Modifizierte Thiostannate
durch Integration von

Ubergangsmetallkationen

Solvothermale Synthesen sowie
in-situ-EDXRD-Untersuchungen

ausgewabhlter Verbindungen

Kumulative Dissertation
zur Erlangung des Doktorgrades
der Mathematisch-Naturwissenschaftlichen Fakultat
der Christian-Albrechts-Universitét

zu Kiel

vorgelegt von

Nicole Pienack

Kiel
2008






Der Dekan






Modifizierte Thiostannate durch Integration von
Ubergangsmetallkationen

Solvothermale Synthese sowie in-situ-EDXRD-Untersuchungen
ausgewahliter Verbindungen

Ein wesentliches Ziel dieser Arbeit war die Darstellung und Charakterisierung
neuer Thiostannate durch die Integration von Ubergangsmetallkationen. Dadurch
kann die Ladungsneutralitdt erreicht werden und die chemisch-physikalischen
Eigenschaften kénnen modifiziert werden. Zusétzlich wird die strukturelle Vielfalt
der Thiostannate erweitert. Unter solvothermalen Bedingungen wurden insgesamt
13 neue Verbindungen erhalten, wobei ein Schwerpunkt bei den Synthesen auf
die Elemente Kupfer und Mangan gelegt wurde. In den kupferhaltigen
Thiostannaten (DBUH)CuSnS; (DBU = 1,8-Diazabicyclo[5.4.0]lundec-7-en),
(1,4-dabH),Cu,SnS, (1,4-dab = 1,4-Diaminobutan), (DBNH),CusSn,Ss (DBN =
1,5-Diazabicyclo[4.3.0]non-5-en) und (dienH2)Cu,Sn,Ss (dien = Diethylentriamin)
spiegelt sich die strukturelle Vielfalt der Thiostannate wider. In den beiden ersten
Verbindungen sind die wesentlichen Strukturmerkmale unterschiedliche
eindimensionale Ketten und ladungskompensierende, protonierte Aminmolekle.
Im Gegensatz zu den gerade erwdhnten Verbindungen werden in
(DBNH)2CueSn,Sg (Raumgruppe Pca2i) und (dienH;)Cu,Sn,Sg (Raumgruppe

14m2) unterschiedliche Schichtanionen gefunden. Ein gewisser Nachteil der
Synthesen mit Kupfer ist die Verunreinigung der Reaktionsprodukte mit binaren
oder  ternaren Sulfiden. Obwohl umfangreiche  Variationen der
Reaktionsbedingungen durchgefuhrt wurden, konnte dies nicht beseitigt werden.
Weniger problematisch waren die Synthesen mit Mangan, welches eine
vergleichbare Affinitdt zu Schwefel und Stickstoff aufweist. Mit Mangan konnten
die Thiostannate (1,4-dabH,)MnSnS,, [Mn(1,2-dach),(H20)]2Sn,S,
[Mn(1,2-dach);]Sn,Ss - 2 (1,2-dach) (1,2-dach = 1,2-Diaminocyclohexan) und
[Mn(trien)]2SnS, - 4 H,O (trien = Triethylentetramin) dargestellt und charakterisiert
werden. Zuséatzlich wurden die Verbindungen (1,4-dabH),Ag>SnSs und
[M(tepa)]2Sn.Ss (M = Co, Ni, Fe; tepa = Tetraethylenpentamin) synthetisiert und
charakterisiert. Bei den Synthesen von (DBNH),CusSn,Sg wurde das
gemischtvalente Sn(Il)/Sn(IV)-Thiostannat (DBNH),Sn3;Ss als zweites Produkt
erhalten. Um die simultane Kristallisation dieser beiden Verbindungen besser zu
verstehen, wurden in-situ-Untersuchungen mit energiedispersiver
Roéntgenbeugung (EDXRD) durchgefiihrt. Solche EDXRD-Experimente wurden in
Kooperation mit Fr. Prof. G. Patzke an anderen Systemen durchgefihrt.



Modified Thiostannates by Integration of Transition Metal Cations
Solvothermal Syntheses and in-situ EDXRD Investigations
of Selected Compounds

The preparation and characterisation of new thiostannates by the integration of
transition metal cations was the main aim of this work. With this approach charge
neutrality of the thiostannate compounds may be achieved, the physico-chemical
properties are modified and the structural variety is enhanced. Applying the
solvothermal synthesis method, 13 new compounds were obtained with the main
focus on the elements copper and manganese. The structural diversity is reflected
in the Cu containing thiostannates (DBUH)CuSnS; (DBU = 1,8-
diazabicyclo[5.4.0]Jundec-7-ene), (1,4-dabH),Cu,SnS;  (1,4-dab = 1,4-
diaminobutane), (DBNH),CusSn,Sg (DBN = 1,5-diazabicyclo[4.3.0]non-5-ene) and
(dienH2)Cu,Sn,Ss (dien = diethylenetriamine). The first two compounds exhibit
different one-dimensional anionic chains and charge compensating protonated
amine molecules as structural features. In contrast, (DBNH),CugSn,Ss (space

group Pca2;) und (dienH,)Cu,Sn,Se (space group 14 m2) feature different anionic
layers. A disadvantage of the syntheses with Cu is the contamination of the
reaction products with binary and ternary sulfides. Fewer problems occurred with
manganese which is believed to have a similar binding affinity to sulphur and
nitrogen. The syntheses of the Mn containing thiostannates (1,4-dabH;)MnSnS,,
[Mn(1,2-dach),(H20)12Sn2Ss, [Mn(1,2-dach),]Sn,Se - 2 (1,2-dach) (1,2-dach = 1,2-
diaminocyclohexane) and [Mn(trien)[,SnS, - 4 H,O (trien = triethylenetetramine)
confirm this assumption. In addition, the new compounds (1,4-dabH),Ag.SnS,4 and
[M(tepa)]2Sn.Ss (M = Co, Ni, Fe; tepa = tetraethylenepentamine) could be
obtained. During the formation of (DBNH),CusSn,Sg the mixed-valent
Sn(I)/Sn(IV)-thiostannate (DBNH),Sn3Sg was obtained as a second product. For a
better understanding of the reactions occurring during the solvothermal synthesis,
in-situ energy dispersive X-ray diffraction (EDXRD) investigations were performed
to shed light onto the formation and the crystallisation kinetics. Some EDXRD
experiments were conducted in collaboration with Prof. G. Patzke.
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1. Einleitung

1.1. Motivation und Zielsetzung

In der Festkérperchemie hat sich in den vergangenen Jahren die Synthese von
Materialien mit definierten Porengréf3en als ein sehr wichtiger Forschungszweig
etabliert. Dabei stehen zumeist die Materialien mit offenporigen,
dreidimensionalen Geruststrukturen im Fokus, da ein besonderes Potential flr
Anwendungen wie Gasspeicherung oder heterogener Katalyse erwartet werden
kann [1]. So finden z. B. die Zeolithe Na-A in Waschmitteln Verwendung und bei
der Lufttrennung, wo eine Trennung von N, und O, erfolgt, werden Li-
ausgetauschte Zeolithe eingesetzt. Eine weitere wichtige Anwendung stellt das
katalytische Cracken der Benzinherstellung mit Zeolith Y Derivaten dar.

Zu den pordsen Materialien gehdren neben den klassischen Zeolithen die
Alumophosphate sowie eine groRe Anzahl an Verbindungen, die inzwischen mit
mehr als 25 Elementen des Periodensystems dargestellt werden [1]. Neben den
bekannten oxidischen Materialien lassen sich offene GerlUstmaterialien auch auf
Grundlage von Chalkogeniden darstellen. In den letzten Jahren hat sich die
Gruppe der Thiometallate in dem Bereich poréser Materialien entwickelt. Das
grol3e Interesse an Thiometallaten, insbesondere an Thiostannaten, wird unter
anderem durch die Erwartungen begrindet, die typischen Eigenschaften der
Zeolithe (lonenaustauscher, Trennverfahren, heterogene Katalyse) mit den
elektronischen und optischen Eigenschaften dieser Halbleitermaterialien zu
kombinieren [1]. Potentiellen Anwendungen steht jedoch oft entgegen, dass es
nicht mdglich ist, die in den Kanélen oder zwischen den Schichten lokalisierten
Strukturdirektoren ohne Verlust der Kristallinitdt und dem Kollaps der Strukturen
zu entfernen.

Das Hauptziel dieser Arbeit besteht darin, neue Ubergangsmetallhaltige
Thiostannate darzustellen und zu charakterisieren. Dabei sollten Struktur-
Eigenschafts-Beziehungen ermittelt werden, was nur durch eine entsprechende
Anzahl an ,Studienobjekten“ mdéglich ist. Auflerdem sollten die Synthesen
optimiert werden, um hohe Ausbeuten und gut kristalline Produkte zu erhalten. Um
dies zu erreichen, sollten Untersuchungen zur  Aufkldrung der
Bildungsmechanismen der Thiometallate unter solvothermalen Bedingungen mit

in-situ-Methoden durchgefiihrt werden.
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1.2. Thiostannate

Das grole Interesse an Thiostannaten beruht vor allem auf der strukturellen
Flexibilitdt der Koordinationsfahigkeit des Zinns sowohl trigonal-pyramidale
(Koordinationszahl 3), tetraedrische (Koordinationszahl 4), trigonal-bipyramidale
(Koordinationszahl 5) als auch oktaedrische (Koordinationszahl 6) Polyeder
auszubilden, so dass durch die Verknipfung dieser primaren Baueinheiten zwei-
und dreidimensionale Strukturen gebildet werden kdénnen. Die maximale
Koordinationszahl nimmt von 6 mit Schwefel Gber 5 mit Selen zu 4 mit Tellur hin
ab [2]. Bemerkenswert ist, dass Sn(ll) meistens trigonal-pyramidal koordiniert
vorliegt. In der Mehrzahl der Thiostannate wird jedoch Sn(lIV) gefunden, was auf
die hohe Oxidationskraft des Schwefels zurlickgefliihrt werden kann. In wassriger
Ldsung kdnnen die verschiedenen SnSy-Polyeder in Abhéngigkeit des pH-Wertes
nachgewiesen werden. Neben den [SnS4]*-lonen kdénnen unterschiedliche
Kondensationsprodukte wie [Sn.Se]* oder [Sn.S;® [3, 4, 5] sowie deren
Oligomere [SnmSH]®™*™" auftreten [6].

» I hiostannate® ist ein sehr umfangreicher Begriff, der bereits im Chemiestudium im
Rahmen der qualitativen Analyse (Freiberger Aufschluss) das erste Mal erwahnt
wird. Aufgrund der Vielféltigkeit der Thiostannate wird im folgenden zunachst
zwischen den rein anorganischen Verbindungen und den anorganisch-

organischen Hybridmaterialien unterschieden.

1.2.1. Anorganische Thiostannate

Krebs berichtete 1983 in einem Ubersichtsartikel Uber Thioverbindungen der
Hauptgruppenelemente und die vielseitigen Koordinationsmdglichkeiten von Zinn
und Schwefel. Dabei pragte er den Begriff der Thiostannate [3]: ,Die Bezeichnung
»1hiosalz“ mit ,Thioanionen® im Gegensatz zur Bezeichnung ,terndres Sulfid“ fir
eine feste Phase A,B,S; ist dann sinnvoll, wenn diskrete (auch polymere) ByS,-
Struktureinheiten erkennbar sind; Kriterien hierflr sind signifikant stérkere (und
meist starker kovalente) B-S-Bindungen relativ zu (stérker heteropolaren)
schwacheren A---S-Bindungen.“ Aus diesem Grund ist die Verbindung NagSn,S-
[4] ein Natriumthiostannat mit [Sn,S7]®-Anionen und ,ZnAl,S; eher ein

Zinkaluminiumsulfid“ [3].
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Weitere Beispiele fur rein anorganische Thiostannate mit typischen Anionen bzw.
Grundelementen sind die Verbindungen NasSn,;Ss- 14 H,O mit isolierten
[Sn,Se]*-Anionen [4], NasSnS, - 14 H,0 [7], [Ka(H20)4]SnS4, [Bas(H20)11]SnSs [8]
mit  [SnS4*-Anionen, CssSnsS12-2H,0  mit  [SnsSyo]*-Baugruppen  [9],
Rb,Sn3S7 - 2 H,O mit [Sn3S7]%-Anionen [10], die Schichtstrukturen A>Cu,Sn,Se
(A = Na, K, Rb, Cs) mit SnSs-Tetraedern [11] sowie die Thiostannate K,Sn,Ss [12]
und NasSn3Sg [13] mit dreidimensionaler Gerlststruktur.

Die ersten anorganischen Thiostannate wurden durch Hochtemperatursynthesen
oder aus Alkali-Polychalkogenidschmelzen erhalten. Allerdings wurde z. B.
Cs4SnsS+2 - 2 H,O bereits unter hydrothermalen Bedingungen aus Cs,CO; und
SnS; bei 130 °C dargestellt [9]. Mit fortschreitender Entwicklung solvothermaler
Methoden konnten mit Methanol als Solvens Selenido- und Telluridostannate wie
z. B. die Verbindung Rb,Sn,Ses mit dreidimensionaler Geriststruktur dargestellt
werden [6].

Die relativ milden Bedingungen solvothermaler Synthesen haben der
Festkdrperchemie einen weiteren praparativen Zugang zu neuen Materialien
eroffnet [6]. Unter diesen Bedingungen werden unterschiedlichste Lésungsmittel
wie Wasser, Alkohole sowie Amine bei relativ niedrigen Temperaturen zwischen
100 — 200 °C eingesetzt. Solvothermale Bedingungen beglnstigen das
Kristallwachstum und molekulare Baueinheiten bleiben intakt, so dass diese durch
Polymerisieren héherdimensionale Strukturen ausbilden kénnen. Der Einsatz
organischer Molekile, insbesondere Amine, als strukturdirigierende Reagenzien
ermdglicht die Synthese von anorganisch-organischen Hybridmaterialien, zu

denen auch die in dieser Arbeit vorgestellten Thiostannate gehéren.

1.2.2. Thiostannate mit organischen, strukturdirigierenden Reagenzien

Bedard und  Mitarbeiter konnten 1989 unter Verwendung von
Alkylammoniumkationen die ersten Schichtthiostannate mit grol3en Poren in den
Schichten synthetisieren [14, 15, 16]. Auch werden Alkylammoniumkationen und
Amine als strukturdirigierende Reagenzien bei der Synthese pordser Materialien
eingesetzt, um ,zeotype® Halbleitermaterialien auf Chalkogenbasis darzustellen.
Oft wurden Metalle und Halbmetalle verwendet, die mit Schwefelatomen eine
tetraedrische Koordination eingehen, um die Kristallchemie der Zeolithe und

Alumophosphate imitieren zu kénnen [1].
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Bedard fuhrte die Nomenklatur R-M’'MS-n fur die Gruppe der neuen Thiometallate
ein. Das organische Molekil R dient sowohl als strukturdirigierendes Reagenz als
auch als ladungskompensierendes Kation (sofern notwendig). M’ reprasentiert ein
3d- oder 4d-Metall und M = Ge, Sn, Sb, In. Die verschiedenen Strukturtypen
werden durch das angehéangte ,n“ unterschieden. Die Synthese der Thiometallate
erfolgt unter solvothermalen Bedingungen aus den Metallsulfiden oder aus den
Metallen und Schwefel und den entsprechenden Aminen oder
Alkylammoniumionen. Die organischen Molekile werden oft zur Lenkung der
Selbstorganisation polymerer, anionischer Baueinheiten eingesetzt, und in den
finalen Strukturen spiegeln sich haufig die Grélle und Geometrie der
Strukturdirektoren wider [6]. Da verschiedene Alkylammoniumionen zur Bildung
eines ganz bestimmten Strukturtyps oder einzelne Alkylammoniumionen zur
Ausbildung unterschiedlicher  Strukturtypen fuhren kdnnen, wird von
strukturdirigierender Wirkung, nicht aber von Templaten oder dem Templateffekt
gesprochen.

Bei den Thiostannaten werden nur wenige Verbindungen mit dreidimensionalen
Geruststrukturen beobachtet, da meist lamellare Strukturen ausgebildet werden.
Typische Koordinationspolyeder wie trigonale SnSs-Bipyramiden, SnSs-Tetraeder
sowie resultierende Baueinheiten wie Sn3S,-Halbwiirfel und [Sn,Sg]*-Anionen sind
in Abb. 1.1 dargestellt.

Sn

¢ ¢

Abb. 1.1: Typische Koordinationspolyeder in Thiostannaten (dunkelgrau: Sn-Atome, grau:
S-Atome), links: Sn;S,-Halbwiirfel mit trigonal-bipyramidal koordinierten Sn-Atomen, rechts:
[Sn286]4'-Anion mit Sn in tetraedrischer Umgebung.

Die beiden , klassischen® Thiostannatstrukturtypen R-SnS-1 und R-SnS-3
bestehen aus zweidimensionalen [SnsS7]*- bzw. [SnsSg]*-Schichten (vgl. Abb.

1.2). In den Schichten werden Sn3Ss-Baueinheiten beobachtet, welche die Gestalt
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eines Wiurfels mit einer fehlenden Ecke bzw. eines so genannten Halbwurfels
aufweisen (siehe Abb. 1.1, links). Diese Halbwirfel sind uber zweifach
verbriickende Sn(u-S)>,Sn-Schwefelbindungen verbunden und bilden so das

Schichtanion aus.

Abb. 1.2: Die anionischen Schichten der R-SnS-n-Materialien, links: [Sn3S7]2' mit
hexagonalen Poren, rechts: [Sn439]2' mit anndhernd elliptischen Poren. Die organischen
Kationen sind zur besseren Ubersicht nicht dargestellit.

In den R-SnS-1-Schichten liegen als primare Baueinheiten (primary building units
PBU) trigonale Bipyramiden SnSs (z. B. in Abb. 1.1, links) vor, die sekundéren
Baueinheiten (secondary building units SBU) stellen die Sn3Ss-Halbwirfel dar
(Abb. 1.1, links). Die VerknUpfung der Halbwirfel Uber (u-S)>- und (u-S2SnSy)-
Einheiten fuhrt zur Ausbildung hexagonaler, 24-atomiger Ringe in den Schichten.
Die Struktur der R-SnS-3-Materialien wird ebenfalls durch Verknipfung von SnzSy-
Halbwurfeln Uber (u-S),- und (u-S2SnS;)-Einheiten gebildet, dabei werden jedoch
32-atomige Ringe mit anndhernd elliptischer Form ausgebildet. Im Gegensatz zum
R-SnS-1-Typ werden hier als PBU SnS4-Tetraeder und SnSs-Bipyramiden
beobachtet. Die ladungskompensierenden Kationen sind zwischen den Schichten
und/oder in den Poren lokalisiert. Die typischen Schichtabstdnde liegen zwischen
8 und 9 A fiir R-SnS-1 und bei etwa 14 A fiir R-SnS-3 [17]. Einige Thiostannate
finden bereits Anwendungen in der Katalyse, als Absorber und Molekiilsensoren
sowie lonenaustauscher [17, 18, 19, 20, 21, 22].
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In der folgenden Tabelle sind ausgewdhlte Beispiele sowie Eigenschaften (Tab.

1.1) von Thiostannaten stichwortartig zusammengestellt. Detaillierte Informationen

kénnen den entsprechenden Literaturstellen sowie zahlreichen Ubersichtsartikeln

entnhommen werden [1, 2, 6, 17].

Tab. 1.1: Ausgewdhlte Thiostannate sowie einige Eigenschaften und Besonderheiten

Verbindung

Eigenschaften / Besonderheiten

R-SnS-1:
[Me4N]2Sn387 [1 8]

[EtsN]>SnsS; [23]

[DABCOH],Sn3S; [23]
(DABCO = 1,4-Diazabicyclo[2.2.2]oktan)

Lamellare Strukturen (vgl. Text);

Me,N*-Kation kann gegen Alkali- bzw. Erdalkali-
Kationen ausgetauscht werden; Abstimmen der
optischen Bandlicke durch partielle Substitution
von S durch Se [24]; Untersuchungen zum Einfluss

der Schwerkraft auf das Kristallwachstum [25];

Untersuchungen der Intermediate der
Thiostannatbildung [26]; Sensitiv fir CO, und H,O
[20].

Dehydrierte Varianten absorbieren reversibel H,O,
H,S, CO, und Ar [27].

Untersuchungen zur pH-Wert-Abhéngigkeit der
Kristallbildung [19].

R-SnS-3:
[PrsN].SnsSe  [28]

[BusN2Sn,Sy  [28]

[(CsH7)aN]-[(CH3)sNH]SNn,Sy  [29]

Lamellare Strukturen (vgl. Text);

Untersuchungen der Intermediate der
Thiostannatbildung [26].

Untersuchungen zum Einfluss der Schwerkraft auf
das Kristallwachstum [25].

In-situ-Bildung von (CH3)sNH" aus (CsH7)N".

[C4H11N2]2[C10N4H24]SN5S 12 [30]

'[sns, -en] [31]

(en = Ethylendiamin)

[enH]sSNn,Ss  [32]
[CeH20N4]2SN,Se - 2 H,O  [33]
[enH;][enH].SN,Se  [34]

Synthese mit DABCO liefert C4H1N; und CoN4H>4

zwischen den anorganischen Schichten.

Das Amin ist direkt an Sn koordiniert, so dass
SnS,N,-Oktaeder gebildet werden; 1D-Struktur.
Diskrete [Sn,Sg]*-Anionen.

Diskrete [Sn,Sg]*-Anionen.

Diskrete [Sn286]4'-Anionen und sowohl einfach- als

auch zweifach protonierte Ethylendiaminmolekiile.
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Ein Schwerpunkt bei den Untersuchungen der Eigenschaften lag auf der
thermischen Stabilitat. Die Thiostannate sind in der Regel nur bis etwa 200 °C
thermisch stabil, was ihre mégliche Anwendung stark einschrankt. Oberhalb von
ca. 200 °C reagieren chemisorbiertes Wasser sowie die strukturdirigierenden
Molekile mit den Konstituenten der Anionenschichten. Dabei erfolgt eine
Reorganisation bzw. der Kollaps der Festkorperstruktur und diverse Zinnsulfide
wie Berndtit SnS;, Herzenbergit SnS und Ottemannit SnyS; werden als
Abbauprodukte beobachtet [35]. Um die Stabilitat der Thiostannate zu erhéhen
und ein Kollabieren der Strukturen zu verhindern, wurden 1994 von Parise und
Mitarbeitern erste Versuche unternommen, die organischen Kationen gegen

Alkali- und Erdalkalimetall-Kationen auszutauschen [18].

Die strukturelle Vielfalt der Thiostannate beruht auf der Koordinationsvariabilitat
von Sn und S, der Tendenz des Schwefels zur Ketten- und Ringbildung, und den
Méoglichkeiten von Sn, sowohl in den Oxidationsstufen +Il und +IV aufzutreten als
auch gemischtvalente Verbindungen zu bilden. In den Thiostannaten werden
tetraedrische [SnS4]*-Monomere, [Sn,Se]*- und [Sn,S7]%-Dimere mit kanten- bzw.
eckenverknipften SnS,-Tetraedern sowie adamantanartige [SnsS1o]*-Tetramere
beobachtet [17]. Das Polythiostannat-Anion [SnsS12]* wurde bereits von Sheldrick
1988 in der Verbindung Cs4SnsSq, - 2 H,O beschrieben [9] und wird auch in
[C4H11N2]2[C10N4H24]SN5S+12 [30] beobachtet. In diesem Anion ist Sn sowohl
trigonal-bipyramidal als auch oktaedrisch koordiniert und die Anionenschicht wird
durch Kantenverknipfung der Polyeder gebildet. Die 1985 von Mdller vorgestellten
Polysulfido-Anionen SnS,> (mit x = 4, 5, 6, 9) werden beispielsweise in
[EtsN]s[SN(S4)2]04[SN(S4)2(Se)]o.s [36] und in Cs»SnS14 (Mit S42-und Sg>-Einheiten)
[12] beobachtet.

Prinzipiell kénnen drei Arten von Gegenionen zu den Thiostannat-Anionen
unterschieden werden. Die einfachsten sind die Metallkationen (siehe Kap. 1.2.1).
Bei der zweiten Gruppe wird der Ladungsausgleich durch organische Molekiile
erreicht, zu denen auch die protonierten Amine gehéren. Zu dieser Gruppe
kénnen auch Ubergangsmetallkomplexe gezahlt werden. Drittens kann die
Ladungskompensation durch die Integration von Ubergangsmetallen in das

Netzwerk erreicht werden. Diese Art der Ladungskompensation ist bisher eher
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weniger untersucht worden und wird im folgenden Kapitel beschrieben. Zusatzlich
wird auf Thiostannate eingegangen, bei denen Ubergangsmetallkomplexe Teil der
Struktur sind.
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1.3. Modifizierung der Thiostannate durch Integration von
Ubergangsmetallen (UM)

Das Interesse, Ubergangsmetallkationen in Thiostannate einzubauen besteht nicht
allein darin, Ladungsneutralitdt zu erreichen, sondern in der Modifizierung der
chemisch-physikalischen Eigenschaften. Zusatzlich sollte die strukturelle Vielfalt
durch die Integration von UM-Kationen deutlich erweitert werden kénnen. Rein
anorganische Thiostannate sind schon seit langerer Zeit bekannt und bei dieser
Verbindungsklasse ist die Integration einiger UM erfolgreich: Cu,SrSnS, [37],
BaCdSnS, [38], A2CuxSn,Ss (A = Na, K, Rb, Cs), Rb,CusSnS, [11], CuCdSn3zSg
[39], KioMsSnsS17 (M = Mn, Fe, Co, Zn) [40], KeSn[ZnsSnsS4;] [41] und
R3Ag1-sSnS7 (R = La, Ce; 6 = 0.18 - 0.19) [42] sind nur ausgewahlte Beispiele aus
der Vielzahl an Verbindungen.

Solvothermale Synthesen mit Ubergangsmetallen in Gegenwart organischer
strukturdirigierender Reagenzien fiihren meist zur Bildung von Ubergangsmetall-
Komplexen als ladungskompensierende Kationen, welche keine Bindung zu dem
Thiostannatgeriist haben. Obwohl die Integration der Ubergangsmetalle in die
anorganischen Netzwerke bzw. Schichten damit nicht gelungen ist, wird durch die
ggafs. auftretende Schichtaufweitung die Eigenschaft der Verbindung verandert.
Wie bereits weiter oben erwéhnt, variiert bei den R-SnS-n-Materialien je nach
Alkylammoniumionen der Interschichtabstand von 8 bis 14 A [17, 23]. 1997
beschrieben Ozin und Mitarbeiter die Synthese von ,mesolamellaren®
Thiostannaten mit Alkylamin-Doppelschichten zwischen den anorganischen
Schichten mit einem Schichtabstand von 51 A [43]. AuRerdem wurde versucht, die
Schichtaufweitung mit gréReren Kationen wie z. B. Ubergangsmetall-Komplexen
zu erzwingen. Kanatzidis und Mitarbeiter berichteten 2002 Uber die
mesostrukturierte Phase (CP)M,Sn,Sg (M = Zn, Cd, Ga; CP = Cetylpyridinium)
[44]. Durch die Integration der Ubergangsmetalle sowie die Aufweitung der
Schichtabsténde (auf ca. 35 - 36 A) wurden Anwendungen in der Photokatalyse
und der Adsorption erhofft, obgleich die genaue Struktur nicht geklart werden
konnte.

Die erfolgreiche Integration von Ubergangsmetallen in Thiometallate gelang in
unserer Arbeitsgruppe 1996 bei den Thioantimonaten Mn;Sb,S5(CH3NH;). und
Mn,Sb,Ss5(NH2(CH2)sNH2)  [45]. 2003 wurde neben [Ni(en)s3]2SnySe  (en
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Ethylendiamin) und [Ni(dap)s]2Sn2Se - 2 H,O (dap = 1,2-Diaminopropan) auch das
Thiostannat [Co(tren)]2SnySe (tren = Tris-(2-aminoethyl)-amin) [46] publiziert, in
dem das Co?*-lon sowohl Bindungen zu den Thiostannat-Anionen als auch zu den
Aminen ausbildet. Wahrend in [Co(tren).Sn,Ss die [Co(tren)]**-Komplexe mit den
Thiostannat-Anionen  verknipft sind, werden in [Ni(en)s]2Sn,Sg  und
[Ni(dap)s]2Sn2Se - 2 H,O  nur  diskrete [Sn286]4'—Anionen gefunden. Weitere
Beispiele mit isolierten, ladungskompensierenden [UM(Amin),]’*-Kationen stellen
die Thiostannate [M(en);3]2Sn,Sge (M = Mn, Co, Zn) [47], [Ni(en)sz]2Sn,Se,
[Ni(dien)2]2Sn,Se (dien = Diethylentriamin) [48], [Mn(en)s]oSn2Se - 2 H,O und
[Mn(dien)2]2Sn,Se [49] dar.

Erst in den letzten Jahren wurde Uber Thiostannate berichtet, in denen die
Ubergangsmetalle in den anionischen Ketten oder Schichten integriert sind. In der
Verbindung (NH4)2AgsSnsS1p werden die [AgGSnS4]2+-Kationenschichten von

[Sn83]2'—Zickzackketten durchzogen und die NH, -Kationen befinden sich in den
eindimensionalen Kanalen [50]. [HgSnS,|* -Saulen werden in (enH;)HgSnS,

durch (enH,)**-Saulen unterbrochen [51]. Auch fur diese Verbindungen wurden
mdgliche Anwendungen als neuartige Molekilsiebe mit Eigenschaften von
Halbleitermaterialien postuliert. Im Gegensatz zu (enH;)HgSnS4 handelt es sich
bei der Verbindung (enH2)Ag>SnS4 um eine zweidimensionale, chirale Struktur mit
[Ag2SnS4]*-Schichten [52]. Im Jahr 2007 erschienen die ersten Verdffentlichungen
mit Lanthanoidionen-Komplexen als ladungskompensierende Kationen der
diskreten Thiostannat-Anionen [53, 54].

Im Rahmen dieser Arbeit sollten neue Ubergangsmetallhaltige Thiostannate
dargestellt und charakterisiert werden. Das finale Ziel war die
Ubergangsmetallkationen in die anionischen Thiostannatstrukturen zu integrieren.
Wie bereits erwahnt, tritt unter solvothermalen Bedingungen bei Verwendung von
Aminen als Strukturdirektoren und Ldsungsmittel als Konkurrenz die Bildung
isolierter Komplexe auf. Zusétzlich konkurrieren auch die stabileren, dichten
bindren oder terndren Phasen. Bei der Synthesedurchfihrung missen daher oft
sehr muhselig die optimalen Bedingungen gefunden werden. Diese Optimierungen
basieren einerseits auf Erfahrungen, andererseits handelt es sich jedoch um ein

»rial and error” Vorgehen bis sich der Erfolg einstellt.
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Die in-situ-Experimente mit energiedispersiver Réntgenbeugung (EDXRD) (vgl.
Kap. 1.4, S. 15 und Kap. 2.1.2, S. 21) stellen einen eleganten Weg dar, diese
Optimierung zu erzielen. Aufgrund der Vorteile dieser Methode und unserer
(langjahrigen) Erfahrung sind zudem einige Kooperationen durchgefiihrt worden,

deren Ergebnisse in Kapitel 4.3 (S. 157) vorgestellt werden.

Im Rahmen der Dissertation konnten zwdlf Gbergangsmetallhaltige Thiostannate
sowie eine Ubergangsmetallfreie Verbindung synthetisiert und charakterisiert
werden. Bei den Synthesen wurde ein Schwerpunkt auf die Elemente Kupfer und
Mangan gelegt.

Kupfer ist ebenso wie Silber chalkophil und bildet unter Konkurrenzbedingungen
bevorzugt Bindungen zu Chalkogenanionen anstatt zu beispielsweise Stickstoff
oder Sauerstoff aus. Daher kann angenommen werden, dass Kupfer eher in
Thiostannate integriert wird als dass [Cu(Amin),]’*-Kationen gebildet werden. Die
Verbindungen (DBUH)CuSnS; (DBU = 1,8-Diazabicyclo[5.4.0]lundec-7-en) und
(1,4-dabH),Cu,SnS,4 (1,4-dab = 1,4-Diaminobutan) sind die ersten Beispiele dafir,
dass diese Uberlegungen richtig sind. Die Synthesen und Strukturen werden in
der Verdffentlichung in Kapitel 4.1.1 (S. 37) vorgestellt. In beiden Verbindungen
fungiert das Amin als ladungskompensierendes Kation, wahrend Kupfer in die
anionischen Thiostannat-Ketten integriert ist.

Erstaunlich ist, dass bei Synthesen mit DBU keine anderen UM-haltigen
Thiostannate synthetisiert werden konnten. Bei der Verwendung von
1,4-Diaminobutan (1,4-dab) konnten jedoch zwei weitere Thiostannate erhalten
werden, die zu (1,4-dabH),Cu,SnS4 isostrukturelle Verbindung
(1,4-dabH),Ag>SnS, (Kap. 4.1.2, S. 48) sowie (1,4-dabH;)MnSnS,4, dem ersten
Thiostannat mit Mn?**-Kationen in den anionischen Ketten (Kap. 4.1.3, S. 61).
Unter Verwendung von 1,5-Diazabicyclo[4.3.0]Jnon-5-en (DBN) statt DBU wurden
in einer Synthese zwei neue Thiostannate erhalten. Die kupferhaltige Verbindung
(DBNH)2.CueSn,Sg sowie das gemischtvalente Thiostannat (DBNH),Sn3Sg
koexistieren unter den gewahlten Bedingungen. Um phasenreine Produkte zu
kristallisieren, wurden verschiedene Syntheseparameter (Zeit, Temperatur,
Konzentration) variiert. Allerdings konnte bei Verwendung von Kupfer immer nur
ein Phasengemisch erhalten werden, wahrend das gemischtvalente Thiostannat

bei Verzicht auf Kupfer im Eduktgemisch phasenrein zuganglich ist. Diese



12 1. Einleitung

Beobachtung belegt wiederum, dass solvothermale Synthesen sehr komplex und
immer noch schlecht verstanden sind (vgl. Kap. 1.4, S. 15). Um ein besseres
Verstandnis dieser Reaktion zu erarbeiten, wurde die Bildung dieser beiden
Verbindungen unter solvothermalen Bedingungen mit energiedispersiver
Réntgenbeugung untersucht. Wesentliches Ziel dieser in-situ-Untersuchungen
war, den/die Parameter zu identifizieren, welcher/welche geéndert werden
muss/missen, um zu phasenreinen Produkten zu gelangen. Die Ergebnisse
dieser Untersuchungen werden in Kapitel 4.2.1 (S. 128) prasentiert.

Kupferhaltige Thiostannate (Amin),Cu,Sny,S; kombinieren die Eigenschaften von
Halbleitern mit denen der Zeolithe und zeichnen sich auf3erdem durch einen
mdglichen Vorteil als photoleitende Substanzen aus. Das Material mit der besten
Effizienz in der Photovoltaik ist Cu(Iln,Ga)Se, (CIGS) [55, 56], wobei der
wesentliche Nachteil der hohe Preis fur In darstellt. Kanatzidis und Mitarbeiter
berichteten in der Verdffentlichung zu A;Cu,Sn,Sg (A = Na, K, Rb, Cs), dass
Chalkogenide der Ubergangsmetalle und Hauptgruppenelemente  fir
Anwendungen in den Bereichen der nicht-linearen Optik, in Batterien sowie in der
heterogenen Katalyse geeignet sein sollten, aber insbesondere fur die
Umwandlung der Sonnenenergie in elektrische Energie nitzlich sein kénnten [11].
Das Interesse an Materialien fir die ,Solar Energy Conversion® zeigt sich an der
grolRen Zahl an Publikationen aus den unterschiedlichsten Bereichen der
Naturwissenschaften. Vor kurzem konnten unter solvothermalen Bedingungen
Culn(SexS1x)2 ,Nanokristallite® hergestellt werden [57], die eine lineare
Abhangigkeit der Absorptionsenergie vom Selengehalt aufweisen und damit dem
Sonnenspektrum besser angepasst werden kdénnen. Allerdings wird aufgrund des
stetig steigenden Preises fur Indium nach neuen Materialien gesucht, in denen
Indium durch z. B. Zinn substituiert ist, welche aber dennoch photovoltaische
Eigenschaften aufweisen. Dass dies mdglich ist, wurde kurzlich mit der
photoaktiven Verbindung Cu,Sn+.,SixS3 demonstriert [58].

Bereits im Rahmen meiner Diplomarbeit konnte die Verbindung (dienH;)Cu2Sn,Se
synthetisiert werden. Es stellte sich heraus, dass dieses Thiostannat eine
optischen Bandlicke von 1.5 eV aufweist, was flr photovoltaische Materialien der
optimale Wert ist. Aufgrund der schlechten Kristallqualitdt konnte die Struktur

allerdings erst im letzten Jahr bestimmt werden. Die Ergebnisse auch der
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Untersuchungen zu den photoelektrischen Eigenschaften werden in der
Verdffentlichung in Kapitel 4.1.4 (S. 69) vorgestellt.

Obwohl Silber einmal erfolgreich in ein Thiostannat eingebaut werden konnte
(Kap. 4.1.2, S. 48), wurde der Schwerpunkt der synthetischen Arbeiten auf das
Element Mangan gelegt. Die Synthesen mit chalkophilen Ubergangsmetallen
waren nicht immer erfolgreich, da die Tendenz zur Ausbildung bin&rer Sulfide sehr
stark ausgepragt ist. Zahlreiche Verdéffentlichungen belegen, dass solvothermale
Synthesen mit z.B. Ni, Co oder Zn in Gegenwart von Aminen oft zu
anorganischen Anionen und [UM(Amin),]’*-Kationen fiihren. Dies ist nicht
verwunderlich, da selbst Ammoniak mit diesen Ubergangsmetallen stabile
Komplexe ausbildet. Sobald das Metallion vollstdndig komplexiert ist, steht keine
Bindungsstelle fir den Schwefel zur Verfligung und es entstehen isolierte
Baueinheiten. Bei multidentaten Amine wie beispielsweise Tris-(2-Aminoethyl)-
amin (tren) werden die Koordinationsbedirfnisse einiger Ubergangsmetallkationen
nicht befriedigt, so dass ein oder zwei Bindungsstellen am Kation unbesetzt
bleiben. Mit dieser Synthesestrategie konnten Ubergangsmetalle in die
anorganischen Geruststrukturen integriert werden wie z. B. in [Co(tren)].Sn,S¢ [46]
oder [M(tren)]SbsS7 (M = Mn, Fe, Co, Zn) [59]. Eine interessante Beobachtung im
Gebiet der Thioantimonatchemie ist, dass sich Mn?* voéllig anders verhalt als z. B.
Co?* oder Ni**. Mn?* bildet Bindungen zu den S-Atomen der Thioantimonat-
Anionen aus, ohne dass das Kation gewissermal3en mit einem multidentaten Amin
dazu ,gezwungen“ werden muss. Das deutet darauf hin, dass Mn?* im Vergleich
zu den anderen Ubergangsmetallkationen eine dhnliche Affinitat zu Schwefel und
Stickstoff aufweist. Beispiele dafur sind z. B.
[Mn(CgH14N2)3]2[MNn(CeH14N2)2(SbS4),] - 6 H,O [60] oder die Mna(Amin)SbySs-
Familie [45, 61, 62, 63, 64].

Die Anzahl manganhaltiger Thiostannate ist deutlich geringer. In [Mn(en)s]oSn2Se
[47] und [Mn(dien);]o.Sn,Se [49] liegen isolierte [Sn286]4'—Anionen vor, in
[Mn(tepa)]2(12-Sn2Se) (tepa = Tetraethylenpentamin) [65] verbinden die [Sn,Se]*-
Anionen als bidentate Liganden die [Mn(tepa)]2+—KompIexe zu neutralen
{[Mn(tepa)].Sn.Se}-Einheiten und in der Verbindung [{Mn(en)z}2(u-en)(1-Sn2Se)]-
werden eine Mn-S-Bindung sowie 5 Mn-N-Bindungen beobachtet [66]. Das oben
bereits erwahnte Thiostannat (1,4-dabH,)MnSnS; ist das erste mit Mn?*-Kationen

in den anionischen Ketten. Synthesen mit Triethylentetramin (trien) und
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1,2-Diaminocyclohexan (1,2-dach) fuhrten zur Bildung der neuen Verbindungen
[Mn(1,2-dach),(H20)]2Sn2Se, [Mn(1,2-dach),]Sn,Se - 2 (1,2-dach) und
[Mn(trien)].SnS, - 4 H,O, (ber deren Strukturen und Eigenschaften in den
Veréffentlichungen in Kapitel 4.1.5 (S. 78) sowie Kapitel 4.1.7 (S. 123) berichtet
wird.

Solvothermale Synthesen mit Diethylentriamin waren sowohl mit Kupfer
((dienH2)Cu2Sn,Se) als auch mit Mangan ([Mn(dien)2]2Sn,Sg [49]) erfolgreich. In
(dienH2)Cu,Sn,Ss befinden sich die Aminmolekiile zwischen den anorganischen
[Cu,Sn,Se]*-Schichten. Die Versuche, das organische Molekil ,zu vergroRern®
und damit den Interschichtabstand zu veréndern, schlugen bei den Synthesen mit
Kupfer in Gegenwart von Triethylentetramin bzw. Tetraethylenpentamin als
Strukturdirektoren bislang fehl. Im Gegensatz dazu waren die Synthesen mit
Mangan erfolgreich und die Verbindung [Mn(tepa)]2(12-Sn2Ss) wurde bereits
publiziert [65]. Mit den Kationen Co?*, Ni** und Fe®" konnten die neuen
Verbindungen [M(tepa)]2Sn,Ss (M = Co, Ni, Fe) synthetisiert und charakterisiert
werden, wobei [Fe(tepa)].Sn2Se das erste eisenhaltige Thiostannat darstellt. Die
Synthesen dieser Verbindungen sowie ausgewahlte spektroskopische

Eigenschaften werden in der Veréffentlichung in Kapitel 4.1.6 (S. 104) prasentiert.
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1.4. In-situ-Untersuchungen zur Bildung von Thiostannaten unter
solvothermalen Bedingungen

Untersuchungen zur Aufklarung der Bildungsmechanismen von Thiometallaten
unter solvothermalen Bedingungen sind essentiell, um gezielt Parameter
verdndern und damit eine Synthese optimieren zu kdnnen. Das Problem
solvothermaler Synthesen ist, dass bei den heterogenen Reaktionen viele
Parameter wie z. B. Temperatur, Zeit, Solvens, pH-Wert, Konzentration usw. die
Produktbildung in nicht verstandener Weise beeinflussen. Deshalb gibt es bis jetzt
nur ein rudimentdres Verstdandnis der unter solvothermalen Bedingungen
ablaufenden Reaktionen, obwohl sich weltweit mehrere Arbeitsgruppen damit
beschaftigen [67]. Um diese solvothermalen ,Black-Box-Reaktionen“ etwas zu
beleuchten, sind in-situ-Experimente notwendig. Mit solchen Untersuchungen
werden unter realen Bedingungen kristalline Vorldufer oder Intermediate sowie
deren Umwandlung in die Produkte erfasst und bei ausreichender Zeitaufldsung

des Experiments kann die Kristallisationskinetik ausgewertet werden.

Zeitaufgel6ste in-situ energiedispersive Roéntgenbeugung (in-situ-EDXRD; vgl.
Kap. 2.1.2, S. 21) wurde 1996 von O’Hare und Mitarbeitern eingesetzt, um die
hydrothermale Bildung von Thiostannaten zu untersuchen [68].

Der auf der Basis der Ergebnisse vorgeschlagene Mechanismus der Bildung von
[Me4N]2Sn3S7 ist in Abb. 1.3 dargestellt. Nach Auflésen der Edukte entstehen die
Thiostannat-Anionen, welche kondensieren und die anionischen Schichten bilden.
Diese sind zunachst ungeordnet und erst einige Zeit spater erfolgt eine

dreidimensionale Ausordnung der Schichten.
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Sn(s)/S(s)/Me4NOH/HZOL[SnXSy(OH)Z]E‘aq) / Me,N* @,

Abb. 1.3: Schematische Darstellung des vorgeschlagenen Mechanismus zur Bildung von
[Me4N].Sn;S;: (1) Auflosung der festen Edukte unter Bildung der Thiostannat-Anionen und
Methylammonium-Kationen, (2) Kondensation der lonen und Praorganisation eines
Schichtverbands, (3) Organisation der Schichten und Ausbildung einer 3D-geordneten
Struktur.

Da die R-SnS-n-Materialien nur schlecht kristallisieren und kleine Kristalle bilden,
wurden von Ozin und Mitarbeitern mit ''°Sn NMR- und UV/Vis-Spektroskopie die
Reaktionslésungen untersucht [26]. Die abgefangenen Intermediate wurden mit
Pulverdiffraktometrie und Einkristallstrukturanalysen charakterisiert. Bei diesen
Untersuchungen konnten verschiedene Intermediate wéhrend der Reaktionen
beobachtet werden: [Sn,Se]*, die Polysulfide [Sn(S4)s]> bzw. [Sn(S4)2(Se)]* sowie
[S,03]%, wobei die Ergebnisse belegen, dass [Sn,Se]* die dominierende Spezies

ist.
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Eine schematische Darstellung des postulierten Mechanismus der Bildung von
[Me4N]2Sn3S7 ist in Abb. 1.4 gezeigt. Nach Aufldsung der Edukte unter basischen,
solvothermalen Bedingungen findet eine Adsorption an Zinn statt, wo der
Elektronentransfer von Sn zu S stattfindet. Nach Komplexierung des Zinns wird
das Intermediat [Sn;Se]* gebildet und mit strukturdirigierender Wirkung der
Alkylammoniumionen erfolgt Keimbildung und anschlielendes Kristallwachstum
[26].

g8 s /S
MeNH, / Me,NOH / H,0 S~oH

g \s s \
s»s g \/
Intermediat K
s—s
[Sn s]"
[sn,S, |*

[SnZSG:l + c|:H3 [SnZSG:l ”’

+

N.,
H,C | CHy Transport
CH

[Sn286] 4 ’ [Sn286] 4 und Préorganisation

[Sn286] &

Keimbildung

Kristallwachstum

Abb. 1.4: Ubersichtsschema der Bildung von R-SnS-n-Materialien aus Zinn und Schwefel
unter solvothermalen Bedingungen in Gegenwart organischer Molekiile als
strukturdirigierende Reagenzien am Beispiel von [Me;N],Sn;S;.
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In den letzten Jahren haben wir zeitaufgeldste in-situ-Untersuchungen mit
energiedispersiver Réntgenbeugung erfolgreich bei solvothermalen Synthesen
verschiedener Ubergangsmetallhaltiger Thioantimonate eingesetzt [69, 70, 71]. Die
Leistungsfahigkeit, aber auch Notwendigkeit der Untersuchung solvothermaler
Synthesen mit in-situ-EDXRD wird an dem Beispiel der Reaktionen von Kupfer,
Zinn und Schwefel in 1,5-Diazabicyclo[4.3.0]non-5-en (DBN) deutlich. Die
Beobachtung, dass zwei Thiostannate ((DBNH),Sn3Sg und (DBNH),CugSn,Ss)
unter den gewahlten Bedingungen koexistieren, ist an sich schon interessant.
Aber besonders bemerkenswert ist, dass (DBNH),Sn3Sg gemischtvalent ist und
(DBNH),CueSn2Sg ein Thiostannat(lV) darstellt. D. h., bei der solvothermalen
Synthese finden komplexe Redoxreaktionen statt und welches Produkt zuerst
gebildet wird, ist vollig unklar. Die Ergebnisse dieser Untersuchungen sowie die
Strukturen und weitere Eigenschaften der beiden Thiostannate werden in der
Veroffentlichung in Kapitel 4.2.1 (S. 128) detailliert beschrieben.



2. Untersuchungsmethoden 19

2. Untersuchungsmethoden

Die Methoden, die zur Untersuchung und Charakterisierung der Produkte zum
Einsatz gekommen sind, sollen in diesem Kapitel kurz vorgestellt werden. Dabei
werden die in der anorganischen Festkérperchemie etablierten Methoden nicht
naher diskutiert. Dazu zahlen die Pulverdiffraktometrie, die
Einkristallstrukturanalyse, die spektroskopischen Methoden wie Raman-, IR- und
UV/Vis-Spektroskopie, die Elementaranalyse, die Elektronenmikroskopie und die
thermischen Methoden. Die fir diese Untersuchungen eingesetzten Geréte sind in
Kapitel 3 in Tab. 3.3 kurz dargestellt. Es sollen jedoch die Methoden, die nicht zum
Standardrepertoir gehéren bzw. die Ublicherweise nicht in jedem Laboratorium

zuganglich sind, kurz dargestellt werden.

2.1. Untersuchungen mit Synchrotronstrahlung:
energiedispersive Réntgenbeugung (Energy Dispersive X-Ray
Diffraction EDXRD) und Réntgenabsorptionsspektroskopie
(X-Ray Absorption Spectroscopy XAS)

2.1.1. Synchrotronstrahlung

Die Synchrotronstrahlung als Quelle elektromagnetischer Strahlung ist eine der
erfolgreichsten, wenn auch zufélligen Entdeckungen. Jede beschleunigte bewegte
elektrische Ladung stellt eine Quelle elektromagnetischer Strahlung dar. Werden
Elektronen von einem Teilchenbeschleuniger oder einem Synchrotron in ein
Magnetfeld injiziert, so entsteht bei der Umlaufbewegung dieser Elektronen
Synchrotronstrahlung. Durch die mit nahezu Lichtgeschwindigkeit bewegten
Elektronen erhédlt die Synchrotronstrahlung einige Besonderheiten. Die
Abstrahlung erfolgt tangential zur Bewegungsrichtung in kurzen Pulsen (alle
800 ns mit einer Pulsdauer von 0.3 ns). Der diskontinuierliche Verlauf ist in Abb.

2.1 dargestellt.
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Abb. 2.1: Schematischer Verlauf des Stromes der Synchrotronstrahlung des Speicherrings
DORIS Ill des Hasylabs (Abkiirzungen siehe Text; Verlauf vom 14.07.04) [72].

Bei der ausgesandten, polarisierten Strahlung handelt es sich um weilde,
polychromatische Strahlung mit einem Wellenlangenbereich vom Infrarot- bis zum
harten Réntgen- und Gammastrahlenbereich, wobei der Energiebereich jedoch
vom Speicherring abhangig ist.

Die Synchrotronstrahlung bietet neben der hohen Primarintensitat eine Reihe von
Vorteilen wie die Durchstimmbarkeit der Wellenldnge, so dass durch geeignete
Monochromatoren verschiedene Wellenldngen ausgewahlt und somit auf
Anforderungen des Experiments zugeschnitten werden kénnen. Die
Synchrotronstrahlung weist eine sehr hohe Kollimation auf, wodurch sehr scharfe
Beugungsmaxima z. B. bei der Réntgenbeugung erhalten werden kénnen.

Um den Abfall der Intensitdt nach bestimmter Zeit zu kompensieren, werden in die
Speicherringe Teilchenpakete, die so genannten bunches, injiziert. Deshalb hat
die emittierte Strahlung eine Zeitstruktur im Nanosekundenbereich (s. 0.), wodurch
auch Untersuchungen dynamischer Prozesse ermdéglicht werden. Aufgrund der
Vorteile der Synchrotronstrahlung wurden fir verschiedene Forschungsarbeiten
eine grolRe Anzahl an Quellen eingerichtet, unter anderem das Hasylab
(Hamburger Synchrotronstrahlungslabor) am DESY (Deutsches Elektronen
Synchrotron). Der gro3e Nachteil der Forschung mit Synchrotronstrahlung liegt in
der Tatsache, dass solche Experimente nur in Grol3forschungseinrichtungen
realisierbar sind.

Alle Experimente mit Synchrotronstrahlung dieser Arbeit wurden am Hasylab,
DESY in Hamburg durchgeflihrt. Der Speicherring DORIS [l (Doppel-Ring-

Speicher; Positronen) liefert Synchrotronstrahlung mit Wellenléngen im harten
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Réntgenbereich. Sein Umfang von 289 m erméglicht eine Energie der Positronen
von 445 GeV und einen Anfangsstrom von bis zu 120 mA. Die
Synchrotronstrahlung wird allerdings nicht allein in den Ablenkmagneten in den
Kurven des Speicherrings erzeugt, welche die beschleunigten Positronen auf ihrer
Kreisbahn halten. Weitaus intensivere Strahlung wird in zusétzlich eingebauten
Spezialmagneten erzeugt. Diese so genannten Wiggler und Undulatoren bestehen
aus einer Reihe sich abwechselnder magnetischer Nord- und Sidpole, wodurch
die Positronen auf eine Art Slalomkurs gezwungen werden. Aufgrund der vielen,
aufeinander folgenden Magnetpole wird eine viel intensivere Strahlung
ausgesendet. Wiggler erzeugen im Vergleich zu Ablenkmagneten bis zu
hundertfach intensivere Synchrotronstrahlung und Undulatoren kénnen aufgrund
der konstruktiven Uberlagerung der Wellenziige sogar eine tausendfache
Verstarkung erreichen.

Durch spezielle Strahlfuhrungen (die so genannten Beamlines) wird die
Synchrotronstrahlung zu den verschiedenen Experimentierhallen und zu den

Experimentierplatzen geleitet (Abb. 2.2).

Abb. 2.2: Schema des Speicherrings DORIS lll des Hasylabs [73].

2.1.2. Energiedispersive Réntgenbeugung (EDXRD)

Die Synchrotronstrahlung kann fir energiedispersive Rdntgenbeugungs-

experimente eingesetzt werden. Aus dem einfallenden weilen Synchrotron-
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spektrum wird ein energetisch kleiner Teil abgebeugt. Je nach Orientierung der
Kristallite einer polykristallinen Probe finden sich immer Wellenléngen bzw.
Photonenenergien, welche die Bragg'sche Gleichung erfiillen. Die Energie ergibt
sich nach

-d,,Sin®

mit der Beugungsordnung n, der Planck’'schen Konstante h, der
Lichtgeschwindigkeit ¢, dem Netzebenenabstand dyg und dem Bragg'schen
Winkel 6.

Vereinfacht dargestellt besteht ein Experiment aus der Strahlung, die auf die
Probe trifft und einem Detektor, der die gebeugte Strahlung winkelabhangig
aufnimmt. Durch die Primarstrahlung kénnen gleichzeitig zu den Beugungslinien
Roéntgenfluoreszenzen angeregt werden, die zusétzliche Informationen erhalten.
Durch Variation des Bragg’'schen Winkels 6 kdnnen die Braggreflexe bzw. ihre
Lage im Energiespektrum verschoben werden, so dass diese im Idealfall nicht von
den Fluoreszenzen Uberdeckt werden.

Die hohe Intensitat der Synchrotronstrahlung erméglicht eine gute Zeitauflésung
(von wenigen Minuten pro Spektrum) im Vergleich zu mehreren Stunden bei
Verwendung einer ,herkdmmlichen® Rdntgenquelle. Zuséatzlich ist die Intensitét der
Synchrotronstrahlung ausreichend, um Wande der Reaktionsgefdlle (z. B.
Edelstahlautoklaven) zu durchdringen und erméglicht damit in-situ-
Untersuchungen von Reaktionen unter solvothermalen Bedingungen (vgl. Kap.
3.1, S. 27). Da es sich bei Solvothermalsynthesen um heterogene Reaktionen
handelt, bei denen eine grof3e Anzahl an Faktoren die Produktbildung beeinflusst,
sind in-situ-Untersuchungen unverzichtbar. Mit den laborublichen analytischen
Methoden kénnen solvothermale Reaktionen nur bedingt untersucht und eventuell
auftretende Zwischenprodukte, Intermediate oder Precursoren nicht detektiert
oder abgefangen werden. Besonders elegant ist, dass der Einfluss verschiedener
Reaktionsparameter auf den Reaktionsverlauf und die Produktbildung gezielt
untersucht werden kann [74]. Ein geringer Nachteil der verwendeten Messzelle ist
jedoch, dass die Auflésung der Spektren relativ gering ist. Trotzdem erlauben die
Daten eine recht detaillierte Beschreibung des Reaktionsablaufs und der

Kristallisationskinetik.
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2.1.3. Rontgenabsorptionsspektroskopie (XAS)

Die Rdntgenabsorptionsspektroskopie ist der Oberbegriff fir mehrere
Messverfahren, zu denen auch die Rdntgenabsorptionsfeinstrukturanalyse
(,EXAFS-Methode“, Extended X-Ray Absorption Fine Structure) sowie die
kernnahe Ro&ntgenstrukturanalyse (X-Ray Absorption Near Edge Structure
XANES) zahlen. Bei der EXAFS-Spektroskopie wird der Absorptionskoeffizient u
eines Elements als Funktion der Photonenenergie E oberhalb der
Absorptionskante gemessen. Das Prinzip beruht auf der Absorption von
Rontgenstrahlen  durch  kernnahe Elektronen. Wird eine Probe mit
Réntgenstrahlung durchstimmbarer Energie bestrahlt, so wird bei der so
genannten Schwellenenergie Ey ein inneres Elektron aus der Atomhille entfernt
und gelangt in das Kontinuum, was zu einem sprunghaften Anstieg des
Absorptionskoeffizienten fihrt. Diese Schwellenenergie ist von der chemischen
Umgebung des Absorberatoms abhangig. Bei einem solchen
Absorptionsexperiment wird ein Absorptionsspektrum wie beispielsweise in Abb.
2.3 dargestellt gemessen, in dem die Anderung des Absorptionskoeffizienten fur
ausgewahlte Absorberatome energieabhangig erfasst wird. Aus der Interferenz
der ausgehenden Photoelektronenwellen des Absorberatoms mit den
rickgestreuten Photoelektronenwellen benachbarter Atome entsteht das
Rontgenabsorptionsspektrum und macht sich als komplexe Feinstruktur
(Modulationen) bemerkbar, in welcher die Art, die Anzahl und der Abstand der
Nachbaratome verborgen sind [75]. Je nach Gangunterschied zwischen den
Photoelektronenwellen treten konstruktive und destruktive Interferenzen auf, die
im Rdntgenabsorptionsspektrum als Maxima und Minima oberhalb der
Absorptionskante auftreten (vgl. Abb. 2.3).

Die Grundlage fur die Analyse der Rdntgenabsorptionsspektren legten u. a. die
Arbeiten von Stern, Sayers, Lytle und Pendry in den achtziger Jahren [76, 77, 78,

79, 80], welche weitere Entwicklungen nach sich zogen (z. B. von B.K. Teo [81]).



24 2. Untersuchungsmethoden

1.2 4 Absorptionskante Sn K
1.0 4 —
konstruktive Interferenz
5" ‘\\\\\\\\
k) ]
a
—_
O 0.6 A
»n
g |
- QOB
e 044
—
2 V
c ]
0.2 destruktive Interferenz

Vorkanten-
| <bereich _ }_X/_%N_E.S_, <EXAFS .. -
0.0 H

: | : | : | : | :
29000 29200 29400 29600 29800 30000
Energie / eV

Abb. 2.3: Rontgenabsorptionsspektrum einer Thiostannatlésung, aufgenommen am
Messplatz X1, Hasylab, Desy, an der Sn-K-Kante (29.2 keV) in Transmission. (Weitere Details
im Text.)

Die Abb. 2.3 zeigt ein typisches Rdntgenabsorptionsspektrum. Der Energiebereich
wird entsprechend fir das Atom um die Absorptionskante (hier: Sn-K-Kante)
gewahlt. EXAFS-Spektren werden in der Regel in einem Bereich von 40-1000 eV
oberhalb der Absorptionskante gemessen [81]. Der Vorkantenbereich (E < Ey)
enthalt Informationen Gber Bindungen und Oxidationsstufen des Absorberatoms,
da Elektronenlibergédnge zwischen den inneren und héheren halb- oder
unbesetzten Schalen wie z.B. 1s — 4p oder 1p — 3d auftreten kdnnen
(Dipolubergénge). Die Lage der Kante erlaubt durch den Vergleich mit
Referenzsubstanzen eine Abschatzung der Elektronendichte (= Ladung) des
Absorberatoms.

Zwischen Vorkanten- und EXAFS-Bereich befindet sich die XANES-Region, in der
Effekte wie Mehrfachstreuung, das Vielkdérperproblem, Verzerrungen der
Ubergangszustandswellenfunktionen durch Coulomb-Felder oder Bandstrukturen

die theoretische Beschreibung sowie das exakte Verstandnis erschweren [81].
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Fur die Analyse der Réntgenabsorptionsspektren wird der Absorptionsquerschnitt
des jeweiligen Atoms in die lokale Struktur mit Hilfe von Fourier-Transformationen
Uberfihrt. Die resultierenden Peaks in der radialen Abstandsverteilung
entsprechen in erster N&herung den unterschiedlichen Abstdnden des
Absorberatoms zu benachbarten Atomen, miussen allerdings durch Simulationen
an ein Strukturmodell angepasst werden. Diese Simulationen basieren auf der
EXAFS-Gleichung, welche einen Zusammenhang zwischen den
Strukturparametern und den Modulationsfrequenzen herstellt [81]:

2r, J (sin(Zkrj +, (k))J |

A (K) kr?

J

X(k)=N, S,(K)F, (k) exp(- 20j2k2)exp(—

Der Index der Schalen der benachbarten Atome um das Absorberatom wird mit j
bezeichnet, N ist die Koordinationszahl, S(k) ein D&mpfungsfaktor, F(k) die
Ruckstreuamplitude bzw. Streukraft des rickstreuenden Atoms, r der mittlere

Abstand, o der Debye-Waller-Faktor, A die mittlere freie Weglédnge des Elektrons

2r.
(der Ausdruck exp[——‘] entspricht der Dampfung des Spektrums), ¢ die

A (k)

Phasenverschiebung der Photoelektronenwelle und k der Wellenvektor nach

k:\/(2m/h2)(E—E0) (mit m der Masse des Elektrons, 7 dem reduzierten

Planck’schen Wirkungsquantum und der Schwellenenergie Ey).

Die Réntgenabsorptionsspektroskopie eignet sich besonders flir Analysen der
lokalen Struktur um das Absorberatom, die aul3erdem bei einer homogenen Probe
nicht vom Aggregatzustand abhéngig ist. Die Informationen tber den Abstand und
Uber die Anzahl und Art benachbarter Atome werden aus Amplitude und Phase
erhalten. Die Lage der Absorptionskante ist von der Ladungsabschirmung der
Rumpfelektronen des Absorberatoms abhangig, welche sowohl von der
Oxidationsstufe des Absorberatoms als auch vom Kovalenzgrad der chemischen
Bindungen zu seinen Nachbarn beeinflusst wird. Daher wird immer auf den
elementaren Zustand des untersuchten Absorberatoms referenziert. Zwar sind die
Roéntgenabsorptionsspektren elementspezifisch, stellen aber nur einen Mittelwert
Uber die Absorptionen aller Atome des gleichen Elements dar. Befindet sich ein
Absorberatom in unterschiedlichen lokalen Umgebungen, so kann die lokale

Struktur nur schwierig ohne bekanntes Strukturmodell aufgeklart werden.
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2.2. Impedanzanalyse

Mit dieser elektrochemischen Untersuchungsmethode kdnnen die elektrische
Leitfahigkeit, der Widerstand, die Kapazitdt, die Beweglichkeiten von
Ladungstrégern sowie Aktivierungsenergien gemessen werden [82, 83, 84].

Bei der Impedanzanalyse wird der Wechselstromwiderstand als Funktion der
Frequenz gemessen. Die Impedanz Z ist der komplexe Quotient aus der
Wechselspannung U und der Wechselstromstarke |. Der Betrag der Impedanz
wird Scheinwiderstand genannt. Der komplexe Wert setzt sich aus einem Realteil
Z’ und einem Imaginarteil Z” zusammen (Z = Z' - iZ”). Der Verlauf der Impedanz
wird in den so genannten Nyquist-Plots dargestellt, in denen der Imaginarteil -Z”
Uber dem Realteil Z° des komplexen Widerstandes aufgetragen wird. Die
Ersatzschaltbilder aus unterschiedlichen Kombinationen von Ohm’schen
Widerstdanden R und Kondensatoren C beschreiben die Messanordnungen
ausreichend gut, so dass das Impedanzverhalten erfasst und beschrieben werden
kann.

Die Impedanzanalysen wurden mit Hilfe der Kieler Zelle [85] durchgefiihrt, in
welche die untersuchten Verbindungen in Form von Presslingen eingebracht
wurden. Zur elektrischen Kontaktierung wurde Gold- bzw. Platinfolie verwendet
und die Messzelle an eine Impedanzbricke (HP 4192 Impedance-Analyzer)
angeschlossen, die einen Frequenzbereich von 5 Hz — 13 MHz Uberstreicht. Die
Integration der Anordnung in die Kieler Zelle ermdglicht aufgrund des gasdichten
Duranglaszylinders das Einstellen einer definierten Schutzgasatmosphére, so
dass z. B. Oxidation vermieden werden kann. Ein externer Ofen sowie ein in die
Zelle integriertes Cr/CrNi-Thermoelement erlauben die Durchfihrung der
Impedanzmessungen bei verschiedenen Temperaturen z. B. fir die Ermittlung der

Aktivierungsenergie.
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3. Experimentelles

3.1. Solvothermale Synthese

Die solvothermale Synthese ist die Praparationsmethode der Wahl fur die
Darstellung pordser Materialien, mit welcher der Uberwiegende Teil neuer
Verbindungen mit offenen Netzwerkstrukturen synthetisiert wurde. Seit Rabenau
1985 die wichtige Rolle der Hydrothermalsynthese in der praparativen Chemie
beschrieb [86], wurde die Entwicklung hydro-, aber auch solvothermaler Methoden
vorangetrieben. Die Eigenschaften und Vorteile wurden und werden von
verschiedenen Arbeitsgruppen genutzt, auf unterschiedliche Verbindungsklassen
wie z. B. die Chalkogenidometallate Ubertragen und diskutiert [1, 6].

Die Solvothermalsynthese wird seit Jahren in unserer Arbeitsgruppe eingesetzt
und kam daher auch im Rahmen dieser Arbeit fir die Praparation neuer
Thiostannate zum Einsatz.

Zur Durchfiihrung solvothermaler Synthesen wurden aus Teflon gefertigte Becher
mit einem inneren Volumen von ca. 30 mL und einem schlieenden Deckel als
ReaktionsgefalRe benutzt. Teflon wurde ausgewéhlt, da es gegeniber Sauren und
Basen weitgehend inert ist und eine entsprechende Stabilitdt im erforderlichen

Temperatur- und Druckbereich aufweist. Die Teflonbecher werden als so

genannte schwimmende Einsatze in einen druckfesten Edelstahlautoklaven
eingesetzt (Abb. 3.1).

Stahlmantel mit
Schraubverschluss

Tefloneinsatz mit
Reaktionsgemisch

2 f,
2

Stahimantel

Abb. 3.1: Edelstahlautoklav mit Tefloneinsatz (links) sowie eine schematische Darstellung
(rechts).
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Im allgemeinen wurden fir die Synthesen der Thiostannate Reaktionsgemische
aus elementarem Zinn (oder aber auch eine andere Zinnquelle), einer
Ubergangsmetallquelle (oft die entsprechenden Metalle) und Schwefel in einer
(wassrigen) Aminlésung verwendet. Die Reaktionsgemische wurden bei
Temperaturen zwischen 110 und 190 °C in der Regel mehrere Tage getempert,
anschliefend aufgearbeitet, mit Wasser und Ethanol gewaschen und im Vakuum
getrocknet. Die Reaktionsparameter wie Temperatur, Reaktionsdauer,
Edukteinwaagen und -Verhaltnisse, Konzentrationen der Amine und Fullhéhen
wurden variiert, um die optimalen Synthesebedingungen fir eine bestimmte
Verbindung festzustellen.

Neben der statischen Reaktionsfiihrung, bei der die Reaktionsgemische bei der
entsprechenden Temperatur fir die Reaktionszeit in einen Ofen gestellt werden,
ist auch die dynamische Durchfihrung mdglich. Bei dieser wird dem
Reaktionsgemisch ein magnetischer Ruhrstab hinzugefigt und der Autoklav
mittels eines speziellen Aluminium-Blockes, unter dem sich ein Magnetrihrer mit
Heizplatte befindet, erhitzt (Abb. 3.3, Kap. 3.2), so dass wéhrend der Reaktion das
Gemisch kontinuierlich gerihrt und eine homogene Verteilung der
Reaktionsspezies erreicht wird. Im Vergleich zur statischen Reaktionsfiihrung wird
die Reaktionszeit stark verringert und die Reaktionen laufen oft vollstandig ab, so
dass phasenreine Produkte erhalten werden kénnen. Liegt das mikrokristalline
Produkt jedoch nicht phasenrein vor, so besteht keine Méglichkeit der Trennung,

was oft einen Nachteil darstellt.
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3.2. In-situ-Syntheseapparatur

FuUr die in-situ-Untersuchungen am Hasylab, Desy, Hamburg sind die in Abb. 3.1
vorgestellten Edelstahlautoklaven aufgrund der zu dicken Wandstérke ungeeignet.
Daher war die Konstruktion einer speziellen Syntheseapparatur erforderlich. An
diese waren einige Anforderungen zu stellen: sie muss die Sicherheitsstandards
erfillen und zudem fir die Synchrotronstrahlung ohne grof3e Streu- oder
Absorptionsverluste transparent sein.

Eine schematische Darstellung dieser in-situ-Apparatur mit Strahlengang befindet
sich in Abb. 3.2, in welcher ebenfalls die Skizze eines Edelstahlautoklaven fir die

statische Reaktionsfihrung zum Vergleich abgebildet wird.

@7 Druckanzeige

Aluminiumautokl av

Stahimantel mit
Schraubverschluss

Kupferblock
mit Olkreislauf

Glasrohrchen Tefloneinsatz mit

Reaktionsgemisch

Ge
Detektor b S

|| «€—— Synchrotronstrahl

.....

Stahlmantel

Rihmmotor

Abb. 3.2: Schematische Darstellung der in-situ-Apparatur mit skizziertem Strahlenverlauf
(links) sowie der Aufbau fiir die statische Reaktionsfiihrung gegeniibergestellt (rechts).

Die im Labor verwendete Apparatur fir dynamische Reaktionsfiihrungen ist in
Abb. 3.3 (links) dargestellt. Im Vergleich dazu befindet sich auf dem mittleren Foto
(Abb. 3.3) die fir den Messplatz F3 (Hasylab, Desy) konstruierte in-situ-Apparatur;
ein typischer Autoklav mit Druckanzeige auflerhalb der Apparatur ist auf dem

rechten Foto abgebildet.
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Abb. 3.3: Links: Apparatur zur dynamischen Reaktionsfilhrung (Labor), Mitte: In-situ-
Apparatur fiir den Messplatz F3 fiir Untersuchungen mit energiedispersiver
Rontgenbeugung, rechts: Aluminiumautoklav mit Druckanzeige (vergrofRerte Darstellung
des markierten Bereichs ohne Heizblock).

