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Abstract

The focus of this work is on the synthesis andcstmal investigation of polychalcogenides and
Zintl phases. Therefore, mainly ammonothermal syntheseker mild or supercritical
conditions were used. Additionally, some experiraant ethylene diamine as solvent were
performed. A prerequisite for this work is the dwlity if the alkaline earth metals and the
lanthanides Eu and Yb in liquid ammonia due tddnmation of blue electride solutions similar
as it is known for the dissolution of alkaline mstaBeside binary compounds with anions
containing only chalcogen atoms, it was successfukd to link the polychalcogenides via
arsenic or coinage metals to ternary compoundsmitfe complex anionic structures or higher
dimensional polyanions. Structural motifs of binagmmpounds in this work reach from simple
anions such as (9é dumbbells in [Eu(NB)s]2(Se)2(Ses) to very complex anions as (b

in [Yb(NH3)s]4(Texo)(Tes)- 2NHe.

Reactions of lanthanindes with sulfur in liquid aomia led to the formation of
[LN(NH3)9]2(S5)3:2NHs (Ln = Eu or Sm), [Er(NH)g]2(Ss)2(Ss)-3NH:  and
[Yb(NH3)s]2(S5)2(S4)- 4NHs with slightly different chain lengths among thdyswilfides. It was
possible to synthesize the compounds [EW{RIFCU(S4)2]- NHz and [Er(NH)s][Cu(Sa)2]- NHs,
containing molecular thiometallates by insertiom@pper to the reaction of Eu or Er with sulfur
in liguid ammonia. Analog to the thiocuprates, tkelenoargentate [Ag(9e]®* in
[Eu(NHs)g][Ag(Se&s)2]- NHs could be obtained.

The fact that gold is soluble in electride solutamade it possible to synthesize the four
chalcogenidoaurates(lll) [Yb(Ng)E](AuSesS7)- NHs, [Yb(NH3)s](AuSsSe;),
[Ca(en)](AuTes)2 and [Yb(NH)g](AuSes)s. The dimensionality of the complex
chalcogenidoaurate(lll) anions reaches from onethtee-dimensional. The [Yb(N$$]3*
complex in [Yb(NH)s](AuSes)s shows an almost perfect cubic coordination, witiak been
mentioned so far only once in literature for thanium(lV) complex [U(SCNjJ*.

The molecular chalcogenidoarsenate(lll) anions aairtg compounds [Ca(ef)(AssTes),
[Sr(en)]2(AssaTes), [Eu(en)]2(AssSe), [Ca(en)](As2Se) and [Ca(en]2(As:Se/O) could be
isolated from ethylene diamine. Their structuresaabe derived from the simple salt structure
types of LpO or CsCl, respectively. The one-dimensional inéiréelenidoarsenate(lll) anion
Ci[ASSQ]', in [M(enk(H20)2](As2Se) with M = Ca or Sr, was isolated from ethylenendiiae
likewise. It shows a new conformation awdlfer chain with very short As-Se and Se-Se

interactions leading to a plausible descriptiommialmost linear selenium chain with attached
As-Se dumbbells.






Zusammenfassung

Der Fokus dieser Arbeit liegt auf der Synthese ded strukturellen Untersuchung von
Polychalkogeniden undintl Phasen. Daflr wurde grof3tenteils die Ammonothesyndéthese
unter milden oder superkritischen Bedingungen gegnudiusatzlich wurden Experimente in
Ethylendiamin als Lésungsmittel durchgefuhrt. Gilageé der Experimente ist die Loslichkeit
der Erdalkalimetalle, sowie die der Lanthanide Bd &b in flissigem Ammoniak unter der
Bildung von Elektridlésungen, wie es von den Alkaditallen bekannt ist. Neben bindren
Verbindungen, welche lediglich Chalkogenatome in Aaionen enthalten, wurde erfolgreich
versucht, mit der Hilfe von Arsen oder MinzmetalldPolychalkogenide zu ternéaren
Verbindungen mit komplexeren molekularen Anionerroshehrdimensionalen Polyanionen
zu verbinden. Strukturmotive der binaren Verbindamgeichen von einfachen Anionen, wie
(Se)? Hanteln in [Eu(NH)s]2(Se)2(Se) bis zu sehr komplexen Anionen wie §§)& in
[Yb(NH3)s]4(Tezo)(Tes): 2NHs.

Reaktionen von Lanthaniden mit Schwefel in flissiggmmoniak fiihrte zur Bildung von
[Ln(NH3)g]2(S5)3:2NHs  (Ln =  Eu or Sm), [Er(NH)s]2(Ss)2(Ss)-3NHs  und
[Yb(NH3)s]2(S5)2(Se)- 4NHs mit leicht verschiedenen Kettenlangen der PolydelfEs war
mdoglich, die Verbindungen [Eu(NH$J[Cu(Ss)2]:NHz und [Er(NH)s][Cu(Ss)2]-NHs zu
synthetisieren, welche durch die Zugabe von Kupiedie Reaktion von Eu oder Er mit
Schwefel in flussigem Ammoniak molekulare Thiomietal enthalten. Analog zu den
Thiocupraten, konnte das Selenoargentat [AQ{FE in [Eu(NHs)o][Ag(Ses)2]- NH3
synthetisiert werden.

