ 3 mL), pink (30 mg/ 3 mL) and cyan (dotted, saturated
solution) in CH3CN and in DMSO. In H,0: red (2.5 mg/ 3 mL), green (5 mg/ 3 mL), blue (7.5 mg/ 3 mL),
pink (10 mg/ 3 mL) and cyan (dotted, saturated solution) Right: Absorbance as function of the

concentration.
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6. Appendix

Table $3: Bond lengths [A] and angles [°] of the [Ni(L1)][Ni(L1)Sn2S¢].in compound |

sn(1)-5(2)
Sn(1)-S(1)
S(3)-Sn(1)#1
$(2)-Sn(1)-5(1)
S(2)-Sn(1)-5(3)
S(1)-Sn(1)-5(3)
Sn(1)-(1)-Ni(1)

Ni(1)-N(1)#2
Ni(1)-N(1)
Ni(1)-N(3)
N(1)#2-Ni(1)-N(1)
N(1)#2-Ni(1)-N(3)
N(1)-Ni(1)-N(3)
N(L)#2-Ni(1)-N(3)#2
N(1)-Ni{1)-N(3)#2
N(3)-Ni{1)-N(3)#2
N(1)#2-Ni(1)-5(1)#2
N(1)-Ni{1)-S(1)#2
Ni(2)-N(11)#3
Ni(2)-N{11)
N(11)#3-Ni(2)-N(11)
N(11)#3-Ni(2)-N(13)
N(11)-Ni{2)-N{13)

2.047(3)
2.048(3)
2.057(3)
180.00(16)
85.56(14)
94.44(14)
94.44(14)
85.56(14)
180.00(15)
83.60(9)
96.40(9)
1.933(3)
1.933(3)
180.0
86.60(11)
93.40(11)

sn(1)-5(3)
Sn(1)-S(3)#1
S(2)-Sn(1)-5(3)#1
S(1)-Sn(1)-5(3)#1
S(3)-Sn(1)-S(3)#1
Sn(1)-S(3)-Sn(1)#1

Ni(1)-N(3)#2
Ni(1)-5(1)#2
S(1)-Ni(1)
N(3)-Ni(1)-S(1)#2
N(3)#2-Ni(1)-5(1)#2
N(1)#2-Ni(1)-5(1)
N(1)-Ni(1)-S(1)
N(3)-Ni(1)-S(1)
N(3)#2-Ni(1)-5(1)
S(1)#2-Ni(1)-5(1)

Ni(2)-N(13)
Ni(2)-N(13)#3
N(11)#3-Ni(2)-N(13)#3
N(11)-Ni(2)-N(13)#3
N(13)-Ni(2)-N{13)#3

1.936(
1.936(3)
93.40(11)
86.60(11)
180.0

Symmetry transformations used to generate equivalent atoms:

H1 -x+2,-y+1,-2+1  #2 -x+1,-y+1,-z+1 #3 -x42,-y+1,-z

Table $4: Bond lengths [A] and angles [°] of the [Ni(L,)]2[SnSe] in compound Il

sn(1)-(3)
sn(1)-5(2)
S(1)-Sn(1A)
5(3)-Sn(1)-5(2)
S(3)-Sn(1)-S(1A)
5(2)-Sn(1)-S(1A)
Ni(1)-N(38)
Ni(1)-N(3)
Ni(1)-N(18)
Ni(1)-N(1)

N(3B)-Ni(1)-N(3)
N(3B)-Ni(1)-N(1B)
N(3)-Ni(1)-N(1B)
N(3B)-Ni(1)-N(1)
N(3)-Ni(1)-N(1)
N(1B)-Ni(1)-N(1)

87.0(3)
87.0(3)
93.0(3)
180.0

Sn(1)-S(1A)
Sn(1)-5(1)
S(3)-Sn(1)-5(1)
S(2)-Sn(1)-5(1)
S(1A)-Sn(1)-S(1)
Sn(1A)-5(1)-Sn(1)
Ni(2)-N(11C)
Ni(2)-N(11)
Ni(2)-N(13)
Ni(2)-N(13C)