Die wesentlichen Bestandteile stellen der Aluminiumautoklav und die Olheizung
dar. Als Material fir den Autoklaven wurde Aluminium aufgrund der guten
Warmeleitfahigkeit sowie der geringen Absorption der Synchrotronstrahlung sowie
der gebeugten Strahlung ausgewahlt, so dass eine ausreichende Qualitat der
Spektren gewahrleistet ist. Der Druck im Inneren des Autoklaven wird mit einem
Druckmesser kontrolliert. Fir die Versuche steht ein Temperaturbereich von 100
bis 200 °C zur Verfiigung, der mit Hilfe einer selbst regelnden Olheizung
eingestellt wird. Zur Verbesserung des Messsignals werden bei den Experimenten
kleinere Autoklaven verwendet, die einen geringeren Streuuntergrund
verursachen. Die verwendeten Teflonbecher sind nur ca. 10 cm hoch mit einem
Volumen von ca. 7 mL. Anstelle der Tefloneinsatze kédnnen auch Kulturréhrchen
aus Glas gleicher Dimensionen eingesetzt werden. Um eine bessere
Reproduzierbarkeit zu erreichen, werden diese Kulturréhrchen entweder nur
einmal verwendet oder aber Vergleichsmessungen mit neuen und gebrauchten
Glasern durchgefihrt, damit Einflisse z.B. durch Oberflachenverédnderung
hervorgerufen durch Reinigungsprozesse oder Kristallisationskeime
ausgeschlossen werden kénnen. Fur die Messungen erfordern die kleineren
Volumina meistens eine Anpassung der Reaktionsparameter der untersuchten

Reaktionen.
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3.3. Messplatz F3 am Hasylab, Desy, Hamburg

Der fur Untersuchungen mit energiedispersiver Réntgenbeugung optimierte

Messplatz F3 wird mit weilder Synchrotronstrahlung wie in Abb. 3.4 dargestellt

versorgt.
Ge Detector
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Abb. 3.4: Schematischer Aufbau des Messplatzes F3 am Hasylab, Desy, Hamburg [87].

Mit Hilfe eines Kollimators wird die Synchrotronstrahlung auf die gewiinschte
Intensitdt und Geometrie (H6he und Breite) eingestellt, die maximalen
Abmessungen betragen 6:6 mm?. Die zu untersuchende Probe bzw. die in-situ-
Apparatur ist auf einem motorisierten, in x-, y- und z-Richtung verschiebbaren
Tisch fixiert. Nach Durchstrahlung der Probe wird die gebeugte Strahlung
energiedispersiv von einem beweglichen Germaniumdetektor (Auflésung der
gestreuten Strahlung ~ 1 %) registriert. Die rechnergestitzte Steuerung aller
Motoren und Spaltsysteme erfolgt Gber die Software SPECTRA [88] (Standard des
Hasylabs). Die Position des Detektors wird bei einem bestimmten Winkel derart
fixiert, dass alle interessierenden Braggreflexe der Verbindung beobachtet werden

6.199
d-sin®

kénnen. Der Bereich der Netzebenenabstinde d kann nach E = ermittelt

werden. Weitere Details sind in den Referenzen [69, 70] sowie in den
Dissertationen von M. Schaefer [89], L. Engelke [90] und R. Kiebach [91] zu

finden.
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3.4. Messplatz X1 am Hasylab, Desy, Hamburg

Der Messplatz X1 ist fur Untersuchungen mit Réntgenabsorptionsspektroskopie
optimiert und der Aufbau schematisch in Abb. 3.5 dargestellt. Im Gegensatz zu
dem Messplatz F3, der mit weilder Synchrotronstrahlung beliefert wird, kann am
Messplatz X1 die Strahlung mit Hilfe von Monochromatoren auf die gewiinschten

Wellenlangen variabel eingestellt werden.

entrance slit

exit slit monochromator
ionisation chambers I TT
ICq IS, goniometer A‘if\ﬁﬂdo

lift table

==l ||

Abb. 3.5: Schematischer Aufbau des Messplatzes X1 am Hasylab, Desy, Hamburg [92].

Der Messplatz bietet einen Energiebereich von 6 - 80 keV mit hoher Auflésung.
Nachdem die Synchrotronstrahlung durch einen verstellbaren Eintrittsspalt in die
Monochromatorkammer eingetreten ist, wird durch einen auf einem Goniometer
fixierten Si-Doppelkristall die gewiinschte Wellenldnge aus der weilden Strahlung
extrahiert. Die Strahlabmessungen und damit die Intensitat kénnen beim Austritt
aus der Monochromatorkammer durch ein zweites Spaltsystem eingestellt werden.
Die rechnergestitzte Steuerung aller Motoren, Monochromator- und Spaltsysteme
erfolgt auch hier Uber die Software SPECTRA [88]. Die Intensitaten der Strahlung
werden durch die Gas-lonisationskammern (icq, icy, ic3) gemessen, die je nach
eingestelltem Energiebereich mit verschiedenen Inertgasen unterschiedlicher
Dricke beflllt sein missen. Durch den experimentellen Aufbau — die Probe
befindet sich zwischen erster und zweiter und die Referenz zwischen zweiter und
dritter lonisationskammer — kdnnen die Intensitdten von Probe und Referenz
gleichzeitig gemessen und miteinander verglichen werden. Die in-situ-EXAFS-
Untersuchungen wurden an der Sb-K-Kante bei 3049 keV in

Transmissionsgeometrie durchgefihrt.
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3.5. Verwendete Chemikalien

Tab. 3.1: Verwendete Elemente und Verbindungen

Chemikalien Summenformel | Reinheitsgrad / % | Hersteller
99 Merck
Zinn Sn
99.5 Aldrich
Kupfer Cu 99.5 Alfa Aesar
Silber Ag 99.99 Fluka
Eisen Fe 99 Alfa Aesar
Mangan Mn 99.5 Alfa Aesar
Schwefel S sublimiert Aldrich
Cobalt(ll)chloridhexahydrat | CoCl, - 6 H,O z. A Merck
Nickel(ll)chloridhexahydrat | NiCl, - 6 H,O z. A Merck
Zinn(ll)chloriddihydrat SnCl;- 2 H,0O 98 Alfa Aesar
Tab. 3.2: Verwendete Amine
Chemikalien Summenformel | Reinheitsgrad / % Hersteller
=97 Fluka
Diethylentriami CsHsN
ethylentriamin AT =985 Acros Organics
1,4-Diaminobutan C4H12N> =98 Fluka
1,5-Diazabicyclo[4.3.0] CH1oN, > 08 Fluka
non-5-en
1,8-Diazabicyclo[5.4.0
fazabicyclo54.01 1 ¢ oN > 98 Fluka
undec-7-en
1,2-Diaminocyclohexan CeH14N> = 99 (cis / trans) Aldrich
Triethylentetramin CeH1sN4 ~ 60 (techn.) ABCR
=95 Merck
Tetraethyl tami CsHasN
cirasihylenpentamin 81723t techn. Acros Organics
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3.6. Gerite

Tab. 3.3: Im Rahmen der vorliegenden Arbeit eingesetzte analytische Gerdate mit einigen
Kenndaten.

Methode Gerat Kenndaten

. Rasterelektronenmikroskop mit
ESEM / EDX Philips ESEM XL 30 EDX-Aufsatz der Fa. EDAX

Transmissionsgeometrie,
Cu-K,, (1.54051 A),
Germanium-Monochromator,

IP-PSD bzw. lin. PSD

Pulverdiffraktometrie STOE Stadi-p

Mo-Kq (0.71073 A),

STOE IPDS-1 .
Einkristallstruktur- Graphit-Monochromator;
analyse Mo-Kq (0.71073 A),
Philips PW1100
Graphit-Monochromator
Pt-Pt/Rh-Thermoelement, Gasstrom
DTA-TG Netzsch STA 409 CD 75 mL/min, Heizrate 4 K/min
TG -MS Balzer QMG 422 Quadrupol Massenspektrometer
: -1
MIR ATI Mattson Genesis In KBr-Matrix, 450_30(.)10 em
Auflésung 1 cm
: -1
FIR Bruker IES 66 In Polyethylen_}Matrl?.(, 80-500 cm™,
1 cm™ Auflésung
Raman Bruker IFS 66 100-3500 cm™, 2 cm™ Auflésung

CHNS-Analyse, Tragergas He,
E;Jerr%\éenlgoerEnl;rlozEeﬂ; Verbrennung in O, bei 1010 °C,
y Detektion Gber Warmeleitzelle

Elementaranalyse

Cary5Varian
Diffuse Reflektion TechtronPty. 250-2000 nm, BaS_O4 als

Referenzmaterial
Darmstadt




3. Experimentelles 35

3.7. Verwendete Programme

Fur die vorliegende Arbeit wurden die folgenden Programme zur Auswertung

unterschiedlicher Messdaten verwendet:

10.

11.
12.
13.

STOE WinXPow [93]: Programmpaket zur Datensammlung von
Pulverdiffraktogrammen, zur Auswertung sowie zur Berechnung von
Pulverdiffraktogrammen aus Einkristallstrukturdaten.

SHELXS 97 [94]: Programm zur Strukturlésung aus Messdaten der
Einkristallstrukturanalyse.

SHELXL 97 [95]: Programm zur Strukturverfeinerung aus Einkristallstruktur-
daten.

STOE X-RED, Version 1.11 [96] sowie X-SHAPE, Version 1.03 [97]:
Programme zur Durchfiihrung einer numerischen Absorptionskorrektur.
PLATON [98]: Programmpaket zur Uberpriifung der Berechnungen der
Kristallstrukturen.

Diamond, Versionen 2.1e und 3.1f [99]: Programm zur Erstellung von
Strukturbildern der Verbindungen.

Netzsch TA4 [100]: Programmpaket zur Datensammlung und Auswertung
thermischer Untersuchungen (DTA-TG).

QUADSTAR 422 [101]: Programmpaket zur Datensammlung und
Auswertung thermischer Untersuchungen (TG-MS).

EDXPowd, Version 3.155 [102]: Programm zur Ermittlung der
Reflexintensitdten bzw. Reflexintegrale der Spektren der in-situ-
Untersuchungen mit EDXRD.

calf3 [s. Kap. 6.3, S. 239]: Programm zur Ermittlung der Reflexintegrale der
Spektren der in-situ-Untersuchungen mit EDXRD.

WinXAS, Version 3.1 [103]: Programm zur Auswertung der XAS-Spektren.
FEFF [104]: Programm zur Erstellung theoretischer XAS-Spektren.

Ifeffit, Version 1.2.2 [105]: Programmpaket zur Auswertung und Simulation
von XAS-Daten.
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4. Ergebnisse (kumulativer Hauptteil)

4.1. Ergebnisse und Publikationen der iibergangsmetallhaltigen

Thiostannate

4.1.1. Die Verbindungen (DBUH)CuSnS; und (1,4-dabH,)Cu,SnS,

Zusammenfassung der Verdffentlichung ,Two new copper thiostannates
synthesized under solvothermal conditions: Crystal structures, spectroscopic and
thermal properties of (DBUH)CuSnS3 and (1,4-dabH,)Cu,SnS,”.

In der Verdffentlichung werden die Synthesen, die Strukturen sowie die
spektroskopischen und thermischen Eigenschaften der neuen Verbindungen
(DBUH)CuSnS; (I) (DBU = 1,8-Diazabicyclo[5.4.0]lundec-7-en, CgN2H17) und (1,4-
dabH;)CupSnSs (Il) (1,4-dab = 1,4-Diaminobutan, CsNzH44) prasentiert. Die
Verbindungen wurden unter solvothermalen Bedingungen aus den Edukten Sn,
Cu und S im Verhaltnis 1:1:3.3 (I) bzw. 1:1:3 (II) mmol in 5 mL DBU (I) bzw. 3 mL
1,4-dab () bei 170 °C (1) bzw. 150 °C (ll) in funf Tagen in Edelstahlautoklaven
(Kap. 3.1, S. 27) synthetisiert.

Die Verbindung (DBUH)CuSnS; (lI) kristallisiert in der monoklinen Raumgruppe
P24/n mit vier Formeleinheiten in der Elementarzelle. In der Struktur sind zwei
SnS,-Tetraeder Uber gemeinsame Kanten zu einer Sn,Sg-Einheit verknUpft.
Ungewohnliche, fast schon lineare CuS;-Hanteln verbricken die Sn,Se-Gruppen,
wodurch eine eindimensionale [CuSnS3]-Kette gebildet wird (Abb. 4.1, links). Jede
dieser Anionenketten ist von sechs einfach protonierten Aminmolekilen umgeben
(Abb. 4.1, rechts).

Cu \
“/‘% g
Sn /L
S3 /‘4

S2

Abb. 4.1: Ausschnitt der Anionenkette (links) mit SnS,;-Tetraedern und CuS,-Hanteln, rechts:
Anordnung der Anionenketten und Kationen (Blick entlang [010], die Wasserstoffatome
wurden zur besseren Ubersicht entfernt).

®sn
@cu
[
N
@c
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Die zweite Verbindung (1,4-dabH;)Cu,SnS, (ll) kristallisiert in der tetragonalen
Raumgruppe P4,/n mit acht Formeleinheiten in der Elementarzelle. SnSy-
Tetraeder bilden mit CuSs-Dreiecken  eindimensionale  Ketten  der
Zusammensetzung [Cu,SnS4]*. In diesen Ketten werden verzerrte CusS4 und
Cu,Sn,Ss-Wirfel beobachtet, die Uber gemeinsame Kanten verknipft sind. Eine
alternative Beschreibung beginnt mit zwei Cuys-Tetraedern, welche zusammen mit
zwei S-Atomen CugS,-Einheiten bilden, die Uber zwei SnS,-Tetraeder zu der
Anionenkette verknlpft sind (Abb. 4.2, links). Auch in dieser Verbindung umgeben

die ladungskompensierenden Kationen die anionischen Ketten (Abb. 4.2, rechts).

&C

©N

@®sn S

@Cu $Cu

s ®sn

Abb. 4.2: Links: Verzerrte Wiirfel in den Anionenketten von Il mit Cu,-Tetraedern.

Packungsbild der Struktur (rechts; Blick entlang [001], die Wasserstoffatome sind zur
besseren Ubersicht weggelassen).

Die optischen Bandlicken wurden zu 3.06 eV (I) bzw. 2.15 eV (ll) bestimmt, so
dass beide Verbindungen als optische Halbleiter bezeichnet werden kénnen. Die
Raman-Spektren weisen Sn-S-Schwingungen in dem fir Thiostannate typischen
Bereich auf, wobei die Unterschiede der beiden Strukturen sich in den Lagen bzw.
Verschiebungen der einzelnen Resonanzen widerspiegeln. Bei ca. 380 cm™
werden symmetrische Sn-Siemina-Streckschwingungen der [Sn,Sg]-Einheiten
beobachtet. Aufgrund der kirzeren Sn-S-Bindung ist das Signal in | zu héheren
Wellenzahlen (385 cm™) verschoben. Zwischen 350 und 310 cm™ treten die Sn-

Sbriggng-Moden auf. Eine Schwingung des Sn,Sp-Rings wird bei 280 cm’
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gefunden. Da keine [Sn,Sg]-Einheit in Il vorhanden ist, wird auch kein Signal bei
etwa 380 cm™ beobachtet. Die Schwingung bei 334 cm™ kann einer Sn-Spyidging-
Mode zugeschrieben werden. In den Spektren beider Thiostannate treten Signale
unterhalb von 200 cm™ auf, die durch das so genannte SnS, ,wagging and
twisting“ hervorgerufen werden kdnnten. Eine detaillierte Zuordnung in diesem
Bereich kann aufgrund moglicher Geriistschwingungen nicht getroffen werden.

Die Verbindung (DBUH)CuSnS; (I) wird ab Topset = 246 °C in drei Stufen zersetzt.
Der Massenabbau von insgesamt 43.1 % wird von endothermen Ereignissen in
der DTA-Kurve begleitet (Tpeak 1 = 264 °C, Tpeak2 = 319 °C, Tpeaks = 377 °C). Das
Abbauprodukt ist weitgehend frei von organischen Komponenten und im
Pulverdiffraktogramm kénnen die Reflexe der Verbindungen Cu,SnS3; und SnS
identifiziert werden. Die Verbindung (1,4-dabH2)Cu2SnSy (ll) ist bis Tonset = 227 °C
(Tpeak = 254 °C) stabil. Die Zersetzung erfolgt in einem Schritt mit einem
Gesamtmassenverlust von 24.9 %, der von einem endothermen Signal in der
DTA-Kurve begleitet ist. Im Abbauprodukt kénnen die Verbindungen Cu,SnSs,

CusSnS, und SnS identifiziert werden.
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Abstract

The new compounds (DBUH)CuSnS; (1) (DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene) and (1,4-dabH,)Cu,SnS, (2) (1,4-dab = 1.4-diamino-
butane) were prepared under solvothermal conditions. In compound 1 two SnS, tetrahedra share common edges yielding an Sn,S¢ moiety.
Unusual nearly linear CuS, dumbbells interconnect the Sn,S¢ groups forming an one-dimensional [CuSnS3]™ chain. Every anionic chain is sur-
rounded by mono-protonated organic cations. In compound 2 SnSy tetrahedra arc joined by CuSj triangles to form an onc-dimensional anionic
[CUQSnS4]2’ chain. Central motifs of the chain are distorted Cu,S, and Cu,Sn,S, cubes sharing common faces. Four edges of the former cube
are capped by two Sn and two S atoms whereas the latter cube is capped by two Cu and two S atoms. An alternative description is based on the
interconnection of two Cuy tetrahedra by two S atoms to form a CugS, unit. This unit is then joined in an alternating way by two SnS, tetrahedra
yielding the anionic chains. Both compounds were characterised by UV/Vis and Raman spectroscopies as well as thermoanalysis.

© 2006 Elsevier Masson SAS. All rights reserved.

Keywords: Solvothermal synthesis; Crystal structure; Spectroscopic properties; Thermal properties; Copper (1) thiostannates

1. Introduction

Among the class of main group thiometalates, the thiostan-
nates are an interesting group of compounds which in part
behave like zeolites [1—4]. Some of these materials have struc-
tures which are characterised by pore sizes up to 13 A in diam-
eter, and these thiostannates are candidates for applications in
catalysis and chemical sensing [5—9]. Several materials with
interesting structural features and ‘unusual’ properties were
prepared under solvothermal conditions [10—14]. Until now
two different structure types are distinguished [6,7,15—19].
These are the so-called R-SnS-1 and R-SnS-3 type (R is an
organic component) structures with two-dimensional anionic
layers of composition [Sn3S71%~ and [SnsSel*™, respectively.

* Corresponding author. Tel.: +49 431 880 2419; fax: +49 431 880 1520.
E-mail address: whensch@ac.uni-kiel.de (W. Bensch).

1293-2558/$ - see front matter © 2006 Elsevier Masson SAS. All rights reserved.

doi:10.1016/j.solidstatesciences.2006.11.012

In R-SnS-1 compounds SnS, tetrahedra form the primary
building units (PBU) which are condensed to form Sn;S,
semi-cubes as secondary building units (SBU). The Sn;Sy
semi-cubes are joined via two S*~ anions forming anionic layers
with pores consisting of 24 atoms. The size of the pores
measures about 10 A in diameter. The organic components
like tetramethylammonium (TMA) [7] or tetrapropylammo-
nium (TPA) [20] act as charge compensating cations, and are
located between the anionic layers above and below the pores.
The Sn;S4 semi-cubes are joined by SnS, tetrahedra to form
[Sn4So]*™ anionic layers in the R-SnS-3 compounds. Elliptic
pores with a size of about 13—15 A are the main structural
feature [16]. Other thiostannates containing alkali metals
instead of organic templates were also reported [21—23].

It can be expected that the physical and chemical properties
of such compounds can be enhanced if transition metal atoms
are integrated into the thiostannate networks [24]. Recently,
we presented four new thiostannates containing Ni and Co as
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transition metals [25]. In general only a few thiostannates
containing transition metals were reported until now [24,26—
28] and copper containing thiostannates are quite rare. In our
ongoing work in the field of the solvothermal syntheses of
main group thiometallates with integrated transition metal cat-
ions we started to explore the Cu—Sn—S amine system. As a first
result we present the two new thiostannates (DBUH)CuSnSs (1)
(DBU = 1,8-diazabicyclo[5.4.0]Jundec-7-ene) and (1,4-dabH,)
Cu,SnS; (2) (1,4-dab = 1,4-diaminobutane).

2. Experimental details
2.1. Synthesis

General: all reactions were performed under solvothermal
conditions in teflon-lined steel autoclaves with an inner
volume of 30 mL. After the reaction the crystalline products
were filtered off, washed with water and ethanol and dried in
vacuum.

Synthesis of (DBUH)CuSnS; (1): 118.7 mg (1 mmol) Sn
(99%, Merck), 63.9 mg (1.005 mmol) Cu (99%, Alfa Aesar),
105.6 mg (3294 mmol) S and 5mL of 1,8-diazabicyclo
[5.4.0]undec-7-ene (98%, Fluka) were reacted for 120 h at
170 °C, followed by cooling to 25 °C for 30 h. Light yellow nee-
dles of compound 1 are obtained in 20% yield based on Sn. The
composition was confirmed by EDX (Sn/Cu/S ratio: 1:1:3) and
by elemental analysis. (Results in %: found: C 25.02, H3.96, N
6.36, S 22.49; calculated: C 25.04, H 3.97, N 6.49, S 22.28.)

Synthesis of (1,4-dabH,)Cu,SnSy (2): 118.8 mg (1 mmol)
Sn (99%, Merck), 64.7 mg (1.018 mmol) Cu (99%, Alfa
Aesar), 96.8 mg (3.025 mmol) S and 3 mL of 1,4-diaminobu-
tane (98%, Fluka) were mixed and reacted for 120 h at 150 °C.
Yellow needles of compound 2 were obtained in 30% yield
based on Sn. The composition was confirmed by EDX (Sn/
Cu/S ratio: 2:1:4) and by elemental analysis (data in %: found:
C 10.31, H 2.85, N 5.92, S 27.93; calculated: C 10.35, H 3.04,
N 6.03, S 27.63).

Table 1
Selected crystal data and details of the structure refinement for (DBUH)-
CuSnS; (1) and (1,4-dabH,)Cu,SnS, (2)

(DBUH)CuSnS; (1,4-dabH)Cu,SnS,
alA 9.2541(10) 14.5392(15)
bIA 8.6190(7) 14.5392(15)
c/lA 18.135(2) 11.4776(12)
Br 92.803(16) —
7N 1444.7(3) 2426.2(4)
Crystal system Monoclinic Tetragonal
Space group P2y/n P4y/n
Z 4 8
Degdgem™ 1.985 2.542
w/mm™! 3.61 6.163
Scan range 4.5° <26 <60.08° 4.52° <26 <50.04°
Measured reflections 8629 5424
Independent reflections 4215 2135
Rine 0.0230 0.0751
R1 for all Fy > 40F, 0.0208 0.1132
wR?2 for all data 0.0496 0.1988
Res. electron densily/e;\’3 0.362/—0.383 1.687/—2.321

Tig. 1. View of the connection of the SnS, tetrahedra and CuS, dumbbells in
compound 1 with labelling and displacement ellipsoids drawn at the 50%
probability level. Symmetry transformations used to generate equivalent
atoms: * —x+2, —y, —z+1; b x40, —y+1, —z+1

2.2. Structure determination

The single crystal X-ray intensities were collected using
a PW 1100 diffractometer for compound 1 and an STOE-1
Imaging Plate Diffraction System (IPDS-1) for compound 2
at room temperature using Mo Ko radiation. The intensities
were corrected for Lorentz, polarisation effects and for com-
pound 1 an absorption correction was also applied. The struc-
tures were solved with direct methods using SHELXS 97 [29]
and refined against F2 with SHELXL 97 [30]. All non-hydrogen
atoms were refined anisotropically. The H atoms were
positioned with idealised geometry and were refined using
a riding model. Details of data acquisition and some selected
results of the refinements are summarised in Table 1.

Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC613370 (1) and CCDC613369 (2). Cop-
ies of the data can be obtained, free of charge, on application
to CCDC, 12 Union Road, Cambridge CB2 1 EZ, UK (fax:
+44 (0) 1223 336033 or email: deposit@ccdc.cam.ac.uk).

2.3. Thermal investigations

DTA—TG analyses were performed using a Netzsch STA
429 DTA—-TG device. The samples were heated to 600 °C

Table 2

Selected bond lengths [A] and angles [°] for (DBUH)CuSnS; (1)
Sn(1)—S(1) 2.3508(6) Sn(1)—S(3)* 2.4332(6)
Sn(1)—S(2) 2.3715(6) Sn(1)—S(3) 2.4399(6)
Cu(1)—S(1) 2.1419(6) Cu(1)—S(2)° 2.1496(6)
S(1)—Sn(1)—S(2) 111.25(2) S(3)*=Sn(1)—S(3) 93.76(2)
S(H—Sn(1)-S(3)* 115.24(2) S(1)—Sn(1)—S(3) 108.86(2)
S(2)=Sn(1)—S(3)* 113.91(2) S(2)=Sn(1)—S(3) 112.59(2)
S(1)—Cu(1)—S2)° 166.27(2) Cu(1)*—S(2)—Sn(1) 92.39(2)
Cu(1)—S(1)—Sn(1) 99.59(2) Sn(1)*=S(3)—Sn(1) 86.24(2)

Symmetry transformations used to generate equivalent atoms: “—x+ 2, —y,
2+ P2,y 1, 2 L
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in ALO; crucibles at a rate of 4 Kmin~' under a flow of
argon (75 mL min . The TG—MS measurements (heating
rate: of 4 Kmin!, Al,O5; crucibles, dynamic helium
atmosphere, flow-rate: 75 mL min ') were conducted simul-
taneously using a STA-409CD device (Netzsch) with Skim-
mer coupling, which is equipped with a Balzers QMA 400
Quadrupole Mass Spectrometer (max. 512 amu). The MS
data were recorded in the analogue and trend scan modes.
The TG data were corrected for buoyancy and current
effects.

2.4. Spectroscopic experiments

Raman: Raman spectra were recorded in the region
100—3500 cm ' with a Bruker IFS 66 Fourier Transform
Raman spectrometer (wavelength: 541.5 nm).

UV/Vis: UV/Vis spectroscopic investigations were conduc-
ted at room temperature using a UV—VIS—NIR two-channel
spectrometer Cary 5 from Varian Techtron Pty., Darmstadt.
The optical properties of the compounds were investigated
by studying the UV/Vis reflectance spectrum of the powdered

eo20@®
c S

OZnw o v

Fig. 2. Arrangement of the anionic chains and the cations in compound 1. Top: view along the b-axis with N—H---S bonds shown as dashed lines; bottom: anionic
chains along [010] showing the different sequence of the rings of neighboured anions.
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samples. The absorption data were calculated with the Kubelka—
Munk relation for diffuse reflectance data. BaSO, powder was
used as reference material.

2.5. Scanning electron microscopy (SEM)/energy
dispersive X-ray fluorescence (EDX)

EDX analyses were done with a Philips ESEM XL30
equipped with an EDAX detector.

2.6. Elemental analysis

CHN analysis has been performed using a EURO EA
Elemental Analyzer, fabricated by EURO VECTOR Instru-
ments and Software.

3. Results and discussion
3.1. Crystal structures

The new compound (DBUH)CuSnS; (1) crystallises in the
monoclinic space group P2;/n with all unique atoms being
located on general positions. The one-dimensional anions
are separated by protonated amine molecules. The Sn atom
is in a tetrahedral environment of four S atoms and the Cu
atom has only bonds to two S atoms in a nearly linear geom-
etry (S—Cu—S: 166.27(2)°) (Fig. 1).

Linear CuS, groups are not very common and examples are
the compounds CsCusS5 [31], TICu;S4 [32] or RbCusS; [33].
In RbCusS,; the two-coordinated Cu atom has two additional S
atoms at about 2.836 A and in the former compound this Cu
atom has a contact to another S atom of 2.708 A. In the present
material no S atom is in the environment of Cu up to about
4.1 A. In contrast to the S—Cu—S$ angle in the title compound
in all these compounds the angles S—Cu—S are about 120°.

The Sn—S distances from 2.3508(6) to 2.4399(6) A and the
corresponding S—Sn—S angles (108.86(2)°—115.24(2)°) indi-
cate a slight distortion of the SnS, tetrahedron (Table 2), but
all geometric parameters are in the range reported in the liter-
ature [25,34,35]. The Cu—S bond lengths are 2.1496(6) and
2.1419(6) A, very similar to the values observed in Cu,SnS;
and CuySnS; [36,37]. Two symmetry related SnS, tetrahedra
share a common edge to form the well known [SnZSG]“’
moiety [16,17], with the resulting Sn,S, ring being planar.
The double tetrahedral groups are then interconnected via
the CuS; units to form the [CuSnS;]™ chains running along
[010], and the sequence of the two building units is
...Sn1,86—2 CuS,—Sn,S¢—2 CusS,... (Fig. 1).

The chains contain a Cu,Sn,Sg ring in chair conformation
with dimensions of 5.8—3.4 A (Fig. 1). Along the b-axis the
anionic chains are surrounded by six cations, and one short
S--N separation of 3.413 A indicating weak hydrogen
bonding (Fig. 2, top). A view along [100] reveals that neigh-
boured chains proceed in an opposite manner, i.e. the sequence
of rings along [001] is ...Sn,S¢...Sn,Cu,S,...Sn,S6... (Fig. 2,
bottom).
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Fig. 3. View of the connection of the SnS, tetrahedron and the two CuS;
triangles in compound 2 with labelling and displacement ellipsoids drawn at
the 50% probability level. Symmetry transformations used to generate equiv-
alent atoms: * —x+2, —y, —z+1; P—x+2, —y+1, —z+1; “—x+1/2,
—y+3/2,z

The new compound (1,4-dabH,)Cu,SnS, (2) crystallises in
the tetragonal space group P4,/n with all unique atoms being
located on general positions. The structure consists of a one-
dimensional chain [Cu,SnS,]>~ anion and charge compensat-
ing protonated cations. The Sn atom is surrounded by four S
atoms in a slightly distorted tetrahedral geometry with
S—Sn—S angles varying from 105.03(16)° to 113.08(14)°
(Fig. 3, Table 3).

The Sn—S bond lengths are between 2.367(4) and 2.401(4) A
(Table 3) and are nearly in the same range like in compound 1.

Table 3

Bond lengths |/°\] and angles [°] of (1,4-dabH,)Cu,SnSy (2)

Sn(1)—S(4) 2.367(4) Sn(1)—S(1) 2.397(4)
Sn(1)—S(2) 2.380(4) Sn(1)—S(3) 2.401(4)
Cu(1)=S(2)* 2.246(5) Cu(2)—S(1) 2.265(4)
Cu(1)=S(1) 2.290(5) Cu(2)=S(2)° 2.272(5)
Cu(1)—S@3)" 2.305(5) Cu(2)—S@3)° 2.323(5)
Cu(1)—Cu(2) 2.718(3) Cu(2)—Cu(1) 2.845(3)
Cu(1)—Cu(2)* 2.845(3) Cu(2)—Cu(2) 2.991(4)
Cu(1)—Cu(1)° 3.057(4) S(2)—Cu(1)’ 2.246(5)
S(3)—Cu(1)® 2.305(5) S(2)—Cu(2)® 2.272(5)
S(3)—Cu(2)* 2.323(5)

S#)—Sn(1)—S(2) 105.03(16)  S(4)—Sn(1)—S(3) 109.99(15)
S(4)—Sn(1)—S(1) 108.95(15)  S(2)—Sn(1)—S(3) 110.03(14)
S(2)—Sn(1)—S(1) 113.08(14)  S(DH—Sn(1)—S(3) 109.65(14)
$(2)"—Cu(1)—S(1) 12322(17)  S(1)—Cu(2)—S(2)" 126.93(17)
S(2)*~Cu(1)-S(3)" 119.5217)  S(1)—Cu(2)—S(3)° 121.29(16)
S(1H—Cu(1)—S(3) 112.37(16)  S(2)’—Cu(2)—S(3)° 107.52(16)
Cu(2)—S(1)—Cu(l) 73.26(14)  Cu(1)*—S(2)—Cu(2)° 78.07(15)
Cu(2)—S(1)—Sn(1) 99.82(15)  Cu(1)*=S(2)—Sn(1) 103.00(16)
Cu(1)—S(1)—Sn(1) 114.49(18)  Cu(2)*—S(2)—Sn(1) 112.66(18)
Cu(1)*~SB3)—Cu(2)*  117.68(18)  Cu(2)°—S(3)—Sn(1) 100.18(16)
Cu(1)*=S(3)—Sn(1) 96.39(15)

Symmetry transformations used lo generale equivalent atoms: “y — 1/2,
X1, = 12y Py 1, X+ 172, 2= 125 C—x 12, —y 432, z; Yy 1,
x+172, 24 1/2; %y —1/2, —x+ 1, z+ 1/2.
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Fig. 4. The distorted cubes in the structure of compound 2 with the Cuy tetrahedra shown as polyhedra.

The Cu atoms have bonds to three S atoms forming distorted tri-
gonal planar polyhedra. The angles for S—Cu(1)—S are
123.22(17)°, 119.52(17)° and 112.37(16)° and for S—Cu(2)—
S the values are 126.93(17)°, 121.29(16)° and 107.52(16)°,
showing a different degree of distortion for the two unique Cu
atoms. The Cu—S distances amount to 2.246(5), 2.290(5) and
2.305(5)1& for Cu(l) and they are 2.265(4), 2.272(5) and
2.323(5) A for Cu(2) (Table 3). The bond lengths are in the

typical range reported for other copper and sulfur containing
compounds [36,37]. With the exception of S(4) all S atoms are
bound to one Sn and two Cu atoms. The S(1), S(2), and S(3)
atoms of the SnS, tetrahedron have bonds to six CuS; triangles,
whereas S(4) is terminal explaining the short Sn—S(4) bond
length. Central motifs of the chain are alternating distorted
cubes Cu(1),Cu(2),S(1),S(2), and Cu(1),Sn,S(2),S(3),. In
the first cube two Sn and two S(3) atoms are nearly above four

Fig. 5. Crystal structure of compound 2 with view along the c-axis.
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Fig. 6. Kubelka—Munk plots for compound 1 (left) and 2 (right).

edges whereas in the latter cube two S(1) atoms are above two
edges and two Cu(2) atoms are located slightly above two
distorted rectangular planes (Fig. 4).

Another description starts with Cu atoms which are
arranged as tetrahedra with Cu—Cu distances in the range of
2.718(3)—3.057(4) A, which are longer than in elemental
Cu. But comparable separations were found for example in
(CeN4H20)0.5Cu3Sb,Ss [38]. Two neighboured Cuy groups
are joined via two S(3) atoms. These CugS, groups are inter-
connected in an alternating fashion by two SnS, tetrahedra
to form a chain running along [001] (Fig. 4).

Eight cations are arranged in a square like fashion to form
tunnels which host the anionic chains (Fig. 5).

The N(1) atom has a short contact to S(4) (N(1)---S(4):
3.124 A; angle: 167.4°) and N(2) has two such contacts, one
to S(4) (distance: 3.127 A; angle: 166.9°) and to S(1)
(distance: 3.269 A; angle: 166.2°) which indicate hydrogen
bonding interactions.

3.2. Spectroscopic properties

3.2.1. UV|Vis spectroscopy

The optical band gaps were calculated by the Kubelka—
Munk method from UV/Vis data, and the value of 3.06 eV
(405 nm) for compound 1 (Fig. 6, left) is in agreement with
the light yellow colour of the material. For compound 2

0.10 4 0.9
) 4 @
< @
1 3 0.8 | 3
nng - ]
ve i 074 K
1 0.6
@ 0.06 1
s 0.5
>
c 1 4
©
£ 0.4 -
£ 0,04 4 .
- 0.3 -
] N : \ S 5 ] l
g 8 g g T 0.2 4 < ; © ~
0.02 | /U \ | ® | : / \ MRS 8
1 ~ -~
] AN LA | A 014 VL |
0.00 +———"7—"—"F—""F"—F—"—T1— 00 11—
450 400 350 300 250 200 150 500 450 400 350 300 250 200 150 100

wavenumbers / cm™!

wavenumbers / cm™

Fig. 7. Raman spectra for compounds 1 (left) and 2 (right).



shifted to slightly higher wavenumbers (385.2 cm™") due to
the somewhat shorter terminal Sn—S bond of 2.3508(6) A.
The resonance for the Sn—S(2) bond is found at 362.5 cm ™.
Between 350 and 310cm™' the Sn—Spyiaging Modes occur
[40,41]. A vibration of the Sn,S, ring is at 280 cm ! in the
spectrum of compound 1. The deformation vibrations are
found below 200 cm™'. The signal at 167 cm ' may be due
to the SnS, wagging and twisting modes, but the detailed
assignment in this region is quite ambiguous due to resonances
from lattice vibrations.

In compound 2 no [Sn.Se]* ™ anions are present and no signal
is found around 380 cm ™" The resonance at 333.9 cm ™' could
be due to the Sn—Shyiaging mode and deformation vibrations
are usually detected below 200 cm ™', The signals at 192 and
104 cm ™' could be associated with the SnS, wagging and
twisting modes, but again an unambiguous assignment is not
possible.

3.3. Thermal properties

The thermal decomposition of (DBUH)CuSnS; (1) occurs
in three close steps (Fig. 8). The first step (Tonser = 246 °C;
T, =264 °C) is accompanied by a mass loss of 27.1%. The
second thermal reaction occurs at 304 °C with a mass change
of 8.6%. The last thermal event (T o5 = 363 °C; T,, = 377 °C)
is accompanied by an additional mass loss of 7.4%. The
theoretical mass loss for the emission of one molecule of
DBU and H,S is 42.9% (DBU =35.5%; H,S =7.4%), i.e.
this value matches well with the experimental data. Further
TG—MS investigations prove that DBU and H,S are emitted

qimniilfnnmang Ty At tha Aiffarant nan ArnmAaratiieag mmacQ QF

1 + o
buuuuaucuumy. AL UIC Jliicivolni ycal\ lCllll_}Cldlule, nias> Dlé'
nals of H,S and DBU are detected showing that DBU is
decomposed during thermal reaction. Chemical analysis of
the residue demonstrates that the product is almost free of
organic components and the X-ray powder pattern showed
reflections of Cu,SnS; and SnS.

The compound (1,4-dabH,)Cu,SnS, (2) decomposes in one
step at Topger = 227 °C (T}, = 254 °C) (Fig. 9). The correspond-
ing mass loss of 24.9% is lower than the value expected for the
emission of 1.4-diaminobutane (19%) and one H,S (7.3%).
After heating to 600 °C the residue is almost free of organic
components and in the X-ray powder pattern Cu,SnS;,
CuySnS, and SnS could be identified.
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a significant lower value of 2.15 eV (577 nm) was estimated 100 4
(Fig. 6, right). 12
90 4 1.0

3.2.2. Raman spectroscopy o

The region of interest in the Raman spectra ranges from < 80+ 0.8 §
400 to 100 cm~' where the Sn—S resonances are located 6 =
[14,39]. A comparison of the spectra of compounds 1 = 70l 06 <
(Fig. 7, left) and 2 (Fig. 7, right) directly displays the e
differences between the two structures. Around 380 cm ™' 0.4
the modes of the symmetric Sn—Sieminal Stretching vibrations 601
are located, and for isolated [Sn,Se]* ™~ anions the values range 0.2
from 372 to 377 cm~! [40]. In compound 1 the signal is 50 T T T T

100 200 300 400 500 600

Temperature / °C

Fig. 8. DTA—TG curves for compound 1. The weight losses and peak temper-
atures 7T}, are indicated.

4. Conclusion

In the present work we demonstrated that new copper
containing thiostannates can be prepared reacting the ele-
ments in amine solutions under solvothermal conditions. For
both compounds the ratio of starting material was about
1:1:3 mmol for Cu/Sn/S but in the crystalline products differ-
ent building units are observed. In compound 1 two SnSy tet-
rahedra share a common edge to form the well established
Sn,S¢ group. Adjacent Sn,Se moieties are joined by two
nearly linear CuS, dumbbells to form the one-dimensional
anionic [CuSnS3]~ chains. The SnSy tetrahedron is also found
in the structure of compound 2, but in this case the tetrahedron
is interconnected by two CuS; triangles into the final
[CusSnS,4]*~ anion. A possible explanation for the occurrence
of the two different structure types may be that DBU can only
be monoprotonated whereas 1,4-dab can carry two positive
charges. But the influence of amines on the product formation
and crystal structures is not well understood, and other factors
like time, temperature, and pH-value are also important

- Hos
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R £
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%) 2aon| 1°° =
= =
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100 200 300 400 500 600
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Fig. 9. DTA—TG curves for compound 2. The weight loss and peak tempera-
ture T, are indicated.
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synthetic parameters. Systematic studies are needed for a better
understanding of how the different parameters influence
product formation. More copper(I) thiostannates should be
prepared in the presence of amines as structure directing
molecules to explore the structural flexibility and variability
of such inorganic—organic hybrid compounds.
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4.1.2. Die Verbindung (1,4-dabH;)Ag,SnS,

Zusammenfassung der Verdffentlichung ,The New Silver Thiostannate
(1,4-dabH3)Ag.SnS,: Solvothermal Synthesis, Crystal Structure and Spectroscopic

Properties”.

Das neue Thiostannat (1,4-dabH;)Ag.SnSs (1,4-dab = 1,4-Diaminobutan,
C4N2H+14) wurde unter solvothermalen Bedingungen aus den Elementen
dargestellt: Ag, Sn und S im Verhéltnis 1:1:3 mmol werden in 3 mL 14-
Diaminobutan fir 145 h bei 150 °C zur Reaktion gebracht.

Die Verbindung kristallisiert in der tetragonalen Raumgruppe P4,/n mit acht
Formeleinheiten in der Elementarzelle und ist isostrukturell zu der Verbindung
(1,4-dabH3)Cu,SnS, (Kap. 4.1.1). In der Struktur werden die SnS4-Tetraeder und
trigonalen AgSs-Polyeder derart verknipft, dass eindimensionale [Ag>SnS4]?-
Ketten gebildet werden. In den Ketten werden als strukturelle Merkmale verzerrte
AgsSs- und AgoSnySy-Wirfel beobachtet. Eine alternative Beschreibung geht von
Agy-Tetraedern aus. Zwei Ags-Tetraeder bilden mit zwei Schwefel-Atomen AgsSo-
Einheiten und durch weitere Verknlpfung mit SnS;-Tetraedern werden die
anionischen Ketten gebildet, die von protonierten Aminmolekilen umgeben sind.
In dem Raman-Spektrum werden Sn-Sprigging-Resonanzen bei 349 und 336 cm’™
sowie weitere Moden bei 254, 224, 200 und 119 cm™ beobachtet.

Das Interessante an dieser Verbindung ist, dass sie isostrukturell zu der in
Kapitel 4.1.1. vorgestellten kupferhaltigen Verbindung (1,4-dabH;)Cu,SnS, ist.
Dies ist fur Thiometallate eher unidblich. So kristallisieren beispielsweise
silberhaltige Thioantimonate in anderen Strukturtypen als die kupferhaltigen [84].
Interessant ist, dass bei (1,4-dabH;)Ag.SnS; und (1,4-dabH,)Cu,SnS, die
Gitterparameter recht &hnlich und auch die Anordnung der SnSy-Tetraeder
anndhernd identisch sind, wenngleich die AgsS-Gruppen starker verzerrt sind als

die entsprechenden CuS;-Dreiecke.
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Abstract: The new compound (1,4-dabH;)Ag,SnSs (1,4-dab = 1,4-diaminobutane) was
prepared under solvothermal conditions and crystallizes in the tetragonal space group P4,/n
with lattice parameters a = 14.7847(8) A, ¢ = 11.9087(6) A, V = 2603.1(2) A*, Z = 8. In the
structure SnS, tetrahedra and AgS; triangles are joined to form an one-dimensional
[AgzsnS4]2' anionic chain. Prominent structural features of the chains are distorted AgsS4 and
Ag>Sn,Sy cubes sharing common faces. Four edges of the AgsS4 cube are capped by two Sn
and two S atoms whereas the latter cube is capped by two Ag and two S atoms. Another
description base on the interconnection of two Ag, tetrahedra by two S atoms to form an
AgsS; unit which is joined by two SnSy tetrahedra yielding the anionic chains. The compound

was characterized with Raman spectroscopy.

Keywords: Solvothermal Synthesis, Silverthiostannate; Crystal Structure, Raman
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Introduction
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structure directing molecules often open networks are obtained. The power of the
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solvothermal route was impressively demonstrated in the past and thiometallates with unusual
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structural features and possible interesting properties were reported [14-18].
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Recently, we presented two new copper-containing thiostannates [19] synthesized under

solvothermal conditions. In our continuing work on the solvothermal syntheses of transition

metal containing thiostannates, the silver containing compound (1,4-dabH,)Ag,SnS, (1,4-dab

= 1,4-diaminobutane) was obtained. In the report we present the synthesis, crystal structure

and Raman data of this new thiostannate.
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Experimental Section
Synthesis

The new compound (1,4-dabH,)Ag,SnSs was prepared under solvothermal conditions in a
teflon-lined steel autoclave (inner volume: 30 mL). 118.3 mg (1 mmol) Sn (99.5 %, Aldrich),
107.0 mg (1 mmol), Ag (99.9 %, Fluka), 96.3 mg (3 mmol) S and 3 mL of 1,4-diaminobutane
(98 %, Fluka) were mixed and reacted for 145 h at 150 °C. The crystalline product was
filtered off, washed with water and ethanol and dried in vacuum. Single crystals of (1,4-
dabH,)Ag>SnS, were obtained in form of pale yellow needles. The yield based on Sn was
always low and a large number of syntheses with varying conditions were performed to
increase the yield. But all attempts failed and the yield was always only a few percent. The of
the sample composition was confirmed with EDX (Sn/Ag/S ratio 2 : 1 : 4) and by elemental
analysis (found %: C 8.81, H 2.25, N 4.97, S 23.13; calculated %: C 8.69, H 2.55, N 5.07, S

23.20).

Structure refinement details

For the compound the single crystal X-ray intensities were collected on an Imaging Plate
Diffraction System (IPDS-1) at room temperature using MoK, radiation. The intensities were
corrected for Lorentz, polarization effects and an absorption correction was also applied. The
structure was solved with direct methods using the program SHELXS-97 [20] and refined
against F? with SHELXL-97 [21]. Anisotropic displacement parameters were used for Sn, Ag,
S, C and N atoms. The H atoms were positioned with idealized geometry and refined using a
riding model with a fixed isotropic displacement parameter. The details of data acquisition
and some selected results of the refinement are summarized in Table 1.

Crystallographic data (excluding structure factors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as supplementary

publication no. CCDC 608047. Copies of the data can be obtained, free of charge, on
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application to CCDC, 12 Union Road, Cambridge CB2 1 EZ, UK. (fax: +44-(0)1223-336033

or email: deposit@ccdc.ca.ac.uk).

Scanning electron microscopy (SEM)/ energy dispersive X-ray fluorescence (EDX):

EDX analyses were done with a Philips ESEM XL30 equipped with an EDAX detector.

Results and Discussion

The new compound (1,4-dabH,)Ag>SnS, crystallizes in the tetragonal space group P4,/n. All
unique atoms are located on general positions. The structure contains an one-dimensional
anionic chain [Ag,SnS4]* and charge compensating protonated diammoniumbutane cations.
The Sn atom is coordinated by four S atoms in a tetrahedral geometry with S-Sn-S angles
varying from 105.73(3) to 112.81(4) ° (Fig. 1, Tab. 2). The Sn-S bond lengths (2.3826(9) -
2.3982(9) A, Tab. 2) and the S-Sn-S angles indicate a slight distortion of the SnSy tetrahedron,
but all geometric parameters are in the range reported in the literature [11-13, 19, 22-24]. The
Ag atoms have bonds to 3 S atoms forming distorted trigonal pyramidal units. The values for
the Ag(1)-S bonds scatter from 2.4514(10) to 2.6019(10) A and they are between 2.4921(10)
and 2.5829(10) A for Ag(2) (Tab. 2). The angles around Ag(1) (106.27(3) - 130.48(3) °) and
Ag(2) (100.83(3) - 133.97(3) °) show a distortion of the environment around the two unique
Ag atoms. Furthermore, for each Ag atom two of the bonds are short and one bond is long
indicating a distortion of the trigonal geometry towards a linear arrangement. As a
consequence wide S-Ag-S angles of 130.48(3) ° (Ag(1)) and of 133.97(3) ° (Ag(2)) are
observed between the shorter Ag-S bonds. The Ag atoms are located above the trigonal plane

formed by the S atoms (Ag(1): 0.1241 A, Ag(2): 0.1195 A) indicating a second distortion

5
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towards a pyramidal arrangement. The bond lengths and the angles are in the typical range
reported for other AgS; groups containing compounds [11-13, 25-27]. All S atoms except
S(4) which is terminal are surrounded by one Sn and two Ag atoms. The SnS; tetrahedron and
the AgSs triangles are joined to form an one-dimensional chain which my be described as
alternating distorted cubes composed of Ag(1)2Ag(2)>S(1)2S(2), and Ag(1)2Sn,S(2),S(3),. In
the former cube, two Sn and two S(3) atoms are nearly above four edges whereas in the
second cube two S(1) atoms are above two edges and two Ag(2) atoms are located slightly
above two distorted rectangular planes (Fig. 2). A different view of the structure base on the
interconnection of Ag, tetrahedra by S(3) atoms forming AgsS, groups with Ag-Ag distances
in the range of 2.9926(5) to 3.1378(5) A, which are longer than in elemental Ag.

Nevertheless, these Ag-Ag separations are not unusual and comparable values could be found

building units in the title compound is very similar to that found for (1,4-dabH;)Cu,SnS,.

The charge compensating diammoniumbutane molecules are arranged in a square like manner
around the anions to form tunnels hosting the chains (Fig. 3). Every anionic chain is
surrounded by 8 cations. The N(1) atom has two short contacts (N(1)---S(4): 3.300 A; angle:
172.0 °; N(1)-- S(3): 3.346 A; angle: 168.0 °) and N(2) has one such contact to S(4) (3.234 10\;
angle: 161.0 °) which indicate hydrogen bonding interactions.

The region of interest in the Raman spectra ranges from 400 to 100 cm™ where the Sn-S
resonances are located [18, 29]. The spectrum is shown in Fig. 4. At 349 and 336 cm’ the
Sn-Sprideing modes are located [30, 31]. The deformation vibrations are found below 200 cm’.
The signals at 200 cm™ and 119 cm™ may be due to the SnS, wagging and twisting modes,
but the detailed assignment in this region is quite ambiguously because of the resonances

from lattice vibrations.
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The successful synthesis of the new silver containing thiostannate is a promising result and
further work is in progress to prepare more compounds. An interesting observation is that the
title compound is not isostructural to (NH;CH,CH,NH3)Ag,SnS4 [13] which crystallizes in
the monoclinic space group C2/c with a layered anion. In this compound the geometry of the
AgS; triangle is much more distorted than in (1,4-dabH;)Ag>SnS4 with Ag-S bond lengths
between 2.416 and 2.772 A and S-Ag-S angles from 93.1 to 161.5°. Central motifs of the
anionic layers are condensed Ag,Sn,Ss and Ag,SnS; rings. Another unusual result is that the
title compound is isostructural to the analogous copper compound. This is not often the case
for thiometallates and for instance thioantimonates containing Ag crystallize in a different
structure compared to the Cu thioantimonates. The main differences like lattice parameters
and unit cell volumes between the Ag and Cu thiostannate are caused by the larger ionic
radius of Ag®. The geometry of the SnS, tetrahedra is nearly identical in both compounds but

the CuS3 groups are less distorted than the AgSs; units.
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Table 1: Details of the structure determination of (1,4-dabH,)Ag,SnS4 and selected results of

the structure refinement. Estimated standard deviations are given in parentheses.

(1,4-dabH2)AgZSnS4

u/mm’

Scan range /26°
Measured reflections
Independent reflections
Reflection with I>26(1)
Rinl

No. refined parameters
R1 for all Fy > 46F,
wR2 for all data
Goodness of fit

Res. electron density / eA™

(C.H. N;YAo,SnS
413482 A Z SIS,

14.7847(8)
11.9087(6)
2603.1(2)

Tetraoconal
1 éragona:

P42/I1

8

552.84
2.821

5.486

5.18 to 56.1
24124
3143

2717
0.0426

119

0.0269
0.0711
1.042
1.599/-1.342

Tab. 2: Bond lengths [f\] and angles [°] with the estimated standard deviations given in

parentheses.

Sn(1)-S(2) 2.3826(9) Ag(2)-Ag(la) 3.1378(5)
Sn(1)-S(4) 2.3846(9) S(2)-Sn(1)-S(4) 105.73(3)
Sn(1)-S(3) 2.391909) S(2)-Sn(1)-S(3) 112.81(4)
Sn(1)-S(1) 2.3982(9) S(4)-Sn(1)-S(3) 108.63(3)
Ag(1)-S(2a) 2.4514(10) S(2)-Sn(1)-S(1) 110.53(3)
Ag(1)-S(1) 2.5029(10) S(4)-Sn(1)-S(1) 108.52(4)
Ag(1)-S(3b) 2.6019(10) S(3)-Sn(1)-S(1) 110.41(3)
Ag(1)-Ag(2) 2.9926(5) S(2a)-Ag(1)-S(1) 130.48(3)
Ag(1)-Ag(la) 3.1021(7) S(2a)-Ag(1)-S(3b) 117.92(3)
Ag(1)-Ag(2a) 3.1377(5) S(1)-Ag(1)-S(3b) 106.27(3)
Ag(2)-S(3b) 2.4921(10) S(3b)-Ag(2)-S(1c) 133.97(3)
Ag(2)-S(1c) 2.5099(10) S(3b)-Ag(2)-S(2) 120.16(3)
Ag(2)-S(2) 2.5829(10) S(1c)-Ag(2)-S(2) 100.83(3)
Ag(2)-Ag(2a) 3.0117(6)

Symmetry transformations used to generate equivalent atoms: a: -x+3/2,-y+1/2,z; b: -y+1,x-

1/2,2-1/2; c: y+1/2,-x+1,z-1/2; d: -y+1,x-1/2,z+1/2; e: y+1/2,-x+1,z+1/2

10
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Fig. 1: The SnSy tetrahedron and the two AgSs triangles with labelling. Probability ellipsoids

are drawn at the 50% level.

Fig. 2: The one-dimensional anionic chains with the distorted cubes (see text) and some Agy

tetrahedra shown as polyhedron.
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Fig. 3: Arrangement of anionic chains and the cations.
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Fig. 4: Raman spectrum for (1,4-dabH;)Ag,SnSy
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4.1.3. Die Verbindung (1,4-dabH),MnSnS,
Zusammenfassung der Veréffentlichung  “(1,4-dabH),MnSnS,: The first

thiostannate with integrated Mn?* ions in an anionic chain structure®

Bei der Verwendung von Zinn, Mangan und Schwefel im Verhaltnis 1:1:3.3 mmol
in 3mL 1,4-Diaminobutan (1,4-dab, Cs4NzHs) wird bei 150 °C (120 h) mit
anschlieBender kontrollierter Abkihlung (in 30 h auf 25 °C) das neue Thiostannat
(1,4-dabH);MnSnS, erhalten. Die Verbindung kristallisiert in der nicht-
zentrosymmetrischen  orthorhombischen = Raumgruppe Fdd2 mit acht
Formeleinheiten in der Elementarzelle. Die eindimensionalen anionischen Ketten
sind durch einfach protonierte Aminmolekulle getrennt. Sowohl die Sn- als auch die
Mn-Atome sind jeweils von vier S-Atomen tetraedrisch umgeben. Das
resultierende Strukturmotiv [MnSnSg] ist analog wie das Thiostannat-Anion
[Sn,Se]* aufgebaut, wobei ein SnS-Tetraeder durch ein MnS4-Tetraeder ersetzt
ist. Durch Kantenverknipfung der [MnSnSg]-Einheiten werden eindimensionale
Ketten entlang [001] gebildet (Abb. 4.3).

C

-
alaadan

Abb. 4.3: Ausschnitt der eindimensionalen Kette mit Blick entlang [010].

(1,4-dabH),MnSnS; ist das erste eindimensionale Thiostannat, das Mn?*-lonen in
den anionischen Ketten aufweist. Ein weiteres strukturelles Merkmal stellt das
Netzwerk der protonierten strukturdirigierenden Aminmolekile dar. Die Kationen
bilden Uber Wasserstoffbriicken wellenférmige Ketten entlang [100], wobei diese
derart angeordnet sind, dass Tunnel in [001]-Richtung entstehen, in denen die

anionischen Ketten verlaufen (Abb. 4.4).
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Abb. 4.4: Anordnung der anionischen Ketten in den Kanélen der protonierten Aminmolekiile
in (1,4-dabH),MnSnS,. Die Wasserstoffatome sind zur besseren Ubersicht nicht abgebildet.

Das MIR-Spektrum zeigt Absorptionen von Ammonium-Aminobutan, d. h. die
Aminmolekile sind einfach protoniert und damit wird Ladungsneutralitat erreicht.
Die im Raman-Spektrum beobachteten Schwingungen liegen in dem fur
Thiostannate typischen Bereich zwischen 400 und 100 cm™. Bei 374 cm™ tritt die
symmetrische Sn-S-Streckschwingung und bei 348 cm™ der symmetrische
Sn-Shrigging-Mode auf. Die Resonanz bei 249 cm™ kann durch eine MnS,-Vibration
hervorgerufen werden. Eine genaue Zuordnung der Signale unterhalb von
200 cm™ ist aufgrund von Geriistschwingungen in diesem Bereich schwierig und
wird deshalb nicht vorgenommen.

Die Auswertung des UV/Vis-Spektrums (diffuse Reflektanz) mit der Kubelka-
Munk-Methode ergibt eine optische Bandliicke von 2.9 eV (428 nm), entsprechend

der gelben Farbe der Kristalle.
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Die Zersetzung beginnt bei Tonset= 194 °C. Der Abbau erfolgt in zwei gut
aufgeldsten, endothermen Stufen (Tpeak1 = 208 °C, Tpeake = 268 °C) mit einem
Gesamtmassenverlust von 42.5 % entsprechend einer Emission von zwei
Molekulen Diaminobutan und einem Molekil Schwefelwasserstoff. Der Rickstand
ist weitgehend frei von organischen Komponenten und es kénnen Reflexe von
MnS und SnS im Pulverdiffraktogramm identifiziert werden. Wird die thermische
Zersetzung bei 208 °C unterbrochen, so entspricht der korrespondierende
Massenverlust von 24.8 % formal 1.3 Molekilen Diaminobutan. Das
rontgenographisch amorphe Pulver hat die Uber Elementaranalyse ermittelte

Zusammensetzung (1,4-dabH)e 7MnSnS,.

Mit magnetischen Untersuchungen konnte die Anwesenheit von Mn?* bestétigt
werden. Die Curie-Konstante von 4.39 entspricht 5.92 ps/Mn®** was exakt dem
spin-only-Wert von Mn?* d° entspricht. Die Weiss’sche Konstante von -31 K deutet
auf antiferromagnetische Austauschwechselwirkungen zwischen den Mn?%'-

Zentren hin (nicht Bestandteil der Verdéffentlichung).
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(1,4-dabH),MnSnS,: The first thiostannate with integrated
24 . . . . .
Mn~" ions in an anionic chain structure
Nicole Pienack, Karina Méller, Christian Nither, Wolfgang Bensch*
Institute of Inorganic Chemistry, Christian-Albrechts-University of Kiel, Olshausenstr. 40, 24098 Kiel, Germany
Abstract

The new thiostannate (1,4-dabH),MnSnS, (1,4-dab = 1,4-diaminobutane) was synthesized under solvothermal conditions. The compound
crystallizes in the non-centrosymmetric space group Fdd2 with a=22.8124(15) A b= 24.7887(16) A, c=6.4153(6) A, Z=28, and
V=3627.8(5) A>. The structure consists of one-dimensionai straight anionic chains composed of aiternating SnSy and MnSy tetrahedra sharing
common edges. The chains are directed along [001] and are surrounded by the organic cations which form undulated chains along [100] by
strong intermolecular N—H---N hydrogen bonding interactions. Several S---H contacts suggest weak interactions between the anionic chains
and the cations. The band gap amounts to 2.9 eV indicating that the compound is a photo-conductor. The compound is stable up to about

190 °C and decomposes in two distinct steps above this temperature.
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Keywords: Solvothermal synthesis; Crystal structure; Spectroscopic properties; Thermal properties; Thiostannates

The great potential of open-framework thiometalates was
impressively demonstrated very recently. New materials
were reported which may be suitable as ion-exchangers
[1,2], as quantum dots [3] or for photo catalytic applications
[4]. In these compounds the semi-conducting properties of
chalcogenides are combined with the properties of zeolite-
like materials [5—8]. The most common way to synthesize
such compounds is the solvothermal approach. Thiostannates
containing a transition metal (TM) in the inorganic network
should expand the physical and chemical properties of thiome-
talates [9]. In the past, several TM containing thiostannates
were reported, e.g. [Ni(en);],Sn,Se, [Co(tren);],Sn,Se [10],
[Mn(en);],Sn,S¢ [11], [Mn(dien),],Sn,Se [12] or [{Mn(en), }»
(n-en)(u-SnySe)] o [13]. In the compounds with ethylenedi-
amine and diethylenetriamine, the structures are composed
of discrete [Sn,Se]*~ anions and charge compensating cations.
This observation is not surprising because these amines form

* Corresponding author. Tel.: +-49 431 880 2419, fax: +49 431 880 1520.
E-mail address: wbensch@ac.uni-kiel.de (W. Bensch).

1293-2558/$ - see front matter © 2007 Elsevier Masson SAS. All rights reserved.

doi:10.1016/j.solidstatesciences.2007.07.030

ie TM"" complexes and ihe centiral ions are saturaied leav-
ing no free binding site to the thiostannate network. Applying
the tetrapodal amine tren (tren = tris(2-aminoethyl)-amine),
transition metal cations are surrounded by four N atoms leaving
one or two binding positions free for bonds to the thiometalate
network. The potential of such multidentate amines was previ-
ously demonstrated and examples are the thioantimonates [Fe
(tren)]Sb4S7 [14], [Co(tren)]>Sb,Ss [15] and [Ni(tren)](SbyS4)
[16]. For Mn*", the situation seems to be different compared
with ions like Co®™, Ni>*, or Fe?>". In a number of thiometa-
lates Mn*>" is part of the inorganic network even when
mono- or bidentate amines are applied. Some examples are
Mn,Sb,Ss(CH3NH,), [17], Mny(HoN(CH3),NH5),Sb,Ss [18],
an(C2H5NH2)2Sb255 [19] and Ml’lz(C4H|2N2)szs5 [20] It
can be assumed that Mn®>" has a comparable tendency to
form bonds to S and N atoms and the application of multiden-
tate amines is not required to incorporate Mn>" into the inor-
ganic network.

Here we reported the synthesis, crystal structure, spectroscopic
and thermal properties of (1,4-dabH),MnSnS, (1,4-dab = 1,4-di-
aminobutane) which is the first one-dimensional thiostannate
compound containing Mn>" as part of the anionic chains.

©
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2. Experimental details
2.1. Synthesis

General: the compound was prepared under solvothermal
conditions in Teflon-lined steel autoclaves (inner volume:
30 mL) reacting manganese, tin and sulfur. The crystalline
product was filtered off after the reaction, washed with water
and ethanol, and dried in vacuum.

Synthesis of (1,4-dabH),MnSnS,: 1 mmol Sn (99.5%, Al-
drich), 1 mmol Mn (99.5%, Alfa Aesar), 3.3 mmol S in
3 mL of 1,4-diaminobutane (>98.0%, Fluka) were reacted
for 120 h at 150 °C, then cooled to 25°C in 30 h. Yellow
rods in 10% yield were found in the reaction product. The
main products were Sn and Mn sulfides. All attempts to im-
prove the yield of the title compound by variation of synthesis
parameters like reaction temperature, time, addition of water,
heating and cooling procedure were not successful. The yield
was always low and in best syntheses gave about 10% (based
on Sn). The X-ray powder patterns of hand-picked crystals are
in full accordance with the pattern calculated from single crys-
tal data. Elemental analysis of the yellow rods (%): found: C
20.28, H 5.54, N 11.57, S 25.31; calculated: C 20.01, H
5.46, N 11.67, S 24.72.

2.2. Structure determination

The intensity data were collected using a PHILIPS PW
1100 diffractometer with Mo Ko radiation (A =0.7107 10%) at
room temperature. The structure was solved with direct
methods using the program SHELXS 97 [21] and the refine-
ment was done against F? with SHELXL 97 [22]. Anisotropic
displacement parameters were used for C, N, Mn, Sn and S
atoms. The H atoms of the amine were positioned with ideal-
ized geometry and refined using a riding model and a fixed
isotropic displacement parameter. The absolute structure was
determined and is in agreement with the selected setting
(Flack x-parameter: —0.01(2)). Some selected refinement re-
sults are summarized in Table 1. Further crystallographic in-
formation has been deposited with the Cambridge
Crystallographic Data Centre as publication no. CCDC
637210. Copies of the data can be obtained, free of charge,
on application to CCDC, 12 Union Road, Cambridge CB2 1
EZ, UK (e-mail: deposit@ccdc.ca.ac.uk).

2.3. Thermal investigations

DTA—TG analyses were done using a Netzsch STA 429 DTA—
TG device. The samples were heated to 600 °C at a rate of

V1 7@t BN Y. DRI Z, P~ SN NS S SRR
4 N imiil ~ unact a now OI argoi (/5 ML miit ) ifi AlpU;3 Ciuci-

bles. The TG data were corrected for buoyancy and current effects.
2.4. Spectroscopy
Raman: The Raman spectra were measured in the region

from 100 to 3500 cm™' with a Bruker IFS 66 Fourier trans-
form Raman spectrometer (wavelength: 541.5 nm).

Table 1
Selected technical details of data collection and results of the structure refine-
ment of the title compound

(1.4-dabH)>MnSnS,

Crystal system

Orthorhombic

Space group Fdd2

alA 22.8124(15)

bIA 24.7887(16)

c/A 6.4153(6)

VIA? 3627.8(5)

4 8

Deac/gem™ 1.758

w/mm™" 2.524

Scan range 2.43° <260 <30.02°
Refiections coliecied 3i22

Refl. with Fo > 40 (Fo) 1928

Independent reflections 2632

GOF 1.046

Final R indices

{1 > 20D} Ri=0.0184, wR2 = 0.0494
R indices (all data) R1=0.0217, wR2 = 0.0504
Res. Elec. Dens./eA 0.476/—0.732

Flack x-parameter —0.01(2)

UV/vis: UV/vis spectroscopic investigations were con-
ducted at room temperature using an UV—vis—NIR two-chan-
nel spectrometer Cary 5 from Varian Techtron Pty., Darmstadt.
The absorption data were calculated with the Kubelka—Munk

relation for diffuge reflectance data, RaSQ, nowder wag nsed
réialion Ior Guuse reneciance gatad. sDasStuyy poewaer was used

as reference material.

2.5. Scanning electron microscopy (SEM)/energy
dispersive X-ray fluorescence (EDX)

The EDX analyses have been carried out with a Philips
ESEM XL30 equipped with an EDAX detector.

2.6. Elemental analysis

CHNS analyses were done using a EURO EA elemental an-
alyzer, fabricated by EURO VECTOR Instruments and
Software.

3. Results and discussion
3.1. Crystal structure

The new compound (1,4-dabH),MnSnS, crystallizes in the
non-centrosymmetric, orthorhombic space group Fdd2 with
Sn and Mn being located on special positions, whereas all
other atom are on general positions. The one-dimensional an-

PPN TN S NP RP [ 1 e cinole-nratonated amine mol-

iOi‘li\, cliatinn aic bcpdl alcu Uy i.hC blllglU—PlULUllaLCU dalninc mor
ecules. The Sn atoms as well as the Mn atoms are in
a tetrahedral environment of four S atoms. SnS, tetrahedra
are very common and can be found in many compounds con-
taining discrete [Sn2$6]2’ anions like [Mn(en)3],Sn,Sq [11].
The Sn—S distances (2.3832(7)—2.3958(7) A) and the corre-
sponding S—Sn—S angles (99.66(4)—115.467(15)°) suggest
a slight distortion (Table 2), but all parameters are in the range
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Table 2

Selected bond lengths [A] and angles [°] for (1,4-dabH),MnSnS,

Sn(1)—S(1) 2.3832(7) S(1)*=Mn(1)—S(1) 95.09(7)

Sn(1)—S(2) 2.3958(7) S(H—Mn(1)—S(2)° 117.928(14)

Sn(1)—Mn(1) 3.2027(13) S(H—Mn(1)-S(2)* 116.145(14) x

Sn(1)=Mn(1)" 3.2126(13) S(2)°~Mn(1)=S(2)* 95.36(7) O

Mn(1)—-S(1) 2.4724(14)

Mn(1)—S(2)° 2.4761(14) S(1)=Sn(1)—Mn(1) 49.942(18) ? A "

N(1)—C(1) 1.485(3) S(2)=Sn(1)—Mn(1) 130.170(19) . 7

N(2)—C(4) 1.482(3) S(1)=Sn(1)—Mn( 1) 130.058(19) > . |

C(3)—C4) 1.510(3) S(2)=Sn(1)—Mn(1)" 49.830(19) .

C(3)—C(2) 1.528(3) S(1)=Mn(1)—Sn(1) 47.54(3)

C(H—C(2) 1.511(3) S(2)°*—=Mn(1)—Sn(1) 132.32(4) -
S(1)—Mn(1)—Sn(1)? 132.46(3)

S(1)*=Sn(1)—S(1)  99.88(4) S(2)°~Mn(1)—Sn(1)* 47.68(4)

S(1)*=Sn(1)—S(2)  115.467(15)  Sn(1)—S(1)—Mn(1) 82.51(3)

S(1)—=Sn(1)—S(2) 113.595(15)  Mn(1)=Sn(1)-Mn(1)*  180.000(1)

S(2)*=Sn(1)—S(2)  99.66(4) Sn(1)—Mn(1)—Sn(1) 180.0 fh

Symmetry transformations used to generate equivalent atoms:
S —x+1,—y+1,z
b Xy, z+ 1.
C—x+1,—y+1,z—1.
d Xy, z—1.

reported in the literature [10,23]. Mn?? is in a tetrahedral en-
vironment of S atoms which is less common than the octahe-
dral surrounding and some examples with MnS, tetrahedra are
[Mn(tren)]4;Mn,Sb,S1, [24] and [Mn(tren)],Mn,SbyS1o [25].
The Mn—S bond lengths are 2.4724(14) and 2.4761(14);&
being very similar to those reported for K;oMnySn,S;;
[26], [Mn(tren)]4sMn,SbysSi, or [Mn(tren)],Mn,SbyS;o. The
observed S—Mn—S angles vary between 95.09(7)° and
117.928(14)° indicative for a pronounced distortion of the
tetrahedron.

The [Sn,Se]*~ moiety composed of two edge-sharing SnS
tetrahedra is a well known structural motif [27,28]. In the title
compound, one SnS, tetrahedron is substituted by one MnS,
tetrahedron to form a MnSnS¢ unit. A linear one-dimensional
chain along [001] is formed by condensation of [MnSnSZSm]Z’
groups. The central non-centrosymmetric MnSnS, rings of
the chains are planar like the Sn,S; rings in the [Sn,Sel*™
anions (Fig. 1). The rings of neighboring units are rotated
by 90° to each other. The distances between Sn*" and Mn>"
are 3.2027(13) and 3.2126(13) z&, which are too long for inter-
atomic interactions.