Die Tatsache, dass Gold in Elektridlosungen |6slicst ermoglichte es, die
Chalkogenidoaurate(lll) in [Yb(NE)s](AuSesSy)- NHs, [Yb(NHa3)sg](AuSsSes),
[Ca(en)](AuTes)2 and [Yb(NH)s](AuSe&)s zu synthetisieren. Die Dimensionalitat der
Chalkogenidoaurat(lll)-Anionen reicht von ein- bigeidimensional. Der [Yb(NEs]®*-
Komplex in [Yb(NH)s](AuSes)s weist eine fast perfekt kubische Koordination ave|che in
dieser Form erst einmal in der Literatur fir deah{V)-Komplex [U(SCNg]* beschrieben ist.
Die molekularen Chalkogenidoarsenat(lll)-Anionefj@a(en)]2(AssTes), [Sr(en)]2(AssTes),
[Eu(en}]2(AssSe;), [Ca(en)](As2Se) and [Ca(en]2(As2SeO) konnten aus Ethylendiamin
isoliert werden. Die Strukturen lassen sich von dirfiach Salzstrukturtypen 40 und CsCl
abgeleiten. Das eindimensional-unendliche Selepoat@ll)-Anion O(l)pAsSe}]' in

[M(en)3(H20).](As2Ser) mit M = Ca or Sr konnte ebenfalls aus Ethylendraisoliert werden.
Die Kette weist eine neue Konformation algdlferKette auf mit sehr kurzen As-Se und Se-



Se Bindungen, welche zu einer méglichen Beschregjlol@s Anions als fast lineare Selenkette

mit benachbarten As-Se Hanteln fuhrt.



1. Introduction

1.1 Zintl ions

This thesis aims at the structural variety of pbblcogenides of the heavier chalcogens sulfur,
selenium and tellurium. The word “chalcogen” isided from the Greek wordshalkdésand
geres, which mean “ore forming”, and describes the grdp elements. All compounds
presented in this thesis contain either pure paligdgenides or polychalcogenides linked by
arsenic or coinage metals. Polychalcogenides agecat interest in the last decades, shown by
a huge number of publications on this topic. Tipeaperties make them attractive for a wide
range of applications, from thermoelectric energgverterst!, seminconductorg! in solid
state devices, to color-giving pigments, contair(@g)> unitst.

Polychalcogenides frequently obey #iatl valence rules and therefore they can be described
asZintl ions.Zintl phases were named aftedluard Zintl(1898-1941)Zintl was interested in
the observation of the green colored solution dilsm and lead in liquid ammonia madeAy
Joannisin 18911, With his skills in electrochemistry, he was abdedo a potentiometric

titration of lead iodide by a solution of sodium in

Zintl-Grenze

! liquid ammonia, whereby the green solution was
1 n m| ow | v [ vt [vn )
————— —I—— 3———-%-—:—;—;}\1—({- formed. The outcome of the experiment was, that the
| NayS | NaC
| N | solution must contain charged particles. As
| Na,S; |
NaySy .
NasSs composition of the formed compound, he postulated
|
. : | Na,S; 5] .
) |Na—zn| — Naghs | Nayse |Name  N&P ™ which can be understood to be composed
NagAs; | Na,Se, | . s
i;’al—ts:' NasSe, | of a lead polyanion (R}f- with homonuclear bonds
| NagASe | Nagoey
| | Nai3es and solvated sodium ions [Na(MH* as
(Ag) |Na—Cd| — |Na,Sn,|Na,Sb | Na,Te | Nal

! Na.Sb, Na.Te,|(Nal; counterions. As consequencéntl carried out the

i Na,Sb, | Na,Te,

i NayTe, same experiment with elements of the main groups 3-

Na—Au |[Na—Hg NaTl| Na,Pb, )-:anBl: ) ) . . ]

| NPl J20Bh 7, resulting in the formation of salts with polyans
_ . N ftshun it T A _

Intermetallische | Salzeund ,,Polyanionige Salze”.  for the elements of the main groups 4-7 and with th
Phasen Die Salze sind schwer, die
lyanioni Salze leicht lds- . . .
P Ammoniax formation of insoluble alloy-like structures foreth

Figure 1: 'Zintl line' betweent the 3 anc elements of main group 3%. This line of
main group. Taken from theoriginal e .

publication ofF. Laves1941. classification between the main groups 3 and 4 was
posthumously namedZintl line’ by Fritz Laves after Eduard Zintl . In Figure 1, the

representation of the ‘Zintl line’ frorhavesoriginal publication is shown. In 196&ilhelm




Klemmsupplemented the work &intl. He worked out that the anionic substructure maby
Zintl phases is similar to the structure of the elemahtthe same number of valence electrons.
This rule is known asZintl-Klemm-Bussmannoncept'®. In accordance with this concept,
the structure of the bina&intl phase NaTl can be explained. The formally neghtislearged

Tl atoms are iso-valence-electronic to carbon. &foee, the anionic framework of Tl atoms
adopts the diamond structure. But this basic exanmglomewhat problematic, since Tl is
placed on the left side of tl#ntl line. However, this is the exception that proves itule. In
the following yearHerbert Schafeextended th&intl-Klemm-Bussmanooncept with the (8-
N)-rule. N is equal to the number of valence etawirplus the electrons donated by the less
electronegative met&l. With this extension, the concept was no longstrieted to isosterism

to elemental structures with the same number ahea electrons, but also bonding was taken
into account.

Ternary Zintl phases can either build structurdsictvare comparable with the binary phases
like KSnAS!Yl, where [AsSri]adopts the layered structure of grey arsenichey tan build
complex anionic frameworks as in d&aSe 1. Here, [GaSe]® forms a molecular edge-
sharing double-tetrahedron, with negatively char@edatoms and a valence of four. The two
bridging Se atoms have a valence of two and ar¢raledhe four terminal Se atoms are
monovalent and carry one negative charge. TerZamyl phases, where the two more
electronegative elements have a small differentiegin electronegativities, show the tendency
to form structures similar to bina&intl phases. Whereas, ternatiyntl phases, with the two
more electronegative elements having a small @iffee in their electronegativities, show the
tendency to form complex anionic frameworks.