N(11C)-Ni(2)-N(11)
N(11C)-Ni(2)-N(13)
N(11)-Ni(2)-N(13)
N(11C)-Ni(2)-N(13C)
N(11)-Ni(2)-N(13C)
N(13)-Ni(2)-N(13C)

7

120



6. Appendix

Symmetry transformations used to generate equivalent atoms: A: -x+1,-y+1,-z+1; B: -x+1,-y,-z+2; C: -
X+2,-y+1,-z+1

Figure S5: View of hydrogen bonding interactions (black dashed lines) between the [Sn»Se]* unit, Ni*"
complexes and water molecules in compound | (top) and in compound Il (bottom).
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6. Appendix

Figure S6: ORTEP-plots on the 50% probability level of the crystal structures of compound I (left) and
of compound Il (right).

Table S5: Intramolecular hydrogen bonds [A and °] in compound |

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(1)...5(1) 1.00 2.66 3.159(3) 110.7
C(1)-H(1B)...5(1)42 0.99 2.93 3.576(4) 123.8
C(2)-H(2A)...5(1)#2 0.99 2.85 3.476(4) 122.0
N(3)-H(3)...5(2) 1.00 2.60 3.503(3) 150.0
C(3)-H(3A)..5(1)42 0.99 2.92 3.475(4) 116.7
C(4)-H(4B)...N(2)#4 0.99 2.54 3.473(5) 157.3
C(5)-H(5A)...0({1)#5 0.98 2.31 3.208(11) 151.9
C(5)-H(5C)...0(1) 0.98 2.42 3.069(9) 123.0
N(11)-H(11)...5(2)#1 1.00 2.82 3.466(3) 122.8
C(11)-H(11B)...5(3)#6 0.99 2.97 3.736(4) 134.9
C(12)-H(12A)...5(1) 0.99 2.90 3.799(4) 151.4
N(13)-H(13)...5(2)#1 1.00 2.78 3.443(3) 124.2
C(13)-H(13B)...O(1)#7 0.99 2.45 3.417(7) 165.7
C(14)-H(14C)...5(3)#7 0.99 2.86 3.668(3) 139.9
C(14)-H(14B)...5(3) 0.99 2.82 3.638(3) 140.7
O(1)-H(1C)...5(2)#7 0.84 2.65 3.263(6) 130.8

Symmetry transformations used to generate equivalent atoms: #1 -x+2,-y+1,-z+1 #2 -x+1,-y+1,-z+1
#3 -x+2,-y+1,-z #4 -x+1,y-1/2,-2+3/2 #5 x,-y+3/2,2+1/2  #6 -x+2,y-1/2,-2+1/2 #7 x,-y+3/2,2-1/2
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6. Appendix

Table $6: Intramolecular hydrogen bonds [A and °] in compound Il

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
N(1)-H(1)...5(2)#1 1.00 237 3.295(7) 154.2
C(2)-H(2A)...0(1)#4 0.99 2.59 3.261(12) 124.8
N(3)-H(3)...5(3)#1 1.00 2.61 3.364(7) 1323
C(4)-H(4B)...5(3)#1 0.99 2.84 3.579(10) 131.7
N(11)-H(11)...5(3) 1.00 248 3.391(7) 151.7
C(11)-H(11A)...5(1)#3 0.99 2.83 3.590(9) 1345
C(11)-H(11B)...O(1)#5 0.99 2.60 3.515(12) 153.2
N(13)-H(13)...5(2)#1 1.00 2.52 3.394(7) 145.9
0(1)-H(101)...0(2) 0.84 2.01 2.834(11) 168.0
0(1)-H(201)...N(12)#6 0.84 2.30 3.128(10) 167.3
0(2)-H(102)..5(2)#1 0.84 2.52 3.317(8) 159.3
0(2)-H(202)...5(1)#1 0.84 2.60 3.317(8) 1433

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-2+1; #3 -X+2,-y+1,-2+1; #4 -X,-y+1,-z+2; #5 -x+1,-y+2,-z+1; #6 x-1,y,2
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6. Appendix

Infrared spectroscopy

Compound |
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6. Appendix

Figure S7: IR spectra of compound | (top) and Il (bottom).
Table S7: Values of the absorption observed in the IR spectra of compounds | and Il together with

their assignment %!