The anionic chains are surrounded by six protonated cat-
ions (Fig. 2). In a solvothermal synthesis applying amines as
solvents, the reaction with sulfur yields polysulfide anions,
polysulfide radicals, thiosulfate ions and so on. Furthermore,
the amines are redox active and it is not surprising that

protonated amine molecules occur in the resulting structures.
Interestingly, the cations form a network and undulated
chains propagating along [100] are observed due to the strong
N—H:-*N bond (NI1—Hla---N2 distance: 1.962 /QX, angle:
164.11°) between protonated and unprotonated N atoms
(Fig. 3). The chains are arranged in a way that tunnels directed
along [001] are generated which host the anionic chains. The
atom S2 has two contacts to H atoms of two amine molecules
(S2---H: 2.474, 2.734 A; N—H-:--S angles: 165.3°, 152.2°) and
S1 has one such interaction (S;---H: 2.498 1°\, N—H---S angle:
154.3°). The relatively short S---H distances as well as the
angles indicate hydrogen bonding interactions between the
anionic chains and the cations (Fig. 4).

3.2. Spectroscopic properties

Charge neutrality of the material requires that the amine
molecules are single protonated. In the MIR spectra, all ab-
sorptions can be assigned to the ammonium—aminobutane
molecule. Primary amines produce two N—H stretching ab-
sorptions at 3470 and 3320 cm ™' and the absorptions located
at 1540, 1600 and 3240 cm ™" are caused by R—NHJ groups.
In the Raman spectrum, the resonances at 374, 348 and
249 cm™' are in the typical region for Sn—S resonances
[29,30]. The symmetric Sn—S stretching vibration is located
at 374 cm~ ' and the resonance at 348 cm ' can be assigned

Fig. 3.
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ig.

to a symmetric Sn—S bridging mode. The resonance at
249 cm! may be caused by a MnS, vibration [31]. The as-
signment of the last two modes is difficult due to the lattice
vibrations.

3.3. UVlvis spectroscopy

The optical band gap was determined from transformed
UV/vis diffuse reflectance spectra (Kubelka—Munk method).
The value of 2.9 eV (428 nm) (Fig. 5) is in agreement with
the yellow color of the crystals.

3.4. Thermal stability

The DTA—TG—DTG curves are shown in Fig. 6. The com-
pound starts to decompose at Tgneee = 194 °C with an endo-
thermic signal at 7}, =208 °C. The associated mass loss is
30%. A second step occurs at Topeee = 249 °C (T}, = 268 °C)
which is accompanied by a further weight change of 12.5%.
The total weight loss of 42.5% is in good agreement with
the theoretical value for the emission of iwo diaminobutiane
molecules and one H,S molecule. The residue is nearly free
of organic contaminants (CHN: ~2%). In the X-ray powder

20

10

Kubelka-Munk-factor F2/ a.u.

energy gap E=29eV

0 7
T T T T T 1
2.0 25 3.0 35 4.0

energy / eV

Fig. 5.
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Fig. 6.

pattern MnS and SnS could be identified and the reaction path-
way probably proceeds as:

2(1,4-dabH),MnSnS, — 2MnS + 2SnS
+2H,S1t+4(1,4-dab) 1.

Interrupting the thermal decomposition at 208 °C the pow-
der changed the color to dark yellow. The mass loss of 24.8%
corresponds to the emission of about 1.3 molecules of 14-
diaminobutane. In the powder pattern no reflections are observed
and the elemental analysis yields the composition (1,4-
dabH), sMnSnS,.

4. Conclusion

In this work we presented the solvothermal synthesis
of a new manganese containing thiostannate. There are two
interesting structural features in the structure of (1.4-
dabH),MnSnS,. The SnS, tetrahedron shares an edge with
the MnS, tetrahedron yielding the high negatively charged
[MnSnSg]®~ anion. The one-dimensional chains running along
[001] are made of [MnSnSg]®~ groups sharing two edges with
adjacent units. The second structural highlight is the network
of the protonated structure directing molecules. Until now
there are only few examples for thiometalates, e.g. (trans-
1,4-C¢N,H5)SbsSs  and  (trans-1,2-C¢N,H;5)SbsSs  [32],
where hydrogen bonds join the protonated amine molecules
to form chains or layers.

Recently, we published two new thiostannates with 1,4-
diaminobutane as structure directing molecule (1,4-dabH,)-
Cu,SnS, [33] and (1,4-dabH;)Ag,SnS; [34]. In these

ceynmeiinde tha O o | P PRI R |
compounus

e \,u/Ag
respectively Agy units. Two such units are joined via two S
atoms yielding CugS, (AggS,) groups which are intercon-
nected by two SnS, tetrahedra to form chains. While these
two compounds are isostructural, the title compound adopts
a new structure type. It is interesting to note that all three
compounds were synthesized under analogous synthesis con-
ditions. An obvious difference between the three compounds

PO,

H enl
dAlOIIS 10111 AldSorca wouancural Luy
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is the fact that Cu and Ag occur always as Cut/Ag™" in an en-
vironment of S atoms, whereas Mn>" is the most stable oxida-
tion state in sulfides and/or thiometalates. Therefore, the ratio
of M/Sn (M = Cu, Ag, Mn) is 1:1 in the present compound and
2:1 in the former thiostannates. Another interesting difference
between the compounds is the occurrence of a double-proton-
ated amine molecule in the Cu/Ag containing thiostannates,
whereas the title compound contains a single-protonated
amine. Further experiments are under way to elucidate
whether a larger amount of Mn>* can be incorporated into thi-
ostannate networks.
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4.1.4. Die Verbindung (dienH;)Cu,Sn,Sg

Zusammenfassung der  Verdffentlichung  “The  Layered  Thiostannate

(dienH,)Cu,Sn,Ss — a Photoconductive Inorganic-Organic Hybrid Compound*,

Die Verbindung (dienH2)Cu,Sn,Sg (dien = Diethylentriamin, C4N3Hq3) wird unter
solvothermalen Bedingungen aus den Elementen Cu:Sn:S = 0.5:0.5:2 mmol in
6 mL Diethylentriamin erhalten. Das Reaktionsgemisch wird entweder fir 120 h
bei 170 °C getempert und anschlieRend in 30 h auf 25 °C abgekuhlt oder unter

Ruhren fur 30 h auf 170 °C erhitzt. Die Verbindung kristallisiert in Form schwarzer

Plattchen in der tetragonalen Raumgruppe |14m2 mit vier Formeleinheiten in der
Elementarzelle. Die Struktur besteht aus anionischen [Cu,Sn,Sg]*-Schichten in
der (001)-Ebene und protonierten Aminmolekilen als ladungskompensierende
Kationen, die zwischen den Schichten angeordnet sind (Abb.4.5). Das
[Cu,Sn,Se]*-Schichtanion besteht aus einer Schicht, welche durch allseitig
eckenverknlpfte CuSs-Tetraeder (mit CusS4-Ringen) gebildet wird und aus Ketten

eckenverknlpfter SnSy-Tetraeder, welche diese Schicht sandwichartig umgeben.

&é&%\

o

c."r%

e
!
@®5Sn
$Cu
u
I
‘\A\/‘ Nt

Abb. 4.5: Anordnung der [CUZSnZSS] -Schichten und der Kationen in den
Zwischenschichten. In der unteren anionischen Schicht sind die CuS,- (grau) und SnS,-
Tetraeder (dunkelgrau) als Polyeder dargestellt. Die H-Atome sind zur besseren Ubersicht
nicht abgebildet.
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Die Ladungsneutralitdt verlangt zweifach protonierte Aminmolekile zur
Ladungskompensation der Anionenschichten, was im MIR-Spektrum durch die
typischen Absorptionen primarer, protonierter Amine nachgewiesen werden
konnte. Im Raman-Spektrum werden Resonanzen zwischen 400 und 100 cm™
beobachtet, wobei die symmetrische Sn-S-Streckschwingung bei 373 cm™ auftritt,
bei 301 cm™ der Sn-Sprigging-Mode und bei 233 cm™ das SnS; ,wagging and
twisting“. Cu-S-Vibrationen kénnen dem Signal bei 267 cm™ zugeordnet werden.
Die Verbindung ist ein Halbleiter mit einer optischen Bandlicke von 1.51 eV.
Dieser Wert entspricht dem optimalen Bandlickenabstand photoleitender
Materialien (zum Vergleich: CdTe 1.5 eV, GaAs 1.4 eV). Die Auswertung der
UV/Vis-Spektren (Auftragung ((o/S)-E)* gegen Energie) lasst den Schluss zu, dass
es sich um einen direkten Halbleiter handelt. Widerstands- bzw.
Leitfahigkeitsmessungen  mittels Impedanzspektroskopie  ergeben  einen
spezifischen Widerstand von Rgr=7.22:10° Q-:cm bzw. eine Leitfahigkeit von
orr = 1.38:107 Q'cm™. Diese Werte liegen in der GréRenordnung von
undotiertem GaAs (10® Q-cm) und CdTe (10° Q-cm) [108]. Viel interessanter ist die
Beobachtung, dass das Material photoleitende Eigenschaften aufzeigt. Die
Bestrahlung der Probe mit UV-Licht fUihrt zu einer (reversiblen) Abnahme des
spezifischen Widerstands um den Faktor 3 (vgl. Abb. 4.6).

ohne UV-Belichtung

5x10° 7 . - 5x10°
= UV-Belichtung
4x10° . - 4x10°
A A
A A
3x10° - 3x10°
A
9 - &
= A -~
a -
'\.' 2x10° < 2x10° N
A 1
A
A
A
A
xX10°] o ® T Wy A 1x10°
. ; g
Of . ,'L . , . , —
0.0 2.0x10° 4.0x10° 6.0x10° 8.0x10°
Z'lQ

Abb. 4.6: Nyquist-Plots der Impedanzmessungen ohne und unter UV-Belichtung.
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Die vorlaufigen Ergebnisse der Untersuchungen zur Photoleitfahigkeit sind viel
versprechend; vor weiteren Messungen mussen allerdings einige Schwierigkeiten
behoben werden. Die recht geringe Leitfahigkeit muss durch Dotieren mit
geeigneten Fremdatomen verbessert werden.

Wird die Verbindung unter Schutzgasatmosphére erhitzt, so beginnt die
Zersetzung bei Tonset = 256 °C. Der Abbau erfolgt in einer (endothermen) Stufe
mit einer Peaktemperatur von 262 °C, die mit einem Gesamtmassenverlust von
23.5% einhergeht. Die Reflexe von SnS wund CuySnS; kénnen im

Pulverdiffraktogramm des Rickstands identifiziert werden.
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Reproduced with permission from N. Pienack, A. Puls, C. Nather, W. Bensch: The
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52 component acting as a structure directing molecule. The Table 1. Selected Details of Data Collection and Results of the
. . . Refinement of (dienH;)Cu,Sn,Se
53 structures are composed of two-dimensional anionic layers -
54 with compositions [Sn3S7]2~ and [SnySo]*~ for R-SnS-1 and compound (dienHz)Cu;SnaSe
N . o N crystal system tetragonal
55 R-SnS-3, respectively. In R-SnS-1 the primary building units space group Am2
56 (PBUs) are SnS, tetrahedra which are combined to form Lb'ig ;g;g;(;)
57 Sn3S4 semicubes as secondary building units (SBUs). Two A 2% 99‘5(5‘()15)
58 S2~ anions connect the semicubes to form the anionic layers VIA3 1551.80(13)
59 [Sn3S7]%>~ with pores consisting of 24 atoms (diameter: 10 4 \ 4
50 A x 10 A). The oroanic components. like for example Deatcuraea/g/em’ 2.834
60 A x 10 A). The organic components, like for example, wimm= 6.673
61 tetracthylammonium, act as charge compensating cations and scan range 271 < 20 < 28.03°
62 are located below/above the pores between the layers.'> In reflections collected 6243
.. refl. with F, > 40 (F,) 1256
63 R-SnS-3 the SBUs are joined by SnS, tetrahedra to form independent reflections 1078
64 [SnySol*~ anionic layers. The pores are elliptical with a size goodness-of-fit on /2 1.052
14 . B final R indices [/ > 20(])] R1 = 0.0417, wR2 = 0.0979
65 of ab.out 13 A x 15 A." Instead of organic structure dlrecl.ors R indices (all data) RI = 0.0471, wR2 = 0.1018
66 alkali metals were used to prepare 2D compounds like res. elec. dens/e A3 3.923/—1.949
67 Rb,Sn;S7+2H,0 or Cs,SnsSj2+2H,0.'%" Flack x parameter 0.02(6)
68 Many compounds prepared under solvothermal conditions .
69 have been studied in recent years, but most of them are wide -
70 band gap semiconductors. Thiostannates are candidates for Synthesis. General Information. All reactions were performed 91
n catalytic applications, chemical sensing,'"'>13720 and with under solvothermal conditions ifl Teflon-lined steel z{utoclaves (inner 92
7 the integration of transition metals (TM) into the network volume,.30 mL). The ?rystalllne products were hI‘tere‘d off after 93
73 the physical and chemical properties are altered.2* Some TM the reactions, washed with water and ethanol, and dried in vacuum. 94
f.y. thiost t prop rted until Iy d Synthesis of (dienH;)Cu,;Sn;Sg. A 0.5 mmol portion of Sn 95
™ contaimng thiostannates were reported until now, an (99.5%, Aldrich), 0.5 mmol of Cu (99.5%, Alfa Aesar), 2 mmol of 96
75 .We recenll?/ preseme(.i two new COmpOl;ISIdS with Co.p'per S, and 6 mL of diethylenetriamine (=97.0%, Fluka) were heated 97
76 integrated into the thiostannate network.™ The promising to 170 °C in 2 h and then reacted for 120 h at this temperature, 98
77 photochemical propeities of Cu and Sn containing sulfides foliowed by cooling to 25 °C in 30 h. The synthesis was performed 99
78 were demonstrated recently on the substitution series in a diffusion cell to separate Cu from Sn and S by a membrane. 100
79 Cqunli‘,Si,\Sg% which were prepared using the classical high The advantage of such a cell is that the dissolved Sn and Cu species 101
80 temperature route. The results of this study motivated us to must diffuse through the membrane keeping the concentration of = 102
81 perform syntheses with Cu, Sn, and S applying an amine as the reacting specnes low at the site ot.crys.talhzatlm?. Thin black 103
82 tructure director. On 1 of th riments is th cch plates of the title compound were obtained in 15% yield based on 104
structure A cctor. Une goal o ,c efoe N Cnts 1s the sca c Sn, which were slightly contaminated with sulfides on the surface. 105
83 for .rrlla.terlals wl.lere the rare. indium .IS repla(.:ed by tin Performing the synthesis under stirring, we received the black 106
84 exhibiting potential photovoltaic properties. In this paper we powder in a 60% yield (based on Sn). The composition was 107
85 present the synthesis, crystal structure, and selected properties confirmed by EDX (Sn/Cu/S ratio, 1:1:3) and by elemental analysis 108
86 of the new thiostannate (dienH,)CuSn»Se (dien = diethyl- (results in %; found: C 7.29, H 2.05, N 6.04; calculated: C 7.23, H 109
87 enetriamine, C;N3H;3). We also report the first results of 2.58, N 6.33). 110
88 experiments concerning photoconductive properties of the Structure Determlgatlon. Inteﬁsﬁy Qata were colle'cted using 111
89 compound a STOE IPDS-1 (Imaging Plate Diffraction System) with Mo Ko 112
P ’ radiation at room temperature. The structure was solved with direct 118
- - methods using the program SHELXS-97%7 and the refinement was 114
as J(}Z:%l Tw;‘; u8gh:,12A I'L%ZZ'"‘ G- A; Bedard, R. L.; Broach, R. J. Mater. done against F? with SHELXL-97.%® All atoms except H were 115
(15) Jiang,‘ T L‘ou‘gh, AA;‘Oz.in, G. A.; Bedard, R. L. J. Mater. Chem. refined with anisotropic displacement parameters. The dienH, 116
1998, 8, 733-741. molecule is located on a crystallographic mirror plane with the 117
(16) Jiang, T.; Ozin, G. A -J. Mazer. Chem. 1998, 8, 1641 nitrogen atom N2 disordered over two positions. The N—H and 118
1648. .. L. .
(17) Sheldrick, W. S.; Schaaf, B. Z. Anorg. Allg. Chem. 1994, 620, 1041— the C—H hydrogen atoms were positioned with idealized geometry 119
1045. and were refined using a riding model with U (H) = 1.2 or 1.5 120
(18) gcon.;. w. SJ I\{l;;lg‘azhlz]u;% T\;lz IJ Ozin, G. A. Curr. Opin. Solid Uey(C,N). Crystal data and selected refinement results are sum- 121
(19) h’;(; T‘.l;mézi::,llc-. AT Mater. Chem. 1997, 7. 2213-222. marized in Table 1. Further structural details have been deposited 122
(20) Francis, R. J.; Price, S. J.; Evans, J. S. O.; O’Brien, S.; O’Hare, D.; with the Cambridge Crystallographic Data Centre (CCDC) as 123
Clark, S. M. Chem. Mater. 1996, 8, 2102-2108. publication no. CCDC xxxx (I). Copies of the data can be obtained, 124
1) %‘03\{1 4]14 rg/isg:;zén M.; Liu, X.; Jia, C.; Wang, D. Inorg. Chem. free of charge, on application to CCDC, 12 Union Road, Cambridge 125
(22) Palchik, O.; Iyer, R. G.; Liao, J. H.; Kanatzidis, M. G. Inorg. Chem. CB2 1 EZ, UK. (mail: deposit@ccdc.ca.ac.uk). 126
2003, 42. 5052-5054. ) Thermal Investigations. Differential thermal analysis-thermo- 127
(23) Dag, O.; Ahari, H.; Coombs, N.; Jiang, J.; Aroca-Quellette, P. P.; gravimetry (DTA-TG) analyses were performed using a Netzsch 128
Petrov, S. Adv. Mater. 1997, 9, 1133-1149. . °
STA 429 DTA-TG device. The samples were heated to 600 °C at 129

(24) Bowes, C. L.; Petrov, S.; Vovk, G.; Young, D.; Ozin, G. A.; Bedard,
R. L. J. Mater. Chem. 1998, 8, 711-720.

(25) Pienack, N.; Nither, C.; Bensch, W. Solid State Sci. 2007, 9, 100-
107.

(26) Lafond, A.; Cody, J. A.; Souilah, M.; Guillot-Deudon, C.; Kiebach,
R.; Bensch, W. Inorg. Chem. 2007, 46, 1502-1506, vorher.

B Inorganic Chemistry, Vol. xx, No. x, XXXX

(27) Sheldrick, G. M. SHELXS 97, Program for the Solution of Crystal
Structures; University of Gottingen: Gottingen, Germany, 1997.

(28) Sheldrick, G. M. SHELXL 97, Program for the Refinement of Crystal
Structures; University of Gottingen: Gottingen, Germany, 1997.
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arate of 4 K+min ! under a flow of argon (75 mL+min~') in ALOs
crucibles. The TG-MS measurements with a heating rate of 4
K+min~! in AL,O; crucibles and in a dynamic helium atmosphere
with a flow rate of 75 mL+min~! were conducted simultaneously
using a STA-409CD device (Netzsch) with Skimmer coupling,
which is equipped with a Balzers QMA 400 Quadrupole Mass
Spectrometer (max. 512 amu). The MS data were recorded in the
analogue and trend scan modes. The TG data were corrected for
buoyancy and current effects. An isothermal experiment was
performed at 150 °C for 5 h in Ar atmosphere.

Spectroscopic Experiments. Raman. The Raman spectra were
recorded in the region from 100 to 3500 cm ™! with a Bruker IFS
66 Fourier Transform Raman spectrometer (wavelength: 541.5 nm).

UV/vis. UV/vis spectroscopic investigations were conducted at
room temperature using a UV—vis—NIR two-channel spectrometer
Cary 5 from Varian Techtron Pty., Darmstadt. The optical properties
of the compound were investigated by studying the UV/vis
reflectance spectrum of a powdered sample. The absorption data
were calculated with the Kubelka—Munk relation for diffuse
reflectance data. BaSO4 powder was used as reference material.

Scanning Electron Microscopy (SEM)/Energy Dispersive
X-ray Fluorescence (EDX). The EDX analyses have been carried
out with a Philips ESEM XL30 equipped with an EDAX detector.

Flamantal Analucic (CHNC analucac wore done nging a ETTRO)
LaSmenta: Anarysis. CruNS anaiyses were Gone using a cunry

EA Elemental Analyzer, fabricated by EURO VECTOR Instruments
and Software.

Impedance Spectroscopy. The impedance measurements were
done on a pressed pellet with the so-called “Kieler cell” in argon
atmosphere using a HP 4192 Impedance-Analyzer at 5—13 MHz
with gold electrodes. The temperature was controlled with a Cr/
CrNi thermocouple. The equivalent circuit diagram contains a
resistance (R) and a capacitance (C) in parallel. The resulting
semicircle, the so-called Nyquist plot, has a high frequency limit
at the origin and a low frequency limit at Z' = R. The values for
the resistance from the Nyquist plot were converted using the
dimensions of the pressed pellet (d = 0.55 mm, area = 50.3 mm?)
to obtain the values for the resistivity. The capacitance could be
obtained from the maximum of the semicircle. For the photocon-
ductivity measurements a UV lamp (4 = 300—400 nm) was used.

Results and Discussion

Oructal Ctrrotiirac Tha naw comnonnd
LrySuar Sruduures. 108 new Compouna

crystallizes in the non-centrosymmetric tetragonal space
group I4m2 with 4 formula units in the unit cell. All non-H
atoms are located on special positions. The structure consists
of anionic [Cu,Sn,Se]*>~ layers which are separated by the
charge compensating cations, that is, the protonated amine
molecules. The two crystallographically independent Sn
atoms and the Cu atom are in a tetrahedral environment of
S atoms (Figure 1).

SnS, tetrahedra are common in thiostannates and the
observed Sn—S distances (2.357(2)—2.486(3) A, Table 2)
as well as the S—Sn—S angles (103.59(11)—117.98(10)°,
Table 2) indicate a slight distortion.

The cegmetric narameterg are in cood acreement with da
The geometnic parameters are in good agreement with dat.

published in the literature.'®**3° The Cu—S bond lengths
in the CuS, tetrahedron are 2.3464(13) and 2.3555(12) A,

(29) Behrens, M.; Scherb, S.; Nither, C.; Bensch, W. Z. Anorg. Allg. Chem.
2003, 629, 1367-1373.
(30) Jiang, T.; Ozin, G. A. J. Mater. Chem. 1998, 8, 1099-1108.

Figure 1. Connection of the SnSs and CuS, tetrahedra together with the
amine molecule and labeling of the atoms of the asymmetric unit. The
displacement ellipsoids are drawn at the 50% probability level. The hydrogen
atoms and the disorder of N2 are not shown for clarity.

Table 2. Selected Bond Lengths and Angles of (I)*

Sn(1)—S(1) 2.357(2) S(2)-Sn(2)—S(3)  107.44(4)
Sn(1)-S(3) 2.485(3) S(3)-Sn(2)-S3)°  106.13(12)
Sn(2)—S(2) 2.359(2) S(2)—Cu—S(2)* 113.04(11)
Sn(2)-S(3) 2.486(3) S(2)—Cu—S(1) 106.61(7)
Cu—S(2) 2.3464(13)  S(2)—Cu—S(1) 113.88(5)
Cu—S(1) 23555(12)  S(2)*—Cu—S(1) 106.61(7)
S()—Cv/ 23555(12)  S(1)°—Cu—S(1) 102.51(11)
S(2)—Cuf 2.3464(13)  Cu—S(1)—Cv/ 116.43(8)

Cu—S(1)—Sn(1) 103.93(6)
S(H=Sn(H—=S(1)*  117.98(10)  Cu¢—S(2)—Cu 111.32(8)
S()—Sn(1)-S(3)  108.58(4)  Cu—S(2)—Sn(2) 103.95(6)
S@3)’—Sn(1)—S(3)  103.59(11)  Sn(1)-S(3)—Sn(2)  104.86(8)
S(2)—Sn(2)—S(2)°  120.16(11)

“The iymmctry transformations used to gen(,mu, cqulvalom atoms are

_c

indicated in the footnotes. ” —x, —y. —x+ 1, =y =y 4 ha = h,
—z+ 1. =yt x+ 1, —z+'/z y=lh —x+ o —z+ .ty +
Uy, —x + Uy, —z + 1y,

but similar to values observed

tho ~omnonnde nregented holaw Tha € —(hi—Q anglag
in e CoOmMpounas proéseniCa oCidw. 1al S—LU—S angies

vary between 102.51(11) and 113.88(5)° indicating a pro-
nounced distortion of the tetrahedron. Such a distortion is
not uncommon, and similar values were reported in the
literature. For instance, in the compounds Rb,CuMS, (M =
Nb, V)*? linear chains are constructed by edge-sharing of
CuS; and MS; tetrahedra and also in RbCu, VS, Cu is in a
distorted tetrahedral environment.>* Analyzing the structures
of different thiometalates the occurrence of CuSy, tetrahedra
in copper thiostannates is quite unusual, whereas in Cu
thioantimonates CuSy tetrahedra are more common like, for
example, (C4N3H,4)Cu3Sb,Ss (C4N3H;3 = diethylenetriamine)
and (C¢NyH20)0sCusSbaSs (CeNyH g = tn'ethylenetetramine).34

All € atoms of the CuS, tetrahedron share a corner with
Aar S atoms o1 ne Lud, leranearon snare a Corner witn

neighboring CuS; tetrahedra to form a single puckered layer
[CuS4/4] within the (001) plane containing CusS4 rings as a
special structural feature (Figure 2, bottom).

being longer than in CulnS,*!

(31) Hahn, H.; Frank, G.; Klingler, W.; Meyer, A. D.; Stoerger, G. Z. Anorg.
Allg. Chem. 1953, 271, 153.

(32) Rumpf, C.; Tillinski, R.; Nither, C.; Diirichen, P.; Jess, I.; Bensch,
W. Eur. J. Solid State Inorg. Chem 1997, 34, 1187-1198.

(33) Tillinski, R.; Nither, C.; Bensch, W. Acta Crystallogr. 2001, C57,
333-334.

(34) Spetzler, V.; Nither, C.; Bensch, W. Inorg. Chem. 2005, 44, 5805—
5812.
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Figure 2, Polyhedral representation of the layered [CusS

ure 2, Polyhedral reps layered [C

1n-S,12~ anion (ton:
n23g;7 anton (top:

SnSy tetrahedra light gray and CuS, tetrahedra dark gray) and a layer in
the (001) plane formed by corner-sharing of CuSy tetrahedra (bottom).

The different positions of the Sn atoms (Sn(1) and Sn(2))
do not correspond neither to two different sheets nor to
different chains. The Sn(1)S; and Sn(2)S, tetrahedra are
joined via common corners into one-dimensional chains
[SnSy42] running along [100] and [010]. The chains are bound
to the [CuSyu] layer via S(1) and S(2) yielding the layered
[CusSnySe)?~ anion (Figure 2, top). As a consequence of the
connection mode the two atoms S(1) and S(2) have bonds
to two Cu and one Sn centers whereas S(3) is only bound to
two Sn atoms. The Cu—Sn distances are about 3.7 A which
are too iong for any significant interactions.

The layers are stacked perpendicular to [001] with the
protonated amine molecules residing in the void space with
neighboring amines being rotated by 90° (Figure 3).

The terminal N(1) atom has two contacts to S atoms (3.292
A to S(1) and 3.275 A to S(2)) indicating weak N(1)—H+*+S
bonding interactions. The shortest interlayer distance of 5.3
A is determined by the arrangement of the organic molecules.

From a formal point of view the title compound belongs
to a group of compounds with general composition Ma'M'VQ;
with M' = Cu, MV = Si, Ge, Sn and Q = S, Se**** " and
KoMM’3Ses (M = Cu, Ag; M” = Ga, In).*° The structures
of the members of the My!M'VQ; series can be viewed as
derivatives of the cubic sphalerite type structure, that is, the

(35) Chen, X. A.; Wada, H.; Sato, A.; Nozaki, H. J. Alloys Compd. 1999,
290, 91-96.

(36) Marcano, G.; Rincon, C.; Chalbaud, L. M. de; Brancho, D. B.; Sanchez
Perez. G. J. Appl. Phys. 2001, 90. 1847-1853.

(37) Delgado, G. E.; Mora, A. J.; Marcona, G.; Rincon, C. Mater. Res.
Bull. 2003, 38, 1949-1955.

(38) Onoda, M.; Chen, X. A_; Sato, A.; Wada, H. Mater. Res. Bull. 2000,
35, 1563-1570.

(39) Chalbaud, L. M. de; Delgado, G. Diaz de; Delgado, J. M.; Mora, A. E.;
Sagredo, V. Mater. Res. Bull. 1997, 32, 1371-1376.

(40) Ma, H.-W.; Guo, G. C.; Wang, M.-S.; Zhou, G.-W ; Lin, S.-H.; Dong,
7.-C.; Huang, J.-S. Inorg. Chem. 2003, 42, 1366-1370.
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Figure 3. Arrangement of the [Cu,Sn,S¢]?~ layers and the amine molecules
in the interlayer galleries. The hydrogen atoms are omitted for clarity.

tetrahedra form a three-dimensional network. The structures
of the latter series of compounds are layered. A sublayer is
composed by InS; and CuS, tetrahedra sharing all four
corners leading to a topology which is similar to that of the
title compound. This sublayer is sandwiched by parallel
corner-sharing [InS,] tetrahedral chains. Another structurally
related compound is Rb,Cu,Sn,Se*! which may be regarded
as a derivative of the Mo!M!VQ;s structure by substituting one
Cu" by a Rb" ion yielding a layered structure. In this
structure a iayer constructed by corner-sharing CuSy tetra-
hedra is sandwiched by two layers composed of SnSy
tetrahedra. In the two Sn containing layers !/, of the Sn sites
are empty so that chains are formed running perpendicularly
below and above the Cu layer. The interlayer separation in
Rb,CusSn;,Sg amounts to 4.8 A which is shorter than in the
title compound.

Spectroscopy. Charge neutrality of the title compound
requires that the amine molecule is diprotonated. In dieth-
ylenetriamine usually the primary amino groups are proto-
nated. In this case, the IR spectra show the absorptions
located at 1530, 1630, and 3430 cm ™! which are excited by
R—NH;" groups.

In the Raman spectrum (Figure 4) vibrations occur at 373,
301, 267, and 233 cm™! which is the typical region for Sn—S
resonances.*>*> The symmetric Sn—S stretching vibration
is located at 373 cm ™! and a symmetric Sn—S bridging mode
at 301 cm™!. The signal at 233 cm™! could be assigned to
the SnS, wagging and twisting mode, and the resonance at
267 cm™! is caused by Cu—S vibrations.**

The optical band gap E, was determined from transformed
UV/vis diffuse reflectance spectra by the Kubelka—Munk
method. The value of 1.51 eV (821 nm, Figure 5) is in
agreement with the black color of the crystals. The band gap

(41) Liao, J.-H.; Kanatzidis, M. G. Chem. Mater. 1993, 5, 1561-1569.
(42) Krebs, B.; Schiwy, W. Z. Anorg. Allg. Chem. 1973, 398, 63-71.
(43) Krebs, B.; Pohl, S.; Schiwy, W. Angew. Chem. 1970, 82, 884-885.
(44) Miiller, A.; Menge, R. Z. Anorg. Allg. Chem. 1972, 393, 259-265.
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resonances given in cm™!. Figure 6. DTA-TG-MS trend scan curves of (dienH,)Cu,Sn,Se. Intensities
of the signais are in arbitrary units, m/z 34 = H,S; miz 44 and m/z 73 are
600~ fragments of diethylenetriamine.
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Figure 5. Determination of the optical band gap of (dienHz)Cu;Sn,Ss from Figure 7. Arrhenius plot displaying two different regions for the activation
UV/vis diffuse reflectance spectrum using the Kubelka—Munk method. enerov (for details, see text)
261 of the title compound is comparable to that of CdTe (1.5 An isothermal experiment performed for 5 h at 150 °C in 281
262 eV) or GaAs (1.4 eV) which are together with CIS or CIGS Ar atmosphere exhibits a very small mass loss of about 2%. 282
263 (copper indium gallium selenide) efficient photovoltaic The X-ray powder pattern recorded after this experiment 283
oad ntamiale 45460 WIn noda that tha valiia for BT oF (dianIT \_ N A .
“o% HHatedls. TYY HULE Hdr HIE valtit 101 g UL \HIbILLL) shows only the reflections of the title compound. In addition, 284
265 Cu,Sn,Sg is slightly larger than that for the structurally related chemical analysis (6.1% N, 7.3% C, and 2.1% H) gives no 285
A ] 4] . , 7.2 X .
266 coml?ound RbgCuz?Snzsf, which was repom:d.to be 144 eV. hints for a significant decomposition, and we therefore 286
267 Plotting ((o/S)* E)* versus the energy ((0/S) is the Kubelka— assume that surface water was emitted. a7
268 Munk factor) shows a linear behavior so that the band gap Impedance Spectroscopy. The resistivity, the conductiv- 288
s g 41 . S s
269 can be assumed [o'be direct. ity, and the capacitance at room temperature were estimated 289
270 Thermo Analytical Measurements. The DTA-TG-DTG from the Nyquist plot as Rer = 7.22 x 106 Q-cm, ogr = 290
271 and MS trend scan curves are shown in Figure 6. The 138 x 107 Q' ecm™!, and Cgr = 0.135 nF. The re;istivity 291
— o, 3 - ’ T :
272 compound'sta.rts to decompose at Tonser = 25_6 C _wm_l an decreases with increasing temperature reaching 3.02 x 10° 292
273 endothermic signal at 7, = 262 °C. TG-MS investigations Q-cm at 158 °C 293
274 show that the amine and H,S are emitted simultaneously at Applying the Arrhenius equation the activation energy was 204
275 the decomposition temperature. The total weight loss of determined as Ex = 0.36 eV for the extrinsic and Ex = 1.32 295
216 23'.5%. 1 Sll%htly lf)wer Zhan [r:i salcullale(]j Wilui for lh_e eV for the intrinsic conductivity (Figure 7). Impurities or 296
“rt VITLSOIBH Ul Hib quiiliit alifi bWl iy 1HURARIve A cifitheo — point defects in the material could explain the discrepancy 297
278 25.7%). The residue is black and contains nearly 2% of CHN. between the optical band gap and the activation energy 298
279 In the X-ray powder pattern of the residue the compounds determined with impedance spectroscopy 299
280 SnS and CuzSnS; could be identified. Exposing the material to UV light for some minutes leads 300
(45) Miles, R. W.; Zoppi, G.; Forbes, 1. Mater. Today 2007, 10, 20-27. to a §tmng decrease of the resistivity (Figure 8) exhibiti‘ng 301
(46) Conibeer, G. Mater. Today 2007, 10, 42-50. the difference between the dark and the photo current. After 302
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Figure 8. Nyquist plots from impedance measurements showing the
resistance with and without UV light exposure.

20 min exposure a minimum of Ryy = 2.01 x10° Q-cm
was reached, and [urther irradiation with UV light does not
change the resistivity. The increase of the conductivity is
larger than a factor of 3. After switching-off the UV
irradiation the resistivity increased to 7.22 x 10° Q-cm
which is the value measured without UV light.

Conclusions

The new copper thiostannate (dienHz)CuSnySg was ob-
tained as thin black plates under solvothermal conditions.
Under static conditions the yield is low but can be increased
by a factor of 4 by stirring the starting mixture. The structure
is constructed by alternate stacking of [CuaSn,Se]>~ layers
and protonated amine molecules. The structural motif of the
anionic layer is related to a series of compounds with
compositions Ma'M'VQ; with M' = Cu, M"Y = Si, Ge, Sn
and Q = S, Se¢ and KoMM’3S¢s (M = Cu, Ag; M” = Ga,
In). All these compounds contain only inorganic constituents.
Replacement of a part of the small M! ions by the protonated
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dien molecule yields an inorganic—organic hybrid compound
exhibiting an inorganic substructure very similar to that
observed in the other compounds. The preliminary results
of the impedance measurements evidence the semiconducting
character of the title compound with a band gap typical for
photoconductors. First experiments indicate that the electrical
properties of the compound can be influenced by irradiating
the material with UV light leading to a reduction of the
resistivity by a factor of 3. Recently, we demonstrated that
the optical band gap of Cu,Sn;-,Si,S3 can be altered from
1.25 to 1.45 ¢V through a substitution of Sn by Si.%° For the
title compound challenging questions are whether the mate-
rial can be prepared applying different amines and how these
organic molecules influence the electric properties. In addi-
tion, doping experiments are necessary to alter the conduc-
tivity of the compound, that is, a distinct doping level would
allow controlling the conductivity. Such experiments are
currently under way. Copper thiostannates are flexible with
respect to the crystal structure and the chemical composition,
and it can be assumed that more Cu/Sn based inorganic—
organic hybrid compounds are accessible using dilferent
synthesis conditions. Further studies are needed to elucidate
whether the compound is a candidate for further applications.
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4.1.5. Die Verbindungen [Mn(1,2-dach);(H.0)]>Sn,S¢ und [Mn(1,2-
dach);]Sn;Ss - 2 (1,2-dach)

Zusammenfassung der Verdffentlichung ,The Influence of the Amine
Concentration onto Product Formation: Crystal Structures, Thermal Stability and
Spectroscopic Properties of Two New Manganese Thiostannates Obtained under

Solvothermal Conditions”.

Die beiden Thiostannate [Mn(1,2-dach)»(H20)]2Sn2Se (I) und [Mn(1,2-dach),]Sn.Se
-2 (1,2-dach) (ll) (1,2-dach = 1,2-Diaminocyclohexan, CgH{4N2) zeigen den
Einfluss der Aminkonzentration auf die Produkte der solvothermalen Synthese.
Aus konzentrierten 1,2-Diaminocyclohexanlésungen kristallisiert die Verbindung
[Mn(1,2-dach);]Sn,Ss - 2 (1,2-dach) (1 und die Verringerung der
Aminkonzentration fihrt zur Bildung von [Mn(1,2-dach),(H20)]>Sn.S¢ (I). Beide
Thiostannate werden aus 1 mmol Mn, 1 mmol Sn und 4 mmol S in 5 mL 1,2-
Diaminocyclohexanlésung der entsprechenden Konzentration (50 % fur 1, 99 % fur
Il) nach Erhitzen auf 130 °C fur 98 h erhalten.

[Mn(1,2-dach),(H20)]2Sn2Se (1) kristallisiert in der monoklinen Raumgruppe C2/c

mit acht Formeleinheiten in der Elementarzelle und [Mn(1,2-dach);]Sn,Ss - 2 (1,2-

dach) (II) in der triklinen Raumgruppe P1 mit Z = 1. In beiden Strukturen werden
[Sn,Se]*-Anionen beobachtet, die als bidentate Liganden die oktaedrisch
koordinierten Mn?*-Kationen verbinden. Im Gegensatz zu den diskreten Molekiilen
in 1 wird in Il ein eindimensionales Koordinationspolymer beobachtet. Die
Koordination der Mn?*-Kationen unterscheidet sich ebenfalls: in | bildet Mn?*
Bindungen zu vier Stickstoffatomen zweier Aminliganden, einem Schwefelatom
der [Sn,Se]*-Einheit und einem Wassermolekiil aus. Die [Sn,Sg]*-Anionen liegen
auf Symmetriezentren und verbriicken zwei Mn?*-Oktaeder zu diskreten Einheiten
(Abb. 4.7, links). Vier Stickstoffatome zweier Aminliganden und zwei
Schwefelatome zweier benachbarter [Sn,Se]*-Einheiten koordinieren in Il die
Mn?*-Kationen, was zur Ausbildung negativ geladener Ketten mit Mn?*-Oktaedern
als Knoten und [Sn,Se]*-Anionen als Linker fiihrt. Hervorzuheben ist, dass bisher
noch nie ein Thiometallat dargestellt werden konnte, in dem das integrierte
Ubergangsmetallkation Bindungen zu drei unterschiedlichen Liganden ausbildet.

Insofern ist die Verbindung | einmalig. Zuséatzlich belegt die erfolgreiche Isolierung
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der beiden Verbindungen, dass eine Veradnderung der Aminkonzentration einen
grol3en Einfluss auf die Produktbildung austbt. Einfach protonierte Aminmolekile,
erkennbar im MIR-Spektrum durch die Absorptionen priméarer, protonierter Amine,
umgeben zur Ladungskompensation die anionischen Ketten des

Koordinationspolymers (Abb. 4.7, rechts).
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Abb. 4.7: Links: Packungsbild der Struktur von [Mn(1,2-dach);(H,0)].Sn,S¢ (I) mit diskreten
Molekiilen. Die Anordnung der anionischen Ketten der Verbindung Il ist auf der rechten
Seite dargestellt. Die Wasserstoffatome sind zur besseren Ubersicht nicht dargestelit.

Im Raman-Spektrum treten die fiir [Sn,Sg]*-Einheiten typischen Resonanzen
zwischen 400 und 100 cm™ auf. Aufgrund der Unterschiede in den
Bindungslangen und -winkeln werden Verschiebungen der Banden beobachtet.
Bei 385 cm™ (1) bzw. 379 cm™ (ll) wird die symmetrische Sn-S-Streckschwingung
und bei 347 cm™ (I) bzw. 345 cm™ (ll) der Sn-Sprgging-Mode beobachtet. Die
Signale bei 285 cm™ (1) bzw. 289 cm™ (Il) werden durch eine Schwingung des
Sn,S,-Rings hervorgerufen.

Die optischen Bandliicken betragen 2.6 eV (477 nm) (1) bzw. 3.1 €V (400 nm) (Il).
Die Untersuchungen zur thermischen Stabilitdt zeigen, dass die Verbindung I bis
115 °C stabil ist bzw. bis 269 °C, wenn die Entfernung des Wassermolekiils

vernachlassigt wird, und Il sich ab 198 °C zersetzt. Der thermische Abbau von |
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verlauft in drei Stufen mit einem Gesamtmassenverlust von 48.6 %, der von
endothermen Ereignissen mit Peaktemperaturen von T, = 121, 286 und 321 °C
(Tonset = 115, 269 und 313 °C) begleitet ist. Das Zersetzungsprodukt ist
weitgehend frei von organischen Bestandteilen und durch die Identifizierung der
Reflexe von MnS und SnS im Pulverdiffraktogramm kann ein Abbau nach der
formalen Gleichung [Mn(CgH14N2)2(H20)]2Sn2Sg — 2 MnS + 2 SnS + 2 H,O +
2 H,S + 4 CgH42N> postuliert werden. Die zweite Verbindung zersetzt sich in zwei
Stufen mit einem Gesamtmassenverlust von 47.9 %. Die zugehdrigen
endothermen Ereignisse finden bei T, = 220 und 316 °C (Tonset = 198 und
284 °C) statt. Bei der ersten Stufe (Tonset = 198 °C) wird ein begleitender
Massenverlust von ca. 25 % beobachtet, welcher der Emission zweier
Aminmolekuile entspricht. Nach der zweiten Stufe (Massenverlust 22.9 %) treten
im Pulverdiffraktogramm des Abbauprodukts die Reflexe von MnS und SnS auf.
Wird die thermische Zersetzung nach der ersten Stufe (bei 220 °C) abgebrochen,
so wird ein hellbraunes Pulver erhalten, dessen Pulverdiffraktogramm neben den
Reflexen von MnS und SnS auch weitere, nicht zuordenbare aufweist. Mit CHN-
Analyse kann der verbliebene organische Anteil bestimmt werden, was zu der
formalen Zusammensetzung [Mn(1,2-dach),;]SnS; fiuhrt. Die Annahme, dass
zunéchst die protonierten Aminmolekile, die um die anionischen Ketten lokalisiert
sind, abgebaut werden, konnte mittels MIR-Spektroskopie bestéatigt werden. Die
durch protonierte Amine hervorgerufenen Absorptionen konnten nicht mehr in den
Spektren beobachtet werden. Allerdings ist dies noch kein Beweis und kombinierte
DTA-TG-MS-Untersuchungen sind notwendig, um den Zersetzungsmechanismus

aufzuklaren.
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Two new thiostannates with Mn”* ions were obtained under solvothermal conditions applying
different amine concentrations. [Mn(C6H14N2)2(H20)]28n286 (1) (C6H14N2 = 1,2-
diaminocyclohexane, 1,2-dach) crystallizes in the monoclinic space group C2/c (with a =

23.7500(18), b = 15.5655(16), ¢ = 12.1072(9) A, B = 113.532(8)°, Z = 8). The second

compound, [Mn(CsH4N»)2]Sn,Ss - 2 CsH; 5Ny (2) crystallizes in the triclinic space group Pl
with a = 7.3019(6), b = 11.1798(9), ¢ = 13.2837(11) A, ar= 76.877(10), B = 74.71909), y=
82.972(10) °, Z = 1. Both structures feature [Sn286]4- anions acting as bidentate ligands
joining the octahedrally coordinated Mn** cations, but in 1 a molecular complex is formed,
whereas in 2 a one-dimensional coordination polymer is observed. In 1 the Mn?* cation has
bonds to four N atoms of two 1,2-dach ligands, to one H,O molecule, and to one S atom of
the [SnxSe]* anion. The [Sn,Se]* anion is located on an inversion center joining two
symmetry related complexes. In 2 Mn?* is surrounded by four N atoms of two 1,2-dach
ligands and by two S atoms of two neighboring [SnSe]* anions. In contrast to 1 a negatively
charged coordination polymer is formed with [Sn,Se]* anions acting as linkers and the Mn**
centered complexes being the nodes. The co-crystallized 1,2-dach molecules are protonated,
and they are located between the chains. The first compound was obtained in an aqueous
solution of 1,2-dach, and 2 crystallized from a concentrated 1,2-dach solution. In both
compounds several short S---H distances indicate weak hydrogen bonding interactions.
Compound 1 is stable up to 121 °C and 2 up to 220 °C. In the Raman spectra of 1 and 2
resonances which are typical for [Sn,Se]* units could be observed. The band gaps are found

to be 2.6 eV (477 nm) and 3.1 eV (400 nm) for 1 and 2, respectively.

Key words: Thiostannates, Solvothermal Syntheses, Crystal Structure, Thermal and

Spectroscopic Properties
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Introduction

During the last decade new open-framework thiometalate compounds were synthesized
following the solvothermal route, and the potential of this approach was recently reviewed [1
- 3]. The structural features as well as the physical and chemical properties of thiometalate
networks can be altered by the integration of transition metal (7M) ions. Whereas it is not
surprising that chalcophilic elements like copper and silver can easily be integrated into
thiometalate networks [4 - 8], the incorporation of other transition metal cations is more
challenging. Using Co®*, Ni** or Fe’* and amines as solvents and structure directing
molecules, in most of the cases inorganic anions and [7M(amine),]"" complexes as charge
compensating cations are found in the reaction products as for example in [Ni(en)3]2Sn,S¢ (en
= ethylenediamine) and [Ni(dap);]»Sn,Ss - 2 H,O (dap = diaminopropane) [9]. A few years
ago we established a new synthesis strategy using multidentate amines like tren (tren = tris(2-
aminoethyl)amine) which form unsaturated transition metal complexes. Such unsaturated
[TM(amine),]"" complexes can form one or two bonds to the thiometalate network [e. g.
[Co(tren)],SnyS¢ [9], [Ni(tren)]Sb,S4 [10] and [TM(tren)]SbsS7 (TM = Mn, Fe, Co, Zn) [11]]
Compared to other transition metals, Mn>* behaves differently and is often integrated into
thiometalate networks without usage of a multidentate amine. It seems that Mn** has a
comparable affinity to S and N atoms. A prominent example is the thioantimonate structure
family Mny(L)Sb,Ss with L = methylamine (ma), ethylamine (ea), diaminopropane (dap),
diethylenetriamine (dien), N-methyl-1,3-diaminopropane (mdap) [12 - 14], ethylenediamine
(en) [15] or diaminopentane (dape) [16] where one of the two independent Mn** ions is
coordinated by four S and two N atoms whereas the second is surrounded by six S atoms.
Another interesting example is the thioantimonate [Mn(C¢H 4N3)3]o[Mn(CsH4N>)2(SbS4),] - 6
H,O (C¢HisN, = 1,2-diaminocyclohexane, 1,2-dach) with one Mn** ion in an isolated
[Mn(1,2-dach)3]2+ cation and another Mn’>" ion surrounded by two 1,2-dach ligands and two

monodentate [SbS4]3‘ units [17]. In the literature only a few Mn thiostannates were reported
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like [Mn(en)s;],Sn,Se [18] and [Mn(dien),;],Sn,S¢ [19] with isolated [Sn286]4' anions, or
([Mnjy(en)s]Sn,Se),, in which Mn** has bonds to one S atom and 5 N atoms [20]. Recently, we
published the first Mn®* containing thiostannate (1,4-dabH),MnSnS, crystallizing in an
anionic chain structure with protonated amine molecules as charge compensating cations [21].
During our investigation of the Mn-Sn-S 1,2-diaminocyclohexane system we obtained two
thiostannates [Mn(CgH4N>)>(H>0)],Sn,S¢ and [Mn(CgH4N»),]Sn,S¢ - 2 C¢H sN,. Here we
report the syntheses, crystal structures, spectroscopic and thermal properties of the new

compounds.
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Experimental

Synthesis

General:

All chemicals were purchased (see below for purity and company) and used without further
purifications. All compounds were prepared under solvothermal conditions in Teflon-lined
steel autoclaves (inner volume: 30 mL) using manganese, tin and sulfur. The crystalline
products were filtered off after the reactions, washed with water and ethanol and dried in

vacuuim.

Synthesis of [Mn(CsH 4N2)2(H20)]28n286 (1):

1 mmol Sn (99.5 %, Aldrich), 1 mmol Mn (99.5 %, Alfa Aesar) and 4 mmol S in 2.5 mL of
1,2-diaminocyclohexane (C¢H4N», 1,2-dach) (> 99 %, Aldrich) and 2.5 mL of water were
reacted for 98 h at 130 °C. In the reaction products dark-brown rods as well as several Mn and
Sn sulfides were found. The yield of [Mn(C¢H4N>)(H>0)]>Sn,S¢ was about 15 % (based on

tin).

Synthesis Of[Mn(CgHmNz)z]Sl’leg -2 CsH;5N> (2)
1 mmol Sn, 1 mmol Mn and 4 mmol S in 5 mL of 1,2-dach were reacted for 98 h at 130 °C. In
the reaction products yellow needles were found in a yield of approximately 15 % (based on

Sn) whereas Mn and Sn sulfides formed the main part of the products.

The crystals were manually separated, and the homogeneity of the compounds was confirmed
by X-ray powder diffraction and CHN analyses. Results in %: 1: found C 26.4, H5.7, N 10.4;

caled. C 27.9, H5.8, N 10.9; 2: found: C 30.1, H 6.2, N 11.6; caled. C 30.6, H 6.2, N 11.9.
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Structure determination

The intensity data for the compounds were collected using a Stoe IPDS-1 (Imaging Plate

Diffraction System) with Mo-K, radiation at room temperature for 1 and 2. The structures

were solved with Direct Methods using the program SHELXS-97 [22], and the refinements

were done against F° with SHELXL-97 [23]. For all non-hydrogen atoms anisotropic

displacement parameters were used. The hydrogen atoms of the amines and of the water

molecules in I were positioned with idealized geometry and refined using a riding model and

a fixed isotropic displacement parameter. Some disorder of the amine is present in compound

2, and the structure refinement was done using a split model. Selected refinement results are

summarized in Table 1. Structural data for 1 and 2 have been deposited with The Cambridge

Crystallographic Data Centre as publication no. CCDC 701654 (1) and CCDC 701655 (2).

Copies of the data can be obtained, free of charge, via www.ccdc.cam.ac.uk/data_request/cif.

Table 1. Selected details of the data collection and structure refinement results of the title

compounds.

[Mn(CsH14N>)>(H,0)]»

[Mn(CgN2H 4)2]Sn,S6

SnySe (1) -2 CsNoHis5 (2)
Crystal system monoclinic triclinic
Space group C2/c P1
a, A 23.7500(18) 7.3019(6)
b, A 15.5655(16) 11.1798(9)
¢, A 12.1072(9) 13.2837(11)
a, deg 90 76.877(10)
p, deg 113.532(8) 74.719(9)
¥% deg 90 82.872(10)
Vv, A’ 4103.6(6) 1016.36(14)
z 4 1
Deatcutated, g €m™ 1.67 1.54
4, mm’ 2.1 1.9
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Scan range 2.62<60<28.16° 2.72 < 6<28.00°
Reflections collected 25198 10307
Refl. with Fo > 40 (Fo) 2088 479
Independent reflections 4943 4838
Goodness-of-fit on F* 1.049 0.937
Final R indices RI1=0.0381, R1 =0.0370,
[/>20(])] wR2 =0.0923 wR2 =0.0793
R indices (all data) RI1=0.0457, RI1 =0.0622,
wR2 =0.0958 wR2 =0.0873
Res. elec. dens., e A™ 1.39/-1.20 0.83/-1.21

Thermal investigations
The thermal measurements were performed on a Netzsch STA 429 DTA-TG device. The
samples were heated to 600 °C at a rate of 4 K-min™ under a flow of argon (75 mLmin) in

AlL;Oj3 crucibles. The TG data were corrected for buoyancy and current effects.

Infrared spectroscopy

MIR spectra (450-3000 em’) were recorded with an ATI Mattson Genesis spectrometer. In
the IR spectra the absorptions located at 3271 (m, -NH stretch, -NH»), 3199 (w, -NH stretch,
-NH,), 3118 (m, -NH stretch, -NH>), 2927 (s, -CH,; m-s, -NH stretch), 2852 (m, -NH stretch),
1625 (m, -CC), 1574 (s, -NH»), 1444 (s, -CH, -CH,), 1349 (m, -CN), 1227 (w, -CN), 1139 (w,
-CN), 1108 (m, -CN) and 1008 (s, -CN) cm™' for 1 can be assigned to the diaminocyclohexane
and in a similar way for 2: 3443 (m, -NH stretch (asym), -NH,), 3299 (s, -NH stretch, -NH,),
3243 (s, -NH stretch, -NH,), 3137 (m, -NH stretch, -NH3"), 2924 (s, -CH»; m-s, -NH stretch),
2852 (s, -CHy; m-s, -NH stretch), 2720 (m, -NH stretch, -NH3"), 2645 (m, -NH stretch, -
NH;3%), 2503 (s, -NH stretch (asym), -NH3"), 2022 (m, -NH;" overtone), 1580 (s, -NH,), 1508
(s, -NH;" deformation (sym)), 1451 (s, -CH, -CH,), 1379 (s, -CN), 1119 (s, -CN) and 1004 (s,

-CN) cm™.
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Raman spectroscopy
Raman spectra were recorded with a Bruker IFS 66 Fourier transform Raman spectrometer

(wavelength: 541.5 nm) in the region from 100 to 3500 cm’.

UV/Vis spectroscopy

UV/Vis spectroscopic investigations were carried out at room temperature using an
UV/Vis/NIR two-channel spectrometer Cary 5 from Varian Techtron Pty., Darmstadt. The
optical properties of the compounds were investigated by analyzing the UV/Vis reflectance
spectra of the powdered samples (with BaSO, powder used as reference material). The
absorption data were calculated applying the Kubelka-Munk relation for diffuse reflectance

data. For 1 E, amounts to 2.6 eV (477 nm), and the value for 2 is 3.1 eV (400 nm).

EDX experiments
Scanning electron microscopy investigations and energy dispersive analysis of X-rays (EDX)
were done with a Philips Environmental Scanning Electron Microscope ESEM X130

equipped with an EDAX detector.
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Results and Discussion

Syntheses

Despite a large number of syntheses varying several experimental parameters like temperature
or time, the yield of the two new compounds was relatively low. This observation is not
unusual, and several other reaction parameters should be also varied. But such further
variations are time consuming, and one cannot be sure that the yield is significantly enhanced.
Nevertheless, the title compounds are interesting examples demonstrating the influence of the
concentration of the amine onto the product. In concentrated 1,2-dach solution the compound
[Mn(CgH4N>)2]Sn,Sg - 2 CgH sN» (2) is formed with the Mn** cation being octahedrally
surrounded by four N and two S atoms. Dilution of 1,2-dach with water results in the
crystallization of [Mn(Ce¢H4N7)>(H20)1Sn,S¢ (1) where the octahedral environment of the
Mn?* ion contains four N atoms, one O and one S atom. In the concentration range from 12.5
up to 62.5 % aqueous 1,2-dach solution only 1 is obtained, and a mixture of both compounds
is formed applying a 75 % 1,2-dach solution. Above this concentration the water containing

thiostannate is not observed, and 2 crystallizes.

Crystal structures
[Mn(CsH4N»)2(H20)]2Sn,>Se (1) crystallizes in the monoclinic space group C2/c with eight

formula units in the unit cell and [Mn(C¢H4N>)21Sn:Se - 2 C¢HisN, (2) crystallizes in the

triclinic space group P1 with one formula unit in the unit cell. Both structures consist of
[Sn,Se]* anions and charge compensating Mn?* centered complexes. All atoms are located on
general positions except Mn in 2 which is located on a special position. The [Sn;Se]* bi-
tetrahedron (Fig. 1) is formed by two symmetry related edge-sharing SnS, tetrahedra, and this

anion is very common for thiostannates [9, 18 - 20].
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The values for the terminal Sn-S; bond lengths are 2.3294(10) and 2.3373(10) A and are

shorter than the bridging Sn-Sy, bonds with values from 2.4415(9) to 2.4582(10) A (Table 2).

Table 2. Selected bond lengths (A) and angles (deg) of compounds 1 and 2.

1 2
Sn— Sl 2.3561(9) 2.3432(10)
Sn—S2 2.3294(10)  2.3373(10)
Sn-S3 2.4582(10)  2.4462(11)
Sn - S3° 2.4415(9) 2.4454(12)
S1-Sn-S2 112.25(3) 117.27(4)
S1-Sn-S3 109.37(4) 108.22(4)
S2-Sn-S3 114.76(4) 111.68(4)
SI-Sn—S3*  113.02(4) 112.59(4)

S2-Sn-S3*  113.07(3) 110.78(4)

10
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S3-Sn-S3"  92.993) 93.82(4)
Sn—-S3-Sn*  87.01(3) 86.18(4)
Mnl - N1 2.279(3) 2.267(3)
Mnl - N2 2.297(4) 2.266(4)
Mnl - N3 2.268(3)

Mnl — N4 2.281(3)

Mnl - S1 2.5707(10)  2.6888(11)
Mnl - Ol 2.302(3)

The S(1) atoms have a bond to the Mn** cation but the Sn-S bond lengths of 2.3561(9) (1) and
2.3432(10) A (2) are not affected, and the values are in the same range like those reported for
discrete [Sn2$6]4' anions. The Sp-Sn-Sp angles of the Sn,S; rings are 92.99(3) (1) and
93.82(4)° (2) and are larger than the Sn-S,-Sn angles (87.01 (1) and 86.18° (2)). The other
angles around the Sn** ions range from 108.24(5) to 117.27(4)° (Table 2) indicating a severe
deviation from the ideal geometry, but all values match well with those reported in literature
[9, 24].

In both compounds the Mn?* cations are in a distorted octahedral coordination. In 1 the
Mn** ion is surrounded by four N atoms of two amine molecules, one S atom of the [SHQS6]4_
anion and one O atom of a water molecule giving the formula [Mn(C6H14N2)2(H20)]2+ (Fig.
1). In contrast, in 2 the Mn*" cation is in the environment of four N atoms of two ligands and
two S atoms of neighboring [SnQS6]4' anions yielding [Mn(C¢H4N>)»S,] as the formula. In 1
the [Sn286]4' anion is located on an inversion centre and acts as a bidentate ligand connecting
two symmetry  related [Mn(C6H14N2)2(H20)]2+ complexes forming  neutral
[Mn(CsH4N»)2(H20)]>Sn>S¢ moieties. In 2 the position of the H,O molecule is empty
allowing bond formation to another [Sn,S]*" anion yielding a coordination polymer with the

Mn?* complexes as nodes and the anions as linkers (Fig. 2).

11
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In compound 1 the Mn-N bond lengths (2.268(3) - 2.297(4) A, Table 2), the Mn-N-Mn angles
ranging from 74.85(13) to 168.43(14)°, the Mn-S bond of 2.5707(10) A as well as the Mn-O
bond of 2.302(3) A (Table 2) are in the range as reported for other compounds like
CoHy3N30MnS,  [25], [Mn(CgH;gN4)(CcH19N4)]SbSs  (C¢HigNy = tren)  and

[Mn(CsH 4N2)3]12[Mn(CgH4N2)>(SbS4),] - 6 HO [17].

Fig. 2. Part of the crystal structure of compound 2 showing the {[Mn(CsH4N>)>]Sn,S¢} chain
and the isolated 1,2-dach molecules. Note that only the H atoms of the isolated 1,2-dach

molecules are shown.

In 2 the Mn-N bonds are identical (2.266(4) and 2.267(3) A, bite angle N-Mn-N: 77.76(13)°)
and shorter than in 1. In contrast, the Mn-S bond length of 2.6888(11) A (Table 2) is about
0.12 A longer than in 1. Sterical requirements of the amine may explain the weakening of the
Mn-S interaction. The enlargement of the Mn-S bond length is accompanied by shorter Mn-N
bonds. A similar phenomenon was observed in the thioantimonate family Mn,(L)Sb,Ss [12,

13, 16] where Mn-S distances up to 3.185 AforL = mdap were observed [14, 16]. The N-

12
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Mn-S angles are in the range from 84.60(9) to 95.40(9) ° evidencing a severe distortion of the
octahedral environment.

In 1 the [Mn(C¢H 4N,)>(H>0)],Sn,S¢ moieties are stacked onto each other to form rods
along [i 10] and along [001]. Within the (001) plane a layer-like arrangement of the
complexes occurs with neighboring molecules being rotated by 90° (Fig. 3). The dimensions

of the channels formed by four complexes (see center of the unit cell) are about 6.2 - 5.2 A.

Fig. 3. Arrangement of the [Mn(C¢H4N>)>(H20)]>Sn;S6 units in compound 1 (view along the

c axis). H atoms are omitted for clarity.

In 1 the H,O molecules and N(1), N(3), and N(4) are involved in intra- and intermolecular
hydrogen bonding interactions (see Table 3). One of the H atoms of H,O has a short distance
to the terminal S(2) atom and the other an interaction with S(1) of a neighboring molecule.

The S(2) atom is involved in five S---H interactions of which two are intramolecular and three

13
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connect to two adjacent [Mn(CgH4N>)2(H20)]>Sn,Ss units. The bridging S(3) atom has only
one such interaction to a neighboring moiety, and S(1) has also one contact to this neighbor.
In 2 the anionic chains are running along [010]. The void space generated by
neighboring chains is occupied by the 1,2-dach molecules. Charge neutrality requires
protonated amine molecules in the second compound where these are located next to the

[Sn256]4' anions (Fig. 4).

Fig. 4. Arrangement of the chains and the amine molecules in compound 2 (view along

[100]). Hydrogen atoms are omitted for clarity.

It is obvious that the different arrangements are due to the spatial requirements of the cations
and anions. Like for 1 several S atoms of 2 are involved in S---H interactions (Table 3), but the
bridging S(3) atom is not part of such contacts. All three H atoms of the N(3)H; group show
S---H bonding interactions with S atoms of two adjacent chains, whereas only one H atom of

N(4)H; has such a contact (Table 3).

14
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Table 3. Interatomic S---H distances (A) and angles (deg) indicating hydrogen bonding

interactions.

Distances 1 2 Angles 1 2
S1--H-N1 2.750 - S1-H-N1 158.75 -
S1----H-O1 2.267 - S1-H-O1 166.30 -
S1--H-N3 - 2.522 SI-H-N3 - 147.48
S2 -+ H-N1 2.743 2.686 (intramolecular) ~ S2-H-N1 167.23 170.41
S2-+--H-N2 - 2.799 S2-H-N2 - 155.29
S2 -+ H-N3 2.681 2.449 S2-H-N3 163.82 168.33
S2----H-N3 2.664 2.427 S2-H-N3 156.86 163.79
S2-----H-N4 2.628 (intramolecular) 2.917 S2-H-N4 157.04 136.05
S2----H-O1 2.243 (intramolecular) - S2-H-O1 16941 -

S3 -+ H-N4 2.953 - S3-H-N4 14949 -

Spectroscopic Properties

Raman spectroscopy

The interesting region of the Raman spectra ranges from 400 to 100 cm™ where the Sn-S

resonances are located (Fig. 5). Spectral data for the [Sn2$6]4’ anion are well documented and

were reported in many publications, as for example in [9] or for NasSn,;S¢ - 14 H,O in ref.

[26]. The assignment of the modes was made based on these published data (Table 4).

Table 4. Data of the Raman lines of NasSn,S¢ - 14 H,O, [Mn(CgH4N>),(H,0)],Sn,S¢ (1) and
[Mn(CsNyH 4),]Sn5S6 - 2 CeNoHs (2) incm™.

NasSn,Se - 14 H,O [26] 1 2
377 385 379
341 347 345
281 285 289
190 - 198
151 153 152
136 137 132

15
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The resonances of the symmetric Sn-S,; stretching modes are found around 380 cm™. In
compounds 1 and 2 the Sn-S; bond lengths range from 2.3294(10) to 2.3375(11) A, and
therefore the lines observed in the spectra are slightly shifted (385 cm’! (1) and 379 cm’! (2)).
The Sn-S,, vibrations are located at lower wave numbers at about 347 cm™ (1) and 345 cm’!
(2). The resonances at 285 cm’ (1) and 289 cm’ (2) are caused by a Sn,S, ring vibration. The
energetic differences between the resonances in I and II as well as to the data reported for
NaySn,Ss - 14 H,0 are caused by slightly differing bond lengths and angles. Below 200 cm'™
deformation vibrations occur as well as resonances for lattice vibrations. A detailed
assignment is not unambiguous, but in the literature the lines at about 190 and 130 cm” were

interpreted as SnS, wagging and twisting modes.

]
347
J
345

385
379

Raman units (arb. units)
Raman units (arb. units)

289

1
285

— 7T T T T T T T T T T T 1 — T T T T T T T T T T T T
450 400 350 300 250 200 150 100 450 400 350 300 250 200 150 100

wave numbers (cm™) wave numbers (cm™)

Fig. 5. The Raman spectra of compounds 1 and 2. The wave numbers of the most prominent

lines are given in the spectra.

16
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Thermal investigations
Compound 1 decomposes in three steps with a total weight loss of 48.6 % which is
accompanied by three endothermic signals with peak temperatures at 7, = 121, 286 and

321 °C (Fig. 6).

100
90
80

70

Am (o/o)
DTA (uV/mg)

60

50 T T T T T T T T T T
100 200 300 400 500 600
temperature (°C)

Fig. 6. DTA-TG-DTG curves of compound 1. The peak temperatures 7}, are indicated for the

three thermal events.

The first step corresponds to the removal of water. Unfortunately, the following two thermal
reactions are very close preventing a more detailed study of the decomposition mechanism. In
the X-ray powder pattern of the decomposition product obtained at 600 °C MnS and SnS
could be identified and the elemental analysis shows a few percent of CHN in the residue. The
calculated weight loss of 53.5 % for the decomposition according to the formal equation
[Mn(CeH4N2)2(H,0)]2Sn,Ss — 2 MnS + 2 SnS + 2 H>O + 2 HoS + 4 CeH 12N>

is larger than the observed value of 48.6 % which could be explained with the CHN
contamination of the decomposition product.

Compound 2 decomposes in two steps with a total weight loss of 47.9 % with corresponding

endothermic events at 7, = 220 and 316 °C (Fig. 7).

17
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Fig.7. DTA-TG-DTG curves of compound 2. The peak temperatures for the two endothermic

events are indicated.

The first step with an onset temperature of Toneet = 198 °C and a weight loss of approximately
25 % matches with the loss of two molecules 1,2-dach. The second step is accompanied by a
mass loss of about 22.9 % and a broad endothermic signal indicating that there are some very
close steps which cannot be resolved. Again, only reflections of MnS and SnS are present in
the X-ray powder pattern after the decomposition and a few percent of CHN can be found in
the final black residue. One can expect that the weight loss is due to the emission of 1,2-dach
molecules and H,S. The moderate deviation of the experimentally determined mass loss from
the expected value (55.4 %) can be explained with the contamination of the residue. An
interruption of the thermal reaction at 220 °C yields a light brownish powder. In the X-ray
powder pattern reflections of MnS and SnS were found as well as some reflections which
cannot be identified. The elemental analysis gives an overall formula “[Mn(CsH4N5),]SnS5”
It can be assumed that in the first step the previously protonated amine molecules are
removed. Indeed, in the IR spectrum (Fig. 8) of the intermediate of the thermal decomposition

18
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reaction the absorptions corresponding to the protonated amino groups (-NH3;") are missing,
but the following modes observed at 3292 (w), 3207 (w), 3134 (w), 2923 (s), 2855 (s), 1688
(m), 1575 (s), 1445 (s), 1396 (m), 1354 (w) and 1110 (s) cm’' can be assigned to the

Asarinanon TahAavana (con O« 132 N
Uldiiiioul yuluuCA it \sLt LA

5. [Mn(CH,,N,),ISn,S, -2 CH, N

6 14 2

------- after heating up to 220 °C

6 15 2

transmittance (%)

T T T T T T T T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

wave numbers (cm’)

Fig. 8. Comparison of MIR spectra of compound 2 as synthesized and after heating up to

220 °C. Absorptions of the protonated amino groups (-NH3") in the starting material are

marked.
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Conclusions

The successful isolation of the title compounds highlights the synthetic power of the
solvothermal approach. From a diluted 1,2-dach solution, [Mn(C¢H 4N>)>(H>O0)],Sn,S¢ (1)
was obtained with the Mn®* cation coordinated to three different ligands. The coordination of
H,0 to Mn** is a highly interesting observation and to the best of our knowledge was not
previously observed in transition metal thiostannate chemistry. Normally water co-crystallizes
as crystal water, and the transition metal cations have only bonds to the N atoms of the amine
and/or to S atoms of the thiostannate units. The Mn*" cation seems to be unique in the series
of transition metal cations with respect to bonding affinities to N and S, as mentioned in the
introduction. The isolation of compound 1 further suggests that under special synthetic
conditions Mn>* also coordinates to O atoms. Whereas in 1 discrete molecules are observed,
the structure of compound 2 can be viewed as a one-dimensional coordination polymer with
the Mn**-centered cations as the nodes and the [Sn,Se]* anions acting as linkers. Comparing
the two structures it appears that the removal of the H,O ligand opens a second binding site
for an S atom of the dissolved [Sn2$6]4' anions. The {[Mn(C6H14N2)2]Sn286}2' chain requires
charge compensation which is achieved by the presence of protonated amine molecules. The
isolation of two new thiostannates by simply changing the concentration of the structure
directing molecules in the solvent highlights the large synthetic potential of the solvothermal
route. Often such dilution experiments are performed to increase the yield of a compound. But
new compounds can also be formed and prominent examples are the series of [Ni(dien)]**
complexes (dien = diethylenetriamine) containing thioantimonates(IIl) [27-30]. These
thioantimonates were obtained at the same temperature by varying the concentration of the
amine. The reason for this finding is that the dilution of an amine not only changes the pH
value but also several other important factors like viscosity, redox potential, boiling point efc.