The synthesis method, reduction in liquid ammooiftgn used byintl, leads to the formation
of ammoniates. Ammoniates are not stable with @sjpedecomposition into alloys and the
loss of ammonia above the boiling point of ammodige to the high content of ammonia within
the crystal structure. Therefore, crystals of amiates have to be handled under low
temperatures for examination. The examination andracterization of ammoniates was
described as ‘impossible’ BummerandDiehlin 19702, In 1993KottkeandStalkepublished

an experimental setup for crystal handling at lemperaturd$’. They handled the crystals in
a cold inert oil, which was additionally cooled hycold inert gas stream. The use of the
described setup made it possible Kwrber to isolate and characterize a single crystal of
[Li(NH 3)4][Pbg]- NH54, containing the Rf ion described byintl. The setup to select and
mount suitable single crystals was extensively dgethe experimental work of this thesis and

is described and schematically shown in chapted2lfithe solvent Nklis exchanged by an




aliphatic amine, such as ethylene diamine, the éexngetup to mount single crystals is not
necessary. Crystals dfntl salts with cations complexed by aliphatic aminesusually stable
at room temperature. Therefore, they can be handiddr inert gas conditions. Today, a large
variety of solvents/ligands to stabilize the casiemZintl salts is used e.g. aliphatic amifigs
crown ether8® or cryptants8”.

In the following chapter<Zintl salts will be presented, that either contain @higlcogen atoms
or polychalcogenides linked by arsenic or a coinaggal to complex polyanions. A short
overview on the actual knowledge about each kirbbfanion is given ahead of the respective
chapter. AllZintl salts of this thesis were synthesized in liquidreomia or in ethylene diamine.
As cations the alkaline earth metals Ca, Sr, Bathadanthanides Eu, Sm, Er and Yt were
used.




1.2 Solvothermal synthesis in ammonia and ethylerd@amine

Solvothermal or ammonothermal synthesis is of asirgy interest in research in the last
decades. The term solvothermal synthesis hasfh@ddefinition. The definitions reach from
more general ones as the one fr@mappa and Yoshimura‘any heterogeneous chemical
reaction in the presence of a solvent (whether@agier non-aqueous) above room temperature
and at pressure greater than 1 atm in a closedmsySt! to more specific ones, where the
temperature has to be above the boiling point @féspective solveff! 29,

Ammonia and ethylene diamine are less protic ardrgban water. The major difference
between water and ammonia/ethylene diamine asrasi@their dielectric constants)( For
watere, amounts to 80.3 and for ammonia/ethylene diamiamounts to 15.6. Therefore,
salt-like compounds are dissolved better in watantin ammonia or ethylene diamine. This
often results in crystals with a disappointing @yakwinning or even in amorphous solids,
caused by the inhibited nucleation and crystal ¢giiowo overcome this problem supercritical
conditions Tc(NHs)= 405.7 K andp(NH3)= 113.59 baf§? can be used. Above these critical
parameters, ammonia is in the supercritical seat@gmogeneous fluid, where the liquid and
the gaseous state cannot be distinguished. Istéiig, the dielectric constants are much higher
resulting in increasing solubility of salt-like ceaunds. The first experiments under
supercritical conditions in ammonothermal synthegsese done byluzaandJacobs1966 in
the synthesis of the binary amines Be@yHand Mg(NH)2 23l. Today the ammonothermal
synthesis under supercritical conditions is usedHe high quality synthesis of the wide band
gap semiconductors GaN and Af. In Figure 2, a phase diagram of ammonia is shdwa.
little, green marked area shows the conditions us#as thesis for ammonothermal synthesis
under supercritical conditions. For solvothermailtbgses in ethylene diamine no supercritical
conditions were used.

The used reaction vessels were thick-walled glagsiées. The density of the supercritical state
can be adjusted by modifying the used reaction e&zatpres or the filling degree of the
ampoules. A change of the density in the supetatitstate has a direct influence on the

dielectric constant and therefore on the solubditgalt-like compounds.
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Figure 2: Pressure/temperature phase diagram of ammongaddshed line is extrapolated. The green-
marked area shows the experimental parameterdarsgdpercritical ammonothermal synthesis in this
thesis. The figure was taken from the referdfttaith some modifications.




2. Experimental part

2.1 Recovery of gold from collected gold scraps

For a contribution to enhance sustainability, tbielgised for experiments was recycled from
gold scraps of previous experiments. The colleg@d scraps were dissolved agua regia
after they were dried under vacuum. The resultimigt®on was heated up and filtered after
cooling down to room temperature. The filtrate waated and diluted with hydrochloric acid
until no more nitrous gases were emitted. The pdevaf the solution was adjusted to 4-5 with
the help of ammonium chloride and aqueous ammd@#tigo). At the end, gaseous S®as

feeded into the solution to reduce the gold. Theeipitated gold was filtered off and dried.

2.2 Preparative methods

2.2.1 Working under inert gas atmosphere: Schlenkre

For working under inert gas atmosphere and for wmgrkinder reduced pressures, a Schlenk
line was used. The connected vacuum pump was & rcdae pump achieving a vacuum of at
least 1 mbar. The pressure inside the Schlenk line wasraited with a pressure gauge
(Combitron CM 300, Leybold, Cologne). Argon wasdiss inert gas in the Schlenk line. The
used Argon gas was purified and had the specificati6 (Ar> 99.996 %, @< 6 ppm, N <

20 ppm, HO <5 ppm, Praxair, DUsseldorf). The inert gas wasfipdrand dried by routing the
gas through four drying towers filled with silicalgpotassium hydroxide pellets, molecular
sieve (3 A) and phosphorus pentoxide. Behind tlyingrtowers, the inert gas was routed
through a furnace heated to 650 °C containingaaititn sponge to remove the residual oxygen
and nitrogen. The vacuum pump was protected frolatil® compounds by a cooling trap,

which was cooled with liquid nitrogen.




All glass vessels were connected to the SchlerkVia ground glass joints. Ampoules and
glass vessels were heated under reduced pressthre 8chlenk line with a hot air gun before
charging with chemicals. Ampoules were charged witbmicals in an argon countercurrent

flow.

2.2.2 Working under inert gas atmosphere: glove box

Some of the preparative work with air sensitive poomds was performed in a glove box
(Labmaster 130, MBraun, Garching). The inert gasius the glove box was argon 4.6. For
purification of the inert gas, a molecular siev@d4m) and a BTS catalyst was used. The
content of water and oxygen inside the glove box wsually between 1 and 10 ppm. The glove
box contained a precision scale (BP61S, Sartori@s @ottingen) and a microscope (MZ6,

Leica Microsystems GmbH, Wetzlar).