Compound | Compound Il Assignment
3228m, 3108m 3202m, 3132m v (NH)
2923w 2928w v (CH3)
2863m 2865m v (CH,)
1649m 1641m v (C-C) +v(C-N)
1411w 1458m v (C-C) + v (C-N)
1265w 1220w v (C-C) + v (C-N)
1019s 1100m v (C-N) + & (C-H)
920s 1023s 8 (N-H)
827m 875m p (C-H)
424/436w 436w v (Ni-N)

[1] G. F. Diaz, R.E. C. Clavijo, M. M. Campos-Vallette, M. S. Saavedra, S. Diez, R. Munoz, Vibrational
Spectroscopy 1997, 15, 201-209.

[2] M. P.Suh, E. Y. Lee, B. Y. Shim, Inorg. Chim. Acta 1998, 269, 337-341.
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Raman spectroscopy
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Figure $8: Raman spectra of compound I (top) and Il (bottom).
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UV/Vis spectroscopy

—— Compound |

Kubelka-Munk-Factor F*/ a.u.

Energy/ eV

Compound I

max. = 2.72 eV

Kubelka-Munk-Factor F? [a.u]

1 I 2 I IIS . 4 5
Energy/ eV

Figure 59: Kubelka-Munk-Factor F? as function of energy retrieved form UV/Vis spectroscopic data for
compound I (top) and Il (bottom).
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6. Appendix

Thermogravimetric analysis
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Figure S10: TG (black), DTA (red) and DTG (blue) curves of compound I (top) and Il (bottom).
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6. Appendix

I SnS

I NiS

I NS,

SnS Herzenbergit
B —— XRD pattern of | after heating to 500 °C
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Figure S11: Experimental X-ray powder pattern of compound | after heating to 500 °C (black), SnS
Herzenbergit (green), NiS1q7(red), NiS (blue) and SnS (purple).
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Figure 512: Experimental X-ray powder pattern of compound Il after heating to 500 °C (black), SnS
Herzenbergit (green), NiS; o7 (red), NiS (blue) and SnS (purple).
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6. Appendix

6.1.5 “Transformation of NasSnS414H20 into NaisSn2Se-5H20 at room
temperature in the solid state: Synthesis and Crystal Structure of the new

compound NasSn2Se-5H20"

submitted to the European Journal of Inorganic Chemistry
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comp. | (calc.)
—— comp. Il (calc.)
experimental

Relative Intensity/ a.u.

20 25
2/

A ol
- B it

Figure S1. Calculated X-ray powder patterns of compound | (black) and compound Il (red)
compared with the pattern (blue) of the sample obtained according to the procedure reported
in [1].

[1]1 Y. Oh, S. Bag, C. D. Malliakas, M. G. Kanatzidis, Chem. Mater. 2011, 23, 2447—
2456,
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comp. | (calc.)
—— comp. |l (calc.)

pristine material
—— stored | in vacuum for 1 d
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Figure S2. X-ray powder pattern of compound | stored in vacuum for 1 d (olive) compared with
the calculated pattern of | (black), Il (red) and the experimental pattern of the pristine material
(blue).
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—— comp. | (calc.)
—— comp. |l (calc.)