More syntheses with a systematic variation of the amine concentration may also yield new

20
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thiostannates. Such experiments with different amines are currently under way in our

laboratory.
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4.1.6. Die Verbindungen [Co(tepa)].Sn,Ss, [Fe(tepa)l.Sn,S¢ und
[Ni(tepa)].Sn,Se

Zusammenfassung der Verdffentlichung ,Solvothermal syntheses, crystal
structures and selected optical properties of [M(CgNsH23)]>Sn,Ss (M = Co, Fe, Ni;

CsNsH»s = tetraethylenepentamine)”,

In der Veroffentlichung werden die Thiostannate [Co(tepa)].Sn.Se (1),
[Fe(tepa)l2Sn,Se (II) und [Ni(tepa)l.Sn2Se (lll) (tepa = Tetraethylenpentamin,
CsNsHps) vorgestellt. Dabei stellt Il das erste eisenhaltige Thiostannat dar. Die
Verbindungen werden unter solvothermalen Bedingungen aus Gemischen von
SnCl; - 2 H,0O, CoCl, - 6 H,0 bzw. Fe bzw. NiCl; - 6 H,O und S (0.2:0.2:0.5 mmol)
in 2.5 mL Tetraethylenpentamin nach 25 h bei 160 °C erhalten. In allen drei
Strukturen werden [Sn286]4'-Anionen beobachtet, die entweder als bidentater oder
wp-Ligand zwei [M(tepa)]**-Kationen verkniipfen. Trotzdem sind nur die
Verbindungen | und Il isostrukturell. /Il und Il weisen interessanterweise
verschiedene Symmetrien auf und kristallisieren in  unterschiedlichen
Raumgruppen. | und Il kristallisieren in der tetragonalen Raumgruppe 144/a mit
acht Formeleinheiten in der Elementarzelle. lll kristallisiert in der monoklinen
Raumgruppe P24/n mit Z = 2. Das Ubergangsmetall-Kation [M(tepa)]** ist in allen
Verbindungen sechsfach koordiniert und weist eine Bindung zu einem
Schwefelatom der [Sn;Se]*-Einheit auf (vgl. Abb. 4.8). Intermolekulare
Wechselwirkungen kénnen die Unterschiede erklaren. In 1 und Il sind nur die
terminalen S-Atome der [Sn,Sg]*-Anionen an den Wasserstoffbriickenbindungen
beteiligt. Aufgrund der unterschiedlichen Wechselwirkungen der S---H-Bricken
wird in lll eine andere Anordnung der Molekile beobachtet.

Die unterschiedliche Bindungssituation der [Sn,Sg]*-Anionen in I/l und Ill spiegelt
sich in den Raman-Spektren wider. Die Resonanzen fir die ersten beiden
Thiostannate sind identisch und weichen leicht von denen der dritten Verbindung
ab. In I und Il sind die Sn-S-Bindungsléngen &hnlich lang, wohingegen die Werte
in Il Uber einen weiteren Bereich streuen, was sich in der Lage der Signale

bemerkbar macht (vgl. Tab. 4.1).
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Abb. 4.8: Anordnung der [M(tepa)].Sn,S¢-Einheiten in | und Il (links) mit Blick entlang [001]
sowie lll mit Blick entlang [100] (rechts). Die Wasserstoffatome sind zur besseren Ubersicht
nicht dargestellt.

Zuordnungen | il 11

symm. Sn-S-Streckschwingung 372 371 386
Sn'Sbridging 341 340 334
SnyS,-Ring 280 279 271

Tab. 4.1: Vergleich der Signale der Raman-Spektren der drei Verbindungen.
Lage der Banden in cm™.

Die optischen Bandliicken (3.2 eV fur I, 2.3 eV fur Il, 2.8 eV fur Ill) wurden aus
UV/Vis-Spektren (diffuse Reflektanz) mit der Kubelka-Munk-Methode ermittelt. Die
UV/Vis-Spektren zeigen zudem d-d-Ubergénge unterhalb der Absorptionskante.
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Abstract

the [Sn,Se]* anion acts as a bidentate or py ligand bridging two symmetry related

[Ni(CsNs5H»3)]2Sn»Se (III) were synthesized under solvothermal conditions. In all compounds

c

T oe
’ §

e

isostructural crystallizing in the tetragonal space group [4;/a, whereas compound III

crystallizes in space group P2;/n. A detailed analysis of the intermolecular interactions reveals

in different symmetries and space groups. The slightly different bonding situation in the
[Sn286]4' anion in I/IT and III are reflected in the Raman spectra. For all three compounds the

Thiostannates
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Introduction

Thiostannates with inorganic cations as charge balancing ions are known since a long time
[1], whereas the thiostannate chemistry with organic cations started only a couple of years ago
[2, 3, 4]. During the last few years we investigated the reactions of several transition metal
(TM) - Sn - S - amine combinations with the aim to synthesize new thiostannates with TM"
ions being part of the inorganic networks. In compounds like [Ni(en)s]>Sn,Se,
[Co(tren)][,Sn,Ss  and  [Ni(tren);],SnyS¢  (en =  ethylenediamine, tren = tris-(2-
aminoethyl)amine) the TM?** cations are bound to the [Sn286]4’ anion via one S atom [5].
Recently we successfully synthesized the first thiostannate chain anion containing a Mn?*
cation [6]. But in the overwhelming cases [TM(amine),]™" complexes and thiostannate anions
are separated [5, 7, 8] and only a few thiostannates containing transition metals were reported
until now [5, 9, 10]. One reason may be that the [TM(amine),]"" complexes are very stable
under the synthesis conditions and the TM"" is also coordinatively saturated preventing bond
formation to the anionic network. Applying the chalcophilic elements Cu or Ag, the
pronounced tendency to Cu-S/Ag-S bond formation and the higher stability of these bonds
compared to Cu-N/Ag-N bonds yields thiostannates with Cu*/Ag" as part of the inorganic
network like (DBUH)CuSnS; (DBU = 1,8-diazabicyclo[5.4.0]-undec-7-ene), (1,4-
dabH,)CuSnS, [11] and (1,4-dabH,)AgSnS, [12] (1,4-dab = 1,4-diaminobutane). In these
compounds the organic molecules act as structure directors and charge compensating cations.

In very rare cases the Sn atom is coordinated by N atoms of the amine and to the best of our
knowledge ' [SnS;-en] [13] and ! [2SnSeren] [14] are the only examples. Several

thiostannates with the [Sn,Se]* anion and charge compensating organic ammonium cations
were also reported like (tea)s[Sn,Se] “2H,0 [15], (enH)4[Sn,Se] [16] or (tma)s[Sn,Se] [17] (tea
= tetraecthylamine, tma = tetramethylamine).

Some thiostannates have attracted attention due to their interesting structural features and in
part unusual properties [10]. They can be prepared successfully under solvothermal conditions
in the presence of organic ammonia salts or amines. The final products may be viewed as
inorganic-organic hybrid compounds exhibiting for instance pores with sizes up to 13 A in
diameter [18]. These compounds have several potential applications, e.g. in catalysis or as
chemical sensors [18, 19, 20, 21, 22].

The transition metal ion seems to influence the crystal structure of thiostannates like for
example in [TM(en);]>»Sn;Se¢ with TM = Mn, Co or Zn [8]. The Mn containing compound

crystallizes monoclinic in space group C2/c, whereas the Co and Zn thiostannates are
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isostructural crystallizing in space group Pbca. In our ongoing work in the field of explorative
solvothermal syntheses of transition metal containing thiostannates we successfully obtained
the three new compounds [Co(CsNsH»3)[2SnxSs (I), [Fe(CsNsHz3)]»SnxSe (II) and
[Ni(CsNsH3)]2Sn,Se (III) where to the best of our knowledge compound II presents the first

Fe containing thiostannate.

Experimental Details

Syntheses:

General: All three compounds were synthesized under solvothermal conditions in teflon-lined
steel autoclaves with an inner volume of 30 mL reacting elemental transition metals or
transition metal salts, tin chloride, sulfur and tetraethylenepentamine (CgNsHys, tepa). The
crystalline products were filtered off after the reactions, washed with water, ethanol and dried
in vacuum.

Synthesis of [Co(CsNsHa;z)[2Sn2S6s (1):

0.2 mmol CoCl, - 6H,0, 0.2 mmol SnCl, - 2H,0 and 0.5 mmol S in 2.5 mL of 80 % tepa (>95
%, Merck) were reacted for 25 h at 160 °C, followed by cooling to room temperature. In the
reaction product, [Co(CgNsH»3)]2Sn,Se was found as light red needles in a yield of about 15 %
whereas the main products were Co and Sn sulfides. I can also be synthesized varying the
amount of moles of starting materials and the reaction time as well as decreasing the
temperature to 150 °C. Nevertheless the yield could not be significantly improved.

The reaction product was separated manually and the homogeneity of the crystalline part was
checked by X-ray powder diffraction and elemental analysis (results in %; found: C 20.8, H
4.6, N 15.3; calculated: C 20.8, H 5.0, N 15.1).

Synthesis of [Fe(CsNsH33)[28nS6 (I1):

0.2 mmol Fe powder, 0.2 mmol SnCl, - 2H,0, 0.5 mmol S, 2 mL tepa were mixed with 0.5
mL water and reacted for 25 h at 160 °C, followed by cooling to room temperature. The
product [Fe(CsNsH»;3)[2Sn2Ss crystallized as yellow needles. The yield was low (about 10 %
based on Sn) and could not be increased by varying the amount of educts, reaction time or
changing the temperature.

Crystals of II were separated manually and the homogeneity was checked by X-ray powder
diffraction and elemental analysis (results in %; found: C 20.8, H 5.2, N 14.7; calculated: C
20.9,H5.0, N 15.2).
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Synthesis of [Ni(CsNsH>3)]2Sn»Ss (111 ):

0.18 mmol SnCl, - 2H,0, 0.16 mmol NiCl, - 6H,O and 0.62 mmol S in 2 mL tepa and 0.5 mL
H,0 were reacted at 160 °C for 25 h. III was found in the reaction product as purple colored
“fish bones” in a yield of 30 %. The homogeneity of hand selected crystals was confirmed by
X-ray powder diffraction and elemental analysis (results in %; found: C 20.9, H 5.1, N 14.9;
calculated: C 20.8, H 5.0, N 15.1).

Structure determination:

Intensity data were collected using a STOE IPDS-1 (Imaging Plate Diffraction System, Mo-
Ko radiation, A = 0.71073 1’\) at room temperature. The structures were solved with direct
methods using the program SHELXS-97 [23] and the refinements were done against F? with
SHELXL-97 [24]. Anisotropic displacement parameters were used for all non-H atoms. The
C-H and N-H H atoms were positioned with idealized geometry and refined using a riding
model with Uj,(H) = 1.2 x Ugg(C, N) (1.5 for methyl H atoms). Some selected refinement
results are summarized in Table 1. The crystallographic data for compounds I, II and III have
been deposited with the Cambridge Crystallographic Data Centre as publication no. CCDC
691400 (I), CCDC 691401 (II) and CCDC 691399 (III). Copies of the data can be obtained,
free of charge, on application to CCDC, 12 Union Road, Cambridge CB2 1 EZ, UK (mail:

deposit@ccdc.ca.ac.uk).

Spectroscopy

Raman: The Raman spectra were measured in the region from 100 to 3500 cm™ with a Bruker
IFS 66 Fourier Transform Raman spectrometer (wavelength: 541.5 nm).

UV/Vis: UV/Vis spectroscopic investigations were conducted at room temperature using a
UV-VIS-NIR two-channel spectrometer Cary 5 from Varian Techtron Pty., Darmstadt. The
absorption data were calculated with the Kubelka-Munk relation for diffuse reflectance data.
BaSO, powder was used as reference material.

Infrared spectroscopy

Compound I: 3441 (s, -NHy), 3220 (s, -NH;), 3130 (m, -NH), 2917 (m, -CH,), 2839 (m,
-CH,-deformation), 1635 (w, -NH,-deformation), 1442 (w, -CH,-deformation), 1314 (w,
-CN) and 1076 (w, -CN-deformation) cm™.

Compound III: 3210 (s, -NH>), 3070 (m, -NH), 2865 (m, -CH,-deformation), 1632 (w, -NH,-
deformation), 1476 (w, -CHj-deformation), 1337 (w, -CN), 1120 and 1051 (w, -CN-

deformation).
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Scanning electron microscopy (SEM) and energy dispersive X-ray fluorescence (EDX):
The EDX analyses have been carried out with a Philips ESEM XL30 equipped with an EDAX

detector.

Elemental analysis:
CHNS analyses were done using a EURO EA Elemental Analyzer, fabricated by EURO
VECTOR Instruments and Software.

Results and Discussion

Crystal structures

The isostructural compounds I and II crystallize in the centrosymmetric tetragonal space
group I4,/a with eight formula units in the unit cell. Compound III crystallizes in the
monoclinic space group P2;/n with two formula units in the unit cell. In all three compounds
the transition metal cation [M(tepa)]2+ is in a six fold coordination of five N atoms of the tepa
ligand (CgNsH»3) and one S atom of the [Sn286]4' anion. The presence of M, Sn and S in the

ratio 2:2:6 could be unambiguously determined with EDX.

[Co(CsNsH>3)[25n286 (I) and [Fe(CsNsH23)]28n2S6 (I1):

In compounds I and II the Sn atoms are tetrahedrally coordinated by four S atoms with Sn-S
bond lengths ranging from 2.3174(7) to 2.4602(7) A and from 2.3192(8) to 2.4655(8) A
respectively. The terminal Sn-S; bonds of 2.3174(7) and 2.3192(8) A are shorter than the
bridging Sn-S;, distance (Tables 2 and 3). All values are in good agreement with literature data
[5, 13]. The [SnQS6]4' anion is composed of two SnS, tetrahedra sharing a common edge and
the anion is located on a center of inversion. In I the Co* cation is in a six fold coordination
of S(1) (Co-S: 2.5826(8) A) and the five N atoms of the tepa ligand (Co-N: 2.138(8) -
2.242(2) A). The Fe®* cation of II is in a similar chemical environment with Fe-N distances
from 2.188(3) to 2.2889(3) A and a Fe-S(1) bond length of 2.5786(9) A. The angles around
the central cations (N-Co-N: 76.71(10) - 115.04(12) °; N-Fe-N: 75.46(12) - 117.07(13) °)
indicate an appreciable distortion of the octahedral geometry. The [Sn,Se]* anion connects
two [M(tepa)]2+ (M = Co, Fe) units via the frans terminal S atoms forming neutral
[M(tepa)]»Sn,S¢ moieties (Fig. 1). All distances and angles are in the same range like in
[M’(en);]oSn,S¢ (M’ = Mn, Co, Zn) [8], [Fe(tren)]FeSbS,, [Fe(dien),]Fe,SbsSiy (dien =
diethylenetriamine) [25], [Co(tren)]Sb,Ss [26], [TM(tren)]SbsS7 (TM = Mn, Fe, Co, Zn) [27]
or [Ni(en)3;]»Sn,Se, [Co(tren)]»Sn,Se and [Ni(tren);]oSn,Se [5].
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[Ni(CsNsH>3)[ 281286 (I ):

In compound III the Sn atoms are also tetrahedrally coordinated by S atoms. The Sn-S bond
lengths vary from 2.3129(12) to 2.4832(11) A with bridging Sn-S, distances between
2.4556(11) and 2.4832(11) A being longer than the terminal Sn-S; bonds (2.3129(12) A,
2.3420(10) A, see Tab. 4). These values match well with literature data [5, 13] and the values
observed for I and II.

The [Sn,Se]* anion is composed of two SnS, tetrahedra sharing a common edge joining two
[Ni(tepa)]2+ complex ions via the frans terminal S atoms to form the neutral [Ni(tepa)]>»Sn,Se
moieties (Fig. 2). The Ni>* cation is in an octahedral environment of one S atom (N1i-S(1):
2.5698(12) A) and five N atoms of the tepa ligand (Ni-N: 2.099(3) - 2.145(3) A), with the
longest Ni-N bond being in frans position to the Ni-S bond. Like in I and II the octahedron is
severely distorted (Table 4). The Ni-S and Ni-N bond lengths match well with literature data
[5, 28]. A distinct packing of the [M(tepa)],Sn,S¢ (M = Co, Fe, Ni) moieties is observed in
compounds I/IT and III. In compounds I and II the individual complex molecules are stacked
in rods along the crystallographic c-axis, and along [100] and [010] neighbored
[M(tepa)]»Sn,Sg¢ moieties point always in the same direction. Every molecule is surrounded by
six other molecules (Fig. 3).

In compound III the individual complex molecules are also stacked in rods running along all
three axes (Fig. 4).

Short intermolecular S---N distances between the terminal S atoms and N atoms of neighbored
molecules are observed in all three compounds indicating weak hydrogen bonding
interactions connecting the molecules into a three-dimensional network. In I the two S(3)---N
separations are 3.309 A (S(3)-N(4); angle: 150.98 °) and 3.589 A (S(3)-N(1); angle: 168.14
©). In addition, S(3) has two intramolecular contacts to N(5) (3.595 A; angle: 158.12 °) and to
N(1) (3.600 A; angle: 149.08 °). S---N distances in the same range are found in the structure of
I

The hydrogen bonding pattern is different in III where the terminal S atom has only one
intermolecular contact (S(2)-N(1): 3.340 A, angle: 159.56 °). In contrast to I and II the
bridging atom S(1) has one intermolecular (S(1)-N(5): 3.597 A, angle: 121.67 °) and an
intramolecular H bond (S(1)-N(4): 3.480 A; angle: 147.69 °). The S---H bonding pattern in III
leads to a denser packing of the molecules than in I and II (see Table 1). The N---S
separations and corresponding angles found in I to III were also observed in other

thiostannates [5, 8, 29].
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Spectroscopic Properties

Raman spectroscopy

In the Raman spectra (Fig. 5) the absorptions for I are located at 372, 341, 280, 194 and 158
em™, (IL: 371, 340, 279, 191 and 152; IIL: 386, 334, 271, 182, 138 and 109 cm™) in the
typical region for Sn-S resonances [30, 31]. The Co-S and Ni-S vibrations are observed at 226
and 269 cm’™' respectively [28].

The symmetric stretching vibration for the [Sn,Se]* anion is located at 372 cm™ in I (371 cm’™
(I); 386 cm™ (IIT)) and the SnS bridging mode occurs at 341 cm™ (340 cm™ (IT); 334 cm™
(IIL)). The vibration of the Sn,S; ring is located 280 cm™ (279 ecm™ (IT); 271 cm™ (IIT)). The
deformation vibrations are found below 200 cm™ and an unambiguous assignment in this
region is not straightforward due to resonances from lattice vibrations which are also located
in this region. The resonances observed for I and II are identical and differ slightly from the
data obtained for III. These findings can be explained on the basis of the Sn-S bond lengths

which are very similar for I and II but scatter over a larger range for III (see Tables 2 — 4).

UV/Vis spectroscopy

The optical band gaps were determined from transformed UV/Vis diffuse reflectance spectra
(Kubelka-Munk-method) and the values are 3.2 eV for I, 2.3 eV for IT and 2.8 eV for III (Fig.
6). In the spectrum of I two broad peaks at 1.2 eV (~1030 nm; 9700 cm'l) and 2.5 eV (~500

nm; 20000 cm) are observed. These absorptions are caused by Co>* d-d transitions
‘T, (F)>*T,,(P)) at about 20000 cm™ and ‘T;, (F)—*T,, around 10000 cm™ (1.24 eV)
[32]. The weak shoulder at about 2 eV (~16000 cm™, ~620 nm) may be due to the
T,  (F )—*A, . transition. For compound II the d-d transitions are less pronounced but can
still be seen below the absorption edge. For Fe”* the transition of the °T, ‘ —’E . type is at

around 11000 cm’ (1.36 eV). For the last compound two well resolved d-d transitions occur

below the absorption edge. For Ni** such d-d transitions occur between 13000-19000 cm'

(~770-530 nm; 1.6-2.4 eV; *A,,—°T; (F)) and 24000-26000 cm'(~420-380 nm; 3.0-3.2 eV;

3 A,, . T, (P)) [32]. For compound III these transitions are located at about 1.3 and 2.3 eV.

Conclusions
Three new compounds were synthesized under solvothermal conditions. Interestingly,

compounds I and IT are isostructural, whereas III crystallizes in a different space group. The

8
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packing of the molecules is different in III which may be caused by the different types of
intermolecular S---H bonding interactions. Whereas in I and II only the terminal S atoms of
the [Sn,Se]* anion are involved in hydrogen bonding, in III the bridging S atoms have also
such S---H bonds. The analogous selenidostannates [M(tepa)],Sn>Ses (M = Mn, Fe, Co) [33,
34] and [Mn(tepa)],Sn,Se [33] all crystallize in space group I4,/a and are isostructural to
compounds I and II. These chalcogenostannates were synthesized using SnCly - 5 H,O as tin
source, whereas the title compounds were obtained applying SnCl, - 2 H,O. Obviously, the
[Sn286]4' anions in the title compounds are formed via a redox reaction. But the results
presented in [33, 34] indicate that such a reaction is not necessary for the formation of the
chalcogenostannate anion. An interesting observation was made in the system Mn/Sn/Se/tepa
[33]. Prolongation of the reaction time under identical conditions leads to a transformation of
the isolated [Mn(tepa)],Sn,Seg into the 1D chiral chain compound [Mn(tepa)Sn;Se;]. Long
time syntheses with the title compounds are under way to explore whether such a

phenomenon occurs also for the thiostannates.
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Figures

Fig. 1: View of the [M(tepa)]>Sn,S¢ (M = Co, Fe) moieties. Some selected atoms are labeled

and the hydrogen atoms are omitted for clarity.

Fig. 2: View of the [Ni(tepa)],Sn,S¢ molecule of compound ITI. Note that only selected atoms

are labeled and H atoms are omitted for clarity.

10
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Fig. 3: Packing of [M(tepa)].Sn,Se moieties in compounds I and II with view along [001].

The hydrogen atoms are omitted for clarity.

Fig. 4: Packing of [Ni(tepa)]»Sn,S¢ molecules in compound III with view along [100]. The

hydrogen atoms are omitted for clarity.

11
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Fig. 5: The Raman spectra of compounds I (top), I (middle) and III (bottom).
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Fig. 6: The UV/Vis spectra of compounds I (top), II (left) and III (right).
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Tables

Table 1: Selected technical details of data collection and results of the structure refinement of

the title compounds.

[Co(tepa)],Sn,Se [Fe(tepa)],Sn,Se [Ni(tepa)],Sn,S¢
Crystal system Tetragonal Tetragonal Monoclinic
Space group 14,/a 14,/a P2,/n
alA 25.9729(15) 25.9640(16) 9.1425(7)
b/A 25.9729(15) 25.9640(16) 13.1394(7)
c/A 9.8942(5) 9.9936(6) 13.0750(10)
B 90 90 93.002(9)
v/ A 6674.5(6) 6737.0(7) 1568.50(19)
Z 8 8 2
Deatcutaed / g/cm’ 1.843 1.814 1.960
w/mm 2.858 2.708 3.183
Scan Range 2.20<6<28.08 2.69<6<28.12°

272<6<28.12

Reflections collected

37804

31747

10386

Refl. with Fo > 46 (Fo)

3696

3680

928

Independent reflections

3922 [R(int) = 0.0445]

4080 [R(int) = 0.0487]

3027 [R(int) = 0.0529]

Goodness—of—fit on F?

1.050 1.005 1.028
Final R indics RI = 0.0270 RI = 0.0368 RI = 0.0347
L[> 20(D] WR2 = 0.0633 WR2 = 0.0870 WR2 = 0.0881
RI =0.0372, RI = 0.0462, RI = 0.0434,
R indices (all data)
WR?2 = 0.0665 WR2 = 0.0915 WR2 = 0.0920
Res. Elec. Dens. / e.A” 0427/ 0.824 0.485 /-1.370 0.803 /-0.895

14
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Table 2: Bond lengths [A] and angles [°] for L.

Sn-S(3) 2.3174(7) Co-N(5) 2.138(3)
Sn-S(1) 2.3582(8) Co-N(1) 2.170(3)
Sn-S(2) 2.4558(7) Co-N(3) 2.196(3)
Sn-S(2) 2.4602(7) Co-N(4) 2.239(2)
Co-S(1) 2.5826(8) Co-N(2) 2.242(2)
S(3)-Sn-S(1) 119.06(3) N(1)-Co-S(1) 111.96(7)
S(3)-Sn-S(2) 108.76(3) N(3)-Co-N(2) 76.71(10)
S(1)-Sn-S(2) 110.10(3) N(4)-Co-N(2) 113.46(9)
S(3)-Sn-S(2) 111.47(3) N(1)-Co-N(2) 77.06(10)
S(1)-Sn-S(2) 110.57(3) N(5)-Co-N(1) 95.59(12)
S(2)-Sn-S(2) 93.97(2) N(5)-Co-N(3) 115.04(12)
N(1)-Co-N(3) 141.83(10)
N(5)-Co-S(1) 90.45(8) N(5)-Co-N(4) 77.58(10)
N(3)-Co-S(1) 90.99(7) N(1)-Co-N(4) 87.65(10)
N(4)-Co-S(1) 158.12(7) N(3)-Co-N(4) 77.98(10)
N(2)-Co-S(1) 81.59(7) N(5)-Co-N(2) 166.07(11)
Table 3: Bond lengths [A] and angles [°] for II.
Sn(1)-S(3) 2.3192(8) Fe(1)-N(1) 2.188(3)
Sn(1)-S(1) 2.3605(9) Fe(1)-N(5) 2.206(3)
Sn(1)-S(2) 2.4573(8) Fe(1)-N(3) 2.254(3)
Sn(1)-S(2) 2.4655(8) Fe(1)-N(2) 2.266(3)
Fe(1)-S(1) 2.5786(9) Fe(1)-N(4) 2.289(3)
S(3)-Sn-S(1) 118.91(3) N(4)-Fe-S(1) 82.05(8)
S(3)-Sn-S(2) 108.89(3) N(1)-Fe-N(5) 95.53(13)
S(1)-Sn-S(2) 109.95(3) N(1)-Fe-N(3) 117.07(13)
S(3)-Sn-S(2) 111.63(3) N(5)-Fe-N(3) 140.44(11)
S(1)-Sn-S(2) 110.67(3) N(1)-Fe-N(2) 77.18(12)
S(2)-Sn-S(2) 93.90(3) N(5)-Fe-N(2) 90.23(11)
N(3)-Fe-N(2) 76.92(12)
N(1)-Fe-S(1) 91.48(9) N(1)-Fe-N(4) 166.18(13)
N(5)-Fe-S(1) 110.86(8) N(5)-Fe-N(4) 75.62(11)
N(3)-Fe-S(1) 91.16(8) N(3)-Fe-N(4) 75.46(12)
N(2)-Fe-S(1) 157.10(8) N(2)-Fe-N(4) 112.94(11)
Table 4: Bond lengths [A] and angles [°] for III.
Sn(1)-S(2) 2.3129(12) Ni-N(1) 2.099(3)
Sn(1)-S(3) 2.3420(10) Ni-N(2) 2.112(3)
Sn(1)-S(1) 2.4556(11) Ni-N(4) 2.114(3)
Sn(1)-S(1) 2.4832(11) Ni-N(5) 2.125(3)
Ni-S(3) 2.5698(12) Ni-N(3) 2.145(3)
S(2)-Sn-S(3) 116.18(5) N(1)-Ni-N(2) 83.50(13)
S(2)-Sn-S(1) 113.35(4) N(1)-Ni-N(4) 177.23(14)
S(3)-Sn-S(1) 113.65(4) N(2)-Ni-N(4) 97.37(14)
S(2)-Sn-S(1) 110.42(5) N(2)-Ni-N(5) 177.38(15)
S(3)-Sn-S(1) 107.90(4) N(1)-Ni-N(5) 96.94(14)
S(1)-Sn-S(1) 92.65(3) N(5)-Ni-N(3) 94.45(16)
N(1)-Ni-S(3) 84.63(10)
N(4)-Ni-N(5) 82.06(14) N(2)-Ni-S(3) 96.64(10)
N(1)-Ni-N(3) 93.58(14) N(4)-Ni-S(3) 97.85(11)
N(2)-Ni-N(3) 82.94(15) N(5)-Ni-S(3) 85.97(12)
_N@#)-Ni-N@3) 83.94(15) N(3)-Ni-S(3) 178.20(11)
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4.1.7. Die Verbindung [Mn(trien)]>SnS, - 4 H,0

Zusammenfassung der Verdffentlichung ,The thiostannate coordination polymer
{IMn(trien)].SnS4} - 4 H,O exhibiting a hitherto unknown binding mode of the
[SnS,J* tetrahedron®

Das Thiostannat [Mn(trien)].SnS, - 4 H,O (trien = Triethylentetramin, CgH1gN4)
wird unter solvothermalen Bedingungen aus 1 mmol Sn, 1 mmol Mn und 2.5 mmol
S in 2 mL 60%iger Triethylentetraminlésung und 3 mL Wasser nach 20 Tagen bei
140 °C gebildet. Die Verbindung kristallisiert in der monoklinen Raumgruppe P2,/c
mit vier Formeleinheiten in der Elementarzelle. Die Struktur besteht aus neutralen
{IMn(trien)]2SnS4}.-Ketten und Kristallwassermolekilen. In der  Struktur
verknipfen SnSs-Tetraeder auf bisher unbekannte Weise oktaedrisch koordinierte
Mn**-Kationen zu den Ketten. Die Mn?*-Kationen sind von vier Stickstoffatomen
des Triethylentetraminliganden und zwei Schwefelatomen von zwei SnS;-
Tetraedern koordiniert. Zwei Schwefelatome des SnSs-Tetraeders haben
Bindungen zu zwei Mn2+-lonen, d. h. diese beiden S-Atome wirken us-
verbriickend. Zwei MnS;N4-Oktaeder sind Gber eine gemeinsame Kante zu einem
Mn,S,Ng-Doppeloktaeder verknipft. Das VerknUpfungsmuster fuhrt zur Bildung
von Mn,S,-Ringen, welche abwechselnd mit SnS4-Tetraedern zur Ausbildung der

ungeladenen Kette des Koordinationspolymers entlang [001] fihrt (Abb. 4.9).

Abb. 4.9: Packungsbild von [Mn(trien)]SnS,- 4 H,0 in der bc-Ebene mit Blick entlang [100].
In der mittleren Kette sind die SnS,-Tetraeder (schwarz) sowie die MnS;N,;-Oktaeder (grau)
als Polyeder dargestellt. Die Wasserstoffatome sowie die Kohlenstoff- und Stickstoffatome
der Aminmolekiile der mittleren Kette sind zur besseren Ubersicht nicht abgebildet.
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Die Wassermolekile H,0(2), H>O(3) und H;O(4) sind Uuber starke H-
Bruckenbindungen zu einer Kette verbunden, welche parallel zu der Polymerkette
verlauft (vgl. Abb. 4.9). Das letzte H,O-Molekil ist Uber eine H-Bindung an die
Wasserkette gebunden. Neben den Wasserstoffbriickenbindungen zwischen den
H,O-Molekilen werden auch S---H-Bindungen sowohl zu H-Atomen von Wasser
als auch zu H-Atomen der Stickstoffatome beobachtet. Unter Bertcksichtigung
von O-H---S-Bindungen kann als weiteres strukturelles Detail ein (H20)4S-Ring
identifiziert werden.

Die Ausbeute ist gering und die Verbindung auch unter Luftausschluss und im
Vakuum nicht stabil. Daher konnten bisher keine weiteren Untersuchungen

durchgefiihrt werden.

Das Manuskript wurde zur Verdéffentlichung eingereicht.
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tetrahedra where each S atom has bonds to AgS, dumbbells

But most inorganic organic hybrid compounds are
composed of transition metal complexes [TM(amine),]’* as
charge compensating cations for the [SnySe]* anions, e.g.in
(en = ethylendiamine),
[Ni(dap);]oSn,S¢2H,O (dap = 1,2-diaminopropane) [8],
[M(en);3],Sn,Sg (M = Mn, Co, Zn) [9], [Ni(en);],Sn,S,
[Ni(dien),[,Sn>S¢  (dien =  diethylentriamine)  [10],
[Mn(en);],Sn,Se2H,0,  [Mn(dien),,Sn,S¢ [11]  und
[{Mn(en), },(p-en)(u-SnySe)],. [12]. Very recently, the first
thiostannates with lanthanoide containing cations were
observed. Herein, we present the new thiostannate
{[Mn(trien)],SnS,}-4-H,O (trien = triethylenetetramine,
CgHsNy) [15]. The compound features SnS, tetrahedra
connected with bi-octahedral Mn,NgS, units in a novel

{[Mn(trien)],SnS,}-4H,0 crystallizes in the monoclinic
space group P2,/c with four formula units in the unit cell
and all atoms being located on general positions [16, 17, 18,
see Table 1]. The structure consists of neutral
{[Mn(trien)],SnS4}.. chains running along [001] and water
molecules. The asymmetrical unit is depicted in Fig. 1. The
Sn-S distances in the SnS, tetrahedron ranging from
2.3736(9) to 2.4275(9) A and S-Sn-S angles between
102.21(3) and 111.71(3)° (Table 1) indicate a moderate
deviation from ideal tetrahedral geometry. These values
match well with data published in literature [8, 19]. The
Mn~" cations arc six-fold coordinated by four N atoms of
the triethylenetetramine and two S atoms of two SnS,
tetrahedra. In the octahedra two N and two S atoms form
the base and two further N atoms are at the apices. Hence a
severe distortion is observed and is evidenced by the Mn-
S/Mn-N bond lengths scattering (2.5359(11) to 2.7115(10)
resp. 2.259(3) and 2.370(3) 10%) as well as by the N-Mn-N/S-
Mn-N angles (Table 2). Two symmetry related MnN,S,
octahedra share a common edge and the resulting building
units may be represented as Mn(1),S,Ng/Mn(2),S,Ng
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20 (CeH1gN,4 = triethylenetetramine) was obtained under forming twisted chains [7].
21 solvothermal conditions. In the structure of the

22 {IMn(CcHsN,)1.SnS,}. chain two S atoms of the

23 [SnS4]4’ anion act in a hitherto never observed 3 "

24 bridging mode connecting Mn,S,Ng bioctahedra. The [Ni(en)s]:SnSe
25 Mn?* ions are octahedrally coordinated by 4 N and two

26 S atoms and two symmetry related octahedra share a

27 common S-S edge. Three of the H,O molecules are

gg joined into chains via H bonding interactions.

30 . .

31 Thiostannates are an attractive group of compounds

32 among the main group thiometalates which in part exhibit

33 zeolithe-like properties. Some materials with interesting

34 structural features and properties were prepared under

35 solvothermal conditions. The Sn(IT)/Sn(IV) ions exhibit a

36 flexible coordination behavior and typical polyhedra are coordination mode.
37 SnS; trigonal pyramids, SnS; tetrahedra, SnSs trigonal

38 bipyramids or SnS octahedra. Different connection modes

39 of these primary building blocks lead to the formation of

40 discrete molecules, one-dimensional chains or two

41 dimensional layered structures. Compounds with the

42 [SnS4]* monomer are known, but more often the [Sn,Se]*

43 bitetrahedron is found in thiostannates [1, 2]. The

44 integration of transition metals (IM) into the thiostannate

45 networks alters the physical and chemical properties of such

46 compounds and some of these compounds have interesting

47 properties for different applications [3, 4]. Until now,

48 several TM thiostannates were reported reflecting the

49 variable and flexible connection modes of the building

50 units. Recently we published the new copper and

51 manganese thiostannates (DBUH)CuSnS; (DBU = 1,8-

52 diazabicyclo[5.4.0lundec-7-ene), (1.4-dabH),Cu,SnS, (1.4-

53 dab = 1,4-diaminobutane) [5] and (1,4-dabH,)MnSnS, [6]

54 with SnS, tetrahedra and Cu*/Mn®* as part of the anionic

55 chains. In (enH,)HgSnS, the [HgSnS,],. columns consist of

E’?, SnS, tetrahedra and HgS; triangles [3]. The 2D compound

gé (enH)Ag,SnS; contains [Ag,SnS;]* layers with SnS,
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1 blocu{he(‘jra (Fig. Z).ADU(, to the edge-sharing the Mn™ ions Table 1 Selected details of the data collection and structure refinement
are significantly shifted away from the centers of the results of the title compound.
2 octahedra giving rise for the observed strong distortion. The MntiomSnS - 4 Fho
3 Mn-N/S bond lengths are in the range like those reported in [Mn(triem)]2SnSs - 4 Hy
4 litaratieas 11 19 20N D11 Wa that anmamandoe ot th Monoc o
5 literature {11,12, 20, 21]. We note that compounds with ~ Crystalsystem  Monoclinic
6 Mn,S,Xs bi-octahedra are known but only as discrete Space group P2lc
7 molecules like e.g. in C;30,:Mn,S¢ [22] or CyH;oMn,OsS, /A 10.8446(9
8 [23] and not as structural motif in extended structures. a -84460)
9 Whereas two S atoms of the [SnS,]* anion (S(3) and S(4)) b/A 20.9740(10)
10 are terminal, S(1) and S(2) act in a2p3 fashion each having c/A 13.2746(9)
11 bonds to two symmetry related Mn”* ions, i.e., these two S e 1134878)
12 atoms join two bi-octahedra. Therefore, the compound may . o
13 be viewed as a one-dimensional coordination polymer with VA 2769.2(3)
12 the bi-octahedra being the nodes and the [SnS4]* anions 7z 4
15 acting as the linkers. D / fem’ 1730
16 Three water molecules (O(2), O(3), O(4)) are joined by “"u'd':' el
17 strong hydrogen bonds to form a chain running parallel to p/mm 2.128
18 the coordination polymer chain. The last H,O molecuie is Scan Range 228<0<28.11°
19 attached to the water chain via a O(3)-H--O(1) bond. . 15023
20 Several short S--H-N separations (see Table 2) indicate ) i
21 weak hydrogen bonding interactions between the water Refl. with Fo > 40 (Fo) 1472
22 molecules and the {[Mn(C¢H;3N,)1,SnS,},, chain, but there independent refleciions 6549
gi are also some intra- and interchain N-H---S contacts. Goodness-of-fit on F2 0.984
o5 Supporting. Information Ayailable: X-ray cryslallogr?ph%c Flina;lg indiclcs RI = 0.0369, wR2 = 0.0854
data in CIF format for the title compound. This material is (> 2sigma(D)
26 available free of charge at http://pubs.acs.org. R indices (all data) R1=0.0584, wR2 = 0.0924
3573 Res. Elec. Dens. / e.A” 0.669 /-0.955
29 FIGURES Table 2 Selected bond lengths, angles and geometric parameters
30 indicating hydrogen bonding interactions.
31 Sn-S distances /A ___S-Sn-S angles / °
32 Sn-S1 2.427509) S1-Sn-S2 102.21(3)
33 N4 Sn-S2 2.4070(10) S1-Sn-S3 111.49(3)
S3 S4 Sn-S3 2.3736(9) S2-Sn-S3 111.71(3)
34 Sn-S4 2.3782(10) S1-Sn-84 110.50(3)
35 NY S2-Sn-54 109.05(3)
36 Sn1 ' S3-Sn-S4 111.50(3)
37 ‘ Mn-N/S distances /A N/S-Mn-N/S___angles/°
38 5o o1 N2 Mnl-N1 2317(3) N4-Mn1-N1 82.90(13)
Mnl1-N2 2.370(3) N3-Mnl-N1 107.90(12)
39 Mn1-N3 2.315(3) N4-Mn1-N3 76.67(13)
40 Figure 1: Detail of a chain of the title compound together with atom Mnl-N4 2.271(3) N4-Mn1-N2 134.10(12)
41 labeling. The H atoms of the amine molecules are omitted for clarity. N3-Mn1-N2 74.09(12)
NI-Mnl-N2  73.56(12)
42 Mn1-S1 2.5874(11) SI-MnI-NI  86.95(9)
43 Mnl-S1* 2.7115(10) SI-Mnl-N2  113.56(9)
44 S1-Mn1-N3 164.98(9)
S1-Mn1-N4 103.64(9)
45 Mn2-N5 2.259(3) N5-Mn2-N6  77.38(13)
46 Mn2-N6 2.298(3) N5-Mn2-N7 148.79(13)
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47 2 2.299(3 6-Mn2. 6.20(12
48 4 Mn2-N§ 2.341(3) N5-Mn2-N§  89.47(13)
= b N6-Mn2-N8 93.69(13)
49 N7-Mn2-N8 76.00(12)
Mn2-S2 2.5359(11) $2-Mn2-N5 110.71(10)
50 Mn2-§2° 2.6581(11) $2-Mn2-N6  170.20(9)
51 S2-Mn2-N7  97.45(9)
52 S2-Mn2-N8  91.94(9)
gi Figure 2 Packing of [Mn(trien)],SnSs - 4 HyO in the bc-plane with distances /A angles/°
chains along [001]. H atoms are omitted for clarity and in the middle %g;’g }gg;z
55 chain the C and N atoms of triethylenetetramine are also omitted for better 2‘610 152‘21
56 presentation. 2.848 15433
57 2.355 167.41
58 2.388 172.59
TABLES 2.382 162.66
59 2.505 147.56
60 2.560 163.41
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4.2. Ergebnisse und Publikationen der in-situ-Untersuchungen
mit EDXRD und EXAFS

4.2.1. Synthesen, Strukturen und EDXRD-Untersuchungen zur Bildung
der Thiostannate (DBNH),Sn3;S¢g und (DBNH),CugSn,S;

Zusammenfassung der Verdffentlichung ,Solvothermal syntheses of two new
thiostannates and an in-situ energy dispersive X-ray scattering study of their

formation”,

Die Verbindungen (DBNH),Sn3Sg (1) und (DBNH),CugSn,Sg (ll) kristallisieren unter
solvothermalen Bedingungen aus den Elementen mit einem Verhaltnis Cu: Sn: S
=1:1:3.3 mmol in 3 mL DBN (DBN = 1,5-Diazabicyclo[4.3.0]Jnon-5-en, C;N2H1>)
bei 170 °C. Kristalle von | und Il werden auch nach einer Synthesedauer von flnf
Tagen erhalten, jedoch sind diese sehr klein und von geringer Qualitdt, so dass
zunachst keine Einkristallstrukturbestimmungen durchgefiihrt werden konnten. Die
Synthesedauer musste bis auf 27 Tage verldngert werden, um Kristalle guter
Qualitat zu erhalten und die Strukturen bestimmen zu kénnen.

Das gemischtvalente Sn(I1)/Sn(IV)-Thiostannat (DBNH),Sn3;Se () kristallisiert in
Form gelber Nadeln in der monoklinen Raumgruppe P24/n. In der Struktur werden
anionische Ketten gebildet aus alternierenden Sn3Ss-Halbwirfeln und SnyS,-
Ringen gefunden. Da das Sn(ll)-Atom trigonal-pyramidal koordiniert ist,
unterscheidet sich die Sn3Ss-Einheit von den Sn3S4-Baugruppen der R-SnS-n-
Materialien (vgl. Kap. 1.2.2). Die protonierten Aminmolekile sind in den
Ausbuchtungen benachbarter Ketten lokalisiert (Abb. 4.10, links).

Die zweite Verbindung, das kupferhaltige Thiostannat (DBNH),CusSn,Sg (ll),
kristallisiert in Form roter Plattchen in der nicht-zentrosymmetrischen Raumgruppe
Pca2;. Das Schichtanion kann als verzerrte 6>-Graphitschicht angesehen werden,
die durch Verknipfung von CuSs-Einheiten und SnSy-Tetraeder gebildet wird.
Dieses Strukturmotiv kondensierter, sechsgliedriger Ringe wurde bisher bei
Thiostannaten noch nicht beobachtet. Die protonierten Aminmolekile befinden
sich in der Struktur zwischen wellenférmigen Anionenschichten (Abb. 4.10,

rechts).
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Abb. 4.10: Anordnung der wellenférmigen Anionenketten und protonierten Amine in
(DBNH),Sn;S; (links) sowie die gewellten Anionenschichten und ladungskompensierenden
Kationen in (DBNH),CusSn,S; (rechts). (Die Wasserstoffatome sind nicht abgebildet.)

Die optischen Bandlicken wurden mit der Kubelka-Munk-Methode zu 2.6 eV (l)
und 1.84 eV (ll) bestimmt, entsprechend der Farbe der jeweiligen Verbindung. In
den Raman-Spektren werden die fur Thiostannate typischen Resonanzen
zwischen 400 und 100 cm™ beobachtet. Symmetrische Sn-S-Streckschwingungen
treten bei 367 cm™ (1) bzw. 362 cm™ (ll) auf. Bei 336 und 313 cm™ (I) sowie bei
332 cm™ (ll) liegen die Sn-Sprigging-Vibrationen, das Signal bei 258 cm™ (1) wird
durch die Schwingung des SnyS2-Rings hervorgerufen.

Die thermische Zersetzung von (DBNH),Sn3Sg (I) verlduft in zwei endothermen
Schritten. Bei Tonset = 229 °C (Tpeak = 234 °C) beginnt der Abbau mit einem
Massenverlust von 11.2 %, gefolgt von 21.5 % bei Topset=288 °C. Der
Gesamtverlust entspricht ungefahr der Emission von zwei Molekilen DBN und
einem Molekdl H;S pro Formeleinheit. Als Abbauprodukt kann SnS im
Pulverdiffraktogramm identifiziert werden. (DBNH),CusSn,Sg (lI) wird beginnend
bei Tonset = 218 °C mit einem einhergehenden Massenverlust von 28.9 % zersetzt.
Dieser Massenabbau stimmt mit dem erwarteten Wert Gberein. Die Reflexe von
CuS und SnS kdnnen im Pulverdiffraktogramm des Abbauprodukts identifiziert

werden.

Gemischtvalente Thiostannate sind recht selten, und interessanterweise
koexistieren die neuen Verbindungen ((DBNH),Sn3Sg (I) und (DBNH),CusSn,Sg
(1)) unter den gegebenen Reaktionsbedingungen. Zahlreiche Parameter wurden

variiert, um die Synthese derart zu optimieren, dass nur eines der beiden
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Thiostannate bevorzugt gebildet wird. Die kupferfreie Verbindung kann unter
solvothermalen Bedingungen unter Verwendung von Sn, S und DBN dargestellt
werden, wahrend das kupferhaltige Thiostannat bisher nur im Gemisch mit |
gebildet wird. Diese Beobachtungen werfen verschiedene Fragen auf wie z. B. ob
I und Il parallel kristallisieren oder ob eine der beiden Verbindungen in die andere
umgewandelt wird. Um diese Fragen beantworten zu kénnen, muss die Synthese
unter realen Bedingungen mit einer geeigneten Sonde untersucht werden und
zugleich stellt dieses System ein ideales Modell fir zeitaufgeloste in-situ-
Untersuchungen mit energiedispersiver Réntgenbeugung (EDXRD, vgl. Kap.
2.1.2) dar.

Fur die in-situ-Beobachtungen mussten die Reaktionsbedingungen an das
vorgegebene Volumen der in-situ-Zelle (vgl. Kap. 3.2) angepasst werden. Die
Experimente wurden am Messplatz F3 (Hasylab, Desy, vgl. Kap. 3.3)
durchgefihrt. Unter Rihren wurden die Verbindungen mit 30 mg Cu, 60 mg Sn
und 50 mg S (0.5: 0.5 : 1.5 mmol) in 1 mL DBN in einem Temperaturbereich von
140 bis 200 °C erhalten. Der Verlauf einer typischen Reaktion bei 160 °C ist in
Abb. 4.11 dargestellt. Zunachst wurde die Temperaturabhangigkeit der Bildung
von | und Il untersucht. Dabei hat sich ergeben, dass die Induktionszeit — das ist
die Zeit, die vergeht bis die ersten Reflexe im Diffraktogramm auftauchen — mit

zunehmender Temperatur kiirzer wird (Abb. 4.12).
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Abb. 4.11: Zeitaufgeloste Pulverdiffraktogramme einer Reaktion bei 160 °C. Die Sn-Ko-
Fluoreszenz, der Reflex des Intermediats, der (200)-Reflex von (DBNH),CugSn,S; (Il) und der
(-101)-Reflex von (DBNH),Sn;S; (I) sind markiert. Die Energie wurde auf die Wellenldnge der
Cu-Ko-Strahlung umgerechnet. Der Escape-Peak des Ge-Detektors ist bei 6.6 °2 Theta zu
finden.
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Abb. 4.12: Temperaturabhéangigkeit der Kristallisation von (DBNH),CugSn,S;.

Eine interessante Beobachtung wird bei tieferen Reaktionstemperaturen gemacht:
nach einer kurzen Induktionszeit werden die Reflexe eines kristallinen
Intermediats bzw. eines Precursors beobachtet. Die Reflexe dieses Intermediats
verschwinden, wenn (DBNH),CusSn,Sg (Il) gebildet wird. Bereits kurze Zeit spater
beginnt (DBNH),Sn3Ss (1) zu kristallisieren und anschlielend nimmt die Intensitat
der Reflexe beider Verbindungen simultan zu, bis ein Gleichgewicht erreicht ist. In
der a(t) vs. t Kurve fur den kristallinen Vorlaufer, | und Il wird deutlich, dass die
Vorlauferverbindung nicht in direktem Zusammenhang mit | oder Il steht. D. h.,
wahrend der Reaktion findet keine Fest-Fest-Umwandlung des Precursors in eines
der beiden Reaktionsprodukte statt.

Eine detaillierte Analyse des Reaktionsfortschritts o vs. Reaktionszeit deutet auf
Anderungen der Kristallisationsmechanismen wahrend der Reaktionen in
Abhangigkeit von der Temperatur hin. Zu Beginn ist das Wachstum von I
diffusionskontrolliert. Mit fortschreitender Reaktion wird die Kristallisationskinetik
komplizierter und scheint eher nukleationskontrolliert zu sein. Bei Synthesen ohne
Kupfer verlauft die Produktbildung so schnell, dass nur qualitative Vergleiche
gezogen werden kénnen. Bei allen Temperaturen ist die Induktionszeit drastisch
kirzer als bei Synthesen mit Cu, d. h. die Anwesenheit von Cu bzw. geldster Cu-
Spezies inhibiert die Kristallisation von I. Bei keiner Reaktion ohne Cu konnte das
kristalline Intermediat beobachtet werden.

In weiteren Experimenten (ex-situ) wurde das Intermediat abgefangen und die

ungefahre Zusammensetzung zu (DBNH)Cu,SnSg bestimmt. Alle Versuche, das
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Intermediat in anschlielenden Reaktionen zu den Zielverbindungen umzusetzen,
waren nicht erfolgreich und es wurden Gberwiegend bindre Sulfide gebildet.

Alle Synthesen wurden mit elementarem Cu, Sn und S durchgefthrt. In
zuklnftigen Arbeiten soll untersucht werden, ob (DBNH),CusSn,Ss ohne
gleichzeitige Kristallisation von (DBNH),Sn3Sg darstellbar ist. Geplant sind
Synthesen mit unterschiedlichen Kupfer- und Zinnverbindungen, d. h. Cu(l)-,
Cu(ll)-, Sn(ll)- und Sn(lV)-Salzen mit unterschiedlichen Anionen. Die
umfangreichen Erfahrungen mit solvothermalen Synthesen lassen vermuten, dass
eine enorme Zahl an Versuchen notwendig ist, um die Zielverbindungen mit
diesen Ausgangsmaterialien darzustellen. Allein der Wechsel von einem
elementaren Edukt zu einer Verbindung erfordert eine Anpassung der
Reaktionsbedingungen, welche empirisch durchgefihrt werden muss. Solche
empirischen Synthesen sind sehr zeitintensiv und konnten bisher nicht

durchgefihrt werden.

Das Manuskript wurde zur Verdéffentlichung eingereicht.
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Abstract: Two new thiostannates
(DBNH)ZSIMS(, (1) and
(DBNH),CusSn,Sg 2) were
synthesized under solvothermal

conditions applying Cu, Sn, S and DBN
(DBN = 1,5-diazabicyclo[4.3.0]non-7-
ene). Compound 1 is a rare example of
a mixed-valent thiostannate. The Sn(II)
species appears in the rare trigonal-
pyramidal environment whereas Sn(IV)
is in a tctrahedral coordination. The
chain-anion is composed of alternating
Sn3S, semi-cubes and Sn,S; rings. The
structure of 2 consists of undulated
anionic layers and amine molecules
between the layers. The layers may be
viewed as a heteroatom 6° graphene
layer constructed by condensed CuS;
triangles and SnS, tetrahedra. The two
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thiostannates ~ coexist ~which  was
investigated ~ with  in-situ  energy
dispersive X-ray scattering under real
solvothermal conditions. Prior to the
formation of 1 and 2 a crystalline
precursor appears which disappears
after 60 min. Then reflections of 2 start
to grow and reflections of 1 occur some
time later. The two compounds grow
simultancously until equilibrium is
rcached. The appcarance of a
thiostannate(IV)  followed by the
crystallization of a  mixed-valent
thiostannate(ILIV) suggests complex
redox reactions occurring under the
solvothermal conditions. Syntheses
without Cu in the reaction slurry lead to
the formation of 1 within a very short
time. The results of the in-situ studies

clearly indicate that the presence of Cu
species in  solution retards the
nucleation and crystallization of 1. The
crystalline precursor was quenched
with ex-situ experiments. All syntheses
performed with this precursor do not
lead to the crystallization of 1 or 2, i.e.,
there is no direct relation between these
three crystalline compounds. The
spectroscopic and thermal properties of
1 and 2 arc also discusscd.

Keywords: Solvothermal
Synthesis, Crystal Structure, in-situ
X-Ray Diffraction, Mixed-valent
Thiostannate, Thiostannates,
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Introduction

Applying the solvothermal route several thiostannates have been
synthesized using different amines as structure directing agents, e.g.
in ;[Snsz-en] (en = ethylenediamine) [1], (C¢HoN4)2[SnySe] - 2 H,O
[2], (CoH oN2)(C,HgN2)o[Sn,Se] [3], RaSn3S; (R = tetramethyl-
m TMA [4], R = diazabicyclooctane DABCO [5], R =

X drazapicyclooctane BLO , X

ammonium / tetracthyl-ammonium ATEA, tetraethylammonium
TEA [6]), R’»SnSy (R’ = tetrapropylammonium TPA,
tetrabutylammonium TBA [6]) and (enH),[Sn,Se] [7]. Beside the
interesting structural features, thiostannates are candidates for
catalysis applications and chemical sensing [8 - 10]. In addition, the
integration of transition metals (TM) into the network alters the
physical and chemical properties [11]. Thiostannates containing

transition metals are for example [Ni(en);],Sn,Se, [Co(tren)]>Sn,Se

(tren = tris(2-aminoethyl)amine), [Ni(tren)[,Sn,Ss [12], (1.4-
dabH;)Ag,SnS; (1,4-dab = 1,4-diaminobutane) [131,
(DBUH)CuSnS; (DBU = 1,5-diazabicyclo[4.3.0]non-5-ene),

(1,4-dabH;)Cu,SnS,, [14], [Ni(dien);],Sn,S¢ (dien =
diethylenetriamine) [15] or [M(en);],Sn,Ss (M = Mn, Co, Zn) [16].
Sn(IV) is the most common oxidation state in thiostannates and tin
sulfides. Until now the number of mixed-valent Sn sulfides is
limited with the most famous example Sn,S; containing Sn(II) and
Sn(IV) [17]. But there are some other compounds like K,Sn,Seg
[18], Rb,SnsSeg, CsoSnySeg  [19],  [Snol3(NPPhs)s]  [20],
[Sn(u3-NSnMe;)]4 [21], InySnsS5 [22], IngSngS o [23], SnsSb,Se [24]

1;Se; [25] featuring the coexistence of Sn(II) and Sn(IV).

The well-known problem of the solvothermal method is that in
these heterogeneous multi-component processes many parameters
like temperature, time, solvent, concentration etc. influence the
product formation. Despite several efforts undertaken by different
groups we are far from a deeper understanding of the reaction
mechanisms occurring under solvothermal conditions [26]. The
following example should illustrate the main problems of the
solvothermal approach: syntheses performed with Sb, S, Ni and
diethylenetriamine as structure director leads to a couple of
compounds like [Ni(dien),],Sb,Sg [27], [Ni(dien),],SbsSe [28] or
[Ni(dien),]5(Sb3Se)> [29] under almost identical conditions.

In order to shed light on some aspects of the phenomena
occurring under solvothermal conditions and to get
information about such ‘black-box-reactions’, kinetic analyses
applying in-situ methods are necessary. During the last few years we
successfully investigated several solvothermal reactions applying
time resolved in-situ energy-dispersive X-ray diffraction (in-situ
EDXRD) [30 - 36]. This technique facilitates investigations of the

more

influence of different parameters onto the product formation under
real reaction conditions [10, 37]. The occurrence, growth and decay
of crystalline precursors or intermediates can directly be observed
which is not possible with ex-situ experiments. In addition, it can be
directly monitored whether such transient compounds are related to
or necessary for the crystallization of the product. Finally, these
studies supply the necessary reaction conditions for quenching such
precursors and/or intermediates.

In our ongoing work in the field of the solvothermal syntheses
of transition metal containing thiostannates we studied solvothermal
reactions applying Cu, Sn, S and 1,5-diazabicyclo[4.3.0]non-5-ene
(DBN) as solvent and structure directing agent. An interesting
observation made during the solvothermal syntheses is the

coexistence of two thiostannates of which one is a Sn(II)/Sn(IV)
mixed-valent compound without Cu and the second contains Cu and
Sn(IV). This experimental finding requires a systematic study of the
solvothermal reaction and therefore is appropriate for investigations
using in-situ EDXRD.

In the paper we present the solvothermal syntheses of the two
new thiostannates (DBNH),Sn;S¢ (1) and (DBNH),CusSn,Sg (2),
their crystal structures, the thermal and spectroscopic properties and
the results of the in-situ EDXRD studies.

Results and Discussion

The new thiostannate (DBNH),Sn;S¢ (1) crystallizes in the
monoclinic space group P2,/n with all atoms located on general
positions. The three unique Sn atoms are in different environments
of S atoms. Sn(1) and Sn(2) are surrounded by 5 S atoms forming
distorted rectangular pyramids (Fig. 1). The Sn-S bonds range from
2.3901(14) to 2.7024(13) A for Sn(1) and from 2.3937(14) to
2.7157(13) A for Sn(2), with corresponding S-Sn-S angles varying
from 86.64(4) to 126.39(6)° (Table 1).

Table 1. Bond lengths [A] for 1.

Sn(1)-S@)  2.3901(14)
Sn(1)-S(6)  2.3927(14)
Sn(1)-S(3)  2.4149(12)
Sn(1)-8(2)  2.5367(14)
Sn(1)-S(1)  2.7024(13)
Sn(2)-S(5)  2.3937(14)
Sn(2)-S(2)*  2.4020(13)
Sn(2)-S(3)  2.4201(12)
Sn(2)-S@)  2.5222(14)
Sn(2)-S(1)  2.7157(13)
Sn3)-S(1)  2.5059(13)
Sn(3)-S(5)  2.5335(16)
Sn(3)-S(6) _ 2.5511(17)

Symmetry transformations used to generate equivalent atoms:
U x+3/2,y+1/2,-2+1/2

These values are in good agreement with literature data [38, 39].
Interestingly, Sn(3) is surrounded by only three S atoms to form a
trigonal pyramidal SnS; unit. This geometry is an indication for
Sn(II) and the bond valence calculations confirm this assignment as
well as the mixed-valent character of (DBNH),Sn;S¢ (see Table 2;
all parameters for the calculations were taken from ref. 40). The Sn-
S bond lengths in the SnS; pyramid are 2.5059(13), 2.5335(16) and
2.5511(17) A (average Sn-S: 2.5302 A) with the corresponding
angles 88.02(4), 88.62(4) and 102.39(6)° (Table 2). Sn in a trigonal
pyramidal environment is quite rare, but some examples are
ottemannite Sn(SnS3) [41], C,sHp»NO;SnS; [42], CyHssAsSnS;
[43], and C4H;sPSnS; [44]. In these compounds the Sn-S bond
lengths are in the range of 2.532(10) to 2.765(2) A and the S-Sn-S
angles scatter from 83.59(2) to 96.87(3) °.

Table 2. valence bond calculations for (DBNH),.Sn;S; (1)

distances | oxidation state | S=(R/Ro)™
Sn(IV) RRYN
2.39 1.00
2.39 0.99
Sn(1)-S | 241 0.94
2.54 0.71
2.70 0.49
4.13
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Sn(1V) (R/RY™N

2.39 0.99
Sn2)rs 240 0.97
2.42 0.93

2.52 0.73

2.72 0.48

4.10
Sn(Il) RRY™
sndys |23 0.74
2.53 0.70

2.55 0.67

2.11

with: Ro N
Sn(Il) 2.38 5.8
snav) | 2.39 5.8

The two SnSs pyramids and the SnS; group share common
edges to form a so-called Sn;S, semi-cube (Fig. 1). Neighbored
semi-cubes are joined via the terminal S atoms of the SnSs groups
yielding a one-dimensional anionic [Sn3Se]* chain running along
[010] (Fig. 1). m

viewed as alternating Sn;S4 semi-cubes and Sn,S, rings.

Alternativelyv. the structure of the chain av he
Asternatvery, e structure of e caain may o¢

1S3

1 st
L—-» b s6 S5

Sn3

S4

Figure 1: The anionic chain directed along [010] together with atom labelling. The
displacement ellipsoids are drawn at the 50% probability level.

Within the chains the Sn3S, semi-cubes are arranged in a zig-
zag-like fashion and the amine molecules are located in the cavities
of neighbored chains (Fig. 2). In contrast to other compounds with
Sn3S, units, the divaient Sn atom of the Sn3S; semi-cube in
(DBNH),Sn;Sg is trigonally coordinated and has no contact to other
sulfur atoms (see Fig. 1). Short S---H-N separations (S(1)-N(2):
3.388(17) A and S(2)-N(4): 3.499(2) A) indicate weak hydrogen
bonding interactions.

«
L%
Lx

L%
@sn
.S
©N
&c

Figure 2: Packing in the bc-plane of (DBNH),Sn;Se with undulated chains along [010].
H atoms are omitted for clarity.

observation is

An  interesting
(DBNH),Sn;3Ss shows similar structural motifs like those in the
layered thiostannates R-SnS-1 and R-SnS-3 (R = organic molecule)
[35, 36]. In these compounds two dimensional [Sns;S;]* and
[Sn459]z' anionic layers are observed containing also Sn;S, semi-
cubes which are formed by interconnection of SnS, tetrahedra. The
semi-cubes are joined via two S* anions yielding anionic layers with
pores consisting of 24 atoms (diameter: 10 A). The organic
molecules act as charge compensating cations and are located
above/below the pores and between the layers [45]. In R-SnS-3 the
Sn3Sy4 units are joined by SnS, tetrahedra to form [SnSol* layers
with elliptical pores measuring about 19.8 A - 11.3 A for TBA-SnS-
3 (TBA = tetrabutylammonium) [6]. Instead of organic structure
directors alkali metal ions were used for the synthesis of
thiostannates like Rb,Sn;S; - 2 H,O or Cs,SnsS;, - 2 H,O [46, 47]
which also contain Sn;S4 groups as well as Sn,S; rings. In Cs,SnsS;,
- 2 H,O two Sn3S, semi-cubes are connected via a common corner
and with two bridging S” anions to form the anionic iayers
containing elliptical pores with diameter of about 7.3 - 9.9 A. In
Rb,Sn;S; - 2 H,O the anionic layers are constructed by face-sharing
semi-cubes and bridging Sn,S, rings.

that the anionic chain of

The second new compound (DBNH),CusSn,Sg (2) crystallizes
in the non-centrosymmetric orthorhombic space group Pca2; with

Sn, six Cu and ei

3
=S

S atoms as well as two pr

gh
DBN molecules. All atoms are located on general positions. The
structure consists of undulated anionic layers in the (100) plane and
protonated amine molecules acting as charge compensating cations
between the layers (Fig. 3).
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CuS; triangles and SnS, tetrahedra are joined to form three
: & s different  six-membered  Cu,SnS;  heterorings (6 MR):
. e Y L7 Cu(HCu)Sn(2)S; (6 MR A), Cu)Cu@Sn(1)S; (6 MR B),
= [} I:)l =10} Cu(#)Cu(5)Sn(2)S; (6 MR C) which are condensed in the (100)
. Lf “IJ plane (Fig. 4; left) yielding an undulated layer which may be viewed
m )‘m as a distorted graphene 6° layer. Along [001] the sequence of the
“ s “ S rings is ...A-B-C-... . Cu(3)S; and Cu(6)S; units do not participate in
T/:‘t) \QA (‘;7 these rings and they are joined into chains along [010] by corner-
Lo 8 7’}'—7 “l ~ L & T’}v-) sharing with each other and edge-sharing with the SnS, tetrahedra

(=

e 1 Ly
I\ l M o ¢S

Figure 3: Arrangement of the undulated anionic layers and the cations in compound 2
(view along the b-axis). H atoms are omitted for clarity. Some DBN molecules are
disordered and the split positions are not displayed.

Each Sn atom is in a tetrahedral environment of S atoms with
Sn-S distances from 2.392(2) to 2.414(2) A (Table 3) and S-Sn-S
angles between 109.98(9) and 112.90(8)°, indicating a moderate
deviation from ideal tetrahedral geometry. These values match well
with data published in literature [12, 48].

Table 3. Bond lengths [A] for 2.

Sn(1)-SQ2)  2.392(2)  CuB3)S@)  2.238(2)
Sn(1)-S(3)  24052)  CuB3)-S(8)  2.3573)
Sn(1)-S(6)  2407(2)  CuB3)-S(5)  2.446(3)
Sn(1)-S@4)  24142)  Cu@3)-Cud) 2.7755(18)
Sn(1)-Cu(6)  3.1678(18)  Cu(3)-Cu(5)  3.052(2)
Sn(2)-S(1)°  2.3852)  Cu(4)-S(6)°  2.240(2)
Sn(2)-S(8)  2408(2)  Cu(4)-S(2)  2.246(2)
Sn(2)-S(5)  2427(2)  Cu(4)-S(5)  2.295(2)
Sn(2)-Cu3) 3.0951(13) Cu(5)-S(7)  2.241(2)
Cu(5)-S(5)  2.268(2)
Cu(1)-S(1)  22392)  Cu(5)-S(6)  2.284(2)
Cu(1)-S(7)°  22492)  Cu(5)-Cu(6) 2.833(2)
Cu(1)-S(3)  22822)  Cu(6)-S(8)°  2.200(3)
Cu@)-8Q2)  22203)  Cu(6)-S@)  2260(3)
Cu@)-S(1)'  22583)  S()-Cu2F  2258(2)
Cu@)-S(3)  2277(2)  S(1)-Sn2¥  2.385(2)

Symmetry transformations used to generate equivalent atoms:
“oxy+lz b, X+3/2,y,2-112 1 -x+3/2,y,2+1/2
4 xy-l.z

All Cu atoms have bonds to three S atoms forming distorted
CuS; triangles with the Cu atoms being located slightly above the
planes of the three S atoms. The Cu-S bond lengths scatter between
2.200(3) and 2.446(3) A (Table 3) and the corresponding angles are
between 97.88(8) and 141.84(15)°. All values are in the typical
range reported in literature [14, 49, 50].

The Cu(3) to Cu(6) atoms each have a Cu atom at relatively
short distances ranging from 2.7755(18) to 3.052(2) A (Table 3).
These separations are longer than in Cu metal (2.556 A). Some
examples with comparable values for such relatively short Cu-Cu
distances are (enH,)osCu,SbS; (en = ethylenediamine), (1,3-
dapH,)psCu,SbS;  (1,3-dap = 1,3-diaminopropane)  [51],
(CgNyH»0)a sCusSb,Ss [52] and (1,4-dabH,)Cu,SnSy (1,4-dab = 1,4-
diaminobutane) [14]. In the literature d'°-d'® interactions are
discussed for several sulfides [53], but in those cases the Cu-Cu
distances are even shorter than in compound 2.

(Fig. 4, right). The chains and layers are connected via S atoms of
the SnS, tetrahedra. This connection scheme leads to the formation
of further heterorings like Cu(3)Cu(4)Cu(5)S; and
Cu(4)Cu(6)Sn(2)S;.

The structural motif of condensed six-membered rings is found
in layered thioantimonates like (C4N3H;4)Cu;Sb,Ss and
(CeN4H20)0.5CusSb,Ss [49], but was never observed before in
thiostannates.

The amine molecules are located between the layers with an
interlayer distance of about 7.5 A. Short S--H-N separations (S(3)-
N@4): 3.162(14) A and S(3)-N(2): 3.313(27) A) indicate weak
hydrogen bonding interactions.

Figure 4: Condensation of the different heterorings in compound 2 forming the anionic
layer (top, left). The chain made up by interconnection of Cu(3)Ss, Cu(6)S; and SnS,
tetrahedra (top, right). Bottom: undulated arrangement of a layer (view approximately
along the b-axis).

In-situ EDXRD investigations

Solvothermal syntheses often deal with the problem that the
products are not phase pure and sometimes even in one reaction
mixture thiometalates with different compositions coexist. An
example is the synthesis of [Ni(dien),]SbsS; - H,O where the
product always contained [Ni(dien),];(SbSy), [54] as the second
phase. In the present case not only two different thiostannates
coexist but these two compounds have Sn in different oxidation
states. In the syntheses elemental Sn and Cu are applied and
obviously complex redox reactions lead to the formation of Sn(Il)
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conditions was performed to increase the yields and to find
conditions where only compound 2 appears in the final product. But
after about 50 syntheses without success the question raised whether
the occurrence of the two products is an inherent “problem”. Several
scenarios

Sn(TVYin 2 A
Sn(lV)in2. A

road variation of ¢
road vanauon o t

S O]

can be imagined: (i) boih compounds crysiailize
simultaneously and coexist due to a similar stability; (ii) one of the
two compounds is formed first and the second start to grow at later
stages of the reaction; for instance, the Cu containing material (2)
appears first and is partially dissolved providing the species for
crystallization of 1.

First the influence of the reaction

_________ IPmnPra[l_er onto the
crystallization of the two compounds was studied. Further studies
were conducted without Cu to monitor the reaction progress of
compound 1. The energy range of the spectra was chosen to show at
least two reflections of the final products respectively of each
compound at the same time. A typical spectrum obtained at the end
of a reaction with Cu, Sn, S and DBN shows the Sn-Ka and Sn-Kf3
fluorescences as well as the Bragg peaks of the two compounds

(Fig. 5).