2.2.3 Condensation of liquid ammonia and ammonothenal synthesis

Gaseous ammonia was condensed in a cooling trdptiet help of an ethanol/dry ice bath
(- 72°C). The cooling trap was filled with a pieakeelemental sodium to remove water from
the liguid ammonia. The solution in the coolingptrachieved the blue color of solvated
electrons. If the solution did not achieve the totor the cooling trap had to be cleaned and
filled with fresh sodium. Via ground joints, thiskalled glass ampoules (wall thickness = 2.2
mm, inner diameter = 5.6 mm) were connected t&ttieenkine with the cooling trap, where
the liquid ammonia was stored (Figure 3). To gue@@a good ablation after filling, capillaries
are drawn by heating the ampoules at a suitablet path a burner. After evacuating of the
ampoule, ammonia was condensed from the coolirny itrep the ampoule. Therefore, the
ampoule was cooled with liquid nitrogen or a migtof ethanol and dry ice and the cooling of
the trap was removed. The degree of filling for @&hepoules was around 30-50 %. To handle
the fluctuating pressures within the system, twespure relief valves filled with mercury were
installed. The ampoules were molten off in dynawacuum by closing the drawn capillaries

with a burner after freezing the liquid ammoniahnliquid nitrogen. After being molten off,
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the ampoules were annealed for three minutes toverall tensions from the glass. Ideally
molten off ampoules can resist a pressure of apmatbely 39 bar.

Low temperature ammonothermal syntheses at roompdsature or at 55°C were done in the
thick-walled glass ampoules without applying anymer-pressure. The expected pressure
inside the ampoules was determined by their filtiegree and with the help of the respective
tables in the “NIST Chemistry WebBook, SRD &9*. For a filling degree of 33% the expected
pressures at room temperature and at 55 °C amoW® and 23 bar, respectively.

Pressure Relief Valve Pressure Relief Valve
Gaseous Ammonia A A
! | |
v
E— ~» SchlenkLin
P chlen e
Sodium

Figure 3: Schematic setup for storage and condensatiomofamia.




2.2.4 Working with steel autoclaves

For ammonothermal syntheses under supercriticadittons, higher temperatures and
pressures are needed. The resulting pressureggher than the bursting pressure of the used
thick-walled glass ampoules. Therefore, steel dates and dry ice for establishing a sufficient

counter-pressure were used. In Figure

a schematic drawing of a used ste . Notch for a wrench

autoclave is shown. For afilling degree

... Conic steel seal

about 50 % the expected pressure at L

applied temperature of 150 °C amounts \/

165 bar. For the calculation of a || Corbon dipxide for

counter-pressure

_ - Thread

appropriate amount of dry ice, the volun  Ampoule holder
of the autoclave minus the volume of tt
ampoules had to be determined. With t
volume and the necessary pressure - et
amount of dry ice was determined wit
the help of the “NIST Chemistry
WebBook, SRD 69%¢l. The dry ice was

weighed in and the autoclave was quick

Steel autoclave

sealed with a wrench to avoid the loss Figure 4: Schematic drawing of the used steel autor
for ammonothermal syntheses under superci
conditions.

tight, a conic steel stamp was presscu

volatile CQ. By twisting the screw car.

against the walls of the autoclave. This methodkiping autoclaves tight is called “cold
sealing”. For getting the autoclave cold sealedh hogces are needed. Therefore, the wrench is
connected to a 1.5 m long lever. With the long teared the force of two people, the torque can

be estimated to reach up to 1500 Nm.




2.2.5 Working in ethylenediamine as solvent

Ethylenediamine was distilled under inert gas aphese over Calffor removing oxygen and
water. After purification it was stored inSchlenkflask. For syntheses, ethylenediamine was
extracted from th&chlenkflask in an argon countercurrent with a syringhjol was purged
with argon before. Via ground joints, thick-wallgtass ampoules were connected to the
Schlenkline and were filled with 1 mL ethylenediamine am argon countercurrent. The
ampoules were molten off in dynamic vacuum afteefing the ethylenediamine with a
mixture of dry ice and ethanol. The sealed ampowla® stored at either 55°C or 170°C in a

furnace for solvothermal reactions.

2.2.6 Crystal handling at low temperatures

Crystals that were grown in liquid ammonia are mtiemperature sensitive and need a special
treatment during the handling to avoid decompasitio Figure 5, the used experimental setup
for the low temperature crystal manipulation iswholt is a modified setup of the one
described first bKottke andStalkel*®l. Before the ampoules were opened with a glassrgutt
they were frozen in liquid nitrogen for solidifyinthje ammonia inside the ampoules. The
crystals and the frozen ammonia were scraped otiteofmpoule into a concave glass bowl
with perfluorinated oil. The perfluorinated oil Wwithe sample was cooled from above with a
cooled nitrogen stream and from below with a devemssel, filled with liquid nitrogen. The
perfluorinated oil is viscous at temperatures urd@r’C so that the crystals can be easily fixed
on the x-ray amorphous sample holder. The crysta&lse permanently cooled during the

measurement with a nitrogen stream to -150 °C.
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Nltrogen [g])
e

Cooled nitrogen (g)
| ——
Concave glass bowl
with perfluorinated oil

Dewar vessels filled v
with liquid nitrogen

Figure 5. Schematic setup for mounting of single crystaigar oxygen free conditions and at low
temperatures.
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2.3 Analytical methods

2.3.1 X-ray powder diffraction

The used powder diffractometer (STADI P, STOE, Dstadt) contained a cobalt x-ray source
(PANalytical, Almelo, Netherlands) and a curvednganium (111) monochromator. The used
radiation was Co-l radiation with the wavelengttk,. = 1.78896 A. The measurements were
performed in an angular range of 0 ° to 9®° 2