— pristine material
——stored I in Arfor1d
stored lin Arfor2 d
——stored | in Arfor5d
S
© . .
> Al 2
‘n
k5 ¢_)\.¢L_.,_. M
[ ==
g f——o ‘
©
: o
j -
£ 1 1 1 L 1 1 1
5 10 15 20 25 30 35

20/

Figure S3. X-ray powder pattern of compound I stored in Argon for 1 d (olive), 2 d (purple) and
5 d (cyan blue) compared with the calculated pattern of | (black), Il (red) and the pattern of the
pristine material (blue). Asterisks indicate impurities.
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Table S1. Geometric parameters of hydrogen bonds [A and °] in compound 112

D-H..A dH...A) d(D...A) <(DHA)
O1-H1...S1 2.420 3.320 169.4
O1-H2...82 2.469 3.415 173.0
02-H3...S1 2.382 3.252 170.0
02-H4...51 2.425 3.360 164.4
03-H5...05 1.779 2.792 171.3
03-H6...S2 2.659 3.523 162.1
04-H7...81 2.475 3.425 169.2
04-H8...S1 2.289 3.264 165.5
05-H9...S2 2.291 3.206 165.4
05-H10...S2 2.485 3.328 150.9
06-H11...S2 2.284 3.271 175.7
O7-H13...82 2.266 3.311 166.2

[2] W. Schiwy, S. Pohl, B. Krebs, Z. Anorg. Allg. Chem. 1973, 402, 77-86.
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— Na,SnS§, (calc)
—— pristine material
— heated I to 170 °C with 4 K.min"
heated I to 300 °C with 4 K.min"
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Figure S4. X-ray powder patterns of compound | heated to 170 2C (blue) and to 300 C (olive)
with a heating rate of 4 K-min"' compared with the calculated pattern of NasSnS, (black) and
the experimental pattern of the pristine material (red).
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Figure S5. X-ray powder patterns of compound I heated with 4 K-min' (red) and 16 K-min"!
(blue) compared with the calculated pattern of NasSnS4 (black).
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Na,SnS, (calc.)

—— heated | to 170 °C with 4 K.min"
—— heated | to 140 °C|with 1 Kmin
—— heated I to 300 °Cjwith 1 K.min

300 °C
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Figure S6. X-ray powder patterns of compound | heated to 140 °C (blue) and to 300 °C (olive)
with a heating rate of 1 K-min"' compared with the calculated pattern of NasSnS, (black) and
the pattern of the sample obtained by heating compound | to 170 °C with a heating rate of 4
K-min' (red).

138



6. Appendix

—Na,Sn§, (calc.)

— heated I to 140 °C with 1 K.min™
—— heated | to 140 °C and stored for 18 h

stored at
140 °C for 18 h

Relative Intensity/ a.u.
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20/

Figure S7. X-ray powder pattern of compound | heated to 140 °C with 1 K:min™' (red) and
stored at this temperature for 18 h (blue) compared with the calculated pattern of NasSnSy
(black).
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Figure S8. TG (black), DTA (red) and DTG (dashed-dotted blue) of compound Il performed
with 1 K:-min in N2 atmosphere.
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comp. Il (calc.)
heated Il to 300 °C with 4 K.min™
—— heated Il to 300 °C with 1 K.min™
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Figure S9. X-ray powder patterns of the sample recovered after heating compound Il to 300 °C
with a heating rate of 4 K-min' (red) and with 1 K-min'* (blue). Black: comp. Il (calc.).
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— comp. | (calc.)
comp. Il (calc.)
—— stored at 295 K for 1 d
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Figure S$10. X-ray powder pattern of compound | heated to 170 °C with a heating rate of 4

K-min™ and stored at 295 K for 1 d (blue) compared with the calculated patterns of I (black)
and of Il (red).
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Figure S11. X-ray powder pattern of compound | heated to 140 2C with a heating rate of 1
K-min™ and stored at 295 K for 1 d (blue) compared with the calculated patterns of I (black)
and of Il (red).
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comp. Il (calc.)

heated Il to 300 °C
stored at 295 K for 1 d
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Figure S12. X-ray powder patterns of the sample recovered after heating Il to 300 °C (red)
and stored at 295 K for 1 d (blue). Black: calculated pattern of II.
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Figure S13. Final Rietveld plot with experimental data shown in black, calculated fit shown in
red and difference curve shown in blue. The vertical black bars indicate the allowed peak
positions for Il.
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experimental
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Figure S14. Experimental X-ray powder pattern of compound Il (red) compared with the
pattern calculated from the resulis of Rietveld refinement (black).
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