4000 4 Sn-Ka
3000 4
>
=
2]
& 2000 4 = 2
€ o & T 5 x
< 5 <5 > '
. ° ggé s Q Sn-Kp
© g <~ % a o =
2 © 3 < S -
1000 g 8c=¢ S -
8 Is] ~5° (=S
8 € 3487
8 o
2 =2

0 T T T T
15 20 25 30 35
energy / keV
Figure 5: A typical powder pattern recorded at the beamline F3. The Bragg reflections
of both compounds and the Sn fluorescences are labelled. The peak at ~ 15.5 keV is the
escape peak of the Ge detector.

intermediate

6 7 8 9 10 11 12 13 14 15 16
2 theta

Figure 6: Time resolved powder diffraction patterns of a synthesis at 160 °C. The
reflection of the crystalline precursor, the (-101) of (DBNH).Sn;S, (1) and the (200)
reflection of (DBNH)-CusSn»Ss (2) are marked. The energy is converted to the 26 scale
applying Cu Ko wavelength. The peak at ~ 6.6° 2 theta is the escape peak of the Ge
detector.

tion at 160 °C is shown as time-
u at 1o (& snown ume

resolved spectra in Fig. 6. In the beginning of the reaction only Sn
fluorescences are observable and a crystalline precursor starts to
grow (marked in Fig. 6) after about 8 min. This precursor survives
approximately 60 min and when this phase is disappeared, the (200)
and (201) refiections of (DBNH),CugSn,Sg (2) become visibie afier
68 min and 72 min, respectively. After 110 min reaction time, the
Cu free compound (DBNH),SniSq (1) starts to grow with all
reflections appearing at the same reaction time.

The time until the first crystallites are observed is the induction
time tO which depends on the reaction temperature. Increasing the
temperature leads to a QIQnIFPﬂnI decrease of t,

. Typical for solid
state kinetics are sigmoidal curves plotting the extent of reaction
a(t) versus time. The curves presenting the growth of the (200)
reflection of (DBNH),CusSn,Sg (2) at different temperatures are
shown in Fig. 7, and Fig. 8 displays the evolution of the crystalline
transient species plotted together with the growth of the (200)

reflection of 2 and the (-101) reflection of 1 at 160 °C.
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Figure 7: Temperature dependency of the crystallization of (DBNH)>CuSn-Ss (2).
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Figure 8: The extent of reaction a(t) for the (200) reflection of (DBNH)-CusSn-Ss (2),
the (-101) reflection of (DBNH)-Sn3Ss (1) and for the transient compound at 160 °C.
Note that the scattering of the individual data points is due to the relatively low intensity
of the (-101) peak and the reflection of the intermediate.

it is interesting to note that t, for the formation of
(DBNH),CueSn,Sg (2) is reduced by roughly 60 min when the
temperature is raised from 160 to 170 °C (Fig. 7). For the reaction
temperatures 170 — 190 °C, ¢, is very similar and also the product
growth is very fast at these temperatures. In addition, the reactions
at higher temperatures are finished after about 100 min.
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A comparison of the evolution of the extent of reaction for the
transient crystalline phase and compounds 1 and 2 suggests that
compound 2 starts to grow when the intermediate disappeared (Fig.
8). Extrapolating o(t) of the precursor to longer reaction times
indicates that the crossing point with o(t) of (DBNH),CusSn,Sg is
far below about o = 0.2 — 0.3, or even at a = 0. A possible
interpretation of these findings is that the precursor is a metastable
compound which is destroyed and the more stable compounds start
to grow. Furthermore the first reflections of 1 appear when roughly
40% of compound 2 are formed. At longer reaction times both
compounds are in equilibrium supporting the observation of the ex-
situ syntheses presented above. Within the experimental accuracy no
decrease of the intensity of reflections of 2 is observed indicating
that 1 is not growing on the cost of 2.

In the literature different models of the crystallization kinetics

and the evaluation of appropriate data are well documented [55 - 59].

The analyses are done by integrating the intensities of the product
reflections which are normalized against the intensities of the Sn-Ko
fluorescence. The experimental data are expressed as the extent of
reaction and compared with the theoretical values for solid state
kinetics. o(t) is the ratio of the normalized intensity at time ¢ to the
intensity at time #,, and is defined by the following equation:

ot)=1,0)/1,(t.)

Using the Avrami-Eroféev expression the kinetic parameter for
the reaction exponent m (Avrami exponent) and the rate constant k
can be estimated. The kinetic parameters can also be extracted using
the Sharp-Hancock plot (SH plot) [56]. The reaction exponent m
corresponds to the slope of the curve and the rate constant k is the
intercept with the y-axis. If the reaction follows one mechanism
over the whole reaction time all experimental data points are on a
straight line in a SH plot. Therefore, a change of the mechanism
during a reaction can be detected immediately. For the evaluation of
the kinetic data the induction time #, was subtracted from the time 7.
In the following only the crystallization kinetics of
(DBNH),Cu4Sn,S; (2) are discussed. The evaluation of the data of
(DBNH),Sn;S¢ (1) is difficult due to the relatively low intensity of

the reflections and the overlap with reflections of (DBNH),Cu4Sn,Ss.

In principle, with the program calf3 (see experimental section) a
deconvolution of superimposed reflections is possible and was also
done. But the scattering of the intensity of the two reflections was
too large for an unambiguous analysis of the crystallization kinetics.

The SH plot for the (200) peak of 2 at 160 °C is shown in Fig. 9.
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= -054
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m=0.6 el
15 R, /D, ¥
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Fig. 9: Sharp-Hancock plot for the reaction at 160 °C using the (200) reflection of 2.
The lines are guides for the eyes.

The growth of 2 can be roughly divided into three different parts.
Up to alt) = 0.3, the value for m is about 0.6 which is near models
for diffusion control R,/Ds. In the second part (0.3 < a0 < 0.75) m
increases to 1.6 indicating a change of mechanism. This value is in
between the nucleation Avrami model A, and a first order reaction
F,. For o > 0.75 m decreases to about 0.4. The deviation of the
values for m from the ideal values is not surprising because several
strict conditions like random nucleation and no hard impingement
have to be fulfilled before the Johnson-Mehl-Avrami (JMA) kinetics
will hold. The JMA kinetics takes not into account that different
reactions can occur parallel and/or successive. In addition, it is
assumed that the reaction exponent m is temperature and time
independent, which is not necessarily the case. In the present case it
seems that no simple kinetics dominates the reaction. This is further
evidenced by plotting ¢ /1,5 versus o allowing a direct comparison
with the established models (Fig. 10).

64
—D
D2 end of 2" region in
E SH plot

Fig. 10: Comparison of different kinetic models at 160°C with the data for the (200)
peak.

Analyzing the region between a(t) = 0.1 and 0.5 (Fig. 10, top)
the experimental data points gradually shift from diffusion control to
Avrami nucleation models A,/A; with increasing reaction time. In
Figure 10 the data points between a(t) = 0.4 and 0.75 suggest that
Avrami nucleation models dominate the kinetics. For the later stages
of the reaction the data points scatter with a tendency toward a
diffusion control. Two different cases can be distinguished for
Avrami nucleation: all nuclei form instantaneously (zero order) or
nuclei are added during the reaction progress (first order). The
reaction exponent m contains both information and taking into
account the two-dimensional nature of the crystals m ~ 1.6 implies a
two-dimensional growth and instantaneously formation of the nuclei.

6
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The deviation of m from the ideal value 2 may be caused by 40 nm. The d Fwim for thae (OO raflaction of 1 (A A ’7’)0 ig
The deviation of m from the ideal value 2 may be caused b nm. The dg ¢ the (002) reflection of 1 (8 = 4.72°) is

For all temperatures a change of m is observed during the
reaction progress with a tendency to later stages of the reaction
where the change of m occurs. We note that only at T = 160 and
170 °C the crystalline precursor appears. At higher temperatures no
reflections of this transient species were detected and two
possibilities can be envisaged as explanation for this observation:
the crystalline transient compound is not formed at higher
temperatures or the experimental time scale is too slow for the

detection of this compound due to a very fast formation and
disappearance

The reactions performed without Cu are very fast and all
reflections occur simultaneously after short induction times (Fig. 11),
and a quantitative evaluation of the reaction kinetics is in this case

nnnnnnn ihla diaa
ot possibic aue
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1 = (002) peak of (DBNH),Sn.S,
0.0 —{mum e (-101) peak
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time / min

Fig. 11: Extent of reaction for compound 1 at 170 °C synthesized without Cu in the
reaction mixiure.

A qualitative comparison with the reactions using Cu, Sn, S and
DBN clearly demonstrates that the induction time #, is drastically
reduced to 20 min at 160 °C (ii0 min with Cu) and to 4 min at
190 °C (42 min with Cu). In the competitive crystallization it seems
that the formation of (DBNH),CusSn,Sg (2) is preferred and the
growth of 1 is inhibited. Furthermore, in the temperature window
from 140 to 190 °C no crystalline precursor or intermediate could be
observed. This is a clear indication that the crystalline transient
species must be associated with the presence of Cu in the reaction
d for

slurry (see below). In add

siurry (see belo

the presence of Cu is not requi

the crystallization of the mixed-valent compound 1, i.e., Cu is not
involved in the redox reaction.

of the coherent scattering pa

'U

mcles of both compounds

........ tha Q

ed appl_ymg e 5T
_ K-2-180/x
d pyyyy - €OSO

with Dy average crystallite size, dpwy full width half maximum,

0 Bragg angle, A wavelength and K the Scherrer constant (0.89 was

used). The value for dpwpm of the (200) peak of 2 (8= 4.14°)

decreases from 0.22 to 0.16° during the reaction (t = 240 min)

leading to an increase of the coherent scattering domains from 36 to

49 mum for th 1 (
reduced from 07 to 0.17° yielding sizes of 39 and 46 nm,
respectively.

With ex-situ experiments the crystalline intermediate was
isolated by quenching ihe reaction at different reaction times and the
chemical composition was analyzed. For the intermediate quenched
after 30, 40, 50 and 60 min EDX analyses give nearly identical
ratios for Cu:Sn:S of about 2:1:6. The CHN content is in agreement
with about one DBN molecule assuming Cu,SnSq as chemical
composition of the inorganic part, i.e., the chemical formula of the
intermediate is most likely (DBNH)CuSnS(, Charge neutrality of
this compound requires the presence of Q~ i

equi esence

Sn(IV) and a double protonated DBN molecule.

anions assuming Cu(l),

Cul

In further ex-situ experiments the role of the intermediate
species for the formation of 1 and 2 was investigated. Treating the

¢l MDA o6 TAN O Fhw & 1

intammadiata
Giate wiln Uiy at 1ov

InCIrme

alamantal avrvotallina Qo

C for 5 h, clemental crystalline Sn
and an amorphous phase containing Cu, Sn and S are formed. The
reaction under similar conditions adding also S produces Sn and Cu
sulfides. But in the XRD a peak at 7.7° 20 is observed which cannot
be explained with known Sn/Cu sulfides or the title compounds.
Several experiments were conducted with the intermediate applying
different reaction conditions. But in all cases the title compounds
were not formed. Two important conclusions can be drawn from this
observation: (i) in accordance with the results of the in-situ EDXRD
investigations the transient crystalline compound can be regarded as
a new material which is not necessary for the formation of 1 and 2.
(ii) Under the real solvothermal conditions soluble species are
present which are important for the formation of 1 and 2.

Further experiments were done to explore whether
(DBNH),Sn3S¢ (1) can be transformed to (DBNH),CusSn,Sg (2). Cu,
S and DBN were added to a small amount of 1 and heated at 170 °C
for 5 h. The EDX analysis yields a Cu/Sn/S ratio of 3/1/4, but the
powder diffraction pattern confirms the presence of (DBNH),Sn;S¢
(1) and (DBNH),Cu4Sn,Sg (2).

Spectroscopy

Raman spectroscopy: In the Raman spectra the resonances of
compound 1 at 367, 336, 313 and 258 cm™ are in the typical region
for Sn-S resonances [60 61]. The symmetric Sn-S stretch vibration
is located at 367 cm’ and symmetric Sn- Sb,.dgm modes appear at
336 and 313 cm™. The resonance at 258 cm™ is caused by a Sn,S,
ring vibration. For compound 2 only two modes are observed. The

hand at 362 cm! is the symmetri and that at 222
ar 44 334

Sn-S stretch
1d at 362 cm s the > and that at

sy n-S stretching
cm  the symmetric Sn-Sygn, Vibration. Surprisingly, no
resonances or modes caused by Cu-S vibrations are observed.

UV/Vis spectroscopy: The optical band gap was determined
from transformed UV/Vis diffuse reflectance spectra with the
Kubelka-Munk-method. For 1 E, amounts to 2.6 ¢V (477 nm) in
agreement with the yellow color. The value for 2 of 1.84 eV (674
nm) is in accordance with the red color of the plates.

hermal Stability

Compound 1 decomposes in two steps. The first thermal
reaction starts at Topeer = 229 °C (Tpeax = 234 °C) and is associated
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with a mass loss of 11.2 %. The next step occurs at Topge = 288 °C
(Tpeax = 310 °C) with a weight change of 21.5 %. The difference
between observed and calculated weight loss (-Amy,, (2 DBN + 1
H,S) = 35.3 %) can be explained with a contamination (CHN) of the
residue. The decomposition product is black and SnS was identified
in the powder pattern.

The thermal decomposition of compound 2 starts at Ty =
218 °C (Tpeax = 281 °C) with a related weight loss of 28.9 % which
is slightly higher than the calculated value (-Amy,, (DBN + H,S) =
28.3 %). The obtained powder is black and contains a few percent of
CHN. The compounds SnS and CuS were identified in the powder
pattern.

Conclusion

The aim of the synthetic work was the preparation of new
copper (‘nnmmmo thiostannates.

In the reaction nroduc[s of all
syntheses the new thiostannates (DBNH),Sn;S¢ (1) and
(DBNH),CugSn,Sg (2) were obtained simultaneously as yellow
needles and red plates respectively. Long reaction times up to about
one month were required for the crystallization of crystals suitable
for the crystal structure determination. Stirring the reaction mixtures
reduces the reaction times to a few hours and increases the yield, but
as for the static syntheses both thiostannates occurred in the reaction
products. From a chemical point of view the simultaneous
occurrence of the mixed-valent pure thiostannate (DBNH),Sn;S¢ (1)
and a Sn(IV) containing Cu thiostannate (DBNH),Cu,Sn,Sg (2) is of
special interest. The syntheses were conducted applying elemental
Cu, Sn and S and it is obvious that a complex redox reaction occurs
during synthesis progress.

In the structure of the mixed-valent compound 1 the chains are
constructed from alternarma Qnﬁ, semi-cubes and Sn,S, nnoﬁ
These structural motifs are related to those observed in R-SnS-1 and
R-SnS-3 [6, 39, 45]. Whereas in R-SnS-1 and R-SnS-3 the primary
builing units contain only Sn(IV), in 1 a Sn(Il) replaces a Sn atom of
the Sn;S, semi-cube. This Sn(II) atom is in a trigonal pyramidal
coordination which is quue rare. The Iavered structure of 2 may be
viewed as an inorganic 6° graphene layer constructed by
condensation of CuS; triangles and SnS; tetrahedra. Such a
structural motif was never observed before in the structures of

thiostannates.

Despite a large var >
2 could not be obtamed as phase pure product In situ EDXRD
experiments not only reveal that 1 and 2 start to crystallize within a
narrow time window but also highlights the occurrence of a
crystalline precursor prior to formation of 1 and 2. The detailed
analvqm of the data evidences that this precursor is 2 new metastable
compound which is not simply transformed into the final products.
This metastable compound was quenched with ex-situ syntheses but
could not be transformed into one of the two stable compounds. In
addition, the successful preparation of the mixed-valent compound
without Cu in the reaction slurry demonstrates that neither the
precursor nor Cu is directly involved in the complex redox reaction.
The in-situ experiments also show that crystallization of 1 is
retarded in the presence of Cu species in the solution. The results of
in-situ experiments of reactions with only Sn, S, and DBN
demonstrate that (DBNH),Sn;S is formed within a couple of
minutes. The above presented results of the in-situ X-ray scattering
experiments enhance our knowledge about solvothermal syntheses
and also highlights the power of the in-situ approach. Such
information cannot be acquired using only ex-situ syntheses.

Despite the large amount of information acquired during the studies
several synthetic challenges are left open. For instance, it would be
of great interest to synthesize the metastable precursor for structural
characterization. The poor quality of the powder patterns of the
quenched precursor prevented structure solution until now. The
challenge is finding synthesis conditions where only this metastable
compound is formed, or at least crystals of appropriate quality are
present. It is also necessary synthesizing phase pure material of 2.
We note that all syntheses were performed applying the elements.
Further explorative syntheses with different Cu and Sn compounds
(Cu(@), CudI), Sn(Il) and Sn(IV) salts) are under way. Due to our
longstanding experience of solvothermal syntheses we know that
changing the starting material requires a large number of
experiments until the reaction conditions for the formation of a
desired compound are established. In a relatively large number of
cases we were never able synthesizing a thiometalate which was
formerly obtained applying for instance the elements as educts.

Experimental Section

Syntheses:

1¢ were purchased (see below for purity and company
Is were purchasced (scc below for purity and company)

and used w1[houl further purifications. Both compounds were prepared under
solvothermal conditions in teflon-lined steel autoclaves (inner volume: 30
mL). The crystalline reaction products were filtered off, washed with water
and ethanol and dried in vacuum.

Sunthecic of (NRNHYLCn.C (1) and (DRNHL1 . Sn.S. 2 1 IQ 7 me s}
u,.....v, s of (DBNH);Sn;Ss (1) and (DBNH);CusSnzSs (2): 1 mg (1
mmol) Sn (99.5 %, Aldrich), 63.5 mg (I mmol) Cu (99.5 %, Alfa Aesar),

105.8 mg (3.3 mmol) S in 3 mL of 1,5-diazabicyclo[4.3.0]non-5-ene (DBN)
(> 98.0 %, Fluka) were reacted for 27 d at 140 °C, followed by cooling to
25 °C in 30 h. In the reaction products yellow needles of 1 and red plates of
2 were found in a low yield. The compounds can also be obtained applying a
reaction time of 5 d, but the quality of the crystals especially for 2 was not
good enough for single crystal structure determination. During the
optimization of the reaction conditions, the duration was elongated from 5 d
over 10 and 15 d up to 27 d. In all syntheses Cu and Sn sulfides are the main
products. A large number of syntheses was performed to increase the yield
and also the homogeneity.

1 can also be synthesized reacting 1 mmol Sn and 3 mmol S in 3 mL DBN
for 20 d at 170 °C in a yield of ~10% based on Sn.

The different reaction products were manually separated and the
homogeneity of both compounds was confirmed by X-ray powder diffraction.
Elemental analyses (results in %): 1:found: C 21.05, H 3.21, N 7.11;
calculated: C 21.10, H 3.04, N 7.03; 2: found: C 14.82, H 2.46, N 4.81;

ol d. O 1404 19123 N AGQ
CaiCulaied: C 14.54, 1 £.55, IN 4.50.

Structure determination:

Intensity data were collected on a STOE IPDS-1 (Imaging Plate Diffraction
System) with Mo K, radiation at room temperature. The structures were
solved with direct methods using the program SHELXS-97 [62] and the
refinements were done against F° with SHELXL-97 [63]. Anisotropic
displacement parameters were used for all non-hydrogen atoms. The H
atoms of the amines were positioned with idealized geometry and refined
using a riding model and a fixed isotropic displacement parameter. In 2 some
disorder of the DBN is present and the structure refinement was performed

ngino a enlit madel Same gelected refinement regultc are cummarized in
using a spit moGe.. SOme sCieCled refmement résuils are summanzea in

Table 4.

Tab. 4: Selected technical details of data collection and results of the structure
refinement of the title compounds.

(DBNH).Sn:S, (DBNH),CusSn,Se
Crystal system Monoclinic Orthorhombic
Space group P2i/n Pca2;

alA 9.5822(8) 21.3017(10)

b/A 13.1199(7) 6.6837(3)

c/A 19.9506(16) 19.9480(13)
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o 90 90
B 97.192(10) 90
Y 90 90
VA 2488.4(3) 2840.1(3)
7 4 4
Dcalgulated / 2132 2,632
glem
p/mm’ 3.501 6.734
Scan Range 2.65 <0 <28.02° 2.80 <0 <28.02°
Reflections 21603 16982
collectea
Refl. with F, > 46

° 153 21
(F) 536 60
Independent 5831 [R(int) = 0.0589] | 6810 [R(int) = 0.0636
reflections 31 [R(int) = 0. ) [R(in0) = 0.0636]
goodness-of-ﬁt on 1.006 0.985
Final R indices | RI=0.0387, R1 = 0.0441,
[1> 2sigma(l)] WR2 = 0.0874 wR2 =0.1031
R indices (all data) | R1>0:0626. R1=0.0597.

WIRZ = U.UYD0 WIRZ = U.11U0

5‘: Elec. Dens. /| 958 /.0.971 1.667/-1.634
Flack x parameter -0.02(2)

Loan dano o frad uith b ool Ao
have been deposited with the Cambridge

Crystallogr: aphlc Data Centre as publication no. CCDC XXXX (
CCDC XXX (2). Copies of the data can be obtained, free of char;
174

annlication to f‘f‘l’\f‘ 12 Union Road, Cambridee CB2 1 E’7

11
appiication © Union Roaq, Lamonage Ui

deposn@ccdc‘ca.ac.uk).

Energy-dispersive X-Ray Diffraction (EDXRD):

All EDXRD experiments were carried out at the HASYLAB beamline F3 at
DESY, Hamburg, Germany. The beamline station receives white
synchrotron radiation from a bending magnet with E. = 16.6 keV and gives a
positron beam energy of 4.5 GeV. The energy range from 6 to 60 keV
exhibits a maximum at about 20 keV. A liquid nitrogen cooled solid-state
germanium detector with a resolution of about 1% was used. The angle of
the detector was fixed at approximately 1.8° which allowed the detection of
the Bragg refiections and the observabie d-spacing range was 3.1 to 32.3 A
given by E = 6.199/(d-sin®). The beam was collimated to 200 x 200 mm
giving the best results. More experimental details can be found in [30, 31].
The in-situ investigations were conducted in glass tubes in speciai autociaves
with an internal diameter of 10 mm and a volume of 7 mL. The delay time
between ﬁlling the mixture of the starting materials in the autoclave and
starting the reaction was about 2 min and the reaction temperatuic was
reached within 1 min. Time-resolved X-ray powder patterns with acceptable
counting statistics could be recorded with acquisition times between 120 and

190 cap Indar ctirrino conditiong the comnonnde wara cunthacizad neino 2
15U SEC. URGEr stiTing COnGilions n¢ CoOmMpoundas were syninesizea using 50

mg (0.47 mmol) Cu, 60 mg (0.5 mmol) Sn and 50 mg (1.55 mmol) S in I mL
DBN at temperatures ranging from 140 to 200 °C. Compound 1 was
prepared applying 60 mg Sn (0.5 mmol) and 50 mg S (1.55 mmol) in 1 mL
DBN at temperatures between 140 and 190 °C. The resulting spectra were
evaluated with EDXPowd [64] and the Origin6.0 program package. Due to
some problems in integrating triple peaks of spectra series, we used the
program “calf3” which was developed in close cooperation with A.
Rothkirch (Hasylab, DESY). It was written to support the energy calibration
of beamline F3 and to evaluate spectra time series of in-situ EDXRD
measurements. The routine is written in Interactive Data Language (IDL),
ITT Visual Information Solutions, Boulder, CO, USA and runs also with
IDL virtual machine. For the data evaluation of time series, an input file
must be supplied which provides regions of interest for possible peak
positions and (optional) regions for background. The data are background
corrected by a polynomial assumption and regions of interest are scanned for
diffraction/fluorescence peaks. The peaks are fitted to Gaussians (possible
for single or even superimposed triple peaks) and separately integrated for
every single spectrum. In addition, a normalization of the integrals to a
reference can be applied (e.g. integral of fluorescence peak within a single
spectrum). The derived coefficients and integrals are written to an output file
as well as an illustration for first visual analysis. The integrals of the product
reflections were normalized with the integrals of the intensity of the Sn-Kq
fluorescence.

X-Ray Powder Diffraction

sensitive detector (IP-PSD) and Ge monochromator using Cu Kg (A =
1.54056 A) radiation.

device. The samples were heated up to 500 °C with 4 K-min™ under a fiow of
argon (75 mL-min™) in ALO; crucibles. The TG data were corrected for
buoyancy and current effects.

Scanning electron microscopy
fluorescence (EDX):

(SEM)/ energy dispersive X-ray

A Philips ESEM XL30 equipped with an EDAX EDX system was used to
determine the compositions.

Spectroscopic experiments:

Infrared spectroscopy: In the IR spectra the absorptions located at 3277 (m, -
NH stretch), 3104 (m, -NH stretch), 2922 (s, -CHy; m-s, -NH stretch), 1670
(i, -\,\./ 1567 (ii-s, -NH), 1417, 1298, 1201 (in, -CN) and 1064 (i, -CN)
cm’ (1) respectively at 2920 (s, -CHy; m-s, -NH stretch), 1670 (m, -CC),
1371, 1292, 1124 (m, -CN) and 1064 (m, -CN) cm™ (2) are detected of the

NDBN malocnlos
DDIN iNoI1ICCuIcs.

Raman: The data for the Raman spectra were collected in the region from
i00 to 500 cm’ with a Bruker IFS 66 Fourier Transform Raman
spectrometer (wavelength: 541.5 nm).

UV/Vis: Investigations were done at room temperature using a UV-VIS-NIR
two-channel spectrometer Cary 5 from Varian Techtron Pty., Darmstadt. The
absorption data were calculated with the Kubelka-Munk approach for diffuse
reflectance data. BaSO4 powder was used as reference material.

Elemental analysis:

CHNS analyses were done using a EURO EA Elemental Analyzer,
fabricated by EURQ VECTOR Instruments and Software.

abricated by EURQ VECTOR 1¢ Software,
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A mixed-valent Sn(II)/Sn(IV)
thiostannate and a copper-
containing Sn(IV) thiostannate
coexisting under solvothermal
conditions.

N. Pienack, C. Ncither, W. Bensch*

Solvothermal syntheses of two new

thiostannates and an in-situ energy

dispersive X-ray scattering study of
their formation

10 "
2 theta

The mixed-valent Sn(II)/Sn(IV)
thiostannate (DBNH),Sn3Ss and the
Sn(IV) thiostannate
(DBNH),CugSn,Sg  coexist  under
solvothermal conditions. The Sn(II)
species shows a rare trigonal-
pyramidal  environment  whereas
Sn(IV) is in a trigonal-bipyramidal
coordination resulting in chains made
of alternating Sn;S, semi-cubes and
Sn,S, rings. In the other compound the
condensation of CuS; triangles and
SnS, tetrahedra yields in undulated
anionic layers which can be seen as
heteroatom 6° graphene layers. The
remarkable coexistence of the two
thiostannates was investigated with in-
situ energy dispersive X-ray scattering
under real reaction conditions. The
appearance of a crystalline precursor
is followed by the formation of the
thiostannate(IV). Short times later the
crystallization of the mixed-valent
Sn(ID)/Sn(IV)  thiostannate  started
suggesting complex redox reactions
occurring under the solvothermal
conditions.
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4.2.2. EXAFS-Untersuchungen zur Bildung von [Co(CgH13N4)]1[Sb2S4]

Zusammenfassung der Verdffentlichung “Combined in-situ EDXRD/EXAFS
Investigation of the Crystal Growth of [Co(CsH1sN4)][Sb2S4] under Solvothermal

Conditions: Two Different Reaction Pathways Leading to the Same Product’.

Das Kristallwachstum und die Reaktionskinetik der Bildung des Thioantimonats
[Co(tren)][Sb,S4]  (tren = Tris-(2-aminoethyl)-amin) unter solvothermalen
Bedingungen wurden mit komplementdren in-situ-EDXRD- und EXAFS-
Messungen bei verschiedenen Temperaturen untersucht.

Die Schichtverbindung [Co(tren)][Sb2S4] wird bei Temperaturen zwischen 105 °C -
130 °C ohne kristalline Zwischenprodukte, Precursoren oder Intermediate
gebildet. Die Ergebnisse der EDXRD-Studie wurden bereits in der Dissertation von
R. Kiebach [91] erértert. Daher sollen nur die komplementar dazu durchgefiihrten
EXAFS-Untersuchungen an der Sb-K-Kante an dieser Stelle diskutiert werden. Die
Experimente wurden mit der in Kapitel 3.2 beschriebenen in-situ-Apparatur am
Messplatz X1 (Hasylab, Desy, vgl. Kap. 3.4) durchgefuhrt. Bei einem typischen
Experiment wurden 0.5 mmol Co, 0.5 mmol Sb und 1.5 mmol S in 2 mL 50%iger
tren-L6sung eingesetzt.

Die Auswertung der EXAFS-Spektren ergibt, dass sich interessanterweise die
lokale Umgebung um die Sb-Atome im Verlauf einer Reaktion nicht &ndert.
Variationen der Temperatur, des Amins oder des pH-Wertes beeinflussen dieses
Ergebnis nicht. Da der Kantenhub direkt proportional zur Konzentration des
untersuchten Absorberatoms ist, kann mit Hilfe des abnehmenden Kantenhubs die
sinkende Sb-Konzentration verfolgt werden. Unter der Voraussetzung, dass das
zu Beginn geldste Antimon feste Produkte bildet, die sich absetzen und damit
nicht mehr in der Ldsung detektiert werden koénnen, verlduft die
Konzentrationsanderung sigmoidal (Abb. 4.13). Die in L&sung vorhandenen
Spezies kdnnen identifiziert werden, indem flr verschiedene SbS,-Spezies
berechnete EXAFS-Spektren mit den gemessenen verglichen, zusammen
simuliert und angepasst werden. In der Literatur werden als Hauptspezies in
alkalischer, sulfidischer Losung die Spezies [Sb,Ss]*, [SbSs]* und [SbS4*
diskutiert [107, 108, 109]. Da die radiale Abstandsverteilung der Messungen nur

eine Schale um das Sb anzeigt, kann die erste Spezies, fur die zwei Schalen
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sichtbar sein mussten, ausgeschlossen werden. Die Geometrien der

verbleibenden Sb-Spezies wurden mit Gaussian98 [110] berechnet und optimiert.
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Abb. 4.13: Abnahme des Sb-Kantenhubs mit fortschreitender Reaktion.

Die optimierten SbS3- bzw. SbS,-Cluster wurden fir die FEFF-Simulationen [104]
herangezogen. Die Verfeinerungen (Abb. 4.14) mit variabler Koordinationszahl
(zwischen 3 und 4) fihren immer zu einer Koordinationszahl um 3.5. Dies ist ein
guter Hinweis darauf, dass die beiden Spezies im Verhaltnis von ca. 50 : 50 in der

L&sung koexistieren.

Experiment
- — - Experiment
- — — Simulation
—— Simulation

T T T T T T T T T T T T T T T T T T T 1
00 04 08 1.2 16 20 24 28 32 36 40
radiale Abstandsverteilung / 100 pm

Abb. 4.14: Vergleich der radialen Abstandsverteilung (durchgezogene Linien) und der
Fourier-Transformierten y(k) (gestrichelte Linien) der gemessenen (schwarz) und
berechneten (grau) Daten. Die theoretischen Phasen und Amplituden wurden fiir SbS;- und
SbS,-Einheiten simuliert.
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Die EXAFS-Spektren belegen, dass sich die Sb-Nahordnung in Lésung bei allen
durchgefiihrten Reaktionen nicht &ndert und nur Monomere vorliegen.
Kondensationen dieser Monomere fihren wahrscheinlich zu Sb,Sy-Einheiten, die
als feste (amorphe) Zwischenprodukte oder Intermediate ausfallen und somit in
Lésung nicht erfasst werden kénnen. Fur die Aufnahme der EXAFS-Spektren
musste das Ruhren des Reaktionsgemisches unterbrochen werden, da sonst die
Spektren zu verrauscht und Auswertungen nicht méglich waren. Untersuchungen
der festen, eventuell amorphen (Zwischen-) Produkte konnten daher nicht
durchgefiihrt werden. Da bei den EDXRD-Untersuchungen kontinuierlich gerthrt
worden ist, sind die Reaktionsfihrungen nicht identisch, sondern missen mit

Sorgfalt und der notwendigen Skepsis verglichen werden.
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Combined In Situ EDXRD/EXAFS Investigation of the Crystal
Growth of [Co(CsH1sN4)]1[Sb2S4] under Solvothermal Conditions:
Two Different Reaction Pathways Leading to the Same Product
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The crystai growth and kinetics of the formation of [Co(CeH 3N4)]iSb2S4] were investigated under
solvothermal conditions with combined in situ EDXRD (energy dispersive X-ray diffraction) and in situ
EXAFS (extended X-ray absorption fine structure) at different temperatures. In the overwhelming number
of reactions all product reflections occur simultaneously in the EDXRD spectra. A detailed analysis of
the extent of reaction a vs time clearly shows that the mechanism changes during the reaction. Such a

chanece gecurs at different temmneratures after different reaction times. At the early gtaceg the reactions
cnange oClurs at Girierént wemperaiures ailer Giiierent réacuodn umes. At e eary stages ne reacuons

are controlled by diffusion, and later the reaction exponents m suggest a more complex behavior. At the
end of the formation of [Co(CsH;sN4)][Sb,S4] a second phase is formed which does not contain Co. The
results of the in situ experiments suggest that [Co(C¢H3N4)][SbsS4] is not only a metastable phase but
rather that the second product crystallizes because the Co®>" concentration in solution is too low for
further formation of [Co(CgH;gN4)1[Sb>S4]. In the minor cases of the solvothermal reaction a very different
growth was observed. At the beginning only one intense reflection occurs in the spectra and after a
distinct time all other reflections start to grow simultaneously. This strange behavior indicates that
disordered layers are formed at the beginning which start to arrange at later stages, yielding the three-
dimensional long-range order. The in situ EXAFS experiments performed at the Sb K-edge demonstrate
that, independent of the reaction time, the Sb/S ratio, and the amine applied, only the two species SbS3
and SbS, are present in solution.

Introduction class of compounds with designed physical properties.

Recently, we published the synthesis and structure of the
layered compound [Co(tren)][Sb,S4]'? (tren = tris(2-amino-
ethyl)amine) in which Co?" is part of the thioantimonate-
(I) network (Figure 1). Such a combination makes the

material of interest for further applications and investigations

e N PR PR PR cirad 11

are in progress. LviiCi‘UpUluu> maicriais arc byﬁtheblLCu unacr
solvothermal conditions with organic molecules acting as
structure directors. The final crystalline products often show
a low density and can be regarded as kinetic controlled
products.

Despite the importance of the solvothermal method for
the synthesis of new materials such as catalysts, ion
exchangers, and porous materials, the reaction mechanisms
leading to the crystalline products are not well-understood.
Compared to the enormous number of experiments performed
under solvothermal conditions, experiments for understanding
the mechanisms, the kinetics of solvothermal syntheses, and

Catal. 1997, 106. 509. exploration of the influence of reaction p_arameters such as
(2) Stihler, R.; Niither, C.; Bensch, W. J. Solid State Chem. 2003, 174, temperature, pH value, and volume are quite rare. In the past
264. decade the number of publications'' !¢ presenting results of

Cobalt-containing frameworks are of great interest in
catalysis and a lot of research has been done in this field.
Important catalysts are cobalt-containing acidic zeolites for
hydrodesulfurization.! Thioantimonates(IIl) with zeotype
structures are also possible candidates for catalytic applica-
tions. In recent years a large number of microporous thio-
antimonates(II1)> > have been synthesized. A good example
to demonstrate the structural relationship between thioanti-
monates(IIT) and zeolites is the three-dimensional cobalt-
containing compound [Co(en);]1[Sb;»S10]° with channels being
comparable with those in ZSM-5. The combination of the
useful properties of zeolites with manifold properties of
thioantimonates(IIT) like tunable optical band gaps,’ super-
conductivity,® or photoconductivity® should lead to a new

* To whom correspondence should be addressed. Tel: +49 431 880-2406.
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(6) Vaqueiro, P.; Chippindale, A. M.; Powell, A. V. Inorg. Chem. 2004,
43, 7963.

(7) Schaefer, M.; Stihler, R.; Kiebach, W.-R.; Niither, C.; Bensch, W. Z.
Anorg. Allg. Chem. 2004, 630, 1816.

(8) Lee, C.-S.; Safa-Sefat, A.; Greedan, J. E.; Kleinke, H. Chem. Mater.
2003, 75, 780.
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in situ energy-dispersive X-ray diffraction (EDXRD) studies

(9) Starrost, F.; Krasovskii, E. E.; Schattke, W.; Simon, U.; Wang, X.;
Liebau, F. Phys. Rev. Lett. 1998, 80, 3316.
(10) Stihler, R.; Bensch, W. Eur. J. Inorg. Chem. 2001, 3073.
(11) Kiebach, R.; Schaefer, M.; Porsch, F.; Bensch, W. Z. Anorg. Allg.
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Crystal Growth of [Co(CsH sN4)][Sb2S4]

Figure 1. Crystal structure of [Co(tren)][Sb,S4] viewed along the c-axis.

of solvothermal reaction has grown constantly, but the
number of reports is still low. EDXRD is a powerful method
to investigate the influence of different parameters onto the
formation of crystalline products. Crystalline precursors and/

intarmandiotas ara datantad woith it Aranahing A eanntsam

Of interinicaiaics aic aciecica 'VVlthLll LluCll\—llllls LllC 1cacuvull
and without workup of the product. But with EDXRD only
crystalline phases can be detected, and amorphous phases
and very small precursors in the liquid phase cannot be
observed so this part of the reaction is still a kind of “black
box”. Information from amorphous phases or moiecuies in
solution can be acquired with extended X-ray absorption fine
structure (EXAFES) experiments because data about the local
structure and the local atomic coordination are collected.'” "
The combination of these two complementary methods yields
a much better understanding of the mechanisms occurring
during chemical reactions.?’ 24 Here we report the EDXRD/
EXAFS studics of the system Co/Sb/S/tren, and the kinetic
results of the crystal growth of [Co(tren)][Sb,Ss] are
presented.

Experimental Section

The compound [Co(CgHsN4)][Sb,S4] is obtained by reacting
elemental Co (29 mg, 0.5 mmol, Fluka, purum p.a.), Sb (61 mg,

(13) Engelke, L.; Schaefer, M.; Schur, M.; Bensch, W. Chem. Mater. 2001,
13, 1383.

(i4) Francis, R. J.; Price, J. S.; Evans, J. S. O.; O’Brien,
Chem. Mater. 1996, 8, 2102.

(15) Bray, H. J.; Redfern, S. A. T. Phys. Chem. Miner. 1999, 591.

(16) Christensen, A. N.; Bareges, A.; Nielsen, R. N.; Hazell, R. G.; Norby,
P.; Hanson, J. C. J. Chem. Soc Dalton Trans. 2001, 1611.

(17) Penner-Hahn, J. E. Coord. Chem. Rev. 1999, 190—192, 1101.

(18) Burattini, E.; Dalba, G.; Fornasini, P. I/ Nuovo Cimento 1986, 7, 293.

(19) Cervinka, L.; Smotlacha, O.; Bererova, J.; Tichy, L. Non.-Cryst. Solids
1991, 137—-138, 123.

(20) Sankar, G.; Rey, F.; Thomas, J. M.; Greaves, G. N.; Corma, A.;

Nohson. B R T Chom Soe Chem Commun, 1004 2270
D00s0n, 5. N v. Lhrem. Soc., Lnem. Lommun. 1994, 2215,

(21) Thomas, J. M. Angew. Chem. 1999, 111, 3800.

(22) Rey, F.; Sankar, G.; Thomas, J. M.; Barrett, P. A.; Lewis, D. W.;
Catlow, C. R. A.; Clark, S. M.; Greave, G. N. Chem. Mater. 1995, 7,
1435.

(23) Sankar, G.; Wright, P. A.; Natarajan, S.; Thomas, J. M.; Greaves, G.
N.; Dent, A. J.; Dobson, B. R.; Ramsdale, C. A.; Jones, R. H. J. Phys.
Chem. 1993, 97, 9550.

(24) Cora, F.; Sankar, G.; Catlow, C. R. A.; Thomas, J. M. Chem. Commun.
2002, 734.
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0.5 mmol, Fluka, purum p.a.), and S (48 mg, 1.5 mmol, Fluka,
purum p.a.) in 2 mL of an aqueous tren (purum, Fluka) solution
(50%) as solvent. The temperature range for the experiments varied
between 105 and 130 °C. Note that above 130 °C only [Co(tren)-
SbsS7] is formed, below 105 °C no product growth could be
observed within 5 h, and under static conditions the reaction
required several days for completion. The reaction was studied at
105, 110, 115, 120, 125, and 130 °C under isothermal conditions.
Additional experiments with CoCl,*6H,O (119 mg, 0.5 mmol,
Fluka) were carried out at 120 °C.

Synchrotron Radiation Source for EDXRD Measurements.
HASYLAB Beamline F3 receives white synchrotron radiation
from a bending magnet with a critical energy of 16 keV and gives
a positron beam energy of 4.5 GeV. An energy range from 13.5 to
65 keV can be observed with a maximum at about 20 keV. The
diffracted beam is monitored by a nitrogen-cooled solid-state
germanium detector. The detector angle of approximately 1.90°
allowed the detection of Bragg reflections with d spacing from
2.9 to 13.8 A. The energy resolution Ad/d was about 102 above
26 keV. The beam was collimated to 0.2 mm, giving the best
results. More PYr\anPn[al details are found in refs 12 and 13. The
in situ investigations were conducted with autoclaves containing
glass liners with an internal diameter of 10 mm and a volume of
i0 mi.

Synchrotron Radiation Source for EXAFS Measurements.
The experiments were performed in transmission at the Sb K edge
(30491 eV) at beamline X1 (HASYLAB). A Si(311) double crystal
was used as monochromator and the measurement time was about
260 s for each scan. The storage ring operated with injection
currents of 140 mA at 4.4 GeV. The stirring of the reaction mixture
was interrupted every second spectrum for data acquisition of Sb
in solution without influence of the solid phase.

Details of data reduction procedures for energy dispersive X-ray

absorption spectra can be found in the literature.>26 The data

analysis was done with WinXAS 3.0 following recommended
procedures.?’ Pre-edge background subtraction and normalization
were carried out fitting linear polynomials to the pre-edge and the
post-edge region of the spectra, respectively. A smooth atomic
background was obtained with a cubic spline refinement procedure.
Fitting range in k space, number of splines, and k weighting were
optimized to afford a rigid background curve at low k and
minimization of low R peaks in the Fourier transformed signal.
The radial distribution function FT(y(k)) was obtained by Fourier-
transforming the k3 weighted experimental extended fine structure
(EXAFS) x(k), multiplied by a Bessel window, into R space.
Calculation of theoretical EXAFS spectra and refinement of

exnerimental data were carried ont uqnn theoretical havl{craﬂprlng

experimental data were carried out using theoretical backscatterin,
phases and amplitudes obtained from the ab initio multiple-
scattering code FEFF 7.2 Parameters obtained with a least-squares
fit of the standard EXAFS formula are Sy% the passive electron
reduction factor, R;, the interatomic distance, the Debye—Waller
factor 0/, and the coordination number CN.

EXAFS refinements were carried out in R space to the magnitude
and imaginary parts of a Fourier-transformed k* weighted experi-
menial (k). Further details on the EXAFS refinement procedure
employed can be found in ref 29.

(25) Ressler, T. J. Phys. IV 1997, 7, C2—C269.

(26) Ressler, T.; Hagelstein, M.; Hatje, U.; Metz, W. J. Phys. Chem. B
1997, 101, 6680.

(27) Koningsberger, D. C.; Prins, R. X-Ray Absorption Spectroscopy,
Chemical Analysis, Wiley: NewYork, 1988.

(28) Rehr, J. J.; Booth, C. H.; Bridges, F.; Zabinsky, S. I. Phys. Rev. Lett.
1992, 69, 3397.

(29) Ressler, T.; Timpe, O.; Neisius, T.; Find, J.; Mestl, G.; Dieterle; M.
Schlogl, R. J. Catal. 2000, 191, 75.
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The FT spectra showed only one shell and the fitting must be
done with care. The parameters So?, CN, R;, and o? are correlated
and some assumptions must be made to get reliable results. The
factor Sy> depends on the free path lengths which in turn scales
with the temperature. The spectra were recorded at 130 °C and a
fixed value of 1.05 is reasonable. For Sb-containing solutions
different values for 0> were reported which were used as the upper
and lower limit during the refinements; i.e., 0> was freely refined
within this range. The resulting magnitudes for o (Table 3) are in
excellent agreement with those reported in previous papers.*3! The
interatomic distance R; depends on Ej (zero point of the energy
scale) which was fixed to 10 eV in accordance with literature data.
Refinement of E, with starting values far from 10 always yielded
a value very near to 10. The spectra were then refined either with
the SbS; or the SbS, unit with a freely varying CN. In both cases
ulc valuc‘ fCu' \,n was 3 6, slvulg |Uw6i‘ fﬁllauuuy facior% ‘u.an '\i%iﬁg
the same units with fixed coordination numbers. In the next step
the spectra were refined with fixed coordination numbers but with
a variable ratio of both species. The lowest reliability factor was
obtained for a 1:1 mixture of SbS; and SbS,.

N famnn measure < PR o

NCICICIICE mecasul e“lb WCIT UUIlC WlLll a plebCU pCllCl
obtained by mixing about 100 mg [Co(tren)][Sb,S4] with boron
nitride (ratio 1:3). The in situ experiments were performed in the
above-mentioned cell under autogenous pressure either under dy-
namic (with stirring) or static (without stirring) conditions. At the
end of the reaction the solid nrodur_‘l_ was used as the reference
phase.

For Sb references in the liquid phase 3.04 g (25 mmol) of Sb
and 2.4 g (75 mmol) of S were dissolved in 100 mL of a 50%

aqueous diethylenediamine solution and heated under reflux for 2
h. The resultmo parent solution (A1) was diluted with 50 vol %
water (A2). This solution was again diluted with 50 vol % water,
yielding A3, and this procedure was continued until solution A15
was obtained, which contained 0.003% of solution Al.

Density Functional Theory Calculations. Spin-restricted DFT

calculationg ||c|n(7 Recke’s three-narameter h\rhnd functional with

.................. Becke’s three-parameter id functio
the correlation functlonal of Lee, Yang, and Parr (B3LYP)*2~34 were
performed for the singlet ground state of SbS3*>~ and SbS4>~. The
LANL2DZ basis set was used for the calculations. It applies
Dunning/Huzinaga full double-& (D95) basis functions® on the first
row and Los Alamos effective core potentials plus DZ functions
on all other atoms.*37 All computational procedures were used as
they are implemented in the Gaussian 98 package.®

(30) Frederick, J.; Mosselmans, W.; Helz, G. R.; Pattrick, R. A. D.;
Charnock, J. M.; Vaughan, D. J. Appl. Geochem. 2000, 15, 879.

(31) Oelkers, E. H.; Sherman, D. M.; Ragnarsdottir, K. M.; Collins, C.
Chem. Geol. 1998, 151, 21.

(32) Becke, A. D. Phys. Rev. A 1988, 38, 3098.

(33) Becke, A. D. J. Chem. Phys. 1993, 98, 1372.

(34) Becke, A. D. J. Chem. Phys. 1993, 98, 5648.

(35) Dunning, T. H., Jr.; Hay, P. J. In Modern Theoretical Chemistry;
Schaefer, H. F_, III, Ed.; Plenum: New York, 1976.
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Figure 2. Energy dispersive diffraction pattern of [Co(tren)][Sb2S4]. The
indices of the reflections and the Sb fluorescence are marked.
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Figure 3. Time-resolved powder pattern recorded at 120 °C. The indices
of the most intense lines of the product phase and the Sb Ka fluorescence
iine are marked.

Results and Discussion

EDXRD. In the spectra several reflections of the product
and the Sh regonance 1

2). A typical sequence of time-resolved spectra is shown in
Figure 3. After an induction time, #,4, Which strongly depends
on the reaction temperature, product peaks starts to grow.
Note that the Sb resonance at 26.6 and 31.1 keV as well as
an escape peak at 16.5 keV are immediately visible in the
spectra. The (102) reflection with the highest intensity
corresponds to the layers of the compound. A quantitative
analysis of the growth rates shows an identical behavior for
different reflections and confirms an isotropic crystallite
growth (see also below). In the spectra no hints are seen for
the occurrence of crystalline precursors or intermediates.
Compared to fi,¢ the half-life time #ps5 of crystallization is
short and is about 15% of the time necessary to complete
the reaction (Table 1). The first step of the kinetic analysis
is the integration of one or several product reflections using
a Gaussian function and measuring the corresponding areas.

are monitored simultaneongly
are moenitored symuitaneously

y

T

2
=
«w
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Table 1. Kinetic Data Obtained by the Analysis with
Sharp-Hanckock Plots

induction  reaction half-life
time¢ time? time¢

Tin °C in min in min in min m  k[s7'] x 107*
1050 <0.71 204 200 18 0.57 5.20

a>0.71 0.85 4.29
110 a0 < 0.77 113 133 17 0.66 5.45

a>0.77 1.29 4.43
1150 <0.75 101 62 15 0.59 6.39

a > 0.75 1.23 4.64
120 a0 < 0.68 83 47 9 0.70 8.74

a > 0.68 1.65 8.28
125 < 0.53 66 45 9 0.67 10.13

a>0.53 0.98 11.18
130 a0 < 0.67 56 38 7 0.55 10.74

a > 0.67 1.41 10.81

% Induction time: time between reaction start and occurrence of first
product peaks. ? Reaction time: time between first occurrence of product
peaks and end of reaction (o. = 1). ¢ Half-life time: time between first
occurrence of product peaks and oo = 0.5.

fr=130°c |[r=125°C| [r=120°c] [T=115°C] fr=110°c] fr=105°C |

1.0
0.8
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Figure 4. Extent of reaction o versus time for the (102) reflection at
different reaction times.

These are then converted to the extent of reaction a using
the relation o(f) = 1,(t)/1,(teo), with I,(¢) being the intensity
of the reflection at time 7 and 7,(te0) is the intensity of this
reflection at the end of the reaction (1 = o). In the present
analysis the previously integrated intensities at time ¢ were
divided by the intensity of the Sb Ka resonance peak at the
same time 7 to get the normalized intensity relative to the
beam intensity; i.e., the data are very accurate due to the
correction for fluctuation of primary beam intensity.

The nlot of o vs reaction time # (Fioure 4. Table 1) shows
1€ POt O QL VS reacuon ume 7 (rigure 4, 1a%:¢ 1) SACewWs

a strong temperature dependence of #ing. At 130 °C the value
for ting is 56 min and increases by a factor of 4 at 105 °C
(tina = 204 min). It is remarkable that the data are reproduc-
ible on a very high level despite the long induction period
at 105 °C, and according to experimental results the variation
of ting 1s less than 5 min (<2.5%) at 105 °C.

Kinetic Analysis. Kinetic analyses are performed by fitting
the experimental data to a theoretical expression relating the
extent of reaction a vs time. Several kinetic expressions
applied to solid-state kinetics are reported, and the general
shape of their curves is well-documented. A detailed descrip-

tion of the nrocedure for the evaluation of the data wag

n of the procedure for the evaluation of th
presented for instance in ref 12.

The kinetic evaluation was performed after subtraction of
ting from time ¢ and the reduced reaction time (#.q) is obtained.
The kinetic data for different reaction temperatures are
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mechanism change

In(-In(1-cx))
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In( t)

Table 2. Rate Equations for Solid-State Reactions Reported in the

Literature
growth
model rate equation fla.) = kt m
Diffusion-Controlled

Di(a) o2=0.25 (tty5) 0.62
Ds(o) (1—o)In(l — ) +a=0.1534 (i/tgs5) 0.57
Ds(o) [Jander] [1—=(1 =)' =0.0425 (t/15) 0.54
Dy(0) 1 —20/3 = (1 = a)?*=0.0367 (t/tps) 0.57

[Ginstling-Brounshtein]
Phase-Boundary-Controlled

Rx(00) 1= (1 = o)2=0.2929 (t/ty5) 1.11
R3(00) 1= (1—=a)'"?=0.2063 (1/t5) 1.07
First Order
Fl(o) [—In(1 — a)] = 0.6931 (/ty5) 1.00
Nucleation [Avrami-Erovéef]

A2() [—In(1 — a)]"2 = 0.8326 (t/1y5) 2.00
A3(o) [=In(1 — )] = 0.885 (¢/to.5) 3.00

summarized in Table 1. When In[—In(1 — o] is plotted vs
In(7) (the so-called Sharp-Hancock plot, abbreviated SH) a
straight line is obtained for that part of the reaction which
follows the same mechanism.**~#! A change of the mecha-
nism results in a change of the slope of the curve. From the
slope of the linear part of the curve the reaction exponent m
can be evaluated (often called the Avrami exponent) and the
intercept with the y axis gives the rate constant k [s™']. The
exponent m is then related to the type of nucleation and
growth process taking piace, inciuding the morphoiogy of
the reaction product, i.e., whether the crystals are fibers,
needles, plates, sheets, spheres, or polygons. The exponent
m also includes the type of nucleation, i.e., whether the nuclei
all develop at once or continuous nucleation with a constant
rate occurs.*>#

The SH plot for data obtained at 7 = 115 °C (Figure 5)
divid

clearly shows that the erowth can b

d into two
cany snows wat e growul Can G

i WwWo

[¢]

different parts. Up to a. & 0.77 the reaction exponent m has
a value of 0.59 corresponding to a diffusion controlled
growth mechanism (Table 2), and in the second part (o0 >
0.77) m increases to about 1.23. For reactions at 7 < 110
°C the experimental points are on a straight line nearly over

(39) Hancock, J. D.; Sharp, J. H. J. Am. Ceram. Soc. 1972, 55, 74.

(40) Sharp, J. H.; Brindley, G. W.; Narahari Achar, B. N. J. Am. Ceram.
Soc. 1966, 379.

(41) Mohamed, B. M.; Sharp, J. H. J. Mater. Sci. 1997, 1595.

(42) Brown, P. W.; Pommersheim, J.; Frohnsdorff, G. Cem. Concr. Res.
198s, 15, 35.

(43) Thomas, J. J.; Jennings, H. M. Chem. Mater. 1999, 11, 1907.
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Figure 6. Comparison of experimental t/to 5 data as a function of (black

DTy ko 3 T 118 O L T
squares) with different theoretical models for 7= 115 °C. The letters with

the numbers are abbreviations of the different models listed in Table 2.

the whole reaction, and only just before the end a slight
deviation seems to occur. The nucleation and growth are
mainly controlled by diffusion and a first-order process may
influence the growth at the latest stages of the reaction. It
must be kept in mind that the discussion of possible
mechanisms based on the exponent m is not always
straightforward. The values for m often deviate severely from
the theoretical values listed in Table 2 and there are several
reasons for these experimental findings. The simplest as-
sumption is that reactions with different mechanisms proceed
in parallel and/or in succession, yielding values different from
theoretical ones.*~4 We note that the values for m discussed
above deviate from theoretical values, but they are in the
range for diffusion-controlled mechanisms during the first
stage of the reactions with stronger deviations from theoreti-
cal values for the later stage. The rate constant k and the
half-life time exhibit a clear temperature dependence. While
the half-life time decreases with increasing temperatures, the
value for the rate constant increases (Table 2).

led and r|gnrn||c 'ln'zl\rcpc were nprfnrmpd

comparing all models listed in Table 2 with the experlmental
data.*’~* A plot of the experimental t/fos data (t/tos is the
reaction time at oo = 0.5) vs o (Figure 6) allows a direct
comparison with the different models under consideration.
For T > 110 °C (Figure 6, T = 115 °C) the ex
data oo < 0.7 are in accordance with a diffusion control
followed by a change toward the first-order mechanism F1
for oo > 0.7. When the time-dependent behavior of a reaction
is scaled to 33%, a better discrimination between the models
is possible for higher values of o.. Hence, the plot of #/133
vs a (Figure 7, T = 115 °C) confirms the change of the
mechanism at later stages of the reaction. For 7' < 110 °C

the analysis of the data (Figure 8) suggests that diffusion
(D2 and/or D3) is the rate-limiting process for the crystal

SN |

1T1HCILaL

(44) Pradell, T.; Crespo, D.; Clavaguera, N.; Clavaguera-Mora, M. T. J.
Phys. Condens. Matter 1998, 10, 3833.

(45) Fanfoni, M.; Tomellini, M. Il Nuovo Cimento 1998, 20, 1171.

(46) Castro, M.; Dominguez-Adame, F.; Sanchez, A.; Podriguez, T. Appl.
Phys. Lett. 1999, 75, 2205.

(47) Avrami, M. J. Chem. Phys. 1939, 7, 1103.

(48) Avrami, M. J. Chem. Phys. 1940, 8, 212.

(49) Avrami, M. J. Chem. Phys. 1941, 9, 177.
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Figure 7. Comparison of experimental #/fo3 data as a function of o (black
squares) with different theoretical models for 7= 115 °C. The letters with
the numbers are abbreviations of the different models listed in Table 2.
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Figure 8. Comparison of experimental #/fos data as a function of o (black
squares) with different theoretical models for 7= 105 °C. The letters with
the numbers are abbreviations of the different models listed in Table 2.

Inset: Sharp-Hanckock plot for the data at 7 = 105 °C.

growth, but a definite decision is not possible, in agreement
with the results from the SH analysis (Figure 9). The
deviations discussed above are also observed in the so-called
Austin-Rickett p}OISSO u lgulc lU}

The activation energy Ex was determined with the Ar-
rhenius equation using the k values of the first part of the
reactions (Table 2). The plot In k vs 1/T yields a straight
line and Ex = 42 kJ/mol is obtained (Figure 11). This result
is comparabie with vaiues found in the literature. !>

At the end of the formation of [Co(tren)][Sb,S,], reflec-
tions of a second crystalline phase appear in the spectra and
several new reflections start to grow simultaneously (Figure
12). This phenomenon is independent from temperature and
is observed at the latest stages of every reaction. The second
phase was identified as [tren],[Sby;S34]. Unfortunately, the
(102) reflection of [Co(tren)}[Sb,S4] and the (004/013) peak

of the second phase coincide. Hence, the end of crystalliza-
tion of [Co(tren)][Sb,Ss] was evaluated with the (002)

(50) Austin, J. B.; Rickett, R. L. Trans. AIME 1939, 135, 396.
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Figure 9. Sharp-Hanckock plots for all temperatures.
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Figure 10. Austin-Rickett plots for all temperatures.

reflection and for the second phase [tren][Sby;S34] the
overlapping (202/—212) peak was used (Figure 12). The
intagratad intanqgity of tha (D) naak of IO a(tran)1TQHL.Q

integrated intensity of the (002) peak of [Co(tren)][Sb:S4]
passes a maximum which was then defined as the end of
the formation of this phase. Exactly at this time the second
phase starts to grow and the amount of the first compound

starts to decrease (Figure 13).

An in situ experiment was performed for 14 h after the
intensity of reflections of [Co(tren)][Sb,S4] just started to
decrease to prove whether [Co(tren)][SbaS4] is only a kind
of intermediate. During the first 6 h the intensity of (002) of
[Co(tren)][Sb,S4] drops and an equilibrium between the two
phases is reached (Figure 13). This may be explained on
the basis of a partial dissolution/amorphization of [Co(tren)]-
[Sb,S4] and the simultaneous crystallization of the new phase.
On a microscopic level the following may occur. At the point

where the intensities of [Co(tren)][Sh,S,] start to decrease

.......................... LOUEN ) 130234 Start 10 QeCrease,

the concentration of dissolved Co*" cations is too low for
further crystallization, and the transition metal free compound
starts to crystallize. The formation of this new phase
influences the equilibrium between solid [Co(tren)][SbaS4]
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Figure 12. Energy dispersive diffraction patterns of [Co(tren)][Sb,S4] and
the second phase. The indices of reflections of the second phase are
indicated. Additionally the (102) reflection of [Co(tren)][Sb,S4] is marked.

and the solution because the concentration of Sb3/S2~ is
lowered due to crystallization of [tren],[Sb2;S34]. The strong
reduction of the concentration of Sb>*/S?~ is accompanied
by the partial dissolution of the Co-containing compound,

vieldino a new eguilibrium for this comnlex gvstem. To nrove
yie:Ging a néw Squuiidrum ior s Compicx sysiem. 10 prove

that [Co(tren)][Sb,S4] is not only dissolved by tren, the solid
compound was filtered off after the reaction was complete
and 2 mL of pure tren was added. No change in the spectra
was observed within the next 4 h. The ratio between the
iwo phases was constant, demonsirating that the pH value
and the concentration of tren do not alter the equilibrium.

In about one-third of the in situ experiments highly
interesting observations for reactions performed at 7 < 120
°C were made; i.e., a very different growth behavior of the
reaction product was observed (Figure 14). After a temper-
ature-dependent induction time only the (102) reflection starts

to orow (Fioure 14) and after another 28 min all other neaks

to grow (Figure 14), and after another 28 min all other peaks
of [Co(tren)][Sba2S4] occur and grow simultaneously. The
position of the (102) reflection is slightly shifted to smaller
energy values at the early stages of reaction (23.27 keV)
and reaches 23.05 keV found in the other experiments
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Figure 13. Extent of reaction o versus time for the (002) reflection of
[Co(tren)][SbyS4] and the (202/—212) reflections of the second phase [tren],-
[Sb21S34].
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Figure i4. Time-resoived powder patterns recorded at 120 °C showing
the different growth behavior. The indices of the most intense lines of the
product phase and the Sb Ko fluorescence line are marked.

E in keV
Figure 15. Comparison of the (102) reflection for the two different growth
behaviors at 120 °C. Left: unusual growth behavior with peak shift; right:
with normal growth mechanism.

discussed above (Figure 15). The most possible “parameter”
responsible for this unusual observation is the ferromag-
netic behavior of elemental Co. The slurry is stirred with

stirrer bar (see Exnerimental Section). When

a maonatic
1C SUITCr var (SeC DXperimenta: SeCuon ;. wiach

a magnet;
Co sticks at the surface of this bar, the dissolution of Co
at T < 120 °C seems to have a random component. This
effect is negligible for 7 > 120 °C due to faster dissolu-
tion of Co, yielding a concentration of Co>" ions which
is large enough for the nucieation and crystaiiization foi-
lowing the mechanisms presented above. We proved the
hypothesis of this phenomenon and performed in situ
experiments with CoCl,*6H,O as Co source. In all these
experiments product growth proceeds following the reaction
paths discussed in the previous section. This experimental
finding supports our assumption that the velocity of dissolu-

Kiebach et al.

T=120°C .
2 mechanism change

I”(tma)

Figure 16. Sharp-Hanckock plot for the data at 7 = 120 °C for the product
formed by the second reaction path.

tion of elemental cobalt has a significant influence on the
rea

The SH analy31s of the data gives evidence that the
crystallization kinetics occurs in three different steps, each
being characterized by a different reaction exponent m
(Figure 16). The values for m are about 0.4 (a0 < 0.33) and

18 /(v > NQQ\ Fre tha Ffivct and thicd ctaga and daviata Fenms
1.5 (& ~ vU.00) 101 Ui 1if'St and uiiia stage ana acviate 1roin

the ideal values listed in Table 2. In the second part of the
reaction where all peaks grow simultaneously the value for
m of 4.0 is unusually large, but may be explained on the
basis of constant nucleation.”® An identical behavior was
observed by O’Hare and co-workers!* during the formation
of the thiostannate TMA-SnS1 and was explained by strongly
disordered layers which at later stages of reaction start to
arrange, yielding the three-dimensional long-range order.
EXAFS Measurements. In the past decades many experi-
ments were devoted to identify the soluble species of
antimony sulfides in alkaline solutions. Different species

weore nogtulated o o QhQ Q2= QL Q 2— 52 QLQ 3~ and
wilil pUsuuraca, C.8., uuui s ouz;_m 5 DU4DT ooUv3 , aiil

SbS,37,395253 and Sb,Se2~.53 But until now it is not clear how
Sb atoms are coordinated in basic sulfur-containing solutions.
For a better understanding of the building mechanisms of
thioantimonates it is important to identify primary building
units existing in reaction soiutions using EXAFS experi-
ments.

Reference Measurements. Solutions with differ
centrations of Sb/S in diethylentriamine were used as
references (see Experimental Section). The edge jump scales
linearly with the Sb concentration; i.e., lower Sb contents
yield smaller jumps. The temperature effect onto the edge

ent con-

smmn can be neclected Tntaractinoly the gnectra exhihit only
Jjump Can o€ negZieCilh. mierésungiy, uil spelira SXiiidit Oy

different intensities of the peaks but no differences were
observed for the shape of the XANES or EXAFS. This result
shows that the coordination sphere of Sb is the same for all
concentrations.

(51) Davies, A. T.; Sankar, G.; Catlow, C. R.; Clark, S. M. J. Phys. Chem.
B 1997, 101, 10115.

(52) Wood, S. A. Geochim. Cosmochim. Acta 1989, 53, 237.

(53) Helz, G. R.; Valerio, M. S.; Capps, N. E. Environ. Sci. Technol. 2002,
36, 943.
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Figure 17. Evolution of the Sb K edge jump during the reaction.

Measurements during the Formation of [Co(tren)]-
[Sb,S4]. The evolution of the Sb edge height during the
reaction at 120 °C is shown in Figure 17. After a short
induction time a maximum of the absorption jump Aux of
1.3 was reached and after 60 min the value decreased to
0.2. The change of the edge jump time proceeds not in a
linear way but has a sigmoidal shape reminiscent of the curve
for the extent of reaction presented in Figure 4. The two
curves cannot be compared directly due to the different
experimental conditions. The stirring was interrupted to
collect the XAFS data (see Experimental Section); i.e., this
interruption increases the reaction time. At the beginning of
the reaction elemental Sb is dissolved and the Sb content in
solution is very high. Within a few minutes the Sb content
decreases dramatically, indicating that a solid product is
formed which must be amorphous because it is not seen in
EDXRD experiments. Hence, it can be assumed that long
before crystallization of [Co(tren)][Sb,S4] an amorphous

nrocursor i formed. The guality of EXAES ¢nectra of thig
PreCursor 15 1ormeda. 108 quaily Of SAANS 5pelra O uiis

amorphous solid was not good enough for an evaluation and
the composition of the precursor is not known.
Evaluation of the Spectra. During the whole reaction only
two different types of spectra were observed. At the
beginning the spectra are similar to those recorded for
reference Al (see Experimental Section) and at the end the
spectra are similar to those obtained with pellets of crystalline
[Co(tren)][Sb,S4] (Figure 18). This observation suggests that
[Co(tren)][Sb,S4] is either soluble or that small particles are
present in the solution which do not sediment during the
time after stirring was stopped. In another experiment the
solution was niot stirred for 2 h and care was taken that only
the solution was investigated with EXAFS. Interestingly, the
spectra were identical to those recorded at the beginning of
the reaction, demonstrating that [Co(tren)][Sb,Ss4] is not
dissolved and the spectra obtained at the end of the reaction
were caused by smaii particies of {Co(tren)j{Sb2S4].
Reactions with other Sb/S/amine slurries were also inves-
ioated (0.5 mmol of Sh, 1.5 mmol of S in 2 mL of 50%

tigated (0.5 mmol of Sb, 1.5 mmol of S in 2 mL of 50%
2-aminoethylpiperazine at 160 °C; 0.5 mmol of Sb, 0.5 mmol
of Mn, 1.2 mmol of S in 2 mL of 100% dien at 120 °C) to
monitor the influence of the amine onto the formation of
the SbS; species. But for all solutions the spectra were
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Figure 18. Changes of EXAFS spectra during the reaction.
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Figure 19. Experimental and simulated Fourier transformed y(k). Theoreti-
cal phases and amplitudes calculated with SbS3 and SbSy units.

Table 3. Results from EXAFS Simulations with Standard Deviations
Given in Parentheses

SbSs SbSs SbS3 SbSs
residual 3.51 3.59 1.60 3.58
coordination number 3 (fixed) 4 (fixed) 3.6 (free) 3.5 (free)
o?/A? 0.00189(3) 0.00386(4) 0.00308(2) 0.00295(3)

similar; i.e., the environment of Sb in sulfur-containing amine
solutions is identical. Temperature, volume, pH value, and
the kind of amine have no measurable influence on the
dissolved SbS, species, which is a quite remarkable and
surprising result.

4o 0 TAW A TOQ PR

DliillildllU 1S 01 LAAKD apeurd. 1nc prLle 1[1 bOlUllOﬂ
may be identified comparing simulated EXAFS spectra for
different SbS, species with the experimental data. In the
literature®~* mainly three different structural species were
suggested, i.e., a Sb,S¢®~ ring, the SbS33~ group, and a SbS,*~
unit. The existence of the SbySe®~ ring can be ruled out
because the radial distance distribution (Figure 19) shows

onlv one shell around Sh. but 2 Sh,S0~ rine requires a second

only one shell around Sb, but a Sh,S¢™ ring requires a second
shell, accounting for the Sb—Sb coordination. The two other
models were simulated with Gaussian98 (see above) and
protonated sulfur atoms had no influence on the geometry.
The structurally optimized clusters were used for FEFF
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Figure 20. Reaction scheme for the formation of [Co(tren)1[SbySal.

calculations (see Experimental Section) and the results are
summarized in Tabie 3.

The refinements performed with freely varying coordina-
tion numbers (CN) for either SbS; or SbS, always yield a
value for CN near 3.5, suggesting that both species coexist
in solution. Therefore, the spectrum was simulated contain-
ing a 1:1 mixture of SbS; and SbS4 groups and the result-
ing FT(X(k)) together with the theorelical XAFS func-

tion ntilizing nhacag and amnlitindag chawn in Figura 10
Uon UthiZing pnascs anG ampuwiaes is saowi in rigure 17,

The calculated EXAFS function fits perfectly with the
experimental y(k) for both the phase and the amplitude. This
result suggests that only these two groups are present in
solution.

Conclusion

The synthesis of compounds under solvothermal conditions
is in most cases a black box method; i.e., after a distinct

reaction time the reaction vessels are removed from the
reaction time the reaclion vesseis are removed irom (ne

furnaces and the products are then characterized. The
products often consist of mixtures of different compounds
and optimization of the synthesis is time-consuming because
several reaction parameters have to be varied. In addition,
crystalline precursors or intermediates may crystallize at short
reaction times, which will never be ‘“seen” using the
conventional synthesis procedure. Such kinetically less stable
compounds may have interesting physicochemical properties.
In the present contribution we demonstrated that in situ
EDXRD experiments are powerful for monitoring the evolu-
tion of the formation of a distinct compound so that phase-

nure materialg can be nrenared. But for bagic research the

pure maieriais ¢an b preparced. sul oasic researc

reaction mechanisms and kinetics occurring under solvo-
thermal conditions are more interesting. A rigorous analysis
of the results recorded as a function of different reaction
parameters provides information about the kinetics and give

[Preorientated Intermediate]

Kiebach et al.

[Co(tren)][Sb.S,]

hints about the reaction mechanisms. For the present system
diffusion is the rate-iimiting step, and at iater stages the
reaction exponents indicate more complex kinetics/mecha-
nisms. When the synthesis of the title compound is performed
with elemental Co at T < 120 °C, a random dissolution of
Co influences the reaction path, which was immediately
detected in the EDXRD spectra. At the beginning only the
(102) reflection of the product starts to grow and slightly
shifts with reaction time and at later stages of the reaction
all other peaks of [Co(tren)][SbyS4] occur and grow simul-
taneously. These observations are reminiscent of a mecha-
nism where first strong disordered layers are formed which
then start to arrange during reaction progress, yielding the
three-dimensionai iong-range ordered materiai.