There were two types of sample carriers that capldoeed on the diffractometer. One is a flat
disc-like sample carrier where the sample was pldstween two mylar foils. This type of
sample carrier was used for air stable compoundsseXxsitive compounds were filled into
glass capillaries (wall-thickness 0.01 mm, innanagter 0.01 — 0.03 mm) inside the glove box.
The diffractometer was controlled with the softwsven XPOW [l and the resulting powder

diffractograms were analyzed with the computer pogMATCH! [28],
2.3.2 X-ray single crystal diffraction

Crystals were selected in the glove box and fillgd argon filled vessels or ampoules. The
crystals were then transferred into perfluorinaddd FOMBLIN Y HVAC 140/30, Solvay,
Brussels, Belgium). From the oil, a selected sicgystal is transferred to the goniometer head
of the diffractometer. The crystals were cooledmyithe measurement with a nitrogen stream
to 123 K (Oxford Cryosystems, Oxford, United Kinga)o The used diffractometer was a four
cyclex-CCD diffractometer (Bruker-Nonius, Delft, Nethartis) containing a molybdenum x-
ray source. As monochromator for the resulting Mo-tadiation with the wave length =
0.71073 A a graphite single crystal was used. Eeel uletector was a CCD area detector with
a diameter of 95 mm. The measurement was perfomigdthe program “Collect’??, cell
determination was done with the program “PHI/CH&S&%! and for integration and scaling
the program “hkl2000%Y was used. The structure solution from the coltbctata and the
structure refinement were performed with the progrdSHELXL"? and “PLATON33l in

the user interface “WinGX®!. For visualization of the crystal structures thegsam Diamond

4 3] was used.
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2.3.3 Energy dispersive x-ray spectroscopy (EDX)

Energy dispersive x-ray spectroscopy was used leanental analysis. This was especially
necessary for compounds containing two or more etesrthat are difficult to differentiate by

x-ray diffraction e.g. As and Se. The measureme&ese done with a scanning electron
microscope (SU3800, Hitachi). For the quantitats@X analyses, a x-ray detector (Octane
Elect Super EDS, EDAX EDS System) was used addilipnSamples were fixed on an

aluminium sample holder. The sample holder wasrated with a conducting graphite foil for

keeping the sample from statically charging. Thanggative analysis was done with the
computer software EDAX APEX Advanced (EDAX).

2.3.4 Continuous shape measures (CShM)

All compounds presented in this work contain metdlons coordinated by either ammine or
ethylenediamine as ligands. For a better descriptiothe formed coordination polyhedra,
continuous shape measures were performed usingaimputer program SHAPESS, A

continuous shape measure gives a quantificatidgheofleviation of a given polyhedron to the
respective ideal shaped polyhedron in percent. prineiple is based on a distance function
which gives the minimal distance between the gmed the ideal polyhedron. For minimizing

the distance function an algorithm MfPinskyand D.Avnir ¥7 is used. The distance function

contains the position vecto@@f N atoms, the position vecto?é &f the ideal polyhedron and

the vector of the geometrical cen@ @quation 1).

2

Yiea| Qe - Pl
N =~ —2

Zk=1|Qk ) Qol

Equation 1: Distance function used for continuous shape nreasu

S(Q,P) =min x 100

In Tablel, selected ideal shapes are listed, which were aoedgo the coordination polyhedra

presented in this work below. The coordination pelyra presented in this work all have either
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the coordination number eight or nine. All abbréwaias for the ideal shapes are adopted from

the computer program SHAPE.

Table 1 Ideal shapes used for comparison and their aldiiens.

Abbreviation Shape Point group
oP-gi=8l Octagon Den
HPY-g 38l Heptagonal pyramid Cw
HBPY-8[8 Hexagonal bipyramid Deh
CU-8 [l Cube On
SAPR-8E8l Square antiprism Dad
TDD-8 38l Triangular dodecahedron D2d
BTPR-8%8l Bicapped trigonal prism Cov
EP-9[9 Enneagon Don
OPY-9[ Octagonal pyramid Cav
HBPY-9 [ Heptagonal bypiramid D
JTC-9B% Trivacant cuboctahedron Cav
CCuU-9B9 Capped cube Cav
CSAPR-93 Capped square antiprism Cav
TCTPR-9( Tricapped trigonal prism Dan

14



2.4 Product syntheses

The syntheses, performed in the course of thisshesre all similar. Therefore, representative
synthetic procedures are described in the followtwwg sections. The descriptions of the
respective synthetic work is followed by a tablewhich the performed synthesis for each
product is summarized (Table 2). The different bgtit routes are abbreviated by the numbers
1-5.

2.4.1 Ammonothermal syntheses at r.t1), 55 °C @) and 150 °C 8)

For the syntheses in liquid ammonia, thick-walléasg ampoules (wall thickness = 2.2 mm,
inner diameter = 5.6 mm) were prepared. Via grgoimds they were connected tdSahlenk
line, evacuated to a residual pressure of at [B@$tmbar and heated with a hot air gun to
remove all residues of humidity from the ampouleeTry and evacuated ampoules were
transferred to the glove box. All educts were wejbn a precision scale inside glove box and
transferred to the ampoules via long funnels. Tileifampoules were connected to 8ehlenk

line described in chapter 2.2.3. Before condengiegammonia into the ampoule, a capillary
was drawn by heating the ampoule at a suitabletpbirerefore, one sealing cap was opened
in a counter current of argon to release the rigirggsure caused by expansion of the argon
protecting gas inside the ampoule caused by extéreaing. Capillaries were drawn to
guarantee a good ablation, which is important &pkifie pressure resistance of the ampoules
as high as possible. After the capillaries weravdrethe dry ammonia was condensed inside
the ampoule in static vacuum. For condensationatgoule was cooled with a mixture of dry
ice and ethanol (-72 °C). If afilling degree bbat 50% was reached, the ampoule was frozen
with liquid nitrogen. Thereafter the ampoules weealed in dynamic vacuum by closing the
drawn capillaries with an oxygen/natural gas buriieravoid tension inside the walls of the
glass ampoules they were annealed for a few mintitesampoules were placed in PE bottles
for bursting protection.