The combination of in situ EDXRD with in situ EXAFS
c,\periments pi‘(‘)vlucs information abotut the reaction stait uug
from the very early stages until products start to crystallize.
We have shown that the starting material is dissolved within
a short period. According to the EXAFS analysis, only two
different species are present in the solution. A drastic
decrease of dissolved antimony species indicates that a solid
product is formed which is not detected in the EDXRD
spectra; ie., the n“n‘TI(‘]P sizes are too small and/or the solid

is amorphous.

Taking all results into account, possible reaction pathways
can be postulated which is depicted in Figure 20. At the
beginning of the reaction the starting material is very quickly
dissolved (see Figure 20 path 1) and it can be assumed that
Co is coordinated by the amine, yielding a [Co(tren)]**
complex. According to the EXAFS results, monomeric SbS,
units with x = 3 and 4 are formed. Further condensation
(see path 2 in Figure 20) via common corners and/or edges
leads to larger SbS aggregates, which precipitate and a solid
amorphous phase is formed. For temperatures <120 °C a
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4.3. Ergebnisse und Publikationen aus Kooperationen

4.3.1. EDXRD-Untersuchungen zur Bildung von W/Mo-Oxiden

Zusammenfassung der Verdffentlichung ,Hydrothermal Formation of W/Mo-

Oxides: A Multidisciplinary Study of Growth and Shape”.

Hier werden die Ergebnisse der EDXRD-Untersuchungen diskutiert, die im
Rahmen der Kooperation mit der Arbeitsgruppe von Frau Prof. G. Patzke erzielt
worden sind.

Die Reaktionen wurden am Messplatz F3 (Kap. 3.3) in der in Kapitel 3.2
beschriebenen in-situ-Apparatur durchgefiihrt. Bei einem typischen Experiment
(Verhaltnis Mo : W =1 : 1) wurden 298 mg (NH4)e[H2W12040] - ~ 3 H2O und 14 mg
MoOs - 2 H,0 in 1.5 mL 25%iger Essigsaure eingesetzt.

Die Einflusse der Reaktionstemperatur sowie der Verhéltnisse der Edukte auf die
Produktbildung ((NH4)x(W,M0)O3) sollten untersucht werden. Zuerst wurde die
Temperatur zwischen 170 und 190 °C variiert. Bei allen Reaktionen erfolgt eine
sehr schnelle Auflésung der Edukte, so dass keine Reflexe der Edukte
beobachtbar sind. Fur W : Mo-Verhéltnisse < 1 wird die Bildung eines sehr
kurzlebigen Intermediats beobachtet. Nach der temperaturabhangigen
Induktionszeit beginnt das Wachstum der Produktreflexe. Mit zunehmender
Reaktionstemperatur werden die Induktionszeiten kirzer, die Reaktionszeit
verkirzt sowie das Intermediat rascher aufgelést. Das Wachstum des Intermediats
und des Produkts zeigen fur verschiedene Reflexe dhnliches Verhalten, so dass
von einem isotropen Wachstum der Kristallite beider Phasen ausgegangen
werden kann. Die Induktionszeit hangt bei geringeren Konzentrationen der W-
Spezies nicht nur von der Temperatur, sondern auch vom Verhéltnis der Edukte
ab. Wird der W-Anteil erhéht, so werden die Induktions- und Reaktionszeit
verlangert. Ausgehend von einem Verhaltnis far W : Mo = 1 : 1 wird fur die Kurven
des Reaktionsforschritts oo der Aufldsung des Intermediats und der Bildung des
Produkts ein Schnittpunkt bei oo = 0.5 erhalten, der von der Reaktionstemperatur
unabhéngig ist. Das ist ein sehr deutlicher Hinweis darauf, dass das Auflésen des
Intermediats und die Produktbildung korreliert sind, d. h. es ist méglich, dass eine
direkte Umwandlung des Intermediats in das Produkt (NH4)x(W,Mo0)O3 stattfindet.

Die Aufldsung bzw. Amorphisierung des Intermediats konnte allerdings auch
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gleichzeitig mit der Produktbildung innerhalb einer so schnellen Zeitskala erfolgen,
die im Experiment nicht erfasst werden kann. Bei einem W : Mo-Verhéltnis
von1:3 wird nur 20% des Intermediats umgesetzt und es liegt im
Produktgemisch neben (NH4)x«(W,M0)O3 vor. Interessant ist zudem, dass die
groRen Halbwertsbreiten der Produktreflexe die Abmessungen der Kristallite im
nanoskaligen Bereich widerspiegeln bzw. bestatigen.

Die kinetischen Analysen ergeben, dass wahrend der Bildung von
(NH4)x(W,Mo0)O3-Stabchen kein Wechsel des dominierenden Mechanismus erfolgt.
Werden die experimentellen Daten mit verschiedenen, etablierten Modellen der
Festkorperkinetik verglichen, so kann von einem zweidimensionalen Wachstum
der Nuklei ausgegangen werden. Die Produktbildung von (NH4)x(W,Mo)O3 verlauft
also unter Keimbildungskontrolle, gefolgt vom geschwindigkeitsbestimmenden

Schritt des Verbrauchs bzw. der Aufzehrung der W-Spezies.
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The hydrothermal formation of mixed nanoscale W/Mo-oxides with the hexagonal tungsten bronze
(HTB) structure has been investigated by in situ EDXRD (energy dispersive X-ray diffraction). Compared
to the binary oxide systems, they display intermediate kinetics with a nucleation-controlled mechanism
dominated by the slow growing tungsten component. Furthermore, the thermal stability of nanostructured
W/Mo-HTB compounds has been monitored through combined in situ X-ray absorption spectroscopy
(XAS) and XRD in reducing and oxidizing atmospheres. Their transformation into other mixed nano-
structures was only observed above 300 °C in O,- and H»-containing atmospheres. In addition, the shape
of nanoscale hexagonal W/Mo-oxides can be expanded into a variety of morphologies via the use of
alkali chlorides as hydrothermal additives. The alkali cations exert a two-fold role as internal stabilizers
and external shape control agents. Their mobility within the channels of the W/Mo-oxide host framework
has been investigated by solid state NMR spectroscopy.

1. Introduction

Transition metal oxides (TMOs) play an important role
in modern materials chemistry. Their almost unlimited
number of structural options is both a blessing and a curse:'
While the ongoing discovery of new TMO structures con-
tinues to bring forward substances with key properties and
applications (e.g., superconductors, semiconductors, magnetic
materials, or fast ion conductors), it can be extremely difficult
to prepare the according TMOs in a predictive manner on a
larger scale.” This applies especially for downscaling TMO-
based materials to nanoscopic dimensions.? For this purpose,
solvo- and hydrothermal methods are a powerful tool due
to their exceptional parameter tuning options that can be
adapted and optimized to bring forward a wide spectrum of
materials that may be difficult to access with conventional
preparative methods, for example, nanoparticles, metastable
compounds/ or hybrid materials.* However, at the moment,
too little is known about the mechanisms occurring under
hydrothermal conditions to predict the products resulting

* To whom correspondence should be addressed. Phone: +41 44 63 54691.
Fax: +41 44 63 56802. E-mail: greta.patzke @aci.uzh.ch.
" University of Kiel.
# ETH Zurich.
§ Present address: Department of Chemical and Biochemical Engineering,
Technical University of Denmark, DK-2800 Kgs. Lyngby, Denmark.
""University of Zurich.
(1) Rao, C. N. R.; Raveau, B. Transition Metal Oxides, 2nd ed.; Wiley-
VCH: New York, 1998.
(2) (a) Rao, C. N. R.; Deepak, F. L.; Gundiah, G.; Govindaraj, A. Prog.
Solid Srare Chem. 2005, 31, 5. (b) Niederberger, M.; Garnweitner,
G.; Pinna, N.; Neri, G. Prog. Solid State Chem. 2005, 33, 59. (c)
Patzke, G. R.; Krumeich, F.; Nesper, R. Angew. Chem., Int. Ed. 2003,
42, 972.
(3) (a) Mann, S. Angew. Chem., Int. Ed. 2000, 39, 3392. (b) Wang, T. P.;
Antonietti, M.; Colfen, H. Chem. Eur. J. 2006, 12, 5722.
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from a new experimental setup in a general fashion.
Therefore, in situ investigations of hydrothermal reactions
are essential to fully explore their potential for morphology
control in materials synthesis.”>®

In our previous work, we have focused on the investigation
of the formation of nanoscale molybdenum’ and tungsten
oxides® with in situ XAS (EXAFS, extended X-ray absorp-
tion fine structure and XANES, X-ray absorption near-edge
structure) and EDXRD (energy dispersive X-ray diffraction)
techniques. In addition, we have demonstrated that the nano-
scale morphology of hexagonal tungsten bronzes (HTBs) can
be adjusted through the use of alkali cations as additives.®
Furthermore, we have developed a convenient one-step hydro-
thermal approach to mixed nanostructured W/Mo-oxides
starting from readily available precursor materials.’

In the present study, these previous analytical and synthetic
results are applied on the formation of nanostructured W/Mo-
HTBs.? Generally, ternary and higher TMOs often benefit
from a “synergistic” effect, because the combination of two
or more oxides can substantially enhance the properties of

(4) (a) Byrappa, K.; Yoshimura, M. Handbook of Hydrothermal Technol-
ogy; Noyes: Park Ridge, NJ, 2001. (b) Demazeau, G. J. Mater. Chem.
1999, 9, 15.

(5) Cheetham, A. K.; Mellot, C. F. Chem. Mater. 1997, 9, 229.

(6) (a) Walton, R. 1.; O’Hare, D. Chem. Commun. 2000, 2283. (b) Morris,
R. E.; Weigel, S. J.; Norby, P.; Hanson, J. C.; Cheetham, A. K. J.
Synchrotron Radiat. 1996, 3, 301.

(7) (a) Michailovski, A.; Grunwaldt, J.-D.; Baiker, A.; Kiebach, R.;
Bensch, W.; Patzke, G. R. Angew. Chem., Int. Ed. 2005, 44, 5643.
(b) Grunwaldt, J.-D.; Ramin, M.; Rohr, M.; Michailovski, A.; Patzke,
G. R.; Baiker, A. Rev. Sci. Instrum. 2005, 76, 054104.

(8) Michailovski, A.; Kiebach, R.; Bensch, W.; Grunwaldt, J. D.; Baiker,
A.; Komarneni, S.; Patzke, G. R. Chem. Mater. 2007, 19, 185.

(9) Michailovski, A.; Krumeich, F.; Patzke, G. R. Chem. Mater. 2004,
16, 1433.
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Table 1. Recent Developments in the Materials Chemistry of Mixed W/Mo-Oxides

target compound synthetic pathway properties/applications reference
thin MoO3/WO; films APCVD of metal carbonyls working electrodes in electrochromic devices 24
mixed W/Mo-oxide films cathodic electrodeposition from enhanced electrochromism and lithium intercalation 25
aqueous solutions
nanosized mixed W/Mo-oxide RF-magnetron sputtering morphology-dependent sensor response towards CO 26,27
thin films
Mo03-WO3 composites sintering/calcination methods humidity sensors/T-dependent surface barriers 28,29
Mo-doped HTBs hydrothermal methods immobilization of radio cesium and strontium 30

the binary components. Over the past years, considerable
progress has been achieved in the development of catalysts,'®!!
sensors, 2 electrochromic materials,'> and other applications
of mixed W/Mo-oxides (for selected examples cf. Table 1).

In the analytical part of the paper, we characterize the
growth process of mixed W/Mo-HTBs with in situ EDXRD
methods. Next, the redox chemistry of nanoscale hexagonal
W/Mo-oxides is investigated with complementary in situ
X-ray diffraction and in situ EXAFS/XANES spectroscopy.
X-ray absorption spectroscopic techniques have been proven
to be an efficient tool in the synthesis of oxide materials in
general,' and for the analysis of the detailed structural
features of Mo- and W-oxides in particular.”"'* In this way,
the effect of thermal treatment in oxygen- and hydrogen-
containing atmospheres on the phase and morphology of the
mixed oxide materials was monitored. The resulting informa-
tion about the stability and the structural transformations of
W/Mo-based nanomaterials provides new insights for a more
rational synthesis of oxide-based catalysts.'®

The following synthetic section of the manuscript il-
lustrates the importance of a flexible TMO structural motif
for nanoscale morphology control with additive substances.'”1
Whereas major progress has been achieved in the additive-
controlled synthesis of metal nanoparticles,'” the search for
perfect TMO-additive matches is still a major challenge:
While organic additives and bio-macromolecules can exert
powerful shaping effects in principle,' they often decompose
at the reaction temperatures required for hydrothermal oxide
formation. Secondly, many additives alter the target TMO
structure through unwanted side reactions. However, the
hexagonal channels of the HTB structure are stabilized
through the intercalation of alkali cations,?® and this turns
the reaction between TMO and additive into a specific
preparative asset to generate W/Mo-oxide materials with a

(10) Mestl, G. J. Raman Spectrosc. 2002, 33, 333.

(11) Opsitser, O.; Uchida, Y.; Mestl, G.; Weinberg, G.; Blume, A.; Jager,
J.; Dieterle, M.; Hibst, H.; Schlogl, R. J. Mol. Catal. A 2002, 185,
291.

(12) Prasad, A. K.; Gouma, P. 1. J. Mater. Sci. 2003, 38, 4347.

(13) Ivanova, T.; Gesheva, K. A.; Popkirov, G.; Ganchev, M.; Tzvetkova,
E. Mater. Sci. Eng. B 2005, 119, 232.

(14) (a) Beale, A. M.; Reilly, L. M.; Gopinathan, S. Appl. Catal. A 2007,
325, 290. (b) Huwe, H.; Froba, M. Carbon 2007, 45, 304. (c) Opre,
Z.; Grunwaldt, J.-D.; Mallat, T.; Baiker, A. J. Mol. Catal. A 2005,
242, 224.

(15) (a) Schlogl, R.; Knop-Gericke, A.; Hiavecker, M.; Wild, U.; Frickel,
D.; Ressler, T.; Jentoft, R. E.; Wienold, J.; Mestl, G.; Blume, A.;
Timpe, O.; Uchida, Y. Top. Catal. 2001, 15, 219. (b) Purans, J.;
Kuzmin, A.; Parent, P.; Laffon, C. Electrochim. Acta 2001, 46, 1973.

(16) Giebeler, L.; Kampe, P.; Wirth, A.; Adams, A. H.; Kunert, J.; Fuess,
H.; Vogel, H. J. Mol. Catal. A 2006, 259, 309.

(17) Pileni, M. P. J. Phys. Chem. C 2007, 111, 9019.

(18) Rajam, S.; Mann, S. J. Chem. Soc., Chem. Commun. 1990, 1789.

(19) (a) Komarneni, S.; Gao, F.; Lu, Q. Y. Langmuir 2005, 21, 6002. (b)
Welzel, T.; Meyer-Zaika, W.; Epple, M. Chem. Commun. 2004, 1204.

wide spectrum of morphologies. Generally, the HTB frame-
work easily undergoes redox and diffusion processes: On
the one hand, oxygen atoms can diffuse in and out of the
tunnels via complex pathways.?® Furthermore, there is also
a delicate interplay between the degree of occupation of the
hexagonal tunnels, for example, by alkali cations, and
according vacancies in the W sublattice.”® The mobility of
Li*, Na', and Cs* in the channel systems of the W/Mo-
HTB structure was investigated in terms of solid state NMR
spectroscopy. Recently, composite materials of W/ Mo-HTBs
and polyacrylonitrile have attracted considerable interest for
the immobilization of radioactive Sr** and Cs™, and '**Cs
MAS NMR spectroscopy revealed the presence of different
Cs species in the saturated samples.”! However, the incor-
poration of alkali cations into thc HTB channcls has scldom
been studied in terms of NMR spectroscopy, because the
majority of the investigations have been focused on other
tungsten oxide systems.zz‘23

To the best of our knowledge, only very few detailed
studies were reported applying a combination of advanced
in situ techniques as well as ex situ characterization on the
hydrothermal synthesis and nanoscale morphochemistry of
mixed W/Mo-oxides. We have chosen this model system to
investigate whether hydrothermal synthetic guidelines can
be transferred from binary to ternary TMO systems. In the
long term, we aim for general strategies for the controlled
design of oxide materials. For this purpose, we work towards
a systematic hydrothermal “toolbox” approach to TMO
nanomaterials that is based on mechanistic insights.

2. Experimental Procedures

2.1. Hydrothermal Experiments. The mixed W/Mo-oxide
materials were prepared according to standard hydrothermal

(20) (a) Guo, J. D.; Reis, K. P.; Whittingham, M. S. Solid State lonics
1992, 53—56, 305. (b) Reis, K. P.; Prince, E.; Whittingham, M. S.
Chem. Mater. 1992, 4, 307. (c) Tsuyumoto, 1.; Kishimoto, A.; Kudo,
T. Solid State Ionics 1993, 59, 211.

(21) Griffith, C. S.; Sebesta, F.; Hanna, J. V.; Yee, P.; Drabarek, E.; Smith,
M. E.; Luca, V. J. Nucl. Mater. 2006, 358, 151.

(22) (a) Whittle, K. R.; Lumpkin, G. R.; Ashbrook, S. E. J. Solid State
Chem. 2006, 179, 512. (b) Dubson, M. A.; Holcomb, D. F. Phys. Rev.
B 1986, 34, 25.

(23) Xia, Y.; Machida, N.; Wu, X.; Lakeman, C.; van Wiillen, L.; Lange,
F.; Levi, C.; Eckert, H. J. Phys. Chem. B 1997, 101, 9180.

(24) Gesheva, K. A.; Ivanova, T. Chem. Vap. Deposition 2006, 12, 231.

(25) Kondrachova, L.; Hahn, B. P.; Vijayaraghavan, G.; Williams, R. D.;
Stevenson, K. J. Langmuir 2006, 22, 10490.

(26) Vomiero, A.; Della Mea, G.; Ferroni, M.; Martinelli, G.; Roncarati,
G.; Guidi, V.; Comini, E.; Sberveglieri, G. Mat. Sci. Eng. B 2003,
101, 216.

(27) Morandi, S.; Ghiotti, G.; Chiorino, A.; Bonelli, B.; Comini, E.;
Sberveglieri, G. Sens. Actuators, B 2005, 111—112, 28.

(28) Pokhrel, S.; Nagaraja, K. S. Phys. Status Solidi 2003, 2, 343.

(29) Malagu, C.; Carotta, M. C.; Morandi, S.; Gherardi, S.; Ghiotti, G.;
Giberti, A.; Martinelli, G. Sens. Actuators, B 2006, 118, 94.
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procedures. For experiments with a M:W/Mo-ratio of 60:1, 40 mg
(0.13 mmol of W) of (NH4)¢[HoW2040]*~3H,O (ammonium
metatungstate, in the following: AMT), 20 mg of MoOj3+2H,0 (0.11
mmol of Mo), 10 mL of 25 vol % acetic acid (HAc), and 15 mmol
of MCIl (M = Li—Cs) were added to a Teflon-lined stainless-steel
autoclave with a capacity of 23 mL. The autoclave was then sealed,
heated for 2 days at 180 °C, and subsequently cooled to room
temperature. The resulting precipitate was collected by filtration,
washed with distilled H,O, EtOH, and acetone, and dried in air.
Experiments with a lower M:W/Mo-ratio of 2.5:1 started from 148
mg of AMT (0.60 mmol of W), 58 mg of MoO3+2H,0O (0.32 mmol
of Mo), 2 mL of 25 vol % HAc, and 2 mmol of MCI (M = Li—Cs),
following the above-mentioned hydrothermal routine.

2.2. Analytical Methods. X-ray powder diffraction analyses
were conducted on a STOE STADI-P2 diffractometer in transmis-
sion mode (flat sample holders, Ge monochromated Cu Ka,
radiation) equipped with a position-sensitive detector (resolution
ca. 0.01° in 20).

For scanning electron microscopy (SEM), performed on a LEO
1530 (FEG) microscope with 1 keV electrons, samples were
dispersed in ethanol and subsequently deposited on a silicon wafer.
A CamScan CS-44 electron microscope with an EDAX-Phoenix
energy-dispersive X-ray spectrometer (EDXS) was employed for
approximate elemental analyses. The scanning transmission electron
microscopy (STEM) images were recorded on a Philips Tecnai 30F
microscope, operated at 300 kV (field emission cathode). In the
STEM mode, the electron beam was placed on a selected spot, and
an elemental analysis by energy-dispersive X-ray spectroscopy
(EDS, EDAX detector) was performed there. Elemental analyses
were conducted on a Leco CHN(S)-932 instrument.

2.3. In Situ EDXRD Experiments. All in situ EDXRD
experiments were performed at HASYLAB Beamline F3, which
receives white synchrotron radiation from a bending magnet with
a critical energy of 16 keV and gives a positron beam energy of
4.5 GeV. An energy range from 13.5 to 65 keV can be observed
with a maximum at about 20 keV. The diffracted beam is monitored
by a nitrogen cooled solid state germanium detector. The detector
angle was chosen so that all important Bragg reflections can be
detected. The d-spacing range is given by E = 6.199/(d sin 0).
With a detector angle of approximately 3° the observable d-spacing
range is 2.9 A to 13.8 A. The energy resolution Ad/d is about 102
above 26 keV. The beam was collimated to 0.1 mm giving the
best results. More experimental details can be found in refs 31 and
32. For the in situ investigations autoclaves with glass liners with
an internal diameter of 10 mm and a volume of 10 mL were used.
A typical experiment (ratio Mo:W = 1:1) was performed by using
298 mg of (NH4)s[H2W12040]*~3H,0 (AMT), 144 mg MoOs*
2H,0, and 1.5 mL 25% HAc as reactants.

2.4. In Situ XRD and EXAFS Experiments. XANES and
EXAFS (X-ray absorption near edge structure) and EXAFS data
were collected at the Norwegian-Swiss Beamline (SNBL, BMO1B)
of the European Synchrotron Radiation Facility, ESRF, Grenoble,
France. The electron energy is typically 6.0 GeV and the ring current
was between 150 and 200 mA. A Si(111) crystal was used as
channel-cut monochromator. Harmonic rejection was performed by
a double-bounce gold coated mirror system. EXAFS data were
collected in transmission mode at room temperature and at elevated
temperatures. Three ionization chambers were used for detecting
the incoming /(0), the transmitted /(t), and the through the reference
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Figure 1. Schematic view of the in situ cell used in the present combined
EXAFS/XRD studies.

transmitted /(ref), X-rays. Spectra were taken around the Mo K-edge
(20.000 keV), using a Mo foil as a reference. They were taken in
the energy range of 19.850 to 21.000 keV. The raw data were
energy-calibrated, background corrected, and normalized using the
WINXAS 3.0 softwarc.*?

The XRD data were collected at a wavelength 2 = 0.5 A using
a Si(111) double-crystal as monochromator and a two-circle
diffractometer equipped with six counting chains (a Si-111 analyzer
crystal is mounted in front of each detector, Na—I scintillation
counter) and an intrinsic resolution (FWHM) of approximately
0.01°. The spectra were taken using a specially designed and home-
built (Figure 1, cf. ref 34) in situ cell, which consists of a sample
holder with quartz capillary, a gas blower for heating of the system,
a gas supply, and a mass spectrometer for on-line gas analysis.
The sample was loaded in the glass microreactor (quartz capillary,
Markrohrchen, Hilgenberg GmbH) between two glass wool plugs
of 1.0 mm diameter as already described by Clausen et al.>® The
capillary is heated by a hot gas stream (here air, 300—400 L/h)
with a commercially available gas blower (Cyberstar S.A., France,
220 V, 1000 W, provided by SNBL). The maximum temperature
is 1000 °C. The temperature of the heater (Tconyo) Was measured
by a thermocouple at the heating element in order to control a
constant temperature ramp. The actual sample temperature (7sampie)
was monitored just below the sample. The heater is embedded in
ceramics, and the outer side of the oven could be cooled by water
or air in order to prevent the surroundings from warming up (e.g.,
important for ionization chambers). The capillary was enclosed in
a Kapton cap around the in situ cell just above the heater where
the hot stream of air passed out of the oven to improve the
temperaturc homogeneity.

Typically a flow of 20 mL/min was fed over the catalysts using
mass flow controllers (Brooks). Usually, pre-mixed gasses (oxida-
tion in 20% O,/He, reduction in 5% H,/He) were utilized. The whole
assembly (in situ cell, heater) was mounted on a small x,z-table
(x = translation, z = height) to align the sample in the X-ray beam.

2.5. Solid State NMR Spectroscopy. The NMR spectra were
recorded at room temperature on a Bruker DRX-500-spectrometer,
which has been modified for solid state capability with MAS sample
spinning up to 15 kHz (4 mm rotors) and high power 'H decoupling.
The NMR frequencies were 194.41 MHz for "Li (I = 3/2, QM =
0.045), 132.32 MHz for **Na (I = 3/2, QM = 0.12), 163.61 MHz
for 8Rb (I =3/2, QM = 0.12), and 65.61 MHz for '**Cs (I =7/2,
QM = 0.003).

(30) Luca, V.; Griffith, C. S.; Drabarek, E.; Chronis, H. J. Nucl. Mater.
2006, 358, 139.

(31) (a) Avrami, M. J. Chem. Phys. 1939, 7, 1103. (b) Avrami, M. J. Chem.
Phys. 1940, 8, 212. (c) Avrami, M. J. Chem. Phys. 1941, 9, 177.

(32) Engelke, L.; Schaefer, M.; Schur, M.; Bensch, W. Chem. Mater. 2001,
13, 1383.

(33) Ressler, T. J. Synchrotron Radiat. 1998, 5, 118.

(34) (a) Grunwaldt, J. D.; Caravati, M.; Hannemann, S.; Baiker, A. Phys.
Chem. Chem. Phys. 2004, 6, 3037. (b) Grunwaldt, J.-D.; van Vegten,
N.; Baiker, A. Chem. Commun. 2007, 4635.

(35) Clausen, B.S.; Grabzk, G.; Steffensen, G.; Hansen, P. L.; Topsge, H.
Catal. Lett. 1993, 20, 23.
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Figure 2. Representative image of W/Mo-oxide rods (left; scale bar = 200
nm) and the tunnel motif of the HTB structure (right).

3. Experimental Results

3.1. Hydrothermal Formation of Nanostructured W/
Mo-Oxides. The direct hydrothermal reaction of ammonium
metatungstate  (AMT, (NHy)g[HoW2040]*~3H,0) with
MoOs3+2H,0 in acetic acid at 180 °C affords anisotropic
(NH4)(W,Mo0)Os particles after 2 days (Figure 2, left).” In
this procedure, the starting materials are directly transferred
into the autoclave without any further pre-treatment. To
investigate the influence of homogeneous precursor solutions
on the morphology of the product and on the nucleation
process, the synthetic protocol was modified as follows: First,
clear acidified solutions of AMT and ammonium heptamo-
lybdate ((NH4)¢M07024+4H,0), respectively, were prepared.
These solutions were then transferred into the autoclave in
the according ratios, and in a series of hydrothermal
experiments (180 °C, 2 d) the molar W/Mo-ratio was
increased in steps of 10% (metal% in the starting material).
In the range between 0% and 60% W, mixtures of microc-
rystalline starting materials and anisotropic (NH,4),(W,Mo0)Os
with the HTB structural motif are obtained (Figure 2, right).
At higher W/Mo-ratios, the W/Mo-HTBs are exclusively
formed, and the smallest rods display diameters in the range
of 20—30 nm and lengths around 100 nm. Although the use
of homogeneous starting materials might suggest the opposite
trend, the nanoparticles obtained from this approach exhibit
a stronger tendency towards agglomeration than those formed
from the direct reaction of MoOj3+2H,O with AMT with no
further pre-treatment. Therefore, the one-step pathway start-
ing from AMT and MoO3*2H,O was selected for the
following morphological and mechanistic studies.

3.2. Time-Dependent Conversion of AMT and MoOs*
2H,0 into Nanostructured (NHy),(W,Mo0)O;: In Situ
EDXRD Investigations. In our previous studies, we have
performed kinetic and mechanistic studies on the growth of
MoO; nanorods’ and nanostructured HTB tungstates.® As
these reactions display different results, a kinetic analysis
of the mixed W/Mo system provides an excellent opportunity
to investigate the parameters which are the decisive factors
for the different reaction types and therewith a possible
control of the morphology and structure of the product. In
situ EDXRD using synchrotron radiation has proven to be
an especially powerful method for studying the kinetics of
crystallization processes and evaluating their mechanisms.*'?
The direct monitoring of synthetic processes is superior to
ex situ observations, because it permits the collection of much
more data with no quenching steps involved. Here, in situ
EDXRD measurements are employed to investigate the
influence of two main parameters, firstly the influence of
the reaction temperature (170—90 °C) and secondly the ratio
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Figure 3. (a) Time-resolved energy-dispersive X-ray powder diffraction
pattern of (NH4)x(W,Mo0)O3 nanorod formation. The indices of the most
intense lines of the intermediate and the product phase and W Kat and Kj3
fluorescence lines are marked. (b) Extent of reaction o versus time for the
formation of (NH4)(W,Mo0)Os rods at different temperatures.

of the educts (W:Mo = 1:3, 1:1, 3:1). In the energy range
chosen several reflections of the product and the W reso-
nances (immediately visible) are monitored simultaneously,
and the sequence of time resolved spectra is shown in Figure
3a. In all experiments no reflections of the reactants were
observed, indicating a very fast dissolution of the W and
the Mo sources. Interestingly, for W:Mo ratios < 1 the first
observed reflections (Figure 3a) point to the formation of a
hexagonal intermediate phase with the structural motif of
(NH4)0_94H3_3M05_3018.36 The growth of this Mo-rich inter-
mediate is finished within 2 min so that a kinetic evaluation
of this phase is not possible due its rapid formation. After
an induction time, fing, the product peaks of (NH4).(W,Mo0)O3
start to grow. As expected, an increase of the reaction
temperature leads in all cases to a decrease of the induction
time (range: 10 min (190 °C)—23 min (170 °C)) and overall
reaction time (range: 55 min (190 °C)—105 min (170 °C);
Figures 3 and 4) and to a faster dissolution of the intermediate.

The integrated intensities of the product and intermediate
reflections were normalized against the intensity of the most
intense W Ka resonance. Quantitative analysis of the growth
rates shows identical behavior for different reflections and
confirms an isotropic crystallite growth for both phases. The

(36) Guo, J. D.; Zavalij, P.; Whittingham, M. S. J. Solid State Chem. 1995,
117, 323.

(37) Kiebach, R.; Pienack, N.; Ordolff, M. E.; Studt, F.; Bensch, W. Chem.
Mater. 2006, 18, 1196.
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Figure 4. Temperature-dependent dissolution of the AMT starting material
(a) and the correlation between the dissolution of AMT and the formation
of the product at 170 °C together with a SEM image (inset, scale bar = 2
wum) illustrating the nucleation-controlled formation process of (NHy),-
(W,Mo)O; rods (b).

plots of the extent of reaction o (ratio of the normalized
intensity at the reaction time 7 by the intensity at the time
t..) against the reaction time # (Figures 3 and 4) demonstrate
that the induction time #,q depends not only on the reaction
temperature but for low W concentration also on the ratio
of the educts. The general trend in these cases is that higher
induction and longer reaction times are found for increasing
W amounts. As presented in Figure 4b, the dissolution of
the intermediate and the formation of the product seem to
be strongly correlated: Starting from an initial W:Mo ratio
of 1:1, the curves of the extent of the reaction for product
dissolution and intermediate formation meet for all investi-
gated reaction temperatures exactly at a = 0.5. This highly
interesting observation suggests a direct transformation of
the intermediate to the final product via a solid—solid
transformation. But one can also imagine that the intermedi-
ate is dissolved/becomes amorphous and the product crystal-
lization occurs promptly which cannot be resolved within
the time resolution of the experiment. For experiments where
the Mo content is increased to a ratio of W:Mo = 1:3, only
20% of the intermediate dissolves (not depictured) and the
final product contains both phases.

Another interesting feature is the large FWHM of the
reflections of the (NH4),(W,Mo0)Os product, which is four
times larger than the one of the intermediate compound that
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Figure 5. (a) Sharp—Hancock plot and (b) comparison of the evolution of
experimental #1)s data as a function of o (gray squares) with different
theoretical models.

is isostructural with (NHy)o94H33M0s530;5. Thus, the size of
the monitored crystalline phase can be considered as nano-
sized material, a result which is in line with the SEM
measurements (cf. Figure 2).

The kinetic evaluation of the formation of (NHy),-
(W,Mo0)Os rods was performed after subtracting the induc-
tion time 7y from time 7. When In[—In(1 — o)] versus In(7)
is plotted (the so-called Sharp—Hancock plot, abbreviated
SH) a straight line is obtained for that part of the reaction
which follows the same mechanism.>' A change in the
mechanism during the reaction leads to a change in the slope
of the curve.

During the formation of (NH4).(W,Mo0)Os rods, no change
of the reaction mechanism could be observed over the entire
range of experiments, and the experimental points are on a
straight line over the whole reaction. A representative
example is shown for the reaction at 170 °C in Figure 5a
(W/Mo = 1:1). Also the slope of SH plot, from which the
reaction exponent can be calculated, is comparable for the
entire range of experiments. The values found for the reaction
exponent are in the same range of the one published for the
W system. For further discussion and an overview about the
different models compare refs 8 and 37.

A more detailed analysis is available comparing dif-
ferent established models with the experimental data.®'
The most appropriate model is selected by plotting the
experimental #/tps data (#ps is the reaction time at o0 =
0.5) versus a. This procedure permits a direct comparison
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Figure 6. Extent of reaction o versus time for the growth of MoOj3 rods,
(NH4).(W,M0)O3 rods and nanostructured Rb-HTB tungstates.

with different models under consideration. The experi-
mental data fit best with the two-dimensional growth of
nuclei (model A2), and this result is in line with the above-
mentioned SH plot (Figure 5). At the very early stages of
the reaction up to about o. & 0.4 the curve fits well with
the three-dimensional growth of nuclei (A3) which can
be also rationalized. First small 3D particles are formed
(A3) which then exhibit a preferred 2D growth (A2), in
accordance with the anisotropic morphology of the materi-
als (see Figure 2). Indeed the kinetic data should be
interpreted with some care because several strict conditions
have to be fulfilled before the Johnson—Mehl—Avrami
kinetics will hold. Nevertheless, the analysis presented
above is on a solid scientific ground because important
requirements like random nucleation and no hard impinge-
ment can be safely assumed. Especially the latter event
leads to significant deviations from JMA kinetics. The
results are in line with experiments performed under static
conditions, because they often display crystals of the
starting material with up-grown fibers (cf. inlet Figure 4b).
The growth curves for the hydrothermal formation of
MoOj3 rods, nanostructured (NHy4),(W,Mo0)O3, and Rb-HTB
rods as a representative example are compared in Figure
6. Whereas the formation of MoOj fibers proceeds quan-
titatively within several minutes via a quick dissolution—
precipitation sequence, the nucleation-controlled growth
of nanostructured alkali HTBs takes between 2 and 5 h
to completion, depending on the cation involved. Conse-
quently, the (NHy)(W,M0)O3 rods are formed through
nucleation control, thereby following the rate-determining
consumption step of the tungstate material. In terms of
reaction time, they exhibit intermediate kinetics so that
the reaction is finished after approximately 1 h.

3.3. Oxidation/Reduction of Nanostructured W/Mo-
Oxides: In Situ XRD and EXAFS. 3.3.1. Thermal Treat-
ment in O»/He Atmosphere. A representative sample of
nanostructured oxide with the composition (NHy)o.22(Wo.43-
Moy 57)O3 (containing 50 wt % BN) was subjected to thermal
treatment in an atmosphere of 20% O, in He at a heating
rate of 5 °C min~ ', During the oxidation, in situ XRD data
were taken (Figure 7a) and complemented by EXAFS
measurements at selected temperatures (RT, 250 °C, 500 °C).
From room temperature to 390 °C, the HTB-structural motif
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Figure 7. (a) In situ XRD monitoring of the treatment of nanostructured
(NH4)0.22(W0.43Mo0( 57)O3 (containing 50 wt % BN) in oxygen atmosphere
A=05 A, key reflections: * = BN, x = HTB-phase, ® = monoclinic
W/Mo-oxide). (b) In situ EXAFS spectra at the Mo K-edge (Fourier
transformed) during the treatment of nanostructured (NHs)o2(Woa3-
Moy 57)O3 in oxygen atmosphere together with a representative SEM image
of the resulting product (inset, scale bar = 500 nm).

experiences a slight broadening of the reflections and changes
in their relative intensities. Whereas the intensity of the (001)
and (110) reflections increases, the reflections (101) and (200)
become less intense. In the temperature range between 390
and 510 °C, the HTB structure is gradually transformed into
a mixed oxide that displays close resemblance to monoclinic
WO; with a distorted ReO3; motif (JCPDS No. 43-1305). The
key XRD patterns illustrating the temperature-dependent
transformation are displayed in Figure 7a.

These structural changes are reflected in the Fourier
transformed EXAFS data (Figure 7b): The data suggest an
onset of structural changes can be observed at 500 °C, but
only small changes of the local structure at the Mo absorber
atom occur at 250 °C, also supported by XANES data (cf.
ESI). The obtained mixed monoclinic W/Mo-oxide still
exhibits nanostructures in the range of 100 nm (cf. inset in
Figure 7b). During the oxidation process, the W/Mo-ratio
increased from 0.75 to 1 according to EDX analyses of the
product. Given that the experimental error of the EDX
method is about 3 atom %, this points to a very small loss
of molybdenum.

3.3.2. Thermal Treatment in Hy/He Atmosphere. A sample
of (NH4)0A22(W0.43M00.57)O3 (50 wt % BN) was heated in an
atmosphere of 7 vol % H, in Ar. In the temperature range
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Figure 8. (a) In situ XRD monitoring of the treatment of (NHa)o2:-
(Wo.43Mo0057)O3 (containing 50 wt % BN) in a hydrogen atmosphere (A =
0.5 A, key reflections: * = BN, O = HTB structure, ® = WO,-based motif,
x = Mo—W alloy with W-structure). (b) In situ XANES spectra at the Mo
K-edge during treatment of (NH4)0.22(W0.43Mo0.57)O3 (containing 50 wt %
BN) in 5% H/He atmosphere.

between 295 and 500 °C, both in situ XRD and XANES/
EXAFS measurements at the Mo K-edge indicate only minor
structural alterations (cf. Figure 8).

Note, however, that at 500 °C the near edge structure of
the Mo K-edge already changed significantly, also indicated
by the Fourier transformed EXAFS data (cf. ESI). Above
500 °C, the reduction to a metallic compound sets in that is
structurally related to tungsten (JCPDS No. 4-806). In
parallel, a mixed dioxide intermediate is formed that displays
a WOs-based structural motif (JCPDS No. 2-414). After
heating to 700 °C, the entire sample is transformed into a
mixed metal with a W/Mo ratio of 1 that is isostructural with
metallic W (Figure 9). The formation of a metallic Mo—W
alloy is also supported by both the XANES (Figure 8b) and
EXAFS data. This Mo—W alloy shows a nanostructured
morphology consisting of agglomerated particles with di-
ameters of 50 nm and below (cf. inset in Figure 9).

3.4. Influence of Alkali Halides on the Morphology
of Nanostructured W/Mo-Oxides. 3.4.1. Reaction of AMT/
MoO;3+2H,0 Systems in the Presence of MCL. To investigate
the effect of alkali chlorides on the morphology of nano-
structured hexagonal W/Mo-oxides, an excess of MCl (M
= Li—Cs) was added to the AMT/MoOj3+2H>0 hydrothermal
system at 180 °C for 2 d of reaction time (M/(W/Mo) =
60:1). As shown in Figure 10, the different alkali chlorides
bring forward a wide spectrum of morphologies. The general
trends among the mixed W/Mo-alkali oxides (cf. Tables S2
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Figure 9. XRD pattern and a representative SEM image (inset, scale bar =
100 nm) of the product obtained after treatment of (NH4)0.22(Wo.43Mo0g57)03
(containing 50 wt % BN) in 5% H,/He atmosphere (key reflections: * =
BN, ® = WO,-based motif, x = Mo—W-alloy with W-structure).

Figure 10. Representative SEM images of nanostructured (a) Li-W/Mo-
HTB oxides, (b) Na-W/Mo-HTB oxides, nanostructured K-W/Mo-HTB
oxides (c,d) and hierarchically grown Rb-W/Mo-HTB oxides (e,f) obtained
from high initial M:W/Mo ratios (60:1); scale bar = 200 nm.

and S3, Supporting Information) can be compared to those
observed among the binary hexagonal alkali tungstates:®
whereas LiCl and NaCl favor the decomposition of micros-
cale intermediates into fibrous products (Figure 10a,b), RbCl
and CsCl induce a hierarchical nanostructuring on three levels
that leads to the formation of complex spherical aggregates
(Figures 10 and 11).

‘When the hydrothermal reaction is performed with RbCl,
very small nanorods (ca. 20 nm in diameter) are organized
into cylindrical bundles with diameters around 100 nm
(Figure 10e,f). These nanorods assemble into regular spheri-
cal aggregates, and their shape can be further altered applying
CsCl (Figure 11). In the presence of KCl, a transition from
fibrous growth to the organization into flower-like patterns
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Figure 11. (a—d) Representative SEM images of nanostructured Cs-W/
Mo oxides displaying spherical growth patterns (scale bar = 200 nm, M:W/
Mo-ratio = 60:1).
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Figure 12. TEM images (scale bar = 100 nm) and EDX spot analyses of
nanostructured K-W/Mo-HTB oxides (a,e), Rb-W/Mo-HTB oxides (b,c),
and Cs-W/Mo oxides (d).

can be observed (Figure 10c,d). The products obtained in
the MCI/AMT/Mo0O3+2H,0 hydrothermal systems (M =
Li—Rb) display the HTB structural motif. With CsCl,
however, a small amount of pyrochlore (P-type) tungstate
is obtained as a side product, and more detailed TEM
characterizations are in progress. Previous studies in the
CsClI/AMT hydrothermal system have shown that consider-
able optimization work is required to suppress the formation
of P tungstates completely.®

Thus, the individual morphological trends of the alkali
chlorides deteriorate when they are used in lower contents
in the starting material: an initial M/(W/Mo)-ratio of 2.5:1
(M = Li—Cs) afforded strongly agglomerated spherical
patterns of the alkali W/Mo-HTB oxides (cf. ESI for
background analytical data).

The ratios of the metal atoms in the above-mentioned
M-W/Mo oxides (M = Li—Cs) were analyzed with EDX
spot analyses (Figure 12), verifying the simultaneous pres-
ence of W, Mo, and the respective alkali cation (K—Cs) in
a single nanorod. The presence of Li and Na in the products
was evidenced in terms of solid state NMR investigations
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(for details cf. section 3.5). In the Li-based systems, the
W/Mo-ratio points to an approximately 1:1 distribution of
both elements in the product. This also applies for most areas
of the Na-containing W/Mo-HTB oxides, but specific parts
of the sample display a slight excess of W. On the basis of
the overall atomic percent of metallic cations, the products
obtained with KCI contain approximately 15—18 atom %
K, whereas the HTB framework is enriched in tungsten. RbCl
is incorporated to a similar extent (17—20 atom %) into a
less homogeneous HTB structure that exhibits a wider
variation of the W/Mo-ratio. Finally, the Cs-W/Mo oxides
contain around 20 atom % Cs in a Mo-enriched environment.
Small amounts of stabilizing ammonium cations from the
AMT starting material are also included in the HTB channels.
The amount of NH," decreases consequently with the size
of the alkali cation, as has been reported for the alkali HTB
systems (for details cf. ESI).®

3.4.2. Influence of the Reaction Time and Temperature
on the AMT/MoO3+2H,0 Systems. As outlined above, the
formation of alkali HTBs takes between 2 and 5 h, whereas
the growth of W/Mo-HTB oxides is completed after ap-
proximately 1 h of reaction time. Therefore, the reaction in
the MCI/AMT/Mo0O3+2H,O0 (M = Li—Cs) systems was
stopped after 5 or 16 h, respectively, of treatment at 180
°C. After this time, the formation of alkali W/Mo-HTBs was
finished in none of the systems. In the presence of LiCl, the
formation of a mixed compound exhibiting the orthorhombic
(O) tungstate structural motif precedes the conversion into
the HTB phase, and the process takes more than 16 h. After
5 h, the Li—W/Mo oxides display an unusual growth pattern:
A considerable amount of the sample is transformed into
intersecting disk-shaped microcrystals that display further
internal nanostructuring (Figure 13a,b). With NaCl, the
formation of fibrous HTB already sets in after 5 h of reaction
time (Figure 13c), but considerable amounts of the products
still show a structure that is closely related to the hexagonal
molybdate motif.3® Here, the structural conversion is almost
complete after 16 h. The addition of KCI to the AMT/
MoOs+2H,0 system leads to the formation of a compound
with very low crystallinity after 5 h exhibiting a remote
structural resemblance to the HTB target material. However,
the characteristic spherical growth patterns are already
present in the product (Figure 13d), together with hollow
microcrystals decaying into nanorods. The crystallinity and
purity of the compound is substantially improved after 16 h.
RbCI, however, does not give rise to pure HTB formation
after 5 h of treatment, and a complex mixture of phases is
formed, including Rb,Mo040O;3, Rb-P-tungstate, and a phase
displaying an orthorhombic mixed W/Mo-oxide motif.
Nevertheless, considerable parts of the sample are already
organized into spherical aggregates after 5 h (Figure 13e).
After 16 h of treatment, this mixture contains increasing
amounts of the HTB phase. On the other hand, the addition
of CsCl favors the formation of a HTB/P-based mixed oxide
product, and the XRD patterns recorded after 5 h and 16 h
of reaction time show close resemblance to those obtained
after 2 d of reaction time (cf. section 3.4.1). The same holds
for the sample morphology after 5 h (Figure 13f).
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Figure 13. Representative SEM images of products formed after 5 h of
hydrothermal treatment: (a,b) Li—W/Mo oxides (scale bar = 1 um), (c)
Na—W/Mo oxides, (d) K—W/Mo oxides, (¢) Rb—W/Mo oxides, and (f)
Cs—W/Mo oxides (c—f: scale bar = 2 um).

Furthermore, the formation of W/Mo-HTBs in the presence
of alkali chlorides was investigated at 120 °C (cf. ESI).
Whereas (NHy),(W,Mo)O, HTB-rods with only very few
remaining impurities are formed after 4 d of hydrothermal
treatment at 100 °C from AMT/MoO3+2H,0 starting materi-
als,’ the conversion into M-W/Mo HTB-nanostructured
materials (M = Li—Cs) requires higher temperatures and/or
longer reaction times. These results point to a very complex
interaction of the alkali chlorides with the AMT/MoOs+2H,O
hydrothermal system that requires detailed kinetic monitor-
ing, and further investigations are in progress. Unlike the
alkali HTB compounds that follow basically the same
nucleation controlled mechanism, the formation pathways
for alkali W/Mo-HTBs vary with the different MCI additives.

3.5. Solid State NMR Spectroscopy on Alkali W/
Mo-HTB Oxides. Solid state NMR spectroscopy has been
carried out in order to find evidence for mobility of the alkali
metal sites within the transition metal oxides. All incorpo-
rated alkali metals (7Li, 23Na, ¥Rb, and 133Cs) have half
integer quadrupolar nuclear spins. Therefore, their solid state
NMR spectra are dominated by the interaction of the
quadrupolar moment with the electric field gradient. Chemi-
cal shift anisotropy and dipolar interactions are negligible
in non-spherical symmetric environments. Furthermore, the
central transition (+1/2) of non-integer spins is not affected
by first order quadrupolar interactions, and MAS need only
remove the much smaller second order effects leading to line
narrowing by approximately a factor of four in rigid systems
of low symmetry. The non-central transitions of half integer
quadrupolar spins are suppressed as a result of first order
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Figure 14. Solid state '**Cs NMR spectra of Cs-W/Mo-HTB oxide (a) with
MAS and (b) without MAS and solid state >*Na NMR spectra of (c) Na-
‘W/Mo HTB-oxide without MAS, (d) Na-W/Mo HTB-oxide with MAS, (e)
NaCl without MAS, and (f) NaCl with MAS.

quadrupolar interactions and have therefore no influence onto
the line shape.3®

In our NMR studies the MAS line width dependency of
the incorporated alkali chloride and comparison with the pure
rigid chloride served as a probe for mobility. Line widths in
the typical range of some kHz with high sensitivity to MAS
are an indication for rigid systems. In contrast, narrow lines
below 1 kHz with low sensitivity to MAS are evidence for
diffusion, which averages the quadrupolar interactions in the
solid environment within the NMR time scale, in the rapid
mode leading to line shapes even as in the liquid phase.
Furthermore, "Li T, time measurements were carried out for
the lithiated systems, applying the inversion recovery
method.>® The obtained T, data served as an additional,
sensitive probe for the dynamic behavior of the appropriate
lithium sites. Generally, quadrupolar T relaxation is more
efficient in dynamic systems with low symmetry, compared
with rigid, symmetric systems, due to time-dependent spin
lattice interactions, which occur in fluctual environments.*°

Cs-W/Mo-HTB oxide shows a broad '*3Cs line (3.1 kHz)
at 5 kHz MAS, —240 ppm shifted relatively to CsCl
(Figure 14a, b). Without MAS the line width increases up
to 5.8 kHz, being in the typical range of a static system with
lower symmetry as in pure CsCl, where the line width is 76
Hz at 5 kHz MAS and 840 Hz in the static rotor. Also the
large chemical shift difference to pure CsCl indicates the

(38) Fyfe, C. A. Solid State NMR for Chemists; Guelph: Ontario, Canada,
1983.

(39) Cowan, B. Nuclear Magnetic Resonance and Relaxation; Cambridge
University Press: New York, 1997.

(40) Abragam, A. Principles of Nuclear Magnetism, Clarendon Press,
Oxford, 1986.
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absence of isolated CsCl units and is evidence for the
incorporation of Cs into the W/Mo oxide lattice.

In contrast to pure NaCl the >>Na resonance of the Na-
W/Mo-HTB oxide (Figure 14c, d) is just slightly affected
by MAS (510 Hz vs 660 Hz with and without MAS), being
additionally much sharper as in the case of NaCl without
MAS (660 Hz vs 2.6 kHz). That is in good agreement with
the mobility of sodium which causes averaging effects
leading to a fourfold sharper line, compared with the NaCl
reference (Figure 14e, f). The chemical shift difference of
12 ppm relative to NaCl is not as significant as in the case
of Cs relative to CsCl. Nevertheless, the line shape differ-
ences of Na-W/Mo-HTB oxide and pure NaCl (510 Hz vs.
160 Hz) at 5 kHz MAS show that the sodium environment
in Na-W/Mo-HTB oxide is of lower symmetry, and therefore,
no NaCl lattice is present.

Comparison of the “Li signals of Li-W/Mo-HTB oxide
and Li-HTB tungstate suggests a higher lithium mobility in
the latter one, where the line width without MAS amounts
to 230 Hz in contrast to 5.8 kHz in Li-W/Mo-HTB oxide
(Figure 15). In contrast to the sodium and cesium species,
the NMR spectra of the lithiated compounds are influenced
by chemical shift anisotropy (csa) effects rather than by
quadrupolar interactions. Therefore, broad rotation side band
patterns are observed under MAS conditions. This is evidence
for a quasi-spherical symmetry with small electric field
gradients at the lithium sites, resulting in just small quadru-
polar interactions which are insignificant with respect to the
csa effects. The presence of rotation side bands under MAS
conditions not only for Li-W/Mo-HTB oxide but also in the
case of Li-HTB tungstate indicates for the latter that there
is rather a hindered lithium reorientation instead of free
diffusion which would completely wipe out csa effects.

Li-W/Mo-HTB and Li-HTB tungstate show narrow 'Li
line widths (<70 Hz) under MAS conditions and two lithium
sites with a chemical shift difference of 1.8 ppm could be
distinguished for Li-HTB tungstate. The sharper line at lower
field shows a narrow rotation side band pattern in contrast
to the much broader high field signal with its large rotation
side band extension. These differences are due to different
environmental symmetries and site mobilities, as shown with
“Li T, time measurements. The sharp low field signal of Li-
HTB tungstate exhibits a T} time of just 469 ms, which is
some orders of magnitude smaller than that one of "Li in
pure LiCl (449 s). In contrast, the broad high field component
of Li-HTB tungstate ranges with a T time of 12.1 s between
the values of pure LiCl and the Li-HTB tungstate component
in the fast exchange mode. In the case of Li-W/Mo-HTB
the “Li T, time amounts to 481 ms, which is comparable
with the value of Li-HTB tungstate in the fast mode. This
suggests a lower symmetry of the Li-W/Mo-HTB site which
compensates the low lithium mobility and gives rise to a T,
value, which is as short as the one of Li-HTB tungstate.
Although %’Rb has a high NMR sensitivity and a nuclear
quadrupolar moment comparable with *>Na and is therefore
easy to detect, attempts to observe it in the WMo oxide
framework were not successful. Under MAS conditions the
RuCl reference showed a 8’Rb line shape pattern similar to
that of NaCl already after four scans, but the spectrum of
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Figure 15. Solid state Li NMR spectra of Li—W/Mo-HTB oxide (a) without
MAS and (b,c) with MAS compared to solid state Li NMR spectra of
Li-HTB oxide (d) without MAS and (e,f) with MAS.
Rb—W/Mo-HTB oxide did not reveal any $'Rb resonance
even after 80 000 scans. This may be due to a tight fixation
of rubidium in a low symmetric environment, leading to
strong quadrupolar couplings causing line widths which
exceed the limits of the NMR facility that was used. Isolated
RbCl units do obviously not exist in the framework, because
they should lead to an intense line pattern similar to pure
RbCl.

4. Discussion

Mixed nanoscale W/Mo-HTB oxides are accessible from
AMT and MoO3+2H,0 in a one-step hydrothermal reaction
within approximately 1 h of reaction time at 180 °C. In situ
EDXRD studies revealed that the kinetics of W/Mo-HTB
nanorod growth is slower than that observed for the formation
of MoO; fibers but faster than the growth process of
nanostructured tungstates. Therefore, the slower growing
tungstate component of the hydrothermal system determines
both the nucleation-controlled formation mechanism and the
overall reaction kinetics.”® As a result, anisotropic W/Mo-
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HTB oxides are obtained that are intermediate with respect
to both the aspect ratio and the growth velocity of the binary
Mo- and W-oxide nanomaterials. Other than in the binary
systems, a hexagonal intermediate phase ((NHg)oosHj33-
Mos30;8) could be identified in the course of the in situ
EDXRD investigations. These results point out that the
“construction” of ternary nanoparticles with a specific phase
and morphology from binary hydrothermal systems is in
principle possible. However, the underlying reaction mech-
anism may be different, and therefore each hydrothermal
system must be studied individually. The present results
furthermore indicate that much more information is required
before the combination of hydrothermal processes and the
general application of synthetic principles can be employed
as a true “design” approach towards nanostructured materials.
This holds especially for the complex redox and structural
chemistry of ternary systems containing transition metal
oxides, as has been illustrated in a recent in situ study on
the formation of bismuth molybdate catalysts:*' Even though
in situ analyses provide the most valuable mechanistic
insights, the optimization of materials is still a challenging
interplay of established synthetic principles and concrete
paramcter optimizations in a given system. Furthermore, the
hydrothermal formation of W/Mo-HTB oxides can be steered
through the use of alkali chlorides as additives.*” As has
been observed for the formation of nanoscopic alkali HTBs,
the individual alkali cations exhibit different morphological
profiles:® whereas the addition of LiCl and NaCl directs the
‘W/Mo-HTB oxides into fibrous structures, KCI as an additive
induces an arrangement of these nanofibers into spherical
patterns. This tendency is intensified with RbCl and CsCl,
thereby resulting in a hierarchical organization of nanorods
on three levels into microspheres. Among the hydrothermal
reaction parameters, the type and concentration of the alkali
additive exerts the most pronounced influence on the
resulting morphology, followed by the reaction temperature
and the reaction time. More detailed investigations concern-
ing the effect of time and temperature on the phase of the
product unraveled that the formation of mixed alkali W/Mo-
HTB oxides displays different kinetics from the additive-
free hydrothermal system. Further kinetic investigations are
therefore in progress to shed light on the complex relations
between cation incorporation, morphology control and the
resulting growth kinetics. The preliminary results indicate
that the presence of alkali cations further complicates the
formation mechanisms of the resulting nanostructured W/Mo-
HTB oxides: The individual cations display different kinetic
profiles, and—other than in our previous studies—they also
seem to change in the reaction mechanism. While the
formation of hierarchical nanopatterns, for example, in the
recently investigated BaWOy system,** can easily be clas-
sified on the basis of electron microscopy studies and other
ex situ data as “oriented aggregation mechanism” with
nucleation control, it takes considerably more effort to assign

(41) Beale, AM.; Le, M. T.; Hoste, S.; Sankar, G. Solid State Sci. 2005,

7, 1141.

(42) Michailovski, A.; Krumeich, F.; Patzke, G. R. Helv. Chim. Acta 2004,
87, 1029.

(43) Luo, Y.; Tu, Y.; Yu, B; Liu, J.; Li, J.; Jia, Z. Mater. Lett. 2007, 61,
5250
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all intermediates and steps occurring in the formation process.
The present results are a step towards such understanding,
but the precise interaction of the different alkali cations with
the planes of the different growing mixed W/Mo-oxide
intermediates probably requires additional calculation meth-
ods. However, this effort is worthwhile to fully exploit the
numerous applications of W/Mo materials in catalysis, sensor
technology, and the construction of smart electrochromic
materials. Especially for the production of nanostructured
catalysts that benefit from the synergistic interaction of the
two transition metal oxides, information about the thermal
stability of the W/Mo-HTB framework and its follow-up
reactions in different reactions is of key importance. Comple-
mentary in situ XRD and EXAFS techniques provide an
excellent opportunity to monitor the onset of structural
changes in nanoscale W/Mo-HTB oxides and their subse-
quent transformation into other nanomaterials in oxidizing
and reducing atmospheres. In the O,/He atmosphere, the
mixed oxide material can be handled up to 390 °C without
major structural changes, and a monoclinic structural motif
is formed at higher temperatures. The thermal resilience is
even higher in an Hx/He environment: Above 500 °C, the
gradual formation of a nanostructurcd mixcd W/Mo-mctal
sets in. Fourier transformed EXAFS data allowed monitoring
these gradual structural changes individually for the local
structure around the different absorber atoms before the net
structural alterations are evident from the XRD patterns. This
provides very detailed information for the thermal treatment
and synthetic use of mixed W/Mo-HTBs.

As additive substances are key morphological tools in
nanomaterials synthesis, their interaction with the structure
of the target material needs to be studied in detail. In the
case of alkali W/Mo-HTBs, solid state NMR spectroscopy
illustrates that the interaction of the different intercalated
alkali cations with the host W/Mo-channel structure influ-
ences not only the external morphology but also the cationic
mobility within the channel system. Whereas the small Li*
cations can occupy two sites with different environments and
mobilities, the sodium cations display significant mobility
only on the larger site. Consequently, Cs* ions are highly
stabilizing yet less mobile. Interestingly, the substitution of
W by Mo in the HTB channel framework also affects the
mobility of the cations, as has been demonstrated comparing
Li-W/Mo HTB oxides with their Mo-free analogues.

5. Conclusion

This study presents a multidisciplinary investigation of the
hydrothermal kinetics, morphochemistry, and follow-up
treatment of nanostructured W/Mo-HTB oxides. It demon-
strates how preparative processes and analytical methods
applied on the binary oxide systems can be extended upon
the complex task of the controlled synthesis of ternary
nanomaterials. On the preparative level, the use of readily
available ionic additives opens up a wide spectrum of
nanoscale morphologies. In situ EDXRD methods have
proven to be a powerful tool to track down an intermediate
compound in the nucleation-controlled formation of mixed
W/Mo-HTBs. Concerning the follow-up treatment of the
W/Mo-oxide nanomaterials in different atmospheres, a
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combination of in situ EXAFS and in situ XRD is required
to keep track of the complex structural transformations. The
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HTB-based catalysts.

The complex interplay between the internal W/Mo sub-
stitution in the hexagonal channel structure, the external
morphological influence of the additive cation, and its
mobility in the resulting mixed nanomaterials is furthermore
investigated with the help of solid state NMR spectroscopy.
All in ail, aikaii W/Mo-HTB compounds are excelient modei
systems for deriving structure-morphology relationships that
are essential for the future deswn of nanomaterials and the
results yield some rules of thumb for the synthesis of
nanoparticles with a special shape and size. Further inves-
tigations on different oxidic systems are required to show
whether some general rules can be formulated allowing a
better control of the size, shape, and morphology of the
nanosized materials.
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4.3.2. EDXRD-Untersuchungen zur Bildung von Bi,O3;-Nanodrdhten

sowie nanostrukturierter W/ Mo-HTB-Oxide

In Kooperation mit Frau Prof. G. Patzke wurden auch folgende Reaktionen mit in-
situ-EDXRD untersucht: die Bildung von Bi,Os-Nanodrahten aus «-BiOs-Pulver
sowie die Bildung nanostrukturierter W/Mo-HTB-Oxide. Die Versuche wurden am
Messplatz F3 (Kap. 3.3) in der in Kapitel 3.2 beschriebenen in-situ-Apparatur
durchgefuhrt.

Da sich die beiden Manuskripte noch im Stadium der Vorbereitung befinden,
sollen an dieser Stelle nur die wichtigsten Ergebnisse schlaglichtartig

zusammengefasst werden.

Die Bildung von o~ und B-BiO3-Nanodrahten aus Bi,Os-Pulver in Gegenwart von
KoSO4 wurde bei 160 °C untersucht. Nach 30 min war die Reaktion
abgeschlossen. Aufgrund der guten Kristallinitdt und Streukraft des Materials
konnte eine Zeitauflésung von 20 sec pro Spektrum erzielt werden. Bei den
Reaktionen konnten keine Auflésungsprozesse oder kristallinen Intermediate
beobachtet werden. Die Produkte zeigen die gleichen Spektren wie die Edukte.
Daher kann angenommen werden, dass die Nanodrahte in Wasser durch eine
durch Ky;SOg4-unterstiitzte Fest-Fest-Reaktion gebildet werden, bei der das

Wachstum aus ungelésten o-Bi,O3-Partikeln beginnt.

Die Morphologie der W/Mo-HTB-Oxide (HTB = Hexagonal Tungsten Bronze) kann
durch die Zugabe von Alkalichloriden als Additive modifiziert werden. Die
Synthese nanokristalliner W/Mo-HTB-Oxide sowie der Einfluss der Alkalichloride
als Additive auf Produktmorphologie und Bildungsmechanismen wurden mit in-
situ-EDXRD verfolgt. Die Zugabe von LiCl und NaCl fihrt zur Ausbildung
faserartiger Strukturen und KCI| als Additiv erméglicht den Ubergang zu
spharischen Partikeln, wobei die Tendenz zu kugelartigen Morphologien mit RbCI
und CsCl noch zunimmt.

Ein typisches Experiment (mit einem Verhaltnis von Mo : W =1 : 2 mmol) wurde
mit 148 mg (NH4)s[H2W12040] - ~ 3 H20, 58 mg MoOs - 2 H,0, 2 mmol ACI (A = Li -
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Cs) in 1.5 mL 25 %iger Essigsaure bei 180 °C durchgefuhrt. Die Aufnahmezeit
pro Spektrum betrug 120 sec.

Die Auswertung der Spektren ergibt, dass die Kristalle ohne Vorzugsorientierung
wachsen, d. h. es liegt isotropes Wachstum vor. Mit zunehmender Intensitat der
Produktreflexe wird eine simultane Abnahme der Intensitdt der Eduktreflexe
(Schnittpunkt der Kurven bei einem Reaktionsfortschritt von o = 0.5) beobachtet.
Bei Zugabe von KCI, RbCI und CsCI erfolgt die Auflésung der Edukte so schnell,
dass zwar eine weitere Auswertung erfolgt ist, die Resultate allerdings mit Vorsicht
zu betrachten sind. In Abb. 4.15 sind das Wachstum des (002)-Reflexes sowie die
unterschiedlichen Induktionszeiten in Abhangigkeit der verschiedenen Additive
dargestellt. Die Induktionszeiten werden durch die Alkalimetallionen verkirzt und
die Reaktionen laufen schneller ab. Die Vermutung, dass die
Kristallisationsprozesse mit der Natur der Additive variieren, konnte bestatigt
werden. Der Mechanismus des Produktwachstums h&ngt vom entsprechenden

Alkalimetallion ab.
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Abb. 4.15: Verlauf des Wachstums des (002)-Reflexes unter Zugabe verschiedener
Alkalimetallionen.

Bei der Reaktion mit LiCl wird zu Beginn das Wachstum durch Diffusionskontrolle

bestimmt und geht im weiteren Verlauf in nukleationskontrollierte Mechanismen
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Uber. Ein vergleichbares Verhalten wird auch bei den Reaktionen ohne Additive
erhalten. Mit NaCl scheint zuerst Phasengrenzkontrolle vorzuliegen und mit
fortschreitender Reaktion dominieren dann nukleationskontrollierte Mechanismen.
Interessanterweise werden fir KCI, RbCl und CsCl als Additive vergleichbare
Mechanismen beobachtet. Die Synthesen zeigen im Vergleich zu LiCl oder NaCl
keinen Mechanismuswechsel und die Bildung wird durch Diffusion kontrolliert.

Bemerkenswert ist zudem, dass sich die Ergebnisse der EDXRD-Untersuchungen
in den TEM-Aufnahmen widerspiegeln. Die faserartige Produktmorphologie der
Synthesen ohne Additiv &hnelt denen mit LiCl- und NaCl-Zusatz und eher

sphérische Nanopartikel werden durch KCI-, RbClI- und CsCIl-Zugabe ausgebildet.
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5. Zusammenfassung und Ausblick

Die Darstellung und Charakterisierung neuer Thiostannate durch die Integration
von Ubergangsmetallkationen war ein wesentliches Ziel dieser Arbeit. Die
Synthesen erwiesen sich als erfolgreich und es konnten 13 neue Thiostannate,
davon zwélf mit integrieten Ubergangsmetallkationen, dargestellt werden.
Anfangliche experimentelle Probleme konnten beseitigt werden, so dass die
Synthesen deutlich erfolgreicher verliefen. Das synthetische Potential zur
Darstellung neuer, funktionalisierter Thiostannate ist noch lange nicht erschdpft,
und in den letzten Jahren wurde eine gro3e Anzahl an Ubergangsmetall- aber
auch lanthanoidenhaltigen Chalkogenidometallaten synthetisiert und
charakterisiert. Die Wahl neuer strukturdirigierender Reagenzien sowie geschickte
Variationen der Synthesebedingungen sollten das Auffinden neuer Verbindungen
ermdglichen, welche weitere Untersuchungen der Struktur-Eigenschafts-

Beziehungen erlauben.

Die Integration von Kupfer in die anionischen Ketten oder Schichten ist in den
Thiostannaten (DBUH)CuSnS;, (1,4-dabH2)Cu,SnS4, (DBNH),CueSn,Sg und
(dienH2)Cu,Sn,Ss gelungen. Die Elemente Kupfer, Zinn und Schwefel wurden in
(nahezu) reinen Aminen (vgl. verwendete Chemikalien, Kap. 3.5) bei allen
Synthesen ein- und umgesetzt. Die Reaktionsprodukte enthalten neben den
Thiostannaten oft diverse Zinn- und Kupfersulfide und die Ausbeuten sind zum
Teil gering. Die Versuche zur Syntheseoptimierung waren oft nicht sehr
erfolgreich, so dass durch ,trial and error“ Vorgehen der/die Parameter erfasst
werden musste/n, welche die Bildung der Zielverbindungen positiv beeinflussen.

Bei den Synthesen hat sich herausgestell, dass die Wahl des
strukturdirigierenden Reagenz von entscheidender Bedeutung ist. Cyclische
Amine wie beispielsweise 1,8-Diazabicyclo[5.4.0]lundec-7-en (DBU) sind durch
andere Eigenschaften gekennzeichnet als langkettige wie 1,4-Diaminobutan (1,4-
dab). Die unterschiedlichen Siedepunkte oder Viskositdten sind dabei ebenso
wichtig wie die Fahigkeit, Protonen abfangen zu kénnen. Zusatzlich spielt sicher
das Redoxpotential der Amine eine wichtige Rolle, was bis heute schlecht

verstanden bzw. nicht hinreichend untersucht ist.
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Die Strukturen von (DBUH)CuSnSs und (1,4-dabH;)Cu,SnS; sind sehr
verschieden, obwohl in beiden Verbindungen eindimensionale Anionenketten von
protonierten  Aminmolekilen umgeben sind. Zwei SnSy-Tetraeder in
(DBUH)CuSnS; bilden durch Verknipfung Uber eine gemeinsame Kante eine
Sn,Se-Einheit aus. Benachbarte Sn,Se-Gruppen sind mit CuS,-Hanteln zu
anionischen [CuSnSg]-Ketten verbunden. Im Vergleich dazu sind in (1,4-
dabH;)Cu,SnS, die SnS;-Tetraeder mit zwei CuSs-Einheiten zu anionischen
[Cu,SnS,]*-Ketten verknlpft. Die unterschiedlichen sekundaren Baueinheiten
(secondary building units, SBU) und bezuglich Cu auch primaren Baueinheiten
(primary building units, PBU) kénnten dadurch erklart werden, dass DBU nur
einfach protoniert wird, wahrend 1,4-dab zwei positive Ladungen tragt. Bis jetzt
sind allerdings die Einflisse der Amine auf die Bildung der PBU/SBU in L&sung
und deren Stabilitat nur unzureichend untersucht worden.

1,5-Diazabicyclo[4.3.0]non-5-en (DBN) kommt neben DBU in der organischen
Chemie oft als Nukleophil zum Einsatz. Die Erwartungen, dass die kleineren
Molekile Auswirkungen auf mégliche Kristallstruktur haben, konnte nachgewiesen
werden. Die Schichtverbindung (DBNH),CugSn,Sg kristallisiert in der nicht-
zentrosymmetrischen Raumgruppe Pca2,. Die Struktur besteht aus
wellenférmigen Anionenschichten und protonierten Aminmolekilen zwischen
diesen Schichten. Die Verknlpfung der SnSy-Tetraeder mit den CuSs-Einheiten
fuhrt zur Ausbildung von 6°-Graphitschichten, die bislang noch nicht bei
Thiostannaten beobachtet worden sind. DarUber hinaus werden im
Reaktionsprodukt nicht nur Sulfide als weitere Reaktionsprodukte gefunden,
sondern noch eine interessante ,Nebenphase“ beobachtet. Hierbei handelt es sich
um das Ubergangsmetallfreie, gemischtvalente  Sn(Il)/Sn(IV)-Thiostannat
(DBNH),Sn3Ss. Anionische Ketten alternierender Sn3Ssi-Halbwirfel und SnySs-
Ringe bilden die wesentlichen Strukturmerkmale, und die
ladungskompensierenden Kationen sind in den Ausbuchtungen benachbarter
Ketten lokalisiert. Bei weiteren Synthesen konnte nachgewiesen werden, dass fiur
die Bildung der gemischtvalenten Verbindung die Gegenwart von Kupfer nicht
erforderlich ist. Das Auftreten gemischtvalenter Thiostannate ist recht selten.
Besonders bemerkenswert ist, dass diese Verbindung in Koexistenz mit einem
kupferhaltigen Thiostannat unter den gewéhlten Reaktionsbedingungen auftritt.

Der Frage, welche Parameter die Bildung dieser beiden Verbindungen
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beeinflussen, wurde mit den in-situ-Experimenten mit energiedispersiver
Réntgenbeugung untersucht.

Als weiterer, langkettiger ,Strukturdirektor wurde das Amin Diethylentriamin (dien)
verwendet. Kristalle der Verbindung (dienH;)Cu,Sn,Sg konnten nach anfanglichen
experimentellen Schwierigkeiten schlie3lich von ausreichender Qualitat dargestellt
werden, so dass die Strukturbestimmung méglich war. Das Thiostannat
kristallisiert in Form schwarzer Plattchen und kann unter dynamischen
Bedingungen in guten Ausbeuten phasenrein dargestellt werden. Die Struktur
besteht aus [Cu,Sn,Se]*-Schichten und protonierten Aminmolekilen als
ladungskompensierende Kationen, die zwischen den Schichten lokalisiert sind.
Das [Cu,Sn,Sg]*-Schichtanion ist aus allseitig eckenverknlpften CuS,-Tetraedern
aufgebaut, die von Ketten eckenverknlpfter SnS,-Tetraeder sandwichartig
umgeben sind. Die Verbindung ist ein direkter Halbleiter mit einer optischen
Bandliicke von 1.51 eV. Obgleich der spezifische Widerstand des Thiostannats
recht grol} ist, konnten orientierende Widerstands- bzw. Leitfahigkeitsmessungen
durchgefiihrt werden. Der spezifische Widerstand nimmt unter UV-Belichtung um
den Faktor 3 ab. Vorlaufige Ergebnisse dieser Untersuchungen belegen die
Photoleitfahigkeit des Materials, die viel versprechende Anwendungen nach sich
ziehen kdnnte.

Das Amin Diethylentriamin ist in (dienH;)Cu,Sn,Sg zwischen den Schichten
lokalisiert. Die Idee, den Schichtabstand durch ,Vergréflerung® der
strukturdirigierenden Reagenzien zu verandern, konnte mit den Aminen
Triethylentetramin (trien) und Tetraethylenpentamin (tepa) nicht erfolgreich
realisiert werden. Die Synthesen mit Kupfer (oder Cu-Verbindungen) waren nicht
erfolgreich, was darauf hindeutet, dass die optimalen Synthesebedingungen noch
nicht ermittelt werden konnten.

Da in den vier Thiostannaten das Kupfer in der Oxidationsstufe +I vorliegt, kénnten
Cu(l)-Edukte (z. B. CuCl oder Cu,S) als alternative Eduktquellen zum Einsatz
kommen. Einige Versuche mit zweiwertigen Kupfersalzen wurden bereits mit
Erfolg durchgefuhrt. So kann beispielsweise (dienH;)Cu,Sn,Se ebenfalls mit Cu
oder CuCl; - 2 H,O, Sn oder SnS; und S in vergleichbarer Ausbeute dargestellt
werden, wobei allerdings die Kristallqualitdt bei den Synthesen mit den Elementen

besser ist. Unter Verwendung anderer strukturdirigierender Reagenzien und
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anderer Edukte sollten weitere kupferhaltige Thiostannate mit interessanten
Eigenschaften darstellbar sein.

Ausgehend von den Bedingungen der bereits erhaltenen Verbindungen wurden
weitere Variationen der Synthesen durchgefiihrt. Silber als ebenfalls chalkophiles
Element konnte erfolgreich bei Verwendung von 1,4-Diaminobutan in anionische
Thiostannat-Ketten integriert werden. Die Verbindung (1,4-dabH2)Ag>SnS, ist zu
(1,4-dabH;)Cu,SnS, isostrukturell. Dies ist erstaunlich, da bisher keine
isostrukturellen kupfer- und silberhaltigen Thiometallate beobachtet werden
konnten. Anzumerken ist auch noch, dass die Synthesen mit Kupfer oder Silber oft
zur Kristallisation bindrer oder terndrer Sulfide gefuhrt haben. Das ist ein
deutlicher Hinweis darauf, dass diese dichten Phasen auch unter solvothermalen
Bedingungen sehr stabil sind.

Im Vergleich zu anderen Ubergangsmetallen weist Mangan eine &hnliche Affinitat
zu Schwefel wie zu Stickstoff auf. Die Annahme hat sich mit der Synthese der
Verbindung (1,4-dabH),MnSnS, als richtig erwiesen. (1,4-dabH),MnSnS,; wurde
unter analogen Bedingungen wie (1,4-dabH,)Cu,SnS, und (1,4-dabH;)Ag.SnS,
erhalten, weist allerdings einen anderen, neuartigen Strukturtyp auf. Es ist zudem
das erste Thiostannat, in dem Mn?*-Kationen in die anionischen Ketten integriert
sind. Das wesentliche Strukturmotiv kann mit der Substitution eines SnSs-
Tetraeders durch einen MnS,-Tetraeder in dem Thiostannat-Anion [Sn,Sg]* erklart
werden. Die resultierenden [MnSnSg]-Einheiten bilden durch Kantenverknipfung
eindimensionale Ketten, die von einfach protonierten Aminmolekilen umgeben
sind.

Ublicherweise bestehen die in der Literatur beschriebenen manganhaltigen
Thiostannate aus [Mn(Amin),J**-Komplexen und [Sn,Sg]*-Anionen (vgl. Kap. 1.3).
Synthesen mit 1,2-Diaminocyclohexan (1,2-dach) fihrten zur Bildung der neuen
Thiostannate  [Mn(1,2-dach)>(H20)]2Sn2Se  und  [Mn(1,2-dach),]Sn,Ss - 2 (1,2-
dach). Die Kristallisation der Verbindungen ist dabei abhangig von der
Konzentration des Amins. Niedrige Konzentrationen filhren zur Ausbildung
diskreter [Mn(1,2-dach),(H20)],Sn,Ss-Einheiten, wohingegen bei hdheren
Konzentrationen die eindimensionale Verbindung [Mn(1,2-dach),]Sn,Ss - 2 (1,2-
dach) bevorzugt wird. In [Mn(1,2-dach),(H20)],Sn,Ss sind die Mn**-Kationen von
zwei Aminmolekilen und einem Wassermolekil komplexiert und haben eine

Bindung zu einem S-Atom des Thiostannat-Anions. Als Teil der anionischen
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Ketten agieren die [Mn(Amin),]’*-Komplexe in [Mn(1,2-dach),]Sn,Ss - 2 (1,2-dach)
und [Mn(trien)].SnS; - 4 H,O.

Beim Einsatz von Triethylentetramin konnte die Verbindung [Mn(trien)]>SnS;, -
4 H,0O dargestellt werden. Die Struktur besteht aus SnS,-Tetraedern, die Mn**-
zentrierte Doppeloktaeder verkniipfen. Zwei der vier S-Atome des [SnS4]*-Anions
sind ps-verbrickend. Die resultierende ladungsneutrale Kette kann als
Koordinationspolymer angesehen werden mit den Doppeloktaedern als Knoten
und den Anionen als Linker.

Im Gegensatz zu den Versuchen mit Kupfer konnten mit Mangan und den Aminen
Triethylentetramin sowie Tetraethylenpentamin neue Verbindungen synthetisiert
werden. Da manganhaltige Thio- und Selenidostannate mit tepa bereits publiziert
wurden, wurden bei weiteren Synthesen andere Ubergangsmetalle eingesetzt und
die Thiostannate [Co(tepa)l.Sn,Ss, [Fe(tepa)l2Sn.Seg und [Ni(tepa)].Sn,Se
dargestellt. In allen Verbindungen werden isolierte [M(tepa)].Sn,Se-Einheiten (M =
Co, Fe, Ni) beobachtet, in denen ein [Sn.Se]*-Anion zwei [M(tepa)]**-Kationen
verknlpft. Die nickelhaltige Verbindung kristallisiert interessanterweise in einem
anderen Strukturtyp als die beiden anderen, die zueinander isostrukturell sind.
Vermutlich sind unterschiedliche Wechselwirkungen wie S---H-Bindungen sowie
Packungseffekte dafiir verantwortlich.

Nicht nur bei den manganhaltigen Thiostannaten, die in Abhangigkeit von der
Konzentration des 1,2-Diaminocyclohexans gebildet werden, spielt das
Lésungsmittel Wasser eine wichtige Rolle. Was aber passiert, wenn statt Wasser
z. B. Methanol zum Einsatz kommt? Der Zusatz anderer L&sungsmittel ist ein
weiterer Parameter, der bei den Synthesen berlcksichtigt werden sollte. Die Salze
von DBN und DBU sind zudem ionische Flissigkeiten, die als neue
strukturdirigierende Reagenzien zu den reinen Aminen verwendet werden

kdénnten.

Die Auswirkungen der zahlreichen Parameter solvothermaler Synthesen auf die
Produktbildung sind immer noch schlecht verstanden. Im Rahmen dieser Arbeit
sind einige in-situ-Untersuchungen zu den Bildungsmechanismen mit
energiedispersiver Réntgenbeugung (EDXRD) durchgefihrt worden. Die
Kristallisation der beiden Thiostannate (DBNH),Sn3Sg und (DBNH),CusSn,Sg

wurde temperaturabhangig verfolgt. Bei niedrigen Reaktionstemperaturen sind die
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Induktionszeiten lang und eine kristalline Vorlauferverbindung bzw. ein Intermediat
wird beobachtet. Nach Verschwinden des Intermediats beginnt die Kristallisation
von (DBNH).CusSn,Sg und kurze Zeit spater die Bildung von (DBNH),Sn3Ss. Die
Menge dieser beiden Verbindungen nimmt mit zunehmender Reaktionsdauer zu
bis ein Gleichgewicht erreicht ist. Eine eingehende Analyse belegt, dass das
Intermediat nicht Gber eine einfache Umwandlung in eines der beiden Produkte
Uberfuhrt wird. Zu Beginn der Reaktionen ist das Wachstum der kupferhaltigen
Verbindung  (DBNH),CueSn,Sg  diffusionskontrolliert, wird jedoch  mit
fortschreitender Reaktion komplizierter und kann eher mit nukleationskontrollierten
Modellen beschrieben werden. Die Kristallisationskinetik der gemischtvalenten
Verbindung (DBNH),Sn3Ss konnte nicht genauer analysiert werden, da die Reflexe
nur eine geringe Intensitat aufweisen und mit denen der Cu-haltigen Verbindung
uberlappen. Mit dem Programm calf3 (vgl. Kap. 6.3, S. 239) konnte eine Auflédsung
der uberlappenden Reflexe erzielt werden, allerdings ist eine weitere Auswertung
aufgrund der geringen Intensitdt der Reflexe und der starken Streuung der
Messwerte nicht sinnvoll. Bei Synthesen ohne Kupfer verlaufen die Reaktionen so
schnell, dass nur qualitative Vergleiche gezogen werden kénnen. Die deutlich
kiirzere Induktionszeit bei den Synthesen ohne Cu ist ein klarer Hinweis, dass die
Kristallisation der gemischtvalenten Verbindung in Gegenwart von Cu inhibiert ist.
Interessant ist auch, dass die Bildung von (DBNH),Sn3Sg ohne kristallinen

Vorlaufer/Intermediat erfolgt.

Drei Projekte wurden in Kooperation mit der Arbeitsgruppe von Frau Prof. Greta
Patzke (ETH Zirich) durchgefiihrt. Das erste beschéftigt sich mit der Bildung von
W/Mo-Oxiden. Die Einflisse der Reaktionstemperatur sowie der Verhaltnisse der
Edukte auf die Produktbildung ((NH4)x(W,M0)O3) wurden mit in-situ-EDXRD
untersucht. In dem zweiten Projekt wurde mit in-situ-EDXRD-Untersuchungen die
Bildung von nanostrukturiertem o~ und 3-Bi,O3 aus Bi,Os-Pulver unter Zusatz von
K2.SO,4 verfolgt. Das letzte Projekt befasst sich mit der Synthese nanokristalliner
W/Mo-HTB-Oxide (HTB = Hexagonal Tungsten Bronze) sowie den Einfluss der
Alkalichloride als Additive auf Produktmorphologie und Bildungsmechanismen.

Die unterschiedlichen Projekte demonstrieren eindrucklich die Méglichkeiten,
allerdings auch die Grenzen der Methode. In-situ-Untersuchungen solvothermaler

Reaktionen mit EDXRD liefern wertvolle Informationen  Uber die
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Kristallisationskinetik und Reaktionsablaufe. Kurzlebige Intermediate kdnnen
detektiert und spéater ex-situ im Labor abgefangen und charakterisiert werden.
Sind die Reaktionen zu schnell, kann eine kinetische Auswertung nicht erfolgen.
Allerdings werden mit der Beugung nur kristalline Stoffe erfasst und die vor der
Nukleation ablaufenden Prozesse, welche fir die Produktbildung von
entscheidender Bedeutung sind, kénnen nicht erfasst werden.

Besonders leistungsfahig ist die Kombination sich ergédnzender Methoden. Die
Bildung des Thioantimonats [Co(tren)][Sb2S4s] wurde unter solvothermalen
Bedingungen mit in-situ-EDXRD- und EXAFS-Messungen bei verschiedenen
Temperaturen untersucht. Die in Lésung vorhandenen Antimonspezies konnten
mit den EXAFS-Daten erfasst werden. Solche Untersuchungen sind z. B. fur die
Bildung der beiden Thiostannate (DBNH),Sn3Ss und (DBNH),CugSn,Sg durchaus
sinnvoll. FUr solche Experimente muss jedoch die vorhandene in-situ-Zelle
modifiziert werden, um die haufiger aufgetretenen Probleme mit dem Ruhren der
Gemische zu beseitigen. Anderungen am Aufbau der Apparatur sollen Abhilfe
schaffen, indem der magnetische Rihrstab durch einen mechanischen Ruihrer
ausgetauscht wird. Ob nach dieser Modifizierung die Reaktionsgefalle vergréflert
und/oder die Materialien angepasst werden mussen, bleibt vorerst offen.
Allerdings sind in-situ-Experimente, welche das Studium der Reaktionen vor der
Kristallisation erlauben, von fundamentaler Bedeutung fir das Verstandnis
solvothermaler Synthesen. Abschreckexperimente als Alternative zu in-situ-
Untersuchungen bergen die Gefahr, dass der ,wahre“ Reaktionszustand nicht
eingefroren wird. Alternativen zu in-situ-EXAFS-Untersuchungen kdnnten in-situ-
Raman- und/oder -IR-Experimente sein. Flr solche Experimente missen jedoch
die apparativen Voraussetzungen geschaffen werden. Eine besondere
Herausforderung an eine solche Messzelle stellen die Reaktionsbedingungen dar:
hohe pH-Werte und autogener Druck erfordern hohe Anspriche an z.B.
Lichtleiter, welche prinzipiell fir Raman/IR-Spektroskopie geeignet sind. Auf

diesem Gebiet missen noch Entwicklungsarbeiten geleistet werden.
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6.2. Strukturdaten / Messprotokolle

6.2.1. Messprotokoll fiir die Verbindung (DBUH)CuSnS;

Table 1. Crystal data and structure refinement for (DBUH)CuSnS3
(CoH16N2; DBU = 1,8-Diazabicyclo[5.4.0Jundec-7-en).

Identification code
Empirical formula

Crystal colour, — Habitués:
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.04°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

(DBUH)CuSnS3 (np336)
CoH17N2CuSnS;

yellow needles

431.66 g/mol

293(2) K

0.71073 A

Monoclinic

P24/n

a=9.2541(10) A o =90°
b =8.6190(7) A B =92.803(16)"
c=18.135(2) A vy =90°
1444.7(3) A3

4

1.985 g/cm?®

3.610 mm”

848

0.12-0.10 - 0.08 mm®

2.25t0 30.04°
0<h=<13,-12<k<12,-25<1<25
8629

4215 [R(int) = 0.0230]

99.9 %

Full-matrix least-squares on F?
4215/0/146

0.989

R1 =0.0208, wR2 = 0.0465
R1=0.0371, wR2 = 0.0496
0.00405(18)

0.362 and -0.383 e. A
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A?-10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 9319(1) 1750(1) 5160(1) 31(1)
cu(1) 11064(1) 5044(1) 5790(1) 38(1)
S(1) 9872(1) 3171(1) 6244(1) 42(1)
S(2) 7532(1) 3025(1) 4399(1) 40(1)
S(3) 8602(1) -870(1) 5497(1) 43(1)
N(1) 4629(2) 3946(2) 6878(1) 38(1)
c(1) 5073(2) 3679(2) 6212(1) 35(1)
N(2) 5983(2) 4596(2) 5897(1) 48(1)
C(2) 6609(3) 5964(3) 6255(2) 64(1)
C(3) 6622(3) 5762(4) 7072(2) 70(1)
C(4) 5182(3) 5263(3) 7314(2) 61(1)
C(5) 3600(2) 2917(3) 7232(1) 42(1)
C(6) 4185(3) 1331(3) 7417(1) 51(1)
C(7) 4206(4) 222(3) 6776(2) 67(1)
C(8) 5091(3) 752(3) 6142(2) 61(1)
c(9) 4559(3) 2269(3) 5790(1) 47(1)

Sn(1)-S(1) 2.3508(6) S(2)-Sn(1)-S(3)#1 113.91(2)
Sn(1)-S(2) 2.3715(6) S(1)-Sn(1)-S(3) 108.86(2)
Sn(1)-S(3)#1 2.4332(6) S(2)-Sn(1)-S(3) 112.59(2)
Sn(1)-S(3) 2.4399(6) S(3)#1-Sn(1)-S(3) 93.758(18)
cu(1)-S(1) 2.1419(6) S(1)-Cu(1)-S(2)#2 166.27(2)
Cu(1)-S(2)#2 2.1496(6) Cu(1)-S(1)-Sn(1) 99.59(2)
S(2)-Cu(1)#2 2.1496(6) Cu(1)#2-S(2)-Sn(1) 92.39(2)
S(3)-Sn(1)#1 2.4332(6) Sn(1)#1-S(3)-Sn(1) 86.242(18)
N(1)-C(1) 1.314(3) C(1)-N(1)-C(4) 121.1(2)
N(1)-C(4) 1.462(3) C(1)-N(1)-C(5) 122.25(18)
N(1)-C(5) 1.472(3) C(4)-N(1)-C(5) 116.63(18)
C(1)-N(2) 1.307(3) N(2)-C(1)-N(1) 122.2(2)
C(1)-C(9) 1.500(3) N(2)-C(1)-C(9) 117.46(19)
N(2)-C(2) 1.453(3) N(1)-C(1)-C(9) 120.31(19)
C(2)-C(3) 1.492(4) C(1)-N(2)-C(2) 123.1(2)
C(3)-C(4) 1.487(4) N(2)-C(2)-C(3) 109.5(2)
C(5)-C(8) 1.502(3) C(4)-C(3)-C(2) 111.3(3)
C(6)-C(7) 1.505(4) N(1)-C(4)-C(3) 111.1(2)
C(7)-C(8) 1.515(4) N(1)-C(5)-C(6) 114.31(19)
C(8)-C(9) 1.525(4) C(5)-C(6)-C(7) 115.1(2)
C(6)-C(7)-C(8) 115.0(2)
S(1)-Sn(1)-S(2) 111.25(2) C(7)-C(8)-C(9) 113.6(2)
S(1)-Sn(1)-S(3)#1 115.24(2) C(1)-C(9)-C(8) 113.2(2)

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,-y,-z+1

#2 -x+2,-y+1,-z+1
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Table 4. Anisotropic displacement parameters (A? - 10°). The anisotropic displace-
ment factor exponent takes the form: -2n°[h? a*?> Uq1 + ... + 2 h k a* b* Uq,].

U4 Uz, Uss Uzs Uss Ui,
Sn(1) 34(1) 25(1) 33(1) -1(1) 3(1) -4(1)
Cu(1) 46(1) 31(1) 38(1) 0(1) 0(1) 0(1)
S(1) 58(1) 35(1) 33(1) -1(1) -4(1) -8(1)
S(2) 40(1) 43(1) 36(1) 5(1) -2(1) -4(1)
S(3) 42(1) 29(1) 58(1) 2(1) 21(1) -8(1)
N(1) 41(1) 35(1) 37(1) -5(1) 5(1) -1(1)
C(1) 35(1) 34(1) 35(1) 3(1) 2(1) 1(1)
N(2) 52(1) 41(1) 50(1) 7(1) 13(1) -6(1)
C(2) 59(2) 38(1) 96(2) 2(1) 15(2) -12(1)
C(3) 66(2) 51(2) 93(2) -25(2) 1(2) -13(1)
C(4) 69(2) 50(2) 64(2) -25(1) 8(1) -5(1)
C(5) 39(1) 51(1) 38(1) 0(1) 12(1) 4(1)
C(6) 58(2) 55(1) 41(1) 11(1) 10(1) 0(1)
C(7) 98(2) 37(1) 69(2) 0(1) 27(2) -9(1)
C(8) 85(2) 39(1) 62(2) -14(1) 29(2) -3(1)
C(9) 54(1) 57(1) 30(1) -6(1) 6(1) -14(1)

Table 5. Hydrogen coordinates (-10*) and isotropic displacement parameters

(A% - 10%).

X y z U(eq)
H(1N2) 6353 4358 5486 57
H(2A) 6045 6874 6112 77
H(2B) 7589 6115 6102 77
H(3A) 7341 4992 7223 84
H(3B) 6890 6735 7311 84
H(4A) 5262 4974 7832 73
H(4B) 4507 6122 7262 73
H(5A) 2743 2805 6906 51
H(5B) 3306 3406 7683 51
H(6A) 3607 879 7794 61
H(6B) 5165 1442 7626 61
H(7A) 3218 50 6590 80
H(7B) 4585 -766 6954 80
H(8A) 5068 51 5766 73
H(8B) 6089 882 6320 73
H(9A) 4891 2330 5292 56
H(9B) 3510 2266 5758 56
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6.2.2. Messprotokoll fiir die Verbindung (DBNH),Sn3Sg

Table 1. Crystal data and structure refinement for (DBNH).Sn3Se
(C7H12N2; DBN = 1,5-Diazabicyclo[4.3.0]non-5-en).

Identification code
Empirical formula

Crystal colour, — Habitués:
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.02°
Refinement method

Data / restraints / parameters

Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)
Extinction coefficient

Largest diff. peak and hole

(DBNH),Sn3Ss (NP 404)
(C14H26N4)SN3Se

yellow needles

798.82 g/mol

293(2) K

0.71073 A

Monoclinic

P24/n

a=9.5822(8) A o =90°
b=13.1199(7) A B =97.192(10)"
c =19.9506(16) A vy =90°
2488.4(3) A

4

2.132 g/cm®

3.501 mm"’

1536

0.13-0.10 - 0.07 mm®

2.65to0 28.02°
-12<h<12,-16<k<16,-26 <1<26
21603

5831 [R(int) = 0.0589]

96.7 %

Full-matrix least-squares on F?
5831/0/245

1.006
R1 = 0.0387, wR2 = 0.0874
R1=0.0626, wR2 = 0.0958
0.00068(16)

0.928 and -0.971 e. A
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Table 2. Atomic coordinates (-104) and equivalent isotropic displacement

parameters (A2-103). U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 2705(1) 993(1) 2005(1) 27(1)
Sn(2) 2692(1) 3758(1) 2082(1) 26(1)
Sn(3) 4218(1) 2457(1) 733(1) 41(1)
S(1) 4781(1) 2384(1) 1993(1) 29(1)
S(2) 786(1) -318(1) 2082(1) 35(1)
S(3) 1338(1) 2339(1) 2430(1) 27(1)
S(4) 4253(1) 9(1) 2785(1) 36(1)
S(5) 2635(2) 3964(1) 887(1) 41(1)
S(6) 2563(2) 947(1) 799(1) 48(1)
N(1) -553(5) 2331(4) 3772(2) 41(1)
c(1) -1697(7) 2387(7) 3326(3) 56(2)
N(2) -2390(8) 1655(9) 3078(4) 101(3)
C(2) -2067(10) 3516(11) 3135(5) 116(5)
N(3) 3746(5) 2252(4) 5301(2) 41(1)
C(3) -1105(10) 4072(7) 3753(5) 82(3)
N(4) 3965(7) 3263(5) 4384(3) 58(2)
C(4) 87(7) 3338(6) 3928(3) 53(2)
C(5) 73(7) 1360(5) 3974(3) 50(2)
C(6) -1071(8) 595(6) 3891(5) 67(2)
C(7) -1912(9) 667(8) 3254(5) 86(3)
C(8) 3750(6) 3131(5) 5011(3) 43(1)
C(9) 3436(10) 3970(6) 5467(4) 65(2)
C(10) 3235(8) 3417(6) 6128(3) 56(2)
c(11) 3460(8) 2294(5) 6010(3) 52(2)
Cc(12) 4248(9) 2364(6) 3970(4) 67(2)
C(13) 4929(10) 1558(7) 4408(4) 72(2)
C(14) 4097(8) 1319(5) 4985(4) 56(2)
Table 3. Bond lengths [A] and angles [1.
Sn(1)-S(4) 2.3901(14) C(2)-C(3) 1.618(15)
Sn(1)-S(6) 2.3927(14) N(3)-C(8) 1.290(8)
Sn(1)-S(3) 2.4149(12) N(3)-C(14) 1.437(8)
Sn(1)-S(2) 2.5367(14) N(3)-C(11) 1.475(8)
Sn(1)-S(1) 2.7024(13) C(3)-C(4) 1.501(11)
Sn(2)-S(5) 2.3937(14) N(4)-C(8) 1.305(8)
Sn(2)-S(2)#1 2.4020(13) N(4)-C(12) 1.484(10)
Sn(2)-S(3) 2.4201(12) C(5)-C(6) 1.480(10)
Sn(2)-S(4)#1 2.5222(14) C(6)-C(7) 1.421(12)
Sn(2)-S(1) 2.7157(13) C(8)-C(9) 1.483(9)
Sn(3)-S(1) 2.5059(13) C(9)-C(10) 1.537(10)
Sn(3)-S(5) 2.5335(16) C(10)-C(11) 1.511(10)
Sn(3)-S(6) 2.5511(17) C(12)-C(13) 1.472(10)
S(2)-Sn(2)#2 2.4020(13) C(13)-C(14) 1.513(11)
S(4)-Sn(2)#2 2.5222(14)
N(1)-C(1) 1.324(8) S(4)-Sn(1)-S(6) 126.39(6)
N(1)-C(5) 1.444(8) S(4)-Sn(1)-S(3) 119.09(5)
N(1)-C(4) 1.474(9) S(6)-Sn(1)-S(3) 113.99(6)
C(1)-N(2) 1.235(12) S(4)-Sn(1)-S(2) 89.41(4)
C(1)-C(2) 1.559(14) S(6)-Sn(1)-S(2) 95.35(5)
N(2)-C(7) 1.406(13) S(3)-Sn(1)-S(2) 92.63(5)
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)-S(1)
)-S(1)
)-S(1)
)-S(1)
)-S(2)

)-S(3)

n(2)-S(4)#1
-Sn(2)-S(4)#1
2)-S(4)#1
2)-S(1)

3)-S(6)

)-Sn(1)
Sn(2)
Sn(2)

)_
)_

#1

Z00Z200ZZZZ0Z2ZZ20000000Z2Z2Z200

Symmetry transformations used to generate equivalent atoms:
#1 -x+3/2,y+1/2,-z+1/2  #2 -x+3/2,y-1/2,-z+1/2

Uiy

Uiz

34(1)
31(1)
45(1)
25(1)
30(1)
29(1)
29(1)
51(1)
71(1)
33(2)
31(3)
46(4)
62(6)
38(3)
82(6)
75(4)
43(4)
46(4)
47(4)
34(4)
36(3)
85(6)
57(4)

45(3)
103(6)
123(8)
46(3)
65(4)
55(4)

2(1
-3(1
-1(1
0(1
-2(
-2(
_2(
4(1)

)
)
)
)
1)
1)
1)

-12(1)

4(2)
-5(3)
13(5)
85(8)
1(2)
9(4)
8(3)
-2(3)
12(3)
9(3)
1(4)
0(2)
4(4)
-5(3)

Table 4. Anisotropic displacement paran;ete;rs gAz- 103). The anisotropic displace-
ment factor exponent takes the form: -2n [h a* U1+ ... +2hka*b* Uy ].
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c(11) 54(4) 57(5) 42(3) 4(3) -2(3) 1(3)
C(12) 70(5) 84(6) 45(4) 1(4) 0(3) 20(4)
C(13) 94(6) 71(6) 47(4) -5(3) -1(4) 34(5)
C(14) 66(5) 36(4) 61(4) -10(3) -13(3) 8(3)

Table 5. Hydrogen coordinates (-104) and isotropic displacement parameters

(A%10%).

X y z U(eq)
H(2) -3147 1749 2805 151
H(2A) -3060 3658 3138 139
H(2B) -1788 3700 2700 139
H(3A) -765 4725 3614 98
H(3B) -1627 4175 4134 98
H(4) 3942 3865 4212 87
H(4A) 840 3466 3656 64
H(4B) 457 3388 4402 64
H(5A) 500 1385 4441 60
H(5B) 794 1186 3692 60
H(6A) -664 -82 3941 81
H(6B) -1664 689 4246 81
H(7A) -1369 419 2908 104
H(7B) -2721 223 3256 104
H(9A) 2587 4331 5287 78
H(9B) 4210 4450 5537 78
H(10A) 3910 3663 6495 68
H(10B) 2295 3535 6243 68
H(11A) 4252 2036 6313 62
H(11B) 2627 1904 6074 62
H(12A) 3372 2111 3731 80
H(12B) 4856 2560 3637 80
H(13A) 5869 1775 4588 86
H(13B) 5013 946 4142 86
H(14A) 3244 955 4816 67
H(14B) 4650 888 5312 67
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6.2.3. Messprotokoll fiir die Verbindung (1,4-dabH;)Cu,SnS,

Table 1. Crystal data and structure refinement for (C4H12N2H2)CuzSnSy
(C4H12N2; 1,4-dab = 1,4-Diaminobutan).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.02°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

(C4H12N2H2)CuzSnS, (NP 445)
(C4H14N2)CuzSnS,

dark yellow needles

464.18 g/mol

293(2) K

0.71073 A

Tetragonal

P4,/n

a =14.5392(15) A a=90°
b = 14.5392(15) A B =90°
c=11.4776(12) A y =90°
2426.2(4) A

8

2.542 g/cm®

6.163 mm™

1792

0.13-0.10 - 0.06 mm®

2.26 to 25.02°

16<h<5, -16<k<17,-11<1<13
5424

2135 [R(int) = 0.1214]

99.6 %

Full-matrix least-squares on F?
2135/0/ 114

1.025

R1=0.0751, wR2 = 0.1772
R1=0.1132, wR2 = 0.1988
0.0002(3)

1.687 and -2.321 e.A”
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 2271(1) 5746(1) 3700(1) 15(1)
Cu(1) 2418(1) 6452(2) 390(2) 24(1)
Cu(2) 3516(2) 7340(1) 1941(2) 24(1)
S(1) 3168(3) 5821(3) 1951(3) 18(1)
S(2) 3168(3) 5921(3) 5421(3) 20(1)
S(3) 1084(3) 6893(3) 3643(4) 18(1)
S(4) 1608(3) 4264(3) 3852(4) 29(1)
N(2) 4643(10) 4344(10) 8664(14) 30(3)
N(1) 3644(12) 3121(14) 3731(19) 55(5)
C(4) 4272(14) 3670(13) 7862(19) 38(5)
C(3) 4222(17) 3700(30) 4490(20) 104(16)
C(2) 3934(15) 3340(15) 5778(19) 43(5)
c(1) 4478(14) 3911(14) 6637(17) 36(5)

Sn(1)-S(4) 2.367(4) S(1)-Cu(1)-S(3)#2 112.37(16)
Sn(1)-(2) 2.380(4) S(2)#1-Cu(1)-Cu(2) 116.23(15)
Sn(1)-S(1) 2.397(4) S(1)-Cu(1)-Cu(2) 52.95(12)
Sn(1)-S(3) 2.401(4) S(3)#2-Cu(1)-Cu(2) 115.12(13)
Cu(1)—S(2)#1 2.246(5) S(2#1-Cu(1)-Cu(2#3  51.37(12)
Cu(1)-S(1) 2.290(5) S(1)-Cu(1)-Cu(2)#3 89.13(12)
Cu(1)-S(3)#2 2.305(5) S(3)#2-Cu(1)-Cu(2#3  153.53(14)
Cu(1)-Cu(2) 2.718(3) Cu(2)-Cu(1)-Cu(2)#3 65.00(10)
Cu(1)-Cu(2)#3 2.845(3) S(2#1-Cu(1)-Cu(1)#3  80.25(13)
Cu(1)-Cu(1)#3 3.057(4) S(1)-Cu(1)-Cu(1)#3 111.21(12)
Cu(2)-s(1) 2.265(4) S(3)#2-Cu(1)-Cu(1)#3  101.38(11)
Cu(2)-S(2)#2 2.272(5) Cu(2)-Cu(1)-Cu(1)#3 58.69(7)
Cu(2)-S(3)#3 2.323(5) Cu(2)#3-Cu(1)-Cu(1)#3  54.70(7)
Cu(2)-Cu(1)#3 2.845(3) S(1)-Cu(2)-S(2)#2 126.93(17)
Cu(2)-Cu(2)#3 2.991(4) S(1)-Cu(2)-S(3)#3 121.29(16)
S(2)-Cu(1)#4 2.246(5) S(2)#2-Cu(2)-S(3/#3  107.52(16)
S(2)-Cu(2)#5 2.272(5) S(1)-Cu(2)-Cu(1) 53.78(12)
S(3)-Cu(1)#5 2.305(5) S(2)#2-Cu(2)-Cu(1) 87.74(13)
S(3)-Cu(2)#3 2.323(5) S(3)#3-Cu(2)-Cu(1) 157.79(14)
N(2)-C(4) 1.45(3) S(1)-Cu(2)-Cu(1)#3 119.89(14)
N(1)-C(3) 1.47(4) S(2)#2-Cu(2)-Cu(1)#3  50.56(12)
C(4)-C(1) 1.48(3) S(3)#3-Cu(2)-Cu(1)#3  110.44(12)
C(3)-C(2) 1.62(4) Cu(1)-Cu(2)-Cu(1)#3 66.61(10)
C(2)-C(1) 1.51(3) S(1)-Cu(2)-Cu(2)#3 86.04(14)
S(2)#2-Cu(2)-Cu(2)#3  105.89(13)
S(4)-Sn(1)-S(2) 105.03(16) S(3)#3-Cu(2)-Cu(2)#3  99.94(11)
S(4)-Sn(1)-S(1) 108.95(15) Cu(1)-Cu(2)-Cu(2)#3 59.56(8)
S(2)-Sn(1)-S(1) 113.08(14) Cu(1)#3-Cu(2)-Cu(2)#3  55.44(7)
S(4)-Sn(1)-S(3) 109.99(15) Cu(2)-S(1)-Cu(1) 73.26(14)
S(2)-Sn(1)-S(3) 110.03(14) Cu(2)-S(1)-Sn(1) 99.82(15)
S(1)-Sn(1)-S(3) 109.65(14) Cu(1)-S(1)-Sn(1) 114.49(18)
S(2)#1-Cu(1)-S(1) 123.22(17) Cu(1)#4-S(2)-Cu(2#5  78.07(15)
S(2#1-Cu(1)-S(3¥#2  119.52(17) Cu(1)#4-S(2)-Sn(1) 103.00(16)
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Cu(2)#5-S(2)-Sn(1) 112.66(18) N(2)-C(4)-C(1) 111.7(17)
Cu(1)#5-S(3)-Cu(2)#3  117.68(18) N(1)-C(3)-C(2) 102(3)
Cu(1)#5-S(3)-Sn(1) 96.39(15) C(1)-C(2)-C(3) 106.6(19)
Cu(2)#3-S(3)-Sn(1) 100.18(16) C(4)-C(1)-C(2) 112.6(17)

Symmetry transformations used to generate equivalent atoms:
#1 y-1/2,-x+1,z-1/2  #2 -y+1,x+1/2,z-1/12 #3 -x+1/2,-y+3/2,z
#4 -y+1,x+1/2,z+1/2  #5 y-1/2,-x+1,z+1/2

Table 4. Anisotropic displacement parameters (A?- 10°). The anisotropic displace-
ment factor exponent takes the form: -2m2[ hz a*2Uq4 + ... + 2 h k a* b* U4z ].

U11 U22 U33 U23 U13 U12
sn(1)  18(1) 16(1) 12(1) -1(1) 1(1) -1(1)
cu(l)  24(1) 28(1) 19(1) 1(1) -1(1) 1(1)
Cu2)  25(1) 25(1) 20(1) -2(1) -2(1) 1(1)
s(1) 23(2) 18(2) 13(2) -1(2) 4(2) 3(2)
S(2) 26(2) 22(2) 13(2) 0(2) -6(2) 3(2)
S(3) 22(2) 21(2) 12(2) 0(2) -1(2) 6(2)
S(4) 35(2) 19(2) 34(3) 3(2) 7(2) -8(2)
N(2) 29(7) 33(8) 29(8) 13(7) 2(7) 18(6)
N(1) 36(9) 73(13) 54(12) 14(12) 7(10) 4(9)
C(4) 34(10) 28(10) 53(13) -4(9) -4(10) 12(8)
C(3) 32(13) 230(40) 53(16) -80(20) -14(12) 50(20)
c(2) 42(12) 49(12) 39(12) 1(10) -6(10) -9(10)

Table 5. Hydrogen coordinates (-10%) and isotropic displacement parameters (A?-

10%).
X y z U(eq)

H(2A) 4507 4172 9389 36
H(2B) 4392 4891 8521 36
H(2C) 5250 4381 8584 36
H(1A) 3758 3271 2994 65
H(1B) 3052 3216 3887 65
H(1C) 3778 2530 3842 65
H(4A) 3611 3632 7965 46
H(4B) 4531 3072 8037 46
H(3A) 4083 4344 4389 125
H(3B) 4870 3594 4339 125
H(2A) 3280 3423 5903 52
H(2B) 4081 2693 5867 52
H(1A) 5129 3821 6494 43
H(1B) 4340 4556 6513 43
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6.2.4. Messprotokoll fiir die Verbindung (1,4-dabH;)Ag,SnS,

Table 1. Crystal data and structure refinement for (C4H14N2)Ag2SnS4

(C4H12N2; 1,4-dab = 1,4-Diaminobutan).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.05°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [l > 2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

(C4H14N2)Ag2SNnS4 (NP 517)
(C4H14N2)Ag2SNS,

light yellow needles

552.84 g/mol

293(2) K

0.71073 A

Tetragonal

P4,/n

a=14.7847(8) A a=90°
b =14.7847(8) A B =90°
c=11.9087(6) A y =90°
2603.1(2) A3

8

2.821 g/cm®

5.486 mm’’

2080

0.14-0.11-0.08 mm?

2.59 to 28.05°

-18<£h<19,-19<k<19,-14<1<15

24124

3143 [R(int) = 0.0426]

99.5 %

Full-matrix least-squares on F?
3143/0/119

1.042

R1 =0.0269, wR2 = 0.0678
R1 =0.0335, wR2 = 0.0711
0.00252(14)

1.599 and -1.342 e. A”®
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 7222(1) 4414(1) 1204(1) 16(1)
Ag(1) 6455(1) 2404(1) -363(1) 33(1)
Ag(2) 7311(1) 3501(1) 2189(1) 31(1)
S(1) 5992(1) 3358(1) 1276(1) 22(1)
S(2) 8097(1) 4191(1) -452(1) 24(1)
S(3) 8105(1) 4327(1) 2883(1) 22(1)
S(4) 6612(1) 5903(1) 1054(1) 25(1)
N(1) 5713(3) 5285(2) 8636(3) 30(1)
N(2) 6779(3) 6310(3) 3714(3) 30(1)
c(1) 6014(3) 5491(3) 6604(3) 28(1)
C(2) 6571(3) 5990(3) 5729(3) 30(1)
C(3) 6282(3) 5755(3) 4557(3) 28(1)
C(4) 6319(3) 5707(3) 7784(3) 30(1)

Table 3. Bond lengths [A] and angles [1.

Sn(1)-S(2) 2.3826(9) S(1)-Ag(1)-S(3)#2 106.27(3)
Sn(1)-S(4) 2.3846(9) S(2)#1-Ag(1)-Ag(2) 112.07(3)
Sn(1)-S(3) 2.3919(9) S(1)-Ag(1)-Ag(2) 112.15(2)
Sn(1)-S(1) 2.3982(9) S(3)#2-Ag(1)-Ag(2) 52.34(2)
Ag(1)-S(2)#1 2.4514(10) S(2#1-Ag(1)-Ag(1)#1  79.58(3)
Ag(1)-S(1) 2.5029(10) S(1)-Ag(1)-Ag(1)#1 102.76(2)
Ag(1)-S(3)#2 2.6019(10) S(3)#2-Ag(1)-Ag(1)#1  113.96(2)
Ag(1)-Ag(2) 2.9926(5) Ag(2)-Ag(1)-Ag(1)#1  61.942(10)
Ag(1)-Ag(1)#1 3.1021(7) S(2)#1-Ag(1)-Ag(2)#1  53.35(2)
Ag(1)-Ag(2)#1 3.1377(5) S(1)-Ag(1)-Ag(2)#1 159.96(3)
Ag(2)-S(3)#2 2.4921(10) S(3#2-Ag(1)-Ag(2)#1  82.65(2)
Ag(2)-S(1)#3 2.5099(10) Ag(2)-Ag(1)-Ag2#1  58.793(13)
Ag(2)-S(2) 2.5829(10) Ag(1)#1-Ag(1)-Ag(2)#1  57.315(10)
Ag(2)-Ag(2)#1 3.0117(6) S(3#2-Ag(2)-S(1)#3  133.97(3)
Ag(2)-Ag(1)#1 3.1378(5) S(3)#2-Ag(2)-S(2) 120.16(3)
S(1)-Ag(2)#4 2.5099(10) S(1)#3-Ag(2)-S(2) 100.83(3)
S(2)-Ag(1)#1 2.4514(10) S(3)#2-Ag(2)-Ag(1) 55.74(2)
S(3)-Ag(2)#5 2.4921(10) S(1)#3-Ag(2)-Ag(1) 162.10(2)
S(3)-Ag(1)#5 2.6019(10) S(2)-Ag(2)-Ag(1) 79.77(2)
N(1)-C(4) 1.489(5) S(3#2-Ag(2)-Ag(2)#1  87.11(2)
N(2)-C(3) 1.490(5) S(1)#3-Ag(2)-Ag(2)#1  100.30(2)
C(1)-C(4) 1.510(6) S(2)-Ag(2)-Ag(2)#1 107.72(2)
C(1)-C(2) 1.519(6) Ag(1)-Ag(2)-Ag2#1  63.010(10)
C(2)-C(3) 1.500(6) S(3)#2-Ag(2)-Ag(1)#1  116.15(2)
S(1)#3-Ag(2)-Ag(1)#1  105.88(2)
S(2)-Sn(1)-S( 105.73(3) S(2)-Ag(2)-Ag(1)#1 49.59(2)
S(2)-Sn(1)-S( 112.81(4) Ag(1)-Ag(2)-Ag(1)#1  60.743(14)
S(4)-Sn(1)-S( 108.63(3) Ag(2)#1-Ag(2)-Ag(1)#1  58.197(9)
S(2)-Sn(1)-S( 110.53(3) Sn(1)-S(1)-Ag(1) 97.59(3)
S(4)-Sn(1)-S( 108.52(4) Sn(1)-S(1)-Ag(2)#4 101.62(3)
S(3)-Sn(1)-S( 110.41(3) Ag(1)-S(1)-Ag(2)#4 98.00(3)
S(2)#1-Ag(1)-S 130.48(3) Sn(1)-S(2)-Ag(1)#1 104.15(4)
S(2)#1-Ag(1)-S 117.92(3) Sn(1)-S(2)-Ag(2) 118.24(4)
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Ag(1)#1-S(2)-Ag(2) 77.06(3) C(4)-C(1)-C(2) 112.0(3)
Sn(1)-S(3)-Ag(2)#5 98.75(3) C(3)-C(2)-C(1) 111.8(4)
Sn(1)-S(3)-Ag(1)#5 118.53(4) N(2)-C(3)-C(2) 111.0(3)
Ag(2)#5-S(3)-Ag(1)#5  71.92(3) N(1)-C(4)-C(1) 111.5(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+3/2,-y+1/2,z  #2 -y+1,x-1/2,z-1/12  #3 y+1/2,-x+1,z-1/2
#4 -y+1,x-1/2,z+1/2  #5 y+1/2,-x+1,z+1/2

Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-
ment factor exponent takes the form: -2m%[ h2 a*2Uq; + ... + 2 h k a* b* Uy2 |.

U4 Uz, Uss Uzs Uss Ui,
Sn(1) 18(1) 15(1) 14(1) 0(1) 0(1) 2(1)
Ag(1) 32(1) 29(1) 38(1) -3(1) 4(1) -1(1)
Ag(2) 27(1) 25(1) 42(1) 3(1) 5(1) 1(1)
S(1) 20(1) 24(1) 24(1) 0(1) 0(1) -3(1)
S(2) 30(1) 22(1) 20(1) -4(1) 8(1) -3(1)
S(3) 23(1) 24(1) 19(1) 0(1) -5(1) 0(1)
S(4) 33(1) 18(1) 23(1) -2(1) -5(1) 9(1)
N(1) 35(2) 30(2) 24(2) 0(1) 0(1) 8(1)
N(2) 32(2) 36(2) 23(2) -3(1) 4(1) 2(1)
c(1) 33(2) 27(2) 25(2) 5(2) -2(2) 4(2)
C(2) 33(2) 36(2) 22(2) 1(2) 1(2) -1(2)
C(3) 32(2) 25(2) 28(2) -1(2) 2(2) 4(2)
C(4) 34(2) 31(2) 25(2) 3(2) -1(2) 3(2)

Table 5. Hydrogen coordinates (-10%) and isotropic displacement parameters

(A%103).

X y z U(eq)
H(1A) 5909 5422 9321 45
H(1B) 5716 4687 8547 45
H(1C) 5153 5493 8547 45
H(2A) 6598 6159 3026 46
H(2B) 7370 6211 3779 46
H(2C) 6664 6894 3833 46
H(1A) 5383 5656 6520 34
H(1B) 6065 4845 6477 34
H(2A) 6507 6637 5842 36
H(2B) 7205 5837 5824 36
H(3A) 6399 5119 4418 34
H(3B) 5638 5858 4479 34
H(4A) 6931 5488 7892 36
H(4B) 6322 6358 7890 36
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6.2.5. Messprotokoll fiir die Verbindung (1,4-dabH),MnSnS,

Table 1. Crystal data and structure refinement for (1,4-dabH),MnSnS,4

(C4H42N2; 1,4-dab = 1,4-Diaminobutan).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 30.02°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [l > 2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

(CgH26N4) MNSNS, (km 348)
CsH26N4MNnSnS,

pale yellow rods
480.20 g/mol

293(2) K

0.71073 A
orthorhombic

Fdd2

a=22.8124(15) A

b =24.7887(16) A

c =6.4153(6) A
3627.8(5) A

8

1.758 g/lcm®

2.524 mm"

1928

0.07 -0.10 - 0.14 mm®
2.43 t0 30.02°
-32<h<2,-34<k<2,-9<|<9
3122

2636 [R(int) = 0.0179]

99.9 %

Full-matrix least-squares on F?
2636 /1 /86

1.046

R1=0.0184, wR2 = 0.0494
R1=0.0217, wR2 = 0.0504
-0.01(2)

0.00229(6)

0.476 and -0.732 e. A

o =90°
B=90°
vy = 90°
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%). U(eq) is defined as one third of the trace of the

orthogonalized U; tensor.

X y z U(eq)
Sn(1) 5000 5000 8824 18(1)
Mn(1) 5000 5000 3832(2) 24(1)
S(1) 4201(1) 5017(1) 6433(1) 24(1)
S(2) 4961(1) 4262(1) 11233(1) 23(1)
N(1) 3802(1) 6304(1) 6767(3) 32(1)
N(2) 6080(1) 6396(1) 4998(4) 36(1)
C(3) 5281(1) 7015(1) 6076(4) 36(1)
c(1) 4273(1) 6702(1) 7195(4) 31(1)
C(4) 5793(1) 6923(1) 4625(4) 37(1)
C(2) 4792(1) 6601(1) 5782(4) 36(1)
Table 3. Bond lengths [A] and angles []
Sn(1)-S(1)#1 2.3832(7) S(2)-Sn(1)-Mn(1) 130.170(19)
Sn(1)-S(1) 2.3832(7) S(1)#1-Sn(1)-Mn(1)#2 130.058(18)
Sn(1)-S(2)#1 2.3958(7) S(1)-Sn(1)-Mn(1)#2  130.058(19)
Sn(1)-S(2) 2.3958(7) S(2)#1-Sn(1)-Mn(1)#2  49.830(19)
Sn(1)-Mn(1) 3.2027(13) S(2)-Sn(1)-Mn(1)#2 49.830(19)
Sn(1)-Mn(1)#2 3.2126(13) Mn(1)-Sn(1)-Mn(1)#2  180.000(1)
Mn(1)-S(1)#1 2.4724(14) S(1)#1-Mn(1)-S(1) 95.09(7)
Mn(1)-S(1) 2.4724(14) S(1)#1-Mn(1)-S(2)#3  116.145(14)
Mn(1)-S(2)#3 2.4761(14) S(1)-Mn(1)-S(2)#3 117.928(14)
Mn(1)-S(2)#4 2.4761(14) S(1)#1-Mn(1)-S(2)#4  117.928(14)
Mn(1)-Sn(1)#4 3.2126(13) S(1)-Mn(1)-S(2)#4 116.145(14)
S(2)-Mn(1)#2 2.4761(14) S(2)#3-Mn(1)-S(2)#4 95.36(7)
N(1)-C(1) 1.485(3) S(1)#1-Mn(1)-Sn(1) 47.54(3)
N(2)-C(4) 1.482(3) S(1)-Mn(1)-Sn(1) 47.54(3)
C(3)-C(4) 1.510(3) S(2)#3-Mn(1)-Sn(1) 132.32(4)
C(3)-C(2) 1.528(3) S(2)#4-Mn(1)-Sn(1) 132.32(4)
C(1)-C(2) 1.511(3) S(#1-Mn(1)-Sn(1)}#4  132.46(3)

S(1)-Mn(1)-Sn(1)#4 132.46(3)

S(1)#1-Sn(1)-S(1) 99.88(4) S(2)#3-Mn(1)-Sn(1)#4  47.68(4)
S(1)#1-Sn(1)-S(2)#1  113.596(15) S(2)#4-Mn(1)-Sn(1)#4  47.68(4)
S(1)-Sn(1)-S(2)#1 115.467(15) Sn(1)-Mn(1)-Sn(1)#4 180.0
S(1)#1-Sn(1)-S(2) 115.467(15) Sn(1)-S(1)-Mn(1) 82.51(3)
S(1)-Sn(1)-S(2) 113.595(15) Sn(1)-S(2)-Mn(1)#2 82.49(3)
S(2)#1-Sn(1)-S(2) 99.66(4) C(4)-C(3)-C(2) 112.80(19)
S(1)#1-Sn(1)-Mn(1) 49.942(18) N(1)-C(1)-C(2) 110.27(17)
S(1)-Sn(1)-Mn(1) 49.942(18) N(2)-C(4)-C(3) 112.01(19)
S(2)#1-Sn(1)-Mn(1)  130.170(19) C(1)-C(2)-C(3) 112.78(19)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y+1,z  #2 x,y,z+1
#4 x,y,z-1

#3 -x+1,-y+1,z-1
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Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-
ment factor exponent takes the form: -2n?2[ h2a*2Uq1 + ... + 2 h ka* b* U2 ].

U4 Uz, Usa Uzs Uss Ui,
Sn(1) 19(1) 21(1) 14(1) 0 0 1(1)
Mn(1) 27(1) 28(1) 16(1) 0 0 -2(1)
S(1) 20(1) 31(1) 21(1) 2(1) -2(1) 0(1)
S(2) 28(1) 21(1) 21(1) 2(1) -4(1) -1(1)
N(1) 28(1) 31(1) 37(1) -4(1) 5(1) 5(1)
N(2) 29(1) 40(1) 39(1) 3(1) 2(1) -1(1)
C(3) 32(1) 31(1) 45(1) -4(1) -6(1) -1(1)
c(1) 28(1) 32(1) 33(1) -5(1) -2(1) 5(1)
C(4) 32(1) 40(1) 41(1) 8(1) -3(1) -6(1)
C(2) 31(1) 36(1) 41(1) -11(1) 3(1) -3(1)

Table 5. Hydrogen coordinates (-10%) and isotropic displacement parameters

(A%103).

X y z U(eq)
H(1A) 3715 6308 5414 48
H(1B) 3484 6389 7501 48
H(1C) 3923 5976 7128 48
H(2A) 6134 6351 6360 54
H(2B) 6425 6390 4351 54
H(3A) 5124 7374 5837 43
H(3B) 5419 6999 7505 43
H(1A) 4396 6672 8639 37
H(1B) 4125 7064 6971 37
H(4A) 5656 6939 3194 45
H(4B) 6078 7209 4818 45
H(2A) 4661 6611 4343 43
H(2B) 4946 6244 6055 43
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6.2.6. Messprotokoll fiir die Verbindung (DBNH),CugSn,Sg

Table 1. Crystal data and structure refinement for (DBNH),CugSn,Ss
(C7H12N2; DBN = 1,5-Diazabicyclo[4.3.0]non-5-en).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.02°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [l > 2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

(DBNH),CugSn,Ss (NP 524a)
C14H26N4CusSn2Ss

red plates

1125.49 g/mol

293(2) K

0.71073 A

Orthorhombic

Pca2,

a=21.3017(10) A o =90°
b =6.6837(3) A B =90°
c =19.9480(13) A v =90°
2840.1(3) A3

4

2.632 g/cm®

6.734 mm™’

2160

0.14-0.10 - 0.07 mm®

2.80 to 28.02°

-23<h<28,-8<k=<8,-26<1<26

16982

6810 [R(int) = 0.0636]

99.5 %

Full-matrix least-squares on F?
6810/1 /326

0.985

R1 =0.0441, wR2 = 0.1031
R1 =0.0597, wR2 = 0.1108
-0.02(2)

0.00093(14)

1.667 and -1.634 e A
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Table 2. Atomic coordinates (-10*) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 7774(1) 4665(1) 9182(1) 18(1)
Sn(2) 8213(1) 9737(1) 6695(1) 17(1)
Cu(1) 6834(1) 4606(2) 10873(1) 26(1)
Cu(2) 7479(1) -629(2) 10080(1) 27(1)
Cu(3) 7480(1) 7411(2) 7785(1) 35(1)
Cu(4) 8333(1) 9474(2) 8578(1) 27(1)
Cu(5) 8531(1) 4402(2) 7530(1) 28(1)
Cu(6) 7379(1) 2491(2) 7835(1) 64(1)
S(1) 6710(1) 7881(3) 10677(1) 22(1)
S(2) 8234(1) -2251(3) 9538(1) 24(1)
S(3) 7406(1) 2767(3) 10128(1) 22(1)
S(4) 6944(1) 5126(3) 8372(1) 23(1)
S(5) 8613(1) 7773(3) 7624(1) 21(1)
S(6) 8520(1) 2770(3) 8535(1) 29(1)
S(7) 8773(1) 2817(3) 6574(1) 23(1)
S(8) 7157(1) 10114(3) 7109(1) 25(1)
N(1) 4760(6) 7950(19) 3813(5) 53(3)
N(2) 3910(13) 8770(40) 4407(12) 51(5)
c(1) 4348(13) 7450(50) 4335(14) 40(6)
N(2" 4096(11) 7340(30) 4668(11) 41(5)
c(1") 4262(12) 8410(50) 4142(12) 34(4)
C(2) 4467(8) 5600(20) 4779(7) 57(4)
C(3) 5110(10) 5240(40) 4537(11) 98(8)
C4) 5194(7) 6270(30) 3865(7) 62(4)
C(5) 4838(10) 9590(30) 3339(11) 90(7)
C(6) 4238(11) 10760(40) 3360(10) 100(8)
C(7) 3849(7) 10330(20) 3939(7) 51(3)
N(11) 9569(6) 3150(19) 1417(6) 53(3)
N(12) 8614(6) 3890(20) 968(8) 76(4)
c(11) 9098(6) 2880(20) 1004(6) 47(3)
Cc(12) 9234(9) 980(20) 533(8) 71(5)
C(13) 9932(10) 700(30) 697(9) 73(5)
Cc(14) 10075(9) 1720(30) 1356(9) 83(6)
C(15) 9553(11) 4700(30) 1959(10) 92(6)
C(16) 9102(11) 6280(30) 1705(11) 107(8)
c(17) 8529(11) 5530(30) 1415(9) 83(6)
Table 3. Bond lengths [A] and angles []
Sn(1)-S(2)#1 2.392(2) Cu(1)-S(7)#3 2.249(2)
Sn(1)-S(3) 2.405(2) Cu(1)-S(3) 2.282(2)
Sn(1)-S(6) 2.407(2) Cu(2)-S(2) 2.220(3)
Sn(1)-S(4) 2.414(2) Cu(2)-S(1)#4 2.258(3)
Sn(1)-Cu(6) 3.1678(18) Cu(2)-S(3) 2.277(2)
Sn(2)-S(1)#2 2.385(2) Cu(3)-S(4) 2.238(2)
Sn(2)-S(7)#1 2.392(2) Cu(3)-S(8) 2.357(3)
Sn(2)-S(8) 2.408(2) Cu(3)—S(5) 2.446(3)
Sn(2)-S(5) 2.427(2) Cu(3)-Cu(4) 2.7755(18)
Sn(2)-Cu(3) 3.0951(13) Cu(3)-Cu(5) 3.052(2)
Cu(1)-S(1) 2.239(2) Cu(4)-S(6)#1 2.240(2)
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Cu(4)-S(2)#1
Cu(4)-S(5)
Cu(5)-S(7)
Cu(5)-S(5)
Cu(5)-S(6)
Cu(5)-Cu(6)
Cu(6)-S(8)#4
Cu(6)-S(4)
S(1)-Cu(2)#1
S(1)-Sn(2)#3
S(2)-Cu(4)#4
S(2)-Sn(1)#4
S(6)-Cu(4)#4
S(7)-Cu(1)#2
S(7)-Sn(2)#4
S(8)-Cu(6)#1
)-
)-
)-
)-
)
)
)

N(1)-C(1)

N(1)-C(1)
N(1)-C(4)
N(1)-C(5)
N(2)-C(1)
N(2)-C(7)
C(1)-C(2)
N(2)-C(1")
N(2')-C(2)
C(1)-C(7)
C(2)-C(3)
C(3)-C(4)
C(5)-C(6)
C(6)-C(7)
N(11)-C(11)
N(11)-C(14)
N(11)-C(15)
N(12)-C(11)
N(12)-C(17)
C(11)-C(12)
C(12)-C(13)
C(13)-C(14)
C(15)-C(16)

C(16)-C(17)
S(2)#1-Sn(1)-S(3)
S(2)#1-Sn(1)-S(6)
S(3)-Sn(1)-S(6)
S(2)#1-Sn(1)-S(4)
S(3)-Sn(1)-S(4)
S(6)-Sn(1)-S(4)
S(2)#1-Sn(1)-Cu(6)
S(3)-Sn(1)-Cu(6)
S(6)-Sn(1)-Cu(6)
S(4)-Sn(1)-Cu(6)
S(1)#2-Sn(2)-S(7)#1
S(1)#2-Sn(2)-S(8)
S(7)#1-Sn(2)-S(8)
S(1)#2-Sn(2)-S(5)
S(7)#1-Sn(2)-S(5)
S(8)-Sn(2)-S(5)
S(1)#2-Sn(2)-Cu(3)
S(7)#1-Sn(2)-Cu(3)
S(8)-Sn(2)-Cu(3)
S(5)-Sn(2)-Cu(3)
S(1)-Cu(1)-S(7)#3

R L G (I U . §

110.79(7)
109.98(9)
110.98(7)
112.90(8)
110.71(8)
101.11(9)
139.15(6)
109.70(6)
58.66(8)
45.33(7)
109.11(8)
114.30(8)
114.24(8)
110.15(7)
111.51(8)
97.04(8)
111.83(6)
138.98(6)
48.77(6)
50.85(6)
124.08(10)

S(1)-Cu(1)-S(3)
S(7)#3-Cu(1)-S(3)
S(2)-Cu(2)-S(1)#4
S(2)-Cu(2)-S(3)
S(1)#4-Cu(2)-S(3)
S(4)-Cu(3)-S(8)
S(4)-Cu(3
S(8)-Cu(3
S(4)-Cu(3
)-
)-
)-
)-

S(8
)-S(5
)-S(5
)-Cu
S(8)-Cu(3)-Cu
)-
)-
)

OOO(D(D

S(5)-Cu(3
S(4)-Cu(3
S(8)-Cu(3)-
S(5)-Cu(3)-Cu(5
Cu(4)-Cu(3)-Cu(5)
S(4)-Cu(3)-Sn(2)
S(8)-Cu(3)-Sn(2)
S(5)-Cu(3)-Sn(2)
Cu(4)-Cu(3)-Sn(2
Cu(5)-Cu(3)-Sn(2
S(6)#1-Cu(4)-S(2
S(6)#1-Cu(4)-S(5
S(2)#1-Cu(4)-S(5)
S(6)#1-Cu(4)-Cu(3)
S(2)#1-Cu(4)-Cu(3)
S(5)-Cu(4)-Cu(3)
S(7)-Cu(5)-S(5)
S(7)-Cu(5)-S(6)

)-Cu(5)-S

)-

)-

)-

)-

)-

)-

)-
S(5)-Cu(5)-S(6)
S(7)-Cu(5)-Cu(6
S(5)-Cu(5)-Cu(6
S(6)-Cu(5)-Cu(6
S(7)-Cu(5)-Cu(3
S(5)-Cu(5)-Cu(3
S(6)-Cu(5)-Cu(3
Cu(6)-Cu(5)-Cu(3)
S(8)#4-Cu(6)-S(4)
S(8)#4-Cu(6)-Cu(5)
S(4)-Cu(6)-Cu(5)
S(8)#4-Cu(6)-Sn(1)
S(4)-Cu(6)-Sn(1)
Cu(5)-Cu(6)-Sn(1)
Cu(1)-S(1)-Cu(2)#1
Cu(1)-S(1)-Sn(2)#3

~— — — — — ~—

Cu(2)#1-S(1)-Sn(2)#3

Cu(2)-S(2)-Cu(4)#4
Cu(2)-S(2)-Sn(1)#4

Cu(4)#4-S(2)-Sn(1)#4

Cu(2)-S(3)-Cu(1)

(
(
(
(
(
(
E
Cu(1)-S(3)-Sn(1)
(
(
(
(
(
(
(

Cu(2)-S(3)-Sn(1)
)
Cu(3)-S(4)-Cu(6)
Cu(3)-S(4)-Sn(1)
Cu(6)-S(4)-Sn(1)
Cu(5)-S(5)-Cu(4)
Cu(5)-S(5)-Sn(2)
Cu(4)-S(5)-Sn(2)
Cu(5)-S(5)-Cu(3)

Cu(4)-S(5)-Cu(3)
Sn(2)-S(5)-Cu(3)

Cu(4)#4-S(6)-Cu(5)
Cu(4)#4-5(6)-Sn(1)

#1

118.42(9
115.21(8
124.57(9
123.83(1
111.58(9
132.35(1
129.74(1
97.88(8
112.01(8
97.82(7
51.68(6
90.68(8
128.59(8
47.13(5
86.70(5
165.39(8
50.22(6

)
)
)
0)
)
1
0
)
)
)
)
)
)
)
)
)
)
50.29(5)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

)
)

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
79.69(4
81.03(4
123.61(9
114.18(9
118.48(8
125.70(9
99.78(8
56.75(
121.53(
121.58(
113.71(
99.75(
119.79(
65.61(
128.50(
52.26(
99.25(
68.03(5)
141.84(15)
111.71(9)
96.08(8)
161.09(10)
49.42(7)
75.27(5)
115.94(11)
110.60(9)
99.74(9)
103.43(10)
105.57(10)
103.14(9)
126.93(10)
118.06(9)
113.66(8)
94.26(10)
93.64(9)
85.25(10)
122.77(10)
116.54(9)
105.89(8)
80.61(8)
71.58(8)
78.86(7)
120.29(11)
112.29(10)

7
9
8
9
8
9
9
8
7
8
5
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Cu(5)-S(6)-Sn(1) 103.06(9) N(2')-C(2)-C(1) 33.3(12)
Cu(5)-S(7)-Cu(1)#2 98.33(10) C(3)-C(2)-C(1) 95.4(14)
Cu(5)-S(7)-Sn(2)#4 101.91(9) C(2)-C(3)-C(4) 109.1(16)
Cu(1)#2-S(7)-Sn(2)#4  103.46(10) N(1)-C(4)-C(3) 109.7(13)
Cu(B)#1-S(8)-Cu(3) 96.57(11) N(1)-C(5)-C(6) 106.2(15)
Cu(B)#1-S(8)-Sn(2) 95.81(10) C(7)-C(6)-C(5) 113.7(15)
Cu(3)-S(8)-Sn(2) 81.01(8) N(2)-C(7)-C(6) 128.8(17)
C(1')-N(1)-C(1) 32.9(14) N(2)-C(7)-C(1") 36.0(14)
C(1)-N(1)-C(4) 132.1(18) C(6)-C(7)-C(1') 92.8(13)
C(1)-N(1)-C(4) 99.3(17) C(11)-N(11)-C(14) 115.2(13)
C(1')-N(1)-C(5) 104.1(18) C(11)-N(11)-C(15) 122.2(14)
C(1)-N(1)-C(5) 136.9(18) C(14)-N(11)-C(15) 122.3(14)
C(4)-N(1)-C(5) 123.7(11) C(11)-N(12)-C(17) 119.4(16)
C(1)-N(2)-C(7) 120(3) N(12)-C(11)-N(11) 126.9(16)
N(2)-C(1)-N(1) 112(3) N(12)-C(11)-C(12) 123.3(15)
N(2)-C(1)-C(2) 127(3) N(11)-C(11)-C(12) 109.8(12)
N(1)-C(1)-C(2) 121(2) C(13)-C(12)-C(11) 98.5(12)
C(1')-N(2)-C(2) 115(2) C(14)-C(13)-C(12) 108.9(14)
N(1)-C(1')-N(2") 120(3) N(11)-C(14)-C(13) 102.8(12)
N(1)-C(1')-C(7) 121(2) N(11)-C(15)-C(16) 104.7(13)
N(2')-C(1)-C(7) 119(2) C(17)-C(16)-C(15) 115.5(19)
N(2')-C(2)-C(3) 126.8(15) N(12)-C(17)-C(16) 114.3(17)

Symmetry transformations used to generate equivalent atoms:
#1 x,y+1,z  #2 -x+3/2,y,z-1/12  #3 -x+3/2,y,z+1/2
#4 x,y-1,z

Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-
ment factor exponent takes the form: -2n[h? a*?Uqy + ... + 2 h k a* b* Uqg].

U11 U22 U33 U23 U23 U12
sn(1)  28(1) 11(1) 17(1) 0(1) 1(1) -2(1)
sn(2)  25(1) 10(1) 15(1) 1(1) -1(1) -1(1)
cu(l)  35(1) 17(1) 26(1) 1(1) -2(1) 0(1)
Ccu2)  37(1) 21(1) 22(1) -2(1) 0(1) 1(1)
Cu@d)  49(1) 29(1) 26(1) 3(1) 1(1) -14(1)
Cud)  36(1) 17(1) 29(1) -1(1) 1(1) -2(1)
Cu(()  34(1) 19(1) 30(1) -4(1) 1(1) -3(1)
cu®)  117(2) 29(1) 45(1) -14(1) 39(1) -22(1)
S(1) 39(1) 13(1) 16(1) -1(1) 4(1) -4(1)
S(2) 37(1) 13(1) 22(1) -5(1) 6(1) -5(1)
S(3) 34(1) 11(1) 20(1) 1(1) 7(1) -1(1)
S(4) 25(1) 20(1) 26(1) 3(1) 1(1) -1(1)
S(5) 33(1) 12(1) 18(1) 1(1) -1(1) 1(1)
S(6) 50(2) 11(1) 26(1) -1(1) 14(1) 2(1)
S(7) 37(1) 14(1) 19(1) 2(1) -1(1) -5(1)
S(8) 24(1) 21(1) 29(1) -1(1) -1(1) 2(1)
N(1) 50(7) 68(7) 40(5) -11(5) 15(5) 3(6)
N(2) 57(16) 52(14) 43(11) -13(10) -11(11) -4(12)
c(1) 39(15) 51(16) 31(14) 12(11) 8(11) -6(12)
N2)  52(13) 32(10) 40(10) 6(8) 24(10) -3(9)
c(1)  36(13) 44(13) 21(10) -10(10) 8(10) -1(11)
c(2) 61(9) 49(7) 59(8) 17(6) 28(7) 3(6)
c(@3) 71(12) 119(17) 102(15) 58(13) 43(11) 19(11)
C(4) 48(8) 85(11) 54(8) 29(7) 17(6) 24(8)
C(5) 90(14) 84(13) 96(13) 38(11) 46(12) 42(11)
C(6) 87(15) 117(17) 95(14) 35(12) 30(12) 55(13)
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C(7) 55(8) 50(7) 47(6) 10(5) 6(6) 15(6)
N(11) 40(6) 58(7) 62(7) -7(5) -12(5) 11(5)
N(12) 49(8) 84(9) 95(9) 47(8) -11(7) 0(7)
c(11) 26(6) 65(8) 49(6) 29(6) -3(5) -6(5)
C(12) 85(13) 62(9) 66(9) 7(7) -11(8) -37(9)
C(13) 81(13) 63(9) 76(11) 10(8) 14(9) 24(9)
C(14) 62(11) 111(15) 76(11) 20(10) -20(9) 33(11)
C(15) 84(14) 111(16) 81(13) -27(11) -33(11) -3(12)
C(16) 106(18) 107(16) 108(15) -67(14) -25(14) 29(14)
c(17) 97(16) 71(11) 82(12) -8(9) -19(11) 24(10)

Table 5. Hydrogen coordinates (-10*) and isotropic displacement parameters

(A%10°).
X y z U(eq)

H(2 3655 8687 4741 61
H(2") 3788 7663 4924 50
H(2A) 4452 5905 5254 68
H(2B) 4185 4500 4677 68
H(2C) 4217 4494 4610 68
H(2D) 4486 5425 5261 68
H(3A) 5183 3816 4489 117
H(3B) 5411 5767 4857 117
H(4A) 5623 6745 3823 75
H(4B) 5115 5325 3506 75
H(5A) 4913 9084 2891 108
H(5B) 5189 10432 3469 108
H(6A) 4338 12181 3360 120
H(6B) 4000 10484 2956 120
H(7A) 3851 11543 4204 61
H(7B) 3426 10199 3764 61
H(7C) 3421 9988 3819 61
H(7D) 3854 11374 4275 61
H(12) 8330 3600 677 91
H(12A) 8986 -174 662 85
H(12B) 9166 1279 63 85
H(13A) 10030 -716 728 88
H(13B) 10188 1276 344 88
H(14A) 10070 766 1724 99
H(14B) 10480 2379 1344 99
H(15A) 9967 5260 2032 110
H(15B) 9404 4124 2377 110
H(16A) 8995 7153 2076 129
H(16B) 9318 7079 1372 129
H(17A) 8250 5123 1773 100
H(17B) 8327 6613 1173 100
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6.2.7. Messprotokoll fiir die Verbindung (dienH;)Cu,Sn,Sg

Table 1. Crystal data and structure refinement for (C4N3H15)Cu,Sn,Ss

(C4N3H14; dien = Diethylentriamin).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.03°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Absolute structure parameter
Extinction coefficient

Largest diff. peak and hole

(C4N3H15)Cu2Sn,Sg (np388)
(C4N3H15)CuaSn,Se
black plates

662.01 g/mol

293(2) K

0.71073 A

Tetragonal

14 m?2

a=7.8793(3) A
b=7.8793(3) A

c =24.9955(15) A
1551.80(13) A3

4

2.834 g/cm?®

6.673 mm"

1256

0.15-0.10 - 0.05 mm?®
2.71 10 28.03°

o =90°
B=90°
v =90°

-9<h<10,-10=k=<10,-32<1=<30

6243

1078 [R(int) = 0.0578]

99.7 %

Full-matrix least-squares on F?
1078 /0/57

1.052

R1 =0.0417, wR2 = 0.0979
R1=0.0471, wR2 =0.1018
0.02(6)

0.0037(4)

3.923 and -1.949 e A
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the

orthogonalized U; tensor.