For the syntheses under mild ammonothermal comdittbe ampoules were stored either at
room temperaturelf or in a drying cabinet at 55 °@)( The reaction times for these conditions
were not fixed. The ampoules were visually analyaéld a microscope for crystal growth and

inspected every couple of days.
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For ammonothermal syntheses under supercriticaditons @), steel autoclaves were used,
since the thick-walled glass ampoules could noistdke high pressures generated by the
elevated temperatures. The used steel autoclagedescribed in chapter 2.2.4. As reaction
temperature, 150 °C was chosénr(llHs) = 133.5 °C). The resulting pressure inside the
ampoule at 150 °C was calculated with the helphefNIST Chemistry WebBook, SRD 69”.
Therefore, the filling degree was measured anddérmesity of ammonia in the ampoule was
calculated. With this density, the pressure co@chiculated. To prevent the ampoules from
bursting, dry ice was loaded to the autoclaveséate counter-pressure. For the calculation of
an appropriate amount of dry ice, the volume ofthiclave minus the volume of the ampoules
had to be determined. This was done by fillingab®claves, with ampoules inside, with water
and determining the volume of needed water. With itifformation of the volume and the
necessary pressure, the amount of dry ice coubdloalated. Various experiences showed that
it worked better if the counter-pressure was highan the internal pressure of the ampoule. It
was found that an amount of dry ice, generatingunter-pressure of 225 bar, worked well.
The autoclave was fixed with a vise and filled wiitle ampoule. The dry ice was weighed in
and the autoclave was quickly sealed with a wreiachvoid the loss of volatile GOBY
twisting the screw cap tight, a conic steel stanag pressed against the walls of the autoclave.
For heating the autoclave a drying cabinet was,usbith was connected to a control element
of a furnace. The drying cabinet was heated up awtite of 30 °C/h to 150 °C. The temperature
of 150 °C was hold for different periods, but adefor 120 h. After that, the autoclave was
cooled down to room temperature with a rate of 5°The used temperature profile is depicted
in Figure 6 as temperature vs. time diagram. Fenom, the autoclave was fixed with a vise
and opened with a wrench.

50°C hold time

<—30°C/h 5°C/h —>

r.t.

Figure 6: Temperature profile used for ammonothermal sysebeinder supercritical conditions.
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2.4.2 Solvothermal syntheses in ethylene diamine @ °C @) and 170 °C b)

For the syntheses in ethylene diamine, identigekttvalled glass ampoules (wall thickness =
2.2 mm, inner diameter = 5.6 mm) as for the amniwrotal syntheses were prepared and the
synthetic procedure is the same with a few excaeptibhe ethylene diamine was not condensed
into the ampoules, it was injected with a syringan argon countercurrent. Therefore, a syringe
with a long cannula was used, which was flushedipialtimes with argon before using. Before
the ampoule was sealed in dynamic vacuum, it wesed with a sealing cap and frozen with a
dry ice/ethanol mixture. For removing tensionsdesihe glass ampoules they were annealed
for a few minutes after they were molten off. Thepaules were placed in PE bottles as
bursting protection. For the reactions the ampowks® placed either in a drying cabinet, which
was heated up to 55 °@)(or 170 °C ). The reaction times were not fixed. The ampoulese
visually analyzed with a light microscope if sonmgstal growth could be observed every

couple of days.
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_ Reaction '
Compound Amount of starting Molar ratio type Product Yield
materials (hold appearance (estimated)
time)
1or2or Main product
_ 10.0 mg Eu (0.066 mmol) i Yellow-orange, (95%)),
[EU(NH 3)9]2(Ss)3- 2NH;s 16.9 mg S (0.530 mmol) 1EU:8S 3 trapezoid habitug only crystalline
(200 h)
phase
Main product
Yellow-orange
10.0 mg Sm (0.067 mmol) _ 3 ’ (95%)
Sm(NH -2NH 1Sm:8S arallelogram- '
[Sm(NHs)a](Ss)s- 2NHs 17.1 mg S (0.536 mmol) eooh) | P Shapg g only crystalline
phase
Main product
_ 10.0 mg Er (0.060 mmol) . 3 Yellow-orange, 0
[Er(NH 3)g]2(Ss)2(Ss)- 3NHs 15.3 mg S (0.480 mmol) 1Er:8S (200 h) block-shaped (95%), only
crystalline phase
20.0 mg Au (0.102 mmol) Side product
e 3 Orange, block-
[Yb(NH 3)g]2(Ss5)2(Ss)- 3NHs 3.3mg S (0.102 mmol) | 1Au:1S:1YbSe (120 h) shaped (20%), second
59.2 mg YhSe; (0.102 mmol) P phase present
Main product
_ 10.0 mg Yb (0.058 mmol) . Yellow, block- 0
[YDb(NH 3)8]2(S5)2(&1)- 4NHs 14.8 mg S (0.464 mmol) 1Yb:8S 2 shaped (95 A)_), only
crystalline phase
10.0 mg Yb (0.058 mmol) .
. Red, block- Side product
[Yb(NH 3)7(S203)]2(Se)- NH3 14.8 mg S (0.464 mmol) 1Yb:8S 2 shaped (30%)

Leak during ablation

sJa)aweled eluswnadxa pue SasaYIuAs 1onNpoid £'1°2
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Reaction