X y z U(eq)
Sn(1) 0 0 1519(1) 13(1)
Sn(2) 5000 0 1502(1) 14(1)
Cu 2541(1) 2459(1) 2500 21(1)
S(1) 0 2564(3) 2005(1) 15(1)
S(2) 5000 2594(3) 1972(1) 15(1)
S(3) 2478(4) 0 904(1) 22(1)
N(1) 2451(12) 5000 1267(4) 27(2)
c(1) 2740(20) 5000 698(6) 75(6)
C(2) 1580(30) 5000 348(6) 140(14)
N(2) 0 6070(20) 491(6) 25(3)
Table 3. Bond lengths [A] and angles [1
Sn(1)-S(1) 2.357(2) S(2)#2-Sn(2)-S(3) 107.44(4)
Sn(1)-S(1)#1 2.357(2) S(2)-Sn(2)-S(3)#2 107.44(4)
Sn(1)-S(3)#1 2.485(3) S(2)#2-Sn(2)-S(3)#2 107.44(4)
Sn(1)-S(3) 2.485(3) S(3)-Sn(2)-S(3)#2 106.13(12)
Sn(2)-S(2) 2.359(2) S(2)-Cu-S(2)#3 113.04(11)
Sn(2)-S(2)#2 2.359(2) S(2)-Cu-S(1) 113.88(5)
Sn(2)-S(3) 2.486(3) S(2)#3-Cu-S(1) 106.61(7)
Sn(2)-S(3)#2 2.486(3) S(2)-Cu-S(1)#4 106.61(7)
Cu-S(2) 2.3464(13) S(2)#3-Cu-S(1)#4 113.88(5)
Cu-S(2)#3 2.3464(13) S(1)-Cu-S(1)#4 102.51(11)
Cu-S(1) 2.3555(12) Cu-S(1)-Cu#5 116.43(8)
Cu-S(1)#4 2.3555(12) Cu-S(1)-Sn(1) 103.93(6)
S(1)-Cu#5 2.3555(12) Cu#5-S(1)-Sn(1) 103.93(6)
S(2)-Cutt6 2.3464(13) Cu#6-S(2)-Cu 111.32(8)
N(1)-C(1) 1.441(16) Cu#6-S(2)-Sn(2) 103.95(6)
N(1)-H(1N1) 0.8900 Cu-S(2)-Sn(2) 103.95(6)
N(1)-H(2N1) 0.8900 Sn(1)-S(3)-Sn(2) 104.86(8)
C(1)-C(2) 1.27(3) C(1)-N(1)-H(1N1) 109.1
C(1)-H(1) 0.9699 C(1)-N(1)-H(2N1) 109.6
C(2)-N(2)#7 1.54(2) H(1N1)-N(1)-H(2N1) 109.5
C(2)-N(2) 1.54(2) C(2)-C(1)-N(1) 124.3(17)
C(2)-H(2A) 0.9600 C(2)-C(1)-H(1) 105.6
C(2)-H(2B) 0.9599 N(1)-C(1)-H(1) 106.8
N(2)-C(2)#7 1.54(2) C(1)-C(2)-N(2)#7 115.1(13)
N(2)-N(2)#7 1.68(4) C(1)-C(2)-N(2) 115.1(13)
N(2)-H(1N2) 0.9000 N(2)#7-C(2)-N(2) 66.1(16)

C(1)-C(2)-H(2A) 108.2

S(1)-Sn(1)-S(1)#1 117.98(10) N(2)#7-C(2)-H(2A) 43.0
S(1)-Sn(1)-S(3)#1 108.58(4) N(2)-C(2)-H(2A) 107.3
S(1)#1-Sn(1)-S(3)#1 108.58(4) C(1)-C(2)-H(2B) 110.2
S(1)-Sn(1)-S(3) 108.58(4) N(2)#7-C(2)-H(2B) 131.8
S(1)#1-Sn(1)-S(3) 108.58(4) N(2)-C(2)-H(2B) 108.4
S(3)#1-Sn(1)-S(3) 103.59(11) H(2A)-C(2)-H(2B) 107.5
S(2)-Sn(2)-S(2)#2 120.16(11) C(2)#7-N(2)-C(2) 107.3(18)
S(2)-Sn(2)-S(3) 107.44(4) C(2#7-N(2)-N(2)#7 57.0(8)
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C(2)-N(2)-N(2)#7 57.0(8) C(2)-N(2)-H(1N2)
C(2)#7-N(2)-H(1N2) 109.6 N(2)#7-N(2)-H(1N2)

109.6
147.5

Symmetry transformations used to generate equivalent atoms:

#1 -X,-y,z #2 -x+1,-y,z #3 -y+1/2,x-1/2,-z+1/2
#4 -y+1/2 x+1/2,-z+1/2  #5 y-1/2,-x+1/2,-z+1/2
#6 y+1/2,-x+1/2,-z+1/2  #7 -x,-y+1,z

Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-
ment factor exponent takes the form: -2n°[h? a*?U; + ... +2hka*b* Uy, ].

U4 Uz, Uss Uzs Uss Ui,
Sn(1) 10(1) 14(1) 15(1) 0 0 0
Sn(2) 11(1) 16(1) 15(1) 0 0 0
Cu 21(1) 21(1) 21(1) 0(1) 0(1) 0(1)
S(1) 11(1) 15(1) 18(1) -2(1) 0 0
S(2) 11(1) 16(1) 17(1) -1(1) 0 0
S(3) 14(1) 38(1) 13(1) 0 0(1) 0
N(1) 19(4) 31(4) 31(4) 0 0(4) 0
C(1) 49(10) 140(20) 31(7) 0 -7(7) 0
C(2) 89(17) 310(40) 21(6) 0 6(9) 0
N(2) 30(8) 23(7) 21(7) 15(6) 0 0

Table 5. Hydrogen coordinates (-10*) and isotropic displacement parameters

(A%10%).
X y z U(eq)

H(1N1) 3445 5000 1436 40
H(2N1) 1867 4078 1358 40
H(1) 3438 4013 619 90
H(2A) 1201 3851 298 168
H(2B) 2010 5393 11 168
H(1N2) 0 7030 298 30
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6.2.8. Messprotokoll fiir die Verbindung [Mn(trien)],SnS, - 4 H,0O

Table 1. Crystal data and structure refinement for [Mn(trien)].SnS, - 4 H,O

(CeH1sNg; trien = Triethylentetramin).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.11°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

[Mn(trien)]2SnS, - 4 H,O (np736)
(CsH1sN4)2Mn2SnS, -4 H,O
yellow needles

721.36 g/mol

170(2) K

0.71073 A

Monoclinic

P24/c

a=10.8446(9) A o =90°
b =20.9740(10) A B =113.487(8)"
c =13.2746(9) A v =90°
2769.2(3) A3

4

1.730 g/cm?®

2.128 mm"

1472

0.15-0.11 - 0.07 mm®

2.28 to 28.11°

-14<h<14,-24 <k<27,-13<1<17
15023

6549 [R(int) = 0.0520]

96.9 %

Full-matrix least-squares on F?
6549 /0 /281

0.984

R1 =0.0369, wR2 = 0.0854

R1 =0.0584, wR2 = 0.0924
0.0026(3)

0.669 and -0.955 e. A
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 5796(1) 4594(1) 7812(1) 13(1)
Mn(2) 4976(1) 4116(1) 4780(1) 15(1)
Mn(1) 6956(1) 5167(1) 10861(1) 15(1)
S(1) 5183(1) 5368(1) 8893(1) 14(1)
S(2) 4258(1) 4847(1) 5969(1) 14(1)
S(3) 8068(1) 4717(1) 8041(1) 17(1)
S(4) 5359(1) 3541(1) 8245(1) 18(1)
N(1) 8505(3) 5641(2) 10297(3) 20(1)
N(2) 7688(3) 6110(2) 11915(3) 18(1)
N(3) 8088(3) 4836(2) 12660(3) 19(1)
N(4) 7996(3) 4258(2) 10693(3) 21(1)
N(5) 7165(3) 3846(2) 5651(3) 22(1)
N(6) 5380(3) 3555(2) 3455(3) 20(1)
N(7) 2863(3) 3867(2) 3511(3) 19(1)
N(8) 4381(3) 3206(2) 5504(3) 19(1)
C(1) 8349(4) 6335(2) 10393(3) 20(1)
C(2) 8640(4) 6471(2) 11585(4) 22(1)
C(3) 8277(4) 5959(2) 13103(3) 23(1)
C4) 9047(4) 5333(2) 13300(3) 22(1)
C(5) 8683(4) 4201(2) 12675(4) 24(1)
C(6) 9157(4) 4139(2) 11750(4) 21(1)
C(7) 7695(4) 3686(2) 4813(4) 24(1)
C(8) 6702(4) 3240(2) 3968(4) 25(1)
C(9) 4233(4) 3130(2) 2878(4) 23(1)
C(10) 2934(4) 3514(2) 2573(3) 22(1)
Cc(11) 2164(4) 3539(2) 4116(4) 27(1)
C(12) 2999(4) 2992(2) 4826(4) 25(1)
o(1) 5648(3) 3179(2) 10667(3) 31(1)
0(2) 9995(4) 2429(2) 5769(4) 46(1)
0O(3) 8122(4) 2473(2) 6787(3) 45(1)
O(4) 8344(3) 3176(2) 8635(3) 30(1)
Table 3. Bond lengths [A] and angles [].
Sn(1)-S(3) 2.3736(9) Mn(1)-N(2) 2.370(3)
Sn(1)-S(4) 2.3782(10) Mn(1)-S(1) 2.5874(11)
Sn(1)-S(2) 2.4070(10) Mn(1)-S(1)#2 2.7115(10)
Sn(1)-S(1) 2.4275(9) S(1)-Mn(1)#2 2.7115(10)
Mn(2)-N(5) 2.259(3) S(2)-Mn(2)#1 2.6581(11)
Mn(2)-N(6) 2.298(3) N(1)-C(1) 1.476(5)
Mn(2)-N(7) 2.299(3) N(2)-C(3) 1.480(5)
Mn(2)-N(8) 2.341(3) N(2)-C(2) 1.481(5)
Mn(2)-S(2) 2.5359(11) N(3)-C(5) 1.476(5)
Mn(2)-S(2)#1 2.6581(11) N(3)-C(4) 1.479(5)
Mn(1)-N(4) 2.271(3) N(4)-C(6) 1.487(5)
Mn(1)-N(3) 2.315(3) N(5)-C(7) 1.479(6)
Mn(1)-N(1) 2.317(3) N(6)-C(9) 1.473(5)
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N(6)-C(8) 1.475(5) N(2)-Mn(1)-S(1) 113.56(9)
N(7)-C(11) 1.476(6) N(4)-Mn(1)-S(1)#2 98.44(9)
N(7)-C(10) 1.476(5) N(3)-Mn(1)-S(1)#2 83.01(9)
N(8)-C(12) 1.478(5) N(1)-Mn(1)-S(1)#2 168.97(9)
C(1)-C(2) 1.511(6) N(2)-Mn(1)-S(1)#2 112.05(8)
C(3)-C(4) 1.522(6) S(1)-Mn(1)-S(1)#2 82.09(3)
C(5)-C(6) 1.514(6) Sn(1)-S(1)-Mn(1) 102.69(3)
C(7)-C(8) 1.525(6) Sn(1)-S(1)-Mn(1)#2 104.10(4)
C(9)-C(10) 1.531(6) Mn(1)-S(1)-Mn(1)#2 97.91(3)
C(11)-C(12) 1.532(6) Sn(1)-S(2)-Mn(2) 103.84(4)

Sn(1)-S(2)-Mn(2)#1 111.54(4)
S(3)-Sn(1)-S(4) 111.50(3) Mn(2)-S(2)-Mn(2)#1 92.45(3)
S(3)-Sn(1)-S(2) 111.71(3) C(1)-N(1)-Mn(1) 105.8(2)
S(4)-Sn(1)-S(2) 109.05(3) C(3)-N(2)-C(2) 111.7(3)
S(3)-Sn(1)-S(1) 111.49(3) C(3)-N(2)-Mn(1) 110.6(2)
S(4)-Sn(1)-S(1) 110.50(3) C(2)-N(2)-Mn(1) 111.2(3)
S(2)-Sn(1)-S(1) 102.21(3) C(5)-N(3)-C(4) 115.1(3)
N(5)-Mn(2)-N(6) 77.38(13) C(5)-N(3)-Mn(1) 109.5(3)
N(5)-Mn(2)-N(7) 148.79(13) C(4)-N(3)-Mn(1) 110.1(2)
N(6)-Mn(2)-N(7) 76.20(12) C(6)-N(4)-Mn(1) 108.4(3)
N(5)-Mn(2)-N(8) 89.47(13) C(7)-N(5)-Mn(2) 108.4(2)
N(6)-Mn(2)-N(8) 93.69(13) C(9)-N(6)-C(8) 115.7(3)
N(7)-Mn(2)-N(8) 76.00(12) C(9)-N(6)-Mn(2) 109.2(3)
N(5)-Mn(2)-S(2) 110.71(10) C(8)-N(6)-Mn(2) 108.8(3)
N(6)-Mn(2)-S(2) 170.20(9) C(11)-N(7)-C(10) 115.9(3)
N(7)-Mn(2)-S(2) 97.45(9) C(11)-N(7)-Mn(2) 106.6(2)
N(8)-Mn(2)-S(2) 91.94(9) C(10)-N(7)-Mn(2) 111.1(2)
N(5)-Mn(2)-S(2)#1 88.59(10) C(12)-N(8)-Mn(2) 112.1(2)
N(6)-Mn(2)-S(2)#1 87.13(9) N(1)-C(1)-C(2) 107.1(3)
N(7)-Mn(2)-S(2)#1 106.31(9) N(2)-C(2)-C(1) 109.5(3)
N(8)-Mn(2)-S(2)#1 177.68(9) N(2)-C(3)-C(4) 110.0(3)
S(2)-Mn(2)-S(2)#1 87.55(3) N(3)-C(4)-C(3) 107.3(3)
N(4)-Mn(1)-N(3) 76.67(13) N(3)-C(5)-C(6) 110.9(3)
N(4)-Mn(1)-N(1) 82.90(13) N(4)-C(6)-C(5) 108.5(3)
N(3)-Mn(1)-N(1) 107.90(12) N(5)-C(7)-C(8) 108.7(3)
N(4)-Mn(1)-N(2) 134.10(12) N(6)-C(8)-C(7) 109.7(3)
N(3)-Mn(1)-N(2) 74.09(12) N(6)-C(9)-C(10) 108.4(3)
N(1)-Mn(1)-N(2) 73.56(12) N(7)-C(10)-C(9) 113.1(3)
N(4)-Mn(1)-S(1) 103.64(9) N(7)-C(11)-C(12) 112.2(3)
N(3)-Mn(1)-S(1) 164.98(9) N(8)-C(12)-C(11) 110.7(3)
N(1)-Mn(1)-S(1) 86.95(9)

Symmetry transformations used to generate equivalent atoms:
#1 -x+1,-y+1,-z+1  #2 -x+1,-y+1,-z+2
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Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-
ment factor exponent takes the form: -2n°[ h? a*?Uq1 + ... + 2 hka* b* U2 ].

U4 Uz, Uss Uzs Uss Ui,
Sn(1) 13(1) 13(1) 12(1) 1(1) 5(1) 0(1)
Mn(2) 18(1) 13(1) 14(1) -1(1) 6(1) 1(1)
Mn(1) 14(1) 16(1) 13(1) 0(1) 4(1) -1(1)
S(1) 14(1) 17(1) 12(1) -1(1) 6(1) 1(1)
S(2) 16(1) 13(1) 12(1) 1(1) 6(1) 1(1)
S(3) 14(1) 20(1) 19(1) -1(1) 7(1) -1(1)
S(4) 18(1) 15(1) 20(1) 3(1) 8(1) -1(1)
N(1) 18(2) 23(2) 17(2) -1(1) 5(1) -3(1)
N(2) 14(1) 20(2) 19(2) -1(1) 5(1) 0(1)
N(3) 17(2) 23(2) 16(2) 3(1) 6(1) 0(1)
N(4) 22(2) 21(2) 20(2) -1(1) 8(1) 0(1)
N(5) 25(2) 20(2) 21(2) 0(1) 8(1) 4(1)
N(6) 32(2) 13(2) 17(2) -1(1) 12(1) 2(1)
N(7) 22(2) 15(2) 17(2) 0(1) 5(1) 0(1)
N(8) 24(2) 15(2) 17(2) 1(1) 6(1) 2(1)
C(1) 19(2) 21(2) 18(2) 5(2) 4(2) -2(1)
C(2) 24(2) 20(2) 22(2) 0(2) 7(2) -4(2)
C(3) 22(2) 28(2) 19(2) -4(2) 9(2) -7(2)
C(4) 16(2) 32(2) 14(2) 1(2) 0(1) -2(2)
C(5) 26(2) 23(2) 21(2) 8(2) 8(2) 4(2)
C(6) 18(2) 21(2) 23(2) 4(2) 6(2) 3(2)
C(7) 20(2) 23(2) 31(2) 2(2) 12(2) 5(2)
C(8) 33(2) 19(2) 27(2) 2(2) 17(2) 6(2)
C(9) 30(2) 14(2) 23(2) -5(2) 11(2) 2(2)
C(10) 29(2) 19(2) 13(2) 4(2) 2(2) 3(2)
C(11) 18(2) 32(2) 32(3) 2(2) 10(2) 1(2)
C(12) 27(2) 24(2) 26(2) 1(2) 11(2) -9(2)
0o(1) 46(2) 22(2) 27(2) 2(1) 15(1) -2(1)
0(2) 37(2) 46(2) 54(3) 8(2) 17(2) 5(2)
0O(3) 57(2) 46(2) 39(2) -8(2) 28(2) 10(2)
0(4) 24(2) 24(2) 46(2) 2(1) 19(1) 4(1)
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Table 5. Hydrogen coordinates (-10%) and isotropic displacement parameters

(A%10°).

X y z U(eq)
H(1A) 9364 5514 10738 24
H(1B) 8334 5532 9583 24
H(2) 6938 6366 11777 22
H(3) 7453 4790 12963 22
H(4A) 7405 3921 10529 25
H(4B) 8289 4300 10134 25
H(5A) 7643 4181 6075 27
H(5B) 7250 3501 6102 27
H(6) 5430 3847 2946 24
H(7) 2413 4248 3243 23
H(8A) 4974 2882 5549 23
H(8B) 4450 3293 6204 23
H(1A) 7422 6468 9920 24
H(1B) 8985 6570 10164 24
H(2A) 9575 6344 12051 27
H(2B) 8546 6933 11687 27
H(3A) 7552 5926 13376 27
H(3B) 8892 6306 13511 27
H(4A) 9797 5368 13057 27
H(4B) 9423 5225 14092 27
H(5A) 8006 3868 12598 28
H(5B) 9453 4137 13387 28
H(6A) 9880 4452 11849 26
H(6B) 9520 3705 11751 26
H(7A) 8581 3474 5166 29
H(7B) 7812 4079 4449 29
H(8A) 7039 3131 3398 30
H(8B) 6613 2841 4331 30
H(9A) 4239 2768 3357 27
H(9B) 4298 2958 2206 27
H(10A) 2862 3821 1986 27
H(10B) 2158 3220 2277 27
H(11A) 1297 3369 3585 33
H(11B) 1966 3851 4592 33
H(12A) 2567 2834 5310 30
H(12B) 3030 2636 4347 30
H(101) 5537 3520 10954 47
H(201) 5501 3258 10009 47
H(102) 9486 2469 6104 69
H(202) 9477 2265 5173 69
H(103) 8223 2581 7425 67
H(203) 7442 2236 6598 67
H(104) 7549 3190 8588 45
H(204) 8389 3559 8472 45
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6.2.9. Messprotokoll fiir die Verbindung [Mn(1,2-dach),(H,0)].Sn,S¢

Table 1. Crystal data and structure refinement for [Mn(1,2-dach)x(H20)]2Sn2Ss
(CeN2H14; 1,2-dach = 1,2-Diaminocyclohexan).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.16°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

[Mn(CsN2H14)2(H20)]2Sn2Se (np768)
C24Hs6Ng H4O2 Mn,Sn,Se

dark brown rods

1032.42 g/mol

293(2) K

0.71073 A

Monoclinic

C2/c

a =23.7500(18) A o =90°

b = 15.5655(16) A B =113.532(8)"
c=12.1072(9) A vy =90°
4103.6(6) A®

4

1.671 g/cm®

2.143 mm"

2088

0.14-0.11 - 0.08 mm®

2.62 to 28.16°
-31<h=<31,-20<k<20,-15<1<15
25198

4943 [R(int) = 0.0614]

98.0 %

Numerical

0.7614 and 0.6164

Full-matrix least-squares on F?
4943 /0/196

1.049

R1 =0.0381, wR2 = 0.0923

R1 =0.0457, wR2 = 0.0958

1.386 and -1.201 e.A”®



6. Anhang 217

Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10°. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 2165(1) 1825(1) 5646(1) 26(1)
Mn(1) 1671(1) -570(1) 5995(1) 30(1)
S(1) 1516(1) 703(1) 4550(1) 36(1)
S(2) 2293(1) 1841(1) 7656(1) 41(1)
S(3) 3126(1) 1778(1) 5335(1) 35(1)
N(1) 1413(2) -1744(2) 6818(3) 36(1)
N(2) 772(2) -1067(3) 4529(4) 73(2)
C(1) 859(2) -2198(3) 5976(4) 48(1)
C(2) 439(2) -1596(4) 5052(6) 67(2)
C(3) -146(2) -2019(4) 4187(6) 72(2)
C4) -455(3) -2539(5) 4826(8) 90(2)
C(5) -53(3) -3136(4) 5716(7) 80(2)
C(6) 529(2) -2724(4) 6584(5) 61(1)
N(3) 2380(2) -1280(2) 5527(3) 36(1)
N(4) 2574(1) -347(2) 7611(3) 33(1)
C(7) 2950(2) -766(3) 6068(4) 44(1)
C(8) 3110(2) -666(3) 7407(4) 43(1)
C(9) 3680(2) -101(3) 7987(5) 52(1)
C(10) 4215(2) -387(5) 7692(6) 79(2)
c(11) 4051(3) -543(5) 6420(6) 81(2)
C(12) 3486(1) -1117(2) 5837(2) 52(1)
o(1) 1265(1) 262(2) 7070(2) 46(1)
Table 3. Bond lengths [A] and angles [7.
Sn(1)-S(2) 2.3294(10) C(4)-C(5) 1.454(10)
Sn(1)-S(1) 2.3561(9) C(4)-H(4A) 0.9700
Sn(1)-S(3)#1 2.4415(9) C(4)-H(4B) 0.9700
Sn(1)-S(3) 2.4582(10) C(5)-C(6) 1.506(8)
Mn(1)-N(3) 2.268(3) C(5)-H(5A) 0.9700
Mn(1)-N(1) 2.279(3) C(5)-H(5B) 0.9700
Mn(1)-N(4) 2.281(3) C(6)-H(6A) 0.9700
Mn(1)-N(2) 2.297(4) C(6)-H(6B) 0.9700
Mn(1)-O(1) 2.302(3) N(3)-C(7) 1.481(5)
Mn(1)-S(1) 2.5707(10) N(3)-H(3C) 0.9000
S(3)-Sn(1)#1 2.4415(9) N(3)-H(3D) 0.9000
N(1 1.482(5) N(4)-C(8) 1.477(5)
0.9000 N(4)-H(4C) 0.9000
0.9000 N(4)-H(4D) 0.9000
1.450(7) C(7)-C(12) 1.510(5)
0.9000 C(7)-C(8) 1.518(6)
0.9000 C(7)-H(7) 0.9800
1.494(7) C(8)-C(9) 1.529(6)
1.512(6) C(8)-H(8) 0.9800
0.9800 C(9)-C(10) 1.518(7)
1.516(7) C(9)-H(9A) 0.9700
0.9800 C(9)-H(9B) 0.9700
1.499(10) C(10)-C(11) 1.450(9)
0.9700 C(10)-H(10A) 0.9700
0.9700 C(10)-H(10B) 0.9700
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C(7)-C(12)-H(12B) 109.5 Mn(1)-O(1)-H(101) 114.2
C(11)-C(12)-H(12B) 109.5 Mn(1)-O(1)-H(201) 102.8
H(12A)-C(12)-H(12B)  108.1 H(101)-0(1)-H(201) 95.8

Symmetry transformations used to generate equivalent atoms:
#1 -x+1/2,-y+1/2,-z+1

Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-
ment factor exponent takes the form: -2n[h? a*?Uyq + ... + 2 h k a* b* U]

Ui Uz, Uss Uzs Uss Uy,
Sn(1) 38(1) 19(1) 21(1) 1(1) 13(1) -3(1)
Mn(1) 34(1) 28(1) 29(1) 1(1) 13(1) -4(1)
S(1) 54(1) 26(1) 25(1) -1(1) 13(1) 12(1)
S(2) 72(1) 29(1) 25(1) -3(1) 22(1) 10(1)
S(3) 40(1) 26(1) 41(1) 10(1) 19(1) 6(1)
N(1) 39(2) 34(2) 33(2) 3(1) 14(1) -3(1)
N(2) 63(3) 76(3) 51(3) 28(2) -9(2) -30(2)
C(1) 44(2) 47(2) 49(3) 3(2) 13(2) -12(2)
C(2) 50(3) 58(3) 71(4) 18(3) 1(3) -16(2)
C(3) 46(3) 78(4) 63(4) 8(3) -7(2) -14(2)
C(4) 45(3) 88(4) 122(6) -3(4) 18(3) -14(3)
C(5) 66(3) 89(5) 82(5) 1(3) 28(3) -32(3)
C(6) 59(3) 65(3) 58(3) 5(2) 23(2) -17(2)
N(3) 44(2) 36(2) 28(2) -5(1) 16(1) 0(1)
N(4) 40(2) 32(1) 28(2) -2(1) 14(1) -2(1)
C(7) 43(2) 49(2) 42(2) -5(2) 21(2) -2(2)
C(8) 42(2) 48(2) 37(2) -3(2) 14(2) 2(2)
C(9) 42(2) 59(3) 47(3) -8(2) 11(2) 6(2)
C(10) 38(2) 109(5) 84(5) -24(4) 19(3) 7(3)
C(11) 44(3) 121(6) 84(5) -8(4) 33(3) 7(3)
C(12) 49(2) 60(3) 53(3) -2(2) 27(2) 11(2)
O(1) 60(2) 40(2) 46(2) 9(1) 30(2) 7(1)
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Table 5. Hydrogen coordinates (-10*) and isotropic displacement parameters

(A%10%).

X y z U(eq)
H(1A) 1731 2113 7068 43
H(1B) 1347 -1578 7468 43
H(2A) 537 618 4142 88
H(2B) 857 -1377 3988 88
H(1) 1005 -2608 5535 58
H(2) 301 -1192 5514 81
H(3A) -426 -1579 3708 86
H(3B) -49 -2390 3643 86
H(4A) -633 -2149 5223 108
H(4B) -788 -2861 4232 108
H(5A) 52 -3603 5304 9
H(5B) 273 -3379 6167 96
H(6A) 803 -3169 7062 73
H(6B) 431 -2355 7128 73
H(3C) 2439 -1815 5837 43
H(3D) 2259 1317 4723 43
H(4C) 2621 219 7773 40
H(4D) 2559 613 8259 40
H(7) 2860 -191 5709 52
H(8) 3211 -1238 7773 52
H(9A) 3574 486 7715 62
H(9B) 3806 -109 8854 62
H(10A) 4532 51 7965 94
H(10B) 4386 -910 8135 94
H(11A) 4397 -811 6321 97
H(11B) 3974 3 6001 97
H(12A) 3377 -1147 4976 62
H(12B) 3580 -1693 6163 62
H(101) 1361 68 7865 69
H(201) 1576 822 7329 69
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6.2.10. Messprotokoll fur die
[Mn(C¢N2H14)2]Sn2Se - 2 CeN2H 15

Verbindung

Table 1. Crystal data and structure refinement for [Mn(CgN2H14)2]Sn2Se -

2 CeNaH4s (CgN2H14; 1,2-dach = 1,2-Diaminocyclohexan).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.00°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

[MNn(CeN2H14)2]SN2S6 - 2 CeN2oH1s5 (Np771)
C24 Hsg Ng Mn Sny Sg
yellow needles
943.46 g/mol

293(2) K

0.71073 A

Triclinic

P1

a=7.3019(6) A
b=11.1798(9) A

c =13.2837(11) A
1016.36(14) A3

1

1.541 g/cm®

1.860 mm-1

479

0.56 - 0.25 - 0.07 mm°®

2.72 t0 28.00°
9<h<9,-14<k<14,-17<1<17
10307

4838 [R(int) = 0.0574]

98.5 %

Full-matrix least-squares on F?
4838 /0 /224

0.953

R1 =0.0370, wR2 = 0.0793
R1 =0.0622, wR2 = 0.0873
0.828 and -1.212 e. A®

0. = 76.877(10)"
B =74.719(9)"
v = 82.872(10)"
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
sn(1) -1151(1) 6380(1) 5061(1) 27(1)
Mn(1) 0 10000 5000 35(1)
s(1) -386(2) 7652(1) 6050(1) 37(1)
S(2) -3652(2) 7089(1) 4236(1) 35(1)
S(3) -1638(2) 4334(1) 6195(1) 39(1)
N(1) -1126(5) 9787(3) 3619(3) 32(1)
N(2) 2697(5) 9510(3) 3819(3) 36(1)
c(1) 522(13) 9829(8) 2640(7) 34(2)
C(2) 2235(11) 9047(8) 2984(7) 31(2)
c(1) 310(20) 9193(14) 2906(10) 40(3)
c(2) 2190(20) 9647(14) 2759(11) 44(3)
C(3) 3860(8) 9030(5) 1996(4) 58(1)
C(4) 3400(20) 8496(13) 1171(10) 64(3)
C(5) 1640(30) 9298(15) 840(15) 73(5)
c(4') 3190(50) 9190(30) 872(15) 91(8)
C(5" 1410(50) 8680(20) 1020(20) 92(10)
C(6) 54(9) 9320(6) 1794(4) 59(2)
N(3) 6692(5) 4313(3) 3659(3) 38(1)
N(4) 5528(8) 2082(4) 3193(4) 68(1)
C(7) 6315(6) 4295(4) 2606(4) 39(1)
C(8) 6641(7) 2982(5) 2397(4) 47(1)
C(9) 6274(9) 2994(7) 1315(5) 72(2)
C(10) 7465(12) 3887(8) 419(6) 92(2)
c(11) 7193(12) 5167(8) 643(6) 92(2)
C(12) 7563(9) 5187(6) 1728(4) 63(2)

Sn(1)-S(2) 2.3373(10) C(1)-C(2) 1.545(11)
Sn(1)-S(1) 2.3432(10) C(1)-H(1) 0.9800
Sn(1)-S(3)#1 2.4454(12) C(2)-C(3) 1.522(10)
Sn(1)-S(3) 2.4462(11) C(2)-H(2) 0.9800
Mn(1)-N(2) 2.266(4) C(1')-C(2) 1.47(2)
Mn(1)-N(2)#2 2.266(4) C(1')-C(6) 1.542(12)
Mn(1)-N(1) 2.267(3) C(1')-H(1A) 0.9800
Mn(1)-N(1)#2 2.267(3) C(2')-C(3) 1.564(15)
Mn(1)-S(1)#2 2.6888(11) C(2')-H(2A) 0.9800
Mn(1)-S(1) 2.6888(11) C(3)-C(4) 1.487(14)
S(3)-Sn(1)#1 2.4454(12) C(3)-C(4') 1.66(2)
N( D) 1.424(13) C(3)-H(3A) 0.9700
1.517(10) C(3)-H(3B) 0.9700
0.8789 C(3)-H(3C) 0.9700
0.8796 C(3)-H(3D) 0.9700
1.453(9) C(4)-C(5) 1.57(2)
1.518(15) C(4)-H(4A) 0.9700
0.8733 C(4)-H(4B) 0.9700
0.8764 C(5)-C(6) 1.52(2)
1.537(9) C(5)-H(5A) 0.9700
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S(2)-
s(1)-
S(3)#1-5n(1)-8(3)
N(2)-Mn(1)-N(2)#2
N(2)-Mn(1)-N(1)
N(2)#2-Mn(1)-N(1)
N(2)-Mn(1)-N(1)#2
N(2)#2-Mn(1)-N(1)#2
N(1)-Mn(1)-N(1)#2
N(2)-Mn(1)-S(1)#2
N(2)#2-Mn(1)-S(1)#2
N(1)-Mn(1)-S(1)#2
N(1)#2-Mn(1)-S(1)#2
N(2)-Mn(1)-S(1)
N(2)#2-Mn(1)-S(1)
N(1)-Mn(1)-S(1)
N(1)#2-Mn(1)-S(1)
S(1)#2-Mn(1)-S(1)
Sn(1)-S(1)-Mn(1)
Sn(1)#1-S(3)-Sn(1)
C(1')-N(1)-C(1)
C(1')-N(1)-Mn(1)
C(1)-N(1)-Mn(1)
C(1)-N(1)-H(1A)

0.9700
1.43(4)
0.9700
0.9700
1.51(3)
0.9700
0.9700
0.9700
0.9700
0.9700
0.9700
1.500(5)
0.8900
0.8900
0.8900
1.434(8)
0.8900
0.8900
1.524(8)
1.534(6)
0.9800
1.527(7)
0.9800
1.517(11)
0.9700
0.9700
1.507(11)
0.9700
0.9700
1.540(9)
0.9700
0.9700
0.9700
0.9700

117.27(4)
110.78(4)
112.59(4)
111.68(4)
108.22(4)

93.82(4)

180.000(1)

77.76(13)
102.24(13)
102.24(13)
77.76(13)
180.000(1)
86.95(10)
93.05(10)
84.60(9)
95.40(9)
93.05(9)
86.95(10)
95.40(9)
84.60(9)
180.00(2)
113.54(4)
86.18(4)
28.7(6)

109.8(5)

108.6(4)

122.9

C(1)-N(1)-H(1A)
Mn(1)-N(1)-H(1A)
C(1')-N(1)-H(1B)
C(1)-N(1)-H(1B)
Mn(1)-N(1)-H(1B)
H(1A)-N(1)-H(1B)
C(2)-N(2)-C(2')
C(2)-N(2)-Mn(1)
C(2')-N(2)-Mn(1)
C(2)-N(2)-H(2A)
C(2')-N(2)-H(2A)
Mn(1)-N(2)-H(2A)
C(2)-N(2)-H(2B)
C(2')-N(2)- H(2B)
Mn(1)-
H(2A)-

(@)
G
IIH
AN
£2=

R
ZZ

w w

OITITO0OO0O0O0ITO0O00O000000000000Z0Z2Z0000Z2Z0ZZ00Z20Z2Z200202Z2
Tz

99.5
110.1
94.1
119.5
110.7
107.8
25.9(5)
110.3(4)
107.0(6)
99.5
123.1
110.0
117.5
97.1
110.8
107.9
109.7(6)
108.0(6)
110.8(6)
109.4
109.4
109.4
114.5(6)
109.8(6)
108.3(6)
108.0
108.0
108.0
111.4(11)
114.7(9)
107.8(11)
107.6
107.6
107.6
111.2(10)
114.8(11)
108.6(9)
107.3
107.3
107.3
114.0(8)
118.2(8)
25.0(5)
28.8(9)
114.9(12)
106.0(13)
108.8
108.8
84.6
82.0
108.8
108.8
124.3
129.1
107.7
81.7
85.6
110.5
110.5
155.4
47.9
122.3
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Symmetry transformations used to generate equivalent atoms:

#2 -X,-y+2,-z+1

#1 -x,-y+1,-z+1
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Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-

ment factor exponent takes the form: —27t2[h2 a*2U11 + ...

+2hka*b*U12].

U11 U22 U33 U23 U13 U12
sSn(1)  26(1) 18(1) 41(1) -9(1) 14(1) 3(1)
Mn(1)  38(1) 38(1) 34(1) -20(1) -13(1) 5(1)
s(1) 47(1) 26(1) 49(1) -15(1) -25(1) 4(1)
S(2) 34(1) 29(1) 49(1) -10(1) -22(1) 5(1)
S(3) 35(1) 24(1) 48(1) -5(1) 0(1) 3(1)
N(1) 37(2) 28(2) 36(2) -13(1) 12(2) 0(1)
N(2) 38(2) 34(2) 40(2) -14(2) 12(2) 3(1)
c(1) 52(5) 24(3) 28(4) -6(3) 16(4) -1(4)
c(2) 37(4) 22(3) 29(4) -3(3) 5(3) 0(3)
c(1) 55(8) 46(7) 23(6) -17(6) 13(6) 10(7)
c(2) 55(8) 37(7) 34(7) -2(6) 6(6) 2(7)
C(3) 58(3) 67(3) 44(3) -20(3) -1(3) 5(3)
C(4) 75(8) 79(8) 35(7) -26(6) -5(6) 11(7)
C(5) 91(10) 88(10) 59(9) -50(10) -37(8) 20(10)
C(4')  140(20) 110(19) 22(9) -18(10) -11(12) -10(20)
C(5")  140(20) 95(18) 56(14) -59(16) -20(14) 20(20)
C(6) 81(4) 68(3) 40(3) -24(3) -24(3) 2(3)
N(3) 37(2) 38(2) 46(2) -18(2) -18(2) 3(2)
N(4) 87(4) 52(3) 76(4) -38(2) -20(3) 1(2)
c(7) 29(2) 51(2) 43(3) -21(2) -15(2) 9(2)
C(8) 38(3) 55(3) 60(3) -34(3) -19(2) 11(2)
C(9) 65(4) 106(5) 68(4) -54(4) -27(3) 6(3)
C(10)  94(6) 139(7) 52(4) -45(4) -19(4) 2(5)
C(11)  93(6) 129(7) 48(4) 3(4) -21(4) 17(5)
C(12)  64(4) 80(4) 45(3) 10(3) -13(3) 13(3)
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Table 5. Hydrogen coordinates (-10*) and isotropic displacement parameters

(A%10%).

X y z U(eq)
H(1A) -1795 10461 3404 39
H(1B) -1874 9174 3814 39
H(2A) 3289 8848 4110 43
H(2B) 3469 10106 3622 43
H(1) 858 10682 2349 40
H(2) 1862 8202 3279 37
H(1A) 377 8313 3228 48
H(2A) 2113 10529 2447 53
H(3A) 4215 9867 1684 70
H(3B) 4953 8560 2209 70
H(3C) 4077 8167 2304 70
H(3D) 5024 9436 1868 70
H(4A) 3090 7647 1456 77
H(4B) 4479 8519 558 77
H(5A) 1997 10132 520 87
H(5B) 1283 8965 311 87
H(4C) 3093 10053 550 110
H(4D) 4168 8784 382 110
H(5C) 1506 7797 1309 111
H(5D) 1064 8807 348 111
H(6A) -467 8494 2093 71
H(6B) -1104 9835 1570 71
H(6C) -1279 9005 1885 71
H(6D) -145 10189 1473 71
H(3C) 5959 3794 4172 57
H(3D) 6430 5070 3788 57
H(3E) 7910 4084 3641 57
H(4C) 5745 2075 3823 82
H(4D) 5862 1343 3030 82
H(7) 4981 4575 2632 47
H(8) 7984 2718 2358 57
H(9A) 6555 2172 1166 87
H(9B) 4937 3219 1344 87
H(10A) 8797 3602 326 110
H(10B) 7113 3906 -240 110
H(11A) 5902 5495 635 110
H(11B) 8054 5694 84 110
H(12A) 8892 4954 1713 75
H(12B) 7279 6013 1869 75
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6.2.11. Messprotokoll fiir die Verbindung [Co(tepa)].Sn,S¢

Table 1. Crystal data and structure refinement for [Co(tepa)]2Sn.Ss
(CsNsHzs; tepa = Tetraethylenpentamin).

Identification code
Empirical formula

Crystal colour, — Habitués:
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.08°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

[Co(tepa)]2Sn2Se (Np839)
C16N10H46C02SN2S6

red needles

926.23 g/mol

293(2) K

0.71073 A

Tetragonal

14+/a

a=25.9729(15) A o =90°
b =25.9729(15) A B =90°
c =9.8942(5) A vy =90°
6674.5(6) A

8

1.843 g/cm?®

2.858 mm"”

3696

0.12-0.09 - 0.07 mm®

2.20 to 28.08°

-34<h<34,-34<k=<34,-12<1<12

37804

3922 [R(int) = 0.0445]

96.6 %

Numerical

0.6701 and 0.6201
Full-matrix least-squares on F?
3922/0/163

1.050

R1 =0.0270, wR2 = 0.0633
R1=0.0372, wR2 = 0.0665
0.427 and -0.824 e.A®
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 9803(1) 5474(1) 1027(1) 20(1)
Co(1) 9366(1) 4309(1) 3566(1) 22(1)
S(1) 9483(1) 5287(1) 3203(1) 25(1)
S(2) 10638(1) 5051(1) 688(1) 24(1)
S(3) 9869(1) 6326(1) 353(1) 29(1)
N(1) 9043(1) 3935(1) 1798(3) 30(1)
N(2) 8535(1) 4542(1) 3642(3) 29(1)
N(3) 9226(1) 4428(1) 5732(3) 31(1)
N(4) 9514(1) 3524(1) 4412(3) 29(1)
N(5) 10152(1) 4179(1) 3029(4) 42(1)
Cc(1) 8527(1) 4135(1) 1442(4) 35(1)
C(2) 8226(1) 4224(1) 2722(4) 36(1)
C(3) 8338(1) 4594(2) 5018(4) 42(1)
C(4) 8774(1) 4771(2) 5934(4) 41(1)
C(5) 9166(1) 3926(1) 6421(4) 37(1)
C(6) 9569(1) 3563(1) 5886(4) 37(1)
C(7) 9976(1) 3313(1) 3751(4) 35(1)
C(8) 10390(1) 3725(1) 3653(4) 34(1)
Table 3. Bond lengths [A] and angles [1.
Sn(1)-S(3) 2.3174(7) S(1)-Sn(1)-S(2)#1 110.57(3)
Sn(1)-S(1) 2.3582(8) S(2)-Sn(1)-S(2)#1 93.97(2)
Sn(1)-S(2) 2.4558(7) N(5)-Co(1)-N(1) 95.59(12)
Sn(1)-S(2)#1 2.4602(7) N(5)-Co(1)-N(3) 115.04(12)
Co(1)-N(5) 2.138(3) N(1)-Co(1)-N(3) 141.83(10)
Co(1)-N(1) 2.170(3) N(5)-Co(1)-N(4) 77.58(10)
Co(1)-N(3) 2.196(3) N(1)-Co(1)-N(4) 87.65(10)
Co(1)-N(4) 2.239(2) N(3)-Co(1)-N(4) 77.98(10)
Co(1)-N(2) 2.242(2) N(5)-Co(1)-N(2) 166.07(11)
Co(1)-S(1) 2.5826(8) N(1)-Co(1)-N(2) 77.06(10)
S(2)-Sn(1)#1 2.4602(7) N(3)-Co(1)-N(2) 76.71(10)
N(1)-C(1) 1.481(4) N(4)-Co(1)-N(2) 113.46(9)
N(2)-C(3) 1.460(5) N(5)-Co(1)-S(1) 90.45(8)
N(2)-C(2) 1.468(4) N(1)-Co(1)-S(1) 111.96(7)
N(3)-C(5) 1.479(4) N(3)-Co(1)-S(1) 90.99(7)
N(3)-C(4) 1.484(4) N(4)-Co(1)-S(1) 158.12(7)
N(4)-C(6) 1.470(4) N(2)-Co(1)-S(1) 81.59(7)
N(4)-C(7) 1.472(4) Sn(1)-S(1)-Co(1) 111.80(3)
N(5)-C(8) 1.469(4) Sn(1)-S(2)-Sn(1)#1 86.03(2)
C(1)-C(2) 1.506(5) C(1)-N(1)-Co(1) 112.6(2)
C(3)-C(4) 1.522(5) C(3)-N(2)-C(2) 116.1(3)
C(5)-C(6) 1.504(5) C(3)-N(2)-Co(1) 113.1(2)
C(7)-C(8) 1.520(4) C(2)-N(2)-Co(1) 110.77(19)

C(5)-N(3)-C(4) 112.6(3)

S(3)-Sn(1)-S(1) 119.06(3) C(5)-N(3)-Co(1) 110.1(2)
S(3)-Sn(1)-S(2) 108.76(3) C(4)-N(3)-Co(1) 110.2(2)
S(1)-Sn(1)-S(2) 110.10(3) C(6)-N(4)-C(7) 112.8(3)
S(3)-Sn(1)-S(2)#1 111.47(3) C(6)-N(4)-Co(1) 108.89(19)
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C(7)-N(4)-Co(1) 108.27(19)
C(8)-N(5)-Co(1) 115.1(2)
N(1)-C(1)-C(2) 108.9(3)
N(2)-C(2)-C(1) 108.9(2)
N(2)-C(3)-C(4) 108.9(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+2,-y+1,-z

Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-

ment factor exponent takes the form: —27t2[h2 a*2U11 + ...

+2hka*b*U12].

U4 Uz, Uss Uzs Ui,
Sn(1) 21(1) 17(1) 21(1) -1(1) 2(1)
Co(1) 22(1) 23(1) 22(1) 1(1) -2(1)
S(1) 31(1) 22(1) 23(1) -2(1) -5(1)
S(2) 20(1) 26(1) 28(1) -6(1) 3(1)
S(3) 32(1) 18(1) 38(1) 2(1) 4(1)
N(1) 31(1) 32(1) 26(2) 0(1) -3(1)
N(2) 23(1) 27(1) 36(2) 1(1) -4(1)
N(3) 31(1) 33(1) 31(2) -2(1) -10(1)
N(4) 33(1) 24(1) 30(2) 2(1) -9(1)
N(5) 27(1) 35(1) 65(2) 20(1) 1(1)
c(1) 33(2) 37(2) 36(2) 3(1) -6(1)
C(2) 23(1) 40(2) 46(2) 0(2) -6(1)
C(3) 28(2) 53(2) 45(2) -6(2) 1(1)
C(4) 41(2) 48(2) 34(2) 11(2) 1(2)
C(5) 46(2) 41(2) 24(2) 6(1) -14(1)
C(6) 48(2) 33(2) 29(2) 10(1) -9(1)
C(7) 40(2) 26(1) 41(2) -1(1) 3(1)
C(8) 28(2) 33(2) 41(2) 5(1) 3(1)
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Table 5. Hydrogen coordinates (-10*) and isotropic displacement parameters

(A%10%).

X y z U(eq)
H(1A) 9257 3982 1092 36
H(1B) 9021 3594 1954 36
H(2) 8524 4865 3288 35
H(3) 9506 4588 6087 38
H(4) 9240 3317 4220 35
H(5A) 10172 4147 2125 51
H(5B) 10337 4459 3263 51
H(1A) 8348 3889 873 42
H(1B) 8560 4455 945 42
H(2A) 7904 4397 2515 43
H(2B) 8146 3897 3146 43
H(3A) 8205 4266 5330 50
H(3B) 8060 4843 5037 50
H(4A) 8867 5123 5720 49
H(4B) 8665 4758 6870 49
H(5A) 8825 3788 6251 44
H(5B) 9208 3969 7389 44
H(6A) 9909 3691 6111 44
H(6B) 9527 3227 6296 44
H(7A) 0888 3191 2852 42
H(7B) 10104 3022 4267 42
H(8A) 10519 3809 4545 41
H(8B) 10674 3603 3105 41
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6.2.12. Messprotokoll fiir die Verbindung [Fe(tepa)].Sn,S¢

Table 1. Crystal data and structure refinement for [Fe(tepa)].Sn,Se
(CsNsHzs; tepa = Tetraethylenpentamin).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.12°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Largest diff. peak and hole

[Fe(tepa)]2Sn2Se (np872)
C16N1oH46 FE2SN2Se

yellow needles

920.07 g/mol

293(2) K

0.71073 A

Tetragonal

14+/a

a = 25.9640(16) A o =90°
b = 25.9640(16) A B =90°
c =9.9936(6) A vy =90°
6737.0(7) A

8

1.814 g/cm®

2.708 mm"

3680

0.12-0.09 - 0.05 mm®

2.69 to 28.12°

-34<h<34,-32<k=<34,-12<1<13

31747

4080 [R(int) = 0.0487]

98.9 %

Numerical

Full-matrix least-squares on F?
4080/0/163

1.005

R1 =0.0368, wR2 = 0.0870
R1 =0.0462, wR2 = 0.0915
0.485 and -1.370 e.A®
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 9801(1) 5475(1) 1020(1) 23(1)
Fe(1) 9376(1) 4309(1) 3540(1) 26(1)
S(1) 9492(1) 5286(1) 3186(1) 29(1)
S(2) 10640(1) 5058(1) 670(1) 27(1)
S(3) 9858(1) 6328(1) 353(1) 33(1)
N(1) 10173(1) 4161(1) 2940(4) 42(1)
N(2) 9533(1) 3521(1) 4424(3) 33(1)
N(3) 9226(1) 4427(1) 5740(3) 36(1)
N(4) 8526(1) 4540(1) 3653(3) 34(1)
N(5) 9025(1) 3948(1) 1764(3) 33(1)
c(1) 10408(2) 3719(2) 3645(4) 39(1)
c(2) 9999(2) 3307(1) 3777(4) 40(1)
c(@3) 9584(2) 3564(2) 5893(4) 42(1)
C(4) 9174(2) 3922(2) 6410(4) 42(1)
C(5) 8774(2) 4763(2) 5927(4) 46(1)
C(6) 8336(2) 4583(2) 5020(5) 46(1)
C(7) 8213(1) 4232(2) 2734(4) 41(1)
C(8) 8506(2) 4148(2) 1447(4) 41(1)

Table 3. Bond lengths [A] and angles [7.

Sn(1)-S(3) 2.3192(8) S(3)-Sn(1)-S(1) 118.91(3)
Sn(1)-S(1) 2.3605(9) S(3)-Sn(1)-S(2) 108.89(3)
Sn(1)-S(2) 2.4573(8) S(1)-Sn(1)-S(2) 109.95(3)
Sn(1)-S(2)#1 2.4655(8) S(3)-Sn(1)-S(2)#1 111.63(3)
Fe(1)-N(1) 2.188(3) S(1)-Sn(1)-S(2)#1 110.67(3)
Fe(1)-N(5) 2.206(3) S(2)-Sn(1)-S(2)#1 93.90(3)
Fe(1)-N(3) 2.254(3) N(1)-Fe(1)-N(5) 95.53(13)
Fe(1)-N(2) 2.266(3) N(1)-Fe(1)-N(3) 117.07(13)
Fe(1)-N(4) 2.289(3) N(5)-Fe(1)-N(3) 140.44(11)
Fe(1)-S(1) 2.5786(9) N(1)-Fe(1)-N(2) 77.18(12)
S(2)-Sn(1)#1 2.4655(8) N(5)-Fe(1)-N(2) 90.23(11)
N(1)-C(1) 1.476(5) N(3)-Fe(1)-N(2) 76.92(12)
N(2)-C(3) 1.478(5) N(1)-Fe(1)-N(4) 166.18(13)
N(2)-C(2) 1.480(5) N(5)-Fe(1)-N(4) 75.62(11)
N(3)-C(5) 1.475(5) N(3)-Fe(1)-N(4) 75.46(12)
N(3)-C(4) 1.478(5) N(2)-Fe(1)-N(4) 112.94(11)
N(4)-C(6) 1.457(5) N(1)-Fe(1)-S(1) 91.48(9)
N(4)-C(7) 1.465(5) N(5)-Fe(1)-S(1) 110.86(8)
N(5)-C(8) 1.478(5) N(3)-Fe(1)-S(1) 91.16(8)
C(1)-C(2) 1.512(5) N(2)-Fe(1)-S(1) 157.10(8)
C(3)-C(4) 1.505(6) N(4)-Fe(1)-S(1) 82.05(8)
C(5)-C(8) 1.526(6) Sn(1)-S(1)-Fe(1) 111.69(3)
C(7)-C(8) 1.511(6) Sn(1)-S(2)-Sn(1)#1 86.10(3)
C(1)-N(1)-Fe(1) 113.3(2)
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C(3)-N(2)-C(2) 112.9(3) C(8)-N(5)-Fe(1) 113.6(2)
C(3)-N(2)-Fe(1) 109.6(2) N(1)-C(1)-C(2) 107.6(3)
C(2)-N(2)-Fe(1) 108.4(2) N(2)-C(2)-C(1) 110.3(3)
C(5)-N(3)-C(4) 113.2(3) N(2)-C(3)-C(4) 109.0(3)
C(5)-N(3)-Fe(1) 110.0(2) N(3)-C(4)-C(3) 109.2(3)
C(4)-N(3)-Fe(1) 109.7(2) N(3)-C(5)-C(6) 109.6(3)
C(6)-N(4)-C(7) 116.2(3) N(4)-C(6)-C(5) 109.2(3)
C(6)-N(4)-Fe(1) 113.2(2) N(4)-C(7)-C(8) 109.4(3)
C(7)-N(4)-Fe(1) 111.3(2) N(5)-C(8)-C(7) 109.1(3)

Symmetry transformations used to generate equivalent atoms:
#1 -x+2,-y+1,-z

Table 4. Anisotropic displacement parameters (A%10°). The anisotropic displace-
ment factor exponent takes the form: -2n[h? a*?Uyy + ... + 2 hka*b* U2 ].

U4 Uz, Uss Uzs Uss Ui,
Sn(1) 24(1) 20(1) 24(1) -1(1) 1(1) 2(1)
Fe(1) 25(1) 28(1) 26(1) 2(1) -2(1) -2(1)
S(1) 34(1) 26(1) 26(1) -2(1) 5(1) -5(1)
S(2) 23(1) 29(1) 30(1) -5(1) -2(1) 2(1)
S(3) 37(1) 21(1) 41(1) 2(1) 7(1) 4(1)
N(1) 31(2) 38(2) 57(2) 12(2) 3(2) 2(1)
N(2) 36(2) 29(1) 32(2) 3(1) -9(1) -8(1)
N(3) 38(2) 36(2) 33(2) -3(1) -1(1) -9(1)
N(4) 28(1) 30(1) 44(2) 1(1) -2(1) -3(1)
N(5) 34(2) 35(2) 31(2) 3(1) -2(1) -5(1)
c(1) 31(2) 44(2) 42(2) 6(2) -4(2) 5(2)
C(2) 48(2) 27(2) 44(2) -3(2) -10(2) 2(2)
C(3) 51(2) 40(2) 35(2) 10(2) -9(2) -12(2)
C(4) 53(2) 45(2) 29(2) 7(2) 2(2) -16(2)
C(5) 46(2) 53(2) 39(2) -10(2) 6(2) -1(2)
C(6) 31(2) 59(3) 49(3) -9(2) 4(2) -2(2)
C(7) 26(2) 47(2) 49(2) 1(2) -8(2) -11(2)
C(8) 38(2) 44(2) 39(2) 6(2) -13(2) -9(2)
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Table 5. Hydrogen coordinates (-10*) and isotropic displacement parameters

(A%10%).

X y z U(eq)
H(1A) 10182 4100 2053 50
H(1B) 10363 4444 3101 50
H(2) 9262 3311 4235 39
H(3) 9504 4590 6097 43
H(4) 8514 4866 3321 41
H(5A) 9232 4000 1054 40
H(5B) 9003 3606 1900 40
H(1A) 10527 3825 4523 47
H(1B) 10699 3589 3142 47
H(2A) 9912 3175 2898 48
H(2B) 10132 3024 4308 48
H(3A) 9922 3696 6121 50
H(3B) 9545 3227 6301 50
H(4A) 8836 3779 6231 51
H(4B) 9210 3964 7370 51
H(5A) 8864 5116 5712 55
H(5B) 8663 4752 6854 55
H(6A) 8209 4252 5324 55
H(6B) 8054 4828 5054 55
H(7A) 7892 4410 2548 49
H(7B) 8131 3903 3141 49
H(8A) 8323 3904 886 49
H(8B) 8535 4470 962 49
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6.2.13. Messprotokoll fiir die Verbindung [Ni(tepa)].Sn,S¢

Table 1. Crystal data and structure refinement for [Ni(CgNsH23)]oSn2Se
(CsNsHzs; tepa = Tetraethylenpentamin).

Identification code
Empirical formula

Crystal colour, — Habitués
Formula weight
Temperature

Wavelength

Crystal system

Space group

Unit cell dimensions

Volume

4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 28.12°
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

[Ni(tepa)]2Sn,Ss (npm1982)
C16N10H46Ni2SN2Se
purple “fish bones”
925.79 g/mol

293(2) K

0.71073 A

Monoclinic

P24/n

a=9.1425(7) A
b=13.1394(7) A

¢ =13.0750(10) A
1568.50(19) A3

2

1.960 g/cm®

3.183 mm™’

928

0.12-0.10 - 0.07 mm®
2.72 10 28.12°
-12<h<12,-16<k<17,-17<1<16
10386

3027 [R(int) = 0.0529]

79.0 %

Full-matrix least-squares on F?
3027/0/164

1.028

R1 =0.0347, wR2 = 0.0881

R1 =0.0434, wR2 = 0.0920
0.0078(6)

0.803 and -0.895 e. A

o =90°

vy = 90°

B = 93.002(9)"
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Table 2. Atomic coordinates (-10%) and equivalent isotropic displacement
parameters (A%10%. U(eq) is defined as one third of the trace of the
orthogonalized U; tensor.

X y z U(eq)
Sn(1) 5183(1) 70(1) 3711(1) 19(1)
S(1) 6339(1) 982(1) 5179(1) 26(1)
S(2) 6796(1) -946(1) 2865(1) 39(1)
S(3) 3604(1) 1085(1) 2676(1) 27(1)
Ni(1) 2172(1) 2472(1) 3582(1) 17(1)
N(1) 445(4) 2071(3) 2539(2) 22(1)
C(1) -622(5) 1422(3) 3048(3) 27(1)
C(2) 155(5) 824(3) 3918(3) 27(1)
N(2) 1094(4) 1490(3) 4575(3) 24(1)
C(3) 283(5) 2096(4) 5322(3) 35(1)
C(4) -218(5) 3117(4) 4897(4) 39(1)
N(3) 916(4) 3616(3) 4310(3) 29(1)
C(5) 1952(6) 4258(4) 4927(4) 37(1)
C(6) 3224(6) 3640(4) 5394(3) 36(1)
N(4) 3866(4) 2946(3) 4637(3) 27(1)
C(7) 5039(5) 3382(4) 4051(4) 39(1)
C(8) 4466(5) 4024(4) 3173(4) 42(1)
N(5) 3212(4) 3517(3) 2616(3) 30(1)
Table 3. Bond lengths [A] and angles [].
Sn(1)-S(2) 2.3129(12)
Sn(1)-S(3) 2.3420(10) S(2)-Sn(1)-S(3) 116.18(5)
Sn(1)-S(1) 2.4556(11) S(2)-Sn(1)-S(1) 113.35(4)
Sn(1)-S(1)#1 2.4832(11) S(3)-Sn(1)-S(1) 113.65(4)
S(1)-Sn(1)#1 2.4832(11) S(2)-Sn(1)-S(1)#1 110.42(5)
S(3)-Ni(1) 2.5698(12) S(3)-Sn(1)-S(1)#1 107.90(4)
Ni(1)-N(1) 2.099(3) S(1)-Sn(1)-S(1)#1 92.65(3)
Ni(1)-N(2) 2.112(3) Sn(1)-S(1)-Sn(1)#1 87.35(3)
Ni(1)-N(4) 2.114(3) Sn(1)-S(3)-Ni(1) 116.79(4)
Ni(1)-N(5) 2.125(3) N(1)-Ni(1)-N(2) 83.50(13)
Ni(1)-N(3) 2.145(3) N(1)-Ni(1)-N(4) 177.23(14)
N(1)-C(1) 1.479(5) N(2)-Ni(1)-N(4) 97.37(14)
C(1)-C(2) 1.528(6) N(1)-Ni(1)-N(5) 96.94(14)
C(2)-N(2) 1.471(5) N(2)-Ni(1)-N(5) 177.38(15)
N(2)-C(3) 1.487(6) N(4)-Ni(1)-N(5) 82.06(14)
C(3)-C(4) 1.514(8) N(1)-Ni(1)-N(3) 93.58(14)
C(4)-N(3) 1.475(6) N(2)-Ni(1)-N(3) 82.94(15)
N(3)-C(5) 1.476(6) N(4)-Ni(1)-N(3) 83.94(15)
C(5)-C(6) 1.521(7) N(5)-Ni(1)-N(3) 94.45(16)
C(6)-N(4) 1.487(6) N(1)-Ni(1)-S(3) 84.63(10)
N(4)-C(7) 1.466(6) N(2)-Ni(1)-S(3) 96.64(10)
C(7)-C(8) 1.497(7) N(4)-Ni(1)-S(3) 97.85(11)
C(8)-N(5) 1.484(6) N(5)-Ni(1)-S(3) 85.97(12)
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c
c
-C(3)
-Ni(1)
N
c
c
c

178.20(11)
110.1(2)
109.9(3)
111.3(3)
114.0(3)
106.3(2)
109.9(3)
112.7(3)
112.1(4)
114.8(4)

-Ni(1)

0OZZ000Z2Z00

109.1(3)
107.5(3)
111.7(4)
112.4(3)
115.7(4)
107.8(3)
108.3(3)
112.6(4)
110.7(4)
110.9(3)

Symmetry transformations used to generate equivalent atoms:

#1 -x+1,-y,-z+1

Table 4. Anisotropic displacement parameters (A2-103). The anisotropic displace-
ment factor exponent takes the form: —2n2[ h? a*2U11 + ...

+2hka*b*U12].

U11 U22 U33 U23 U13 U12
sn(1)  16(1) 18(1) 23(1) 1(1) -1(1) 1(1)
s(1) 24(1) 26(1) 26(1) 3(1) -5(1) -9(1)
S(2) 24(1) 31(1) 62(1) 17(1) 10(1) 0(1)
S(3) 30(1) 31(1) 21(1) 2(1) -2(1) 9(1)
Ni(1) 18(1) 18(1) 16(1) 2(1) 0(1) 0(1)
N(1) 20(2) 24(2) 22(2) 3(1) -5(1) -1(1)
c(1) 18(2) 28(2) 35(2) 0(2) -4(2) -4(2)
c(2) 28(2) 22(2) 30(2) 7(2) -2(2) 4(2)
N(2) 19(2) 27(2) 25(2) 9(1) 1(1) -1(1)
C(3) 33(2) 53(3) 21(2) 2(2) 9(2) 7(2)
C(4) 31(2) 50(3) 38(3) 11(2) 10(2) 8(2)
N(3) 35(2) 32(2) 20(2) 2(1) 2(1) 15(2)
C(5) 50(3) 22(2) 39(3) -9(2) 4(2) 6(2)
C(6) 54(3) 31(2) 22(2) -3(2) -12(2) -11(2)
N(4) 29(2) 24(2) 27(2) 6(1) -11(1) -3(1)
C(7) 22(2) 37(3) 56(3) 3(2) -10(2) 7(2)
C(8) 29(2) 37(3) 59(3) 18(2) 6(2) 7(2)
N(5) 29(2) 33(2) 29(2) 15(2) 1(2) -1(2)
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Table 5. Hydrogen coordinates (-104) and isotropic displacement parameters

(A%10°).

X y z U(eq)
H(1N1) 4 2637 2295 27
H(2N1) 801 1732 2007 27
H(1A) -1079 955 2554 33
H(1B) -1383 1844 3318 33
H(2A) -569 501 4328 32
H(2B) 748 292 3633 32
H(1N2) 1775 1101 4925 29
H(3A) 911 2205 5933 42
H(3B) -564 1712 5517 42
H(4A) -1093 3022 4455 47
H(4B) -468 3556 5458 47
H(1N3) 464 4010 3816 35
H(5A) 1439 4583 5469 44
H(5B) 2328 4788 4496 44
H(6A) 3978 4100 5665 43
H(6B) 2887 3240 5959 43
H(1N4) 4226 2388 4977 32
H(7A) 5626 2834 3791 47
H(7B) 5670 3794 4505 47
H(8A) 4156 4679 3428 50
H(8B) 5241 4142 2708 50
H(1N5) 3532 3185 2069 36
H(2N5) 2561 3990 2389 36
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6.3. Programmroutine calf3

Die Programmroutine calf3 wurde in enger Zusammenarbeit mit André Rothkirch
(Hasylab, DESY) entwickelt und dient der Energiekalibrierung flr energie-
dispersive Réntgenbeugungsmessungen (EDXRD) am Messplatz F3 sowie der
weiteren Auswertung der zeitaufgelésten in-situ-EDXRD-Untersuchungen. Die
Programmroutine ist in Interactive Data Language (IDL), ITT Visual Information
Solutions, Boulder, CO, USA, geschrieben und kann ebenfalls mit der IDL virtual
machine benutzt werden. Es sind verschiedene Optionen wie Energiekalibrierung,
Bragg-Winkelkalibrierung und die Auswertung zeitaufgel6ster Spektren in die
Routine integriert (Abb. 6.1).

EaUoE

todify fluo line setlings |

Energy calibration |

Bragg calibration

Set Coefficients E-cal

Help

Cluit

Ewval data zenes |

Abb. 6.1: Das Startmenii von calf3.

Fur die Energiekalibrierung muss eine Messdatei mit Réntgenfluoreszenzlinien
eingelesen werden, welche graphisch dargestellt wird. Die Programmroutine fragt
ausgewahlte Fluoreszenzen ab, die der Nutzer in der Graphik des Messfiles
markieren muss. Anschliel3end wird eine lineare Regression durchgefuhrt und die
Koeffizienten = der  Energiekalibrierung  ausgegeben. Die  markierten
Fluoreszenzlinien, das Anpassen mit Gaul(funktionen sowie die lineare
Regression mit den Koeffizienten werden am Bildschirm visualisiert und kénnen
als Datei gespeichert werden. Die Einstellung der Abfrage der Fluoreszenzen
kann bei Bedarf Gber den Menupunkt ,Modify fluo line setting® gedndert werden.
Typischerweise wird fur die Energiekalibrierung am Messplatz F3 ein Kalibrierglas
mit den Elementen Molybdé&n, Zinn, Barium, Wolfram und Gadolinium benutzt
wird, weshalb einige Fluoreszenzen davon als Standardeinstellungen vorgegeben

werden. Fur die Auswertung der Zeitreihen der in-situ-Untersuchungen ist eine
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Parameterdatei erforderlich, in welcher die Randbedingungen zur Analyse der
Messungen angegeben werden muissen. Diese Parameterdatei beinhaltet unter
anderem die Pfadangaben zu den Dateien verschiedener Messungen, die
Koeffizienten aus der Energiekalibrierung, die Bereiche fir eine
Untergrundkorrektur (optional), die erwarteten Peakpositionen, die zulédssigen
Abweichungen davon, die Arten der Peaks und die Bedingungen fir z. B.
Dreifachpeaks. Zur Auswertung wird die Parameterdatei eingelesen und ggfs. fir
jede Messung durch Anpassung eines Polynoms an ausgewahlte Bereiche des
Spektrums eine Untergrundkorrektur durchgefihrt. Die interessierenden Bereiche
werden anschlieend nach Beugungs- und Fluoreszenzpeaks abgesucht. Die
Peaks werden mit Gaul¥funktionen angefittet und separat fir jedes einzelne
Spektrum integriert (so z. B. in Abb. 6.2). Dies ist sowohl fir einfache als auch fir
Uberlagernde Dreifachpeaks mdéglich, was fir unsere Untersuchungen zur Bildung
von (DBNH)2Sn3Sg und (DBNH)2CusSn,Ssg (vgl. Kap. 4.2.1, S. 128) unumganglich
war, da die Produktreflexe nahe beieinander lagen und nicht immer aufgelést
werden konnten. Zuséatzlich kdnnen mittels calf3 die Integrale auf eine Referenz
normiert werden (z. B. auf das Integral der Fluoreszenzlinie). Die abgeleiteten
Koeffizienten und Integrale werden in eine Ausgabedatei geschrieben und eine
lllustration (Postscript Datei) erlaubt eine erste visuelle Beurteilung der
Peakanpassung (Abb. 6.2).

datanCu4a fio datanCu4ds fio
L B B I BN B

‘IDDDD T T T T T T T T T T ‘IDDDD LINL B BN B | | L L
8OO0 - b g000 - 3
G000+ B _ 600G B

L i Z L ]

I A I ]
4000 - B 2 4000 B
L i b L ]

L i 5 L J

L i = L J
2000 b 2000 1
[ '| ] [ 1

L F& 7 ] L 1

of VANV SN ] ok ]

2000 e e ] 2000 L e e

1B 18 20 22 24 26 2B 30 1B 18 20 22 24 26 2B 30

Energy [keV]

Abb. 6.2: Ausschnitt einer Ausgabe von calf3, die auch in einer Postscriptdatei (fiir eine
visuelle Beurteilung der Peakanpassung) erfolgt (links: Anpassung der einzelnen Reflexe
und Fluoreszenzen; rechts: Gesamtanpassung). Die gezeigten Messungen stammen aus
den EDXRD-Untersuchungen zur Bildung von (DBNH),Sn;Ss und (DBNH),CugSn,Ss.
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