Compound Amount of starting Molar ratio type Product Yield
materials (hold appearance (estimated)
time)
Main product
47.7 mg Eu (0.314 mmol i 3 ) 0
[Eu(NH3)q]2(S&)2(Se) 198.8 mg Se (2.512 mmol) 1Eu:8Se (200 h) Dark-red (80 A)_), only
crystalline phase
Dark-red to Side product
[Sr(en)s](Te3) 1géoomrggs_lr_é0(.§ %tén rrr?r?llt))) 1Sr:8Te 5 black, needle- (40%), only
' ' shaped crystalline phase
Dark-red to Main product
[Eu(NH 3)9]2(Tes)3 ZgéoomrggETu;?O((l)gf ?nangfl)lEuTe:l.mTe (163;5 h) black, platelet- (90%), only
' ' shaped crystalline phase
10.5 mg Ba (0.076 mmol 3 Black. plat Side product
[Ba(NH3)g](Tes) 19.4 mg Te (0.152 mmol) 1Ba:2Au:2Te (120 h) hab’it%s y (25%), only
30.0 mg Au (0.152 mmol crystalline phase
10.0 mg Ca (0.250 mmol Black. plat Side product
[Ca(enk](Tes)-0.5en 18.7 mg As (0.250 mmol} 1Ca:lAs:1Te 5 hab'it[l)JS y (30%), only
31.8 mg Te (0.250 mmol crystalline phase
15.0 mg Yb (0.087 mmol
_ ) , 3 Black, platy (50%), only
[Yb(NH 3)g]a(Texo)(Tes)2-:2NHz | 5.5 mg Cu (0.087 mmol)| 1Yb:1Cu:8Te (216 h) habitus crystalline phase

88.5 mg Te (0.696 mmol
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Reaction

Compound Amount of starting Molar ratio type Product Yield
materials (hold appearance (estimated)
time)
Main product
15.5 mg Eu (0.101 mmol i Black, platy 0
[Eu(en)|(Tee) 103.0 mg Te (0.808 mmof)  ~-U-8Te > habitus (90%), only
crystalline phase
10.0 mg Ca (0.250 mmol i i 0
[Ca(en)]2(AsiTee) 37.4mg As (0.500 mmol] 1Ca:2As:8Te | 5 Darks[]zd'ekzjo‘:k Cr(‘:’?al/l‘?r;eon'g’ase
254.7 mg Te (2.000 mmol) P y P
20.0 mg Sr (0.220 mmol ) | Side product
[Sr(en)s]2(AsiTes) 16.5 mg As (0.220 mmol)  1Sr:1As:1Te 5 Darks[]zd'eﬂo‘:k (30%), only
28.1 mg Te (0.220 mmol P crystalline phase
20.0 mg Eu (0.130 mmol Oranae. block- Side product
[Eu(en)s]2(AssSes) 9.7 mg As (0.130 mmol)| 1Eu:1As:1Se 5 sr?a’ od (30%), only
10.3 mg Se (0.130 mmol P crystalline phase
10.0 mg Ca (0.250 mmol Red. block- Main product
[Ca(en)](As.S&) 37.4 mg As (0.500 mmol) 1Ca:2As:8Se 4 sh,a ed (80%), only
157.6 mg Se (2.000 mmol) P crystalline phase
10.0 mg Ca (0.250 mmol Red. plat Main product
[Ca(enk]2(As2SeO) 37.4 mg As (0.500 mmol] 1Ca:2As:8Se 5 hat,)i?usy (80%), only

157.6 mg Se (2.000 mmo

crystalline phase
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Reaction

Compound Amount of starting Molar ratio type Product Yield
materials (hold appearance (estimated)
time)
10.0 mg Ca (0.250 mmol) i 0
[Ca(en)s(H20)2As:Se 18.7 mg As (0.250 mmol)| 1Ca:1As:4Se 5 Igﬂgwo‘r’]gr;gg's Cr(‘:’?al/l‘?r;eon'g’ase
78.8 mg Se (1.000 mmol) J y P
10.0 mg Sr (0.110 mmol) Yellow-orange Main product
[Sr(en)3(H20)2]As2Se 8.2 mg As (0.110 mmol) 1Sr:1As:4Se 5 hexagonal rgd,s (80%), only
34.7 mg Se (0.440 mmol) 9 crystalline phase
47.8 mg Eu (0.314 mmol) 3 Oranae. block- Main product
[Eu(NH 3)g][Cu(Sa4)2]- NH3 20.0 mg Cu (0.314 mmol)| 1Eu:1Cu:8S (200 h) sr?a’ ed (90%), only
80.7 mg S (2.512 mmol) P crystalline phase
52.6 mg Er (0.314 mmol) 3 vellow. block- Main product
[Er(NH 3)g][Cu(S4)2]- NH3 20.0 mg Cu (0.314 mmol)| 1Er:1Cu:8S (140 h) sha; od (90%), only
80.7 mg S (2.512 mmol) P crystalline phase
20.0 mg Ag (0.190 mmol) i _| Main product
[EU(NH3)o][Ag(Sen2]-2NHs | 28.2 mg Eu (0.190 mmol)| 1Eu:1Ag:8Se (20% . Darks[]zd'e%“k (80%), only
117.1 mg Se (1.52 mmol) P crystalline phase
20.0 mg Au (0.102 mmol) 3 Black. columnar Main product
[Yb(NH 3)g](AuSesSy)- NH3 3.3 mg S (0.102 mmol) | 1Au:1S:1YbSe (120 h) r’labit (70%), second

59.2 mg YbSe; (0.102 mmol

phase present
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. Reaction '
Compound Amount of starting Molar ratio type Product Yield
materials (hold appearance (estimated)
time)
20.0 mg Au (0.200 mmol .
Main product
17.6 mg Yb (0.200 mmol i , , 3 Black, rod- 0
[Yb(NH 3)g](AuSsSe) 32.1 mg Se (0.400 mmol 1Yb:1Au:4Se:4S (216 h) shaped (gr(])a/(s)é Iztreecsoenr(]jt
13.0 mg S (0.400 mmol)
4.0 mg Ca (0.1200 mmol) Black. platy- Main product
[Ca(en)](AuTes)z | 20.0 mg Au (0.100 mmol] 1Ca:1Au:8Te 5 <o pe dy (80%), only
103.6 mg Te (0.800 mmo]) P crystalline phase
30.0 mg Au (0.150 mmol 3 Black, golden Main product
[Yb(NH 3)g](AuSes)s | 8.8 mg Yb (0.050 mmol)| 1Yb:3Au:12Se (196 h) luster, cubic (90%), only

48.1 mg Se (0.600 mmol

crystal habit

crystalline phase




244 Content of oxygen and water in [Ca(eap(As:SeO) and
[M(en)3(H20)2]As2Se, M = Ca or Sr

The analysis and examination of the crystal stmestuof the three compounds,
[Ca(en)]2(As:Se0), [M(enk(H20)2]As>Ser and [Sr(em(H20)2]AsSe, lead to the result that
they all contain oxygen. Nothing obvious leadingtie oxygen content happened during the
syntheses, so the educts were checked for puritg.plossible sources for oxygen were found,
the used arsenic and the used ethylene diaminewdlgr diffraction pattern of the used arsenic
shows arsenic oxide as second phase beside arantt, was quantified to 26.1 % from the
comparison of the diffraction intensities with tpeogram MATCH!. The other identified
source for oxygen is the used solvent ethylene idianwhich was not completely dry. For
quantification of the amount of water in the solyerKarl-Fischer“? titration was performed
with salicylic acid as buffer. The determinatiorvgan amount of water of 0.36 %.

The contamination by arsenic oxide was removed aghing the contaminated arsenic with
ammonia solution. Afterwards the purity was prolsgX-ray powder diffraction. Both powder
diffraction patterns are included in the appendifter the removal of arsenic oxide, the
syntheses were repeated and led to identical sedtéince, the small amount of water in the
used ethylene diamine leads to the oxygen and watgent in the three title compounds.
TheKarl-Fischertitration gave an amount of water of 0.36 %. fherased amounts of educts,
the amount of water present in the solvent is sigffit for a conversion of 42.2% to the product
with the composition [Ca(es(H20)2]As2Se, of 95.9%, to the product with the composition
[Ca(en}(H20)2]As2Ser and to a quantitative conversion to the produc¢hihie composition
[Ca(en)]2(As:Se0).
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3. Results and Discussion

3.1 Compounds containing oligomeric & units or polymeric

chalcogenides

Sulfur and its heavier homologues selenium andirighn have all the tendency to form
homonuclear covalent bonds, as present in thameziéal structures. Elemental sulfur mainly
appears as octasulfur in three polymorphs, thataitain $ rings“Y. Beside $rings, also
other rings are known up te¢$*?. Selenium appears either ag Begs (red selenium) as found
for sulfur or as infinite chains in its grey elenrform. Tellurium only forms infinite chains
in its element structuré®. Reduction of the chalcogens leads to bond cleaf@agattaining
the electron octet in polychalcogenides.

For all three chalcogenides, oligomerigZQnotifs are known. The simplest motif is the?Q
dumbbell. This motif can be found for all three Iclogenides in binary compounds with alkali
metals e.g. in AQ., with A = Na-Rb“¥. For S and Se oligomeric,£)motifs for n = 2-9 are
known. These oligomeric anions are helical chamt) the negative charges located at the
terminal chalcogen atoms. The spatial structuteede chains can be explained by the VSEPR
theory (valence shell electron pair repulsion). éwding to the VSEPR theory, the Q atoms
within the chain are of the type AKX, (A = central atom, X = binding electron pair beéne
central atom and a ligand, E = lone pair of elewron A), which results in @*tetraheral
arrangement with Q-Q-Q angles ranging between 100° Long chains with n > 5 only exist
with large cations as [PEJA in [PPh]2(S7) ¥ or as [Rb(222-crypt]]in [Rb(222-crypt)}(Se)

461, The nonasulfide dianion and nonaselenide diaaierthe largest oligomeric chains known
for polysulfides and polyselenides, present indtractures of [K(THF)](Se) #71 and [Sr(15-
crown-5Y](Se) 8. (Te)? dianions are known for n = 2-6, 8, 12 and 13. [Te3)? unit was
identified in the structure of GBeys *9).

Beside the described polychalcogenides built upegnlar 2-2c bonds, Se and Te are able to
form so called hypervalent bonds. Lineag*Qunits as occurring e.g. in B%g4Se % are
valence isoelectronic ta I®Y or XeR 2. The linearity can be understood according to the
VSEPR theory, since the central atoms ofs& @nit is an AX%Es type atom, which leads so a
linear arrangement. Hypervalency is explained byeritel>®, who expanded the theory of

Rundle to of electron deficient compourlel¥®® according to the molecular orbital theory.
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However, in Figure two simplified molecular orbital schemes are shpame for a @ unit
with a regular 2-2e bond and one for a hypervalent*Qunit with a 2-4e bond. For the 84e
bond an empty antibonding molecul&f (¢') orbital of a Q% unit acts as acceptor and a filled
molecular orbital? (p) of a G acts as donor, resulting in a filled, bonding realar orbital
{1, a filled non-bonding molecular orbit# and an empty anti-bonding molecular orbigal
The non-bonding orbitd#, results from an anti-bonding interaction of gaerbital of the donor
with the g-orbital of the acceptor and a bonding interacbetween thg-orbital of the donor
and thes -orbital of the acceptor. In as®Q unit, only one filled binding molecular orbital is
present for two bonds. Therefore, the bonds wiin-4e arrangement were often called *half-

bonds’ and they are elongated in comparison to-2ebond, since their electron deficiency.

(Q)* Acceptor (Qy)* Donor (Q)*

) \ Y, *(c*) "
¥ Vi >

L A S
S ya T b

p-orbitals N 4{_ 4_‘_71 p-orbitals P ¢ - Falp)

T 4

5 Y (0)

/
|

¥

Figure 7: MO schemes of (§* with a regular 2c bond (left) and of hypervalent §& with a 4-3c
bond (right).

For tellurium, no @ unit with n = 3 or 4 is currently known, but thene examples for n > 4
e.g. (Te)* in BaSnTe B¢ or (Te)* in [Ag(Ten)]®> P7. The largest known & unit for
tellurium is a (Tes)* ion, identified in the structure of [Zn(N]2(Tess) P8 by O. Kysliak For
selenium, representatives of,’Qions with n = 4 or 5 were identified in the stwets of
KsCuNkSe2 % or N:Se 8%, respectively. Another example for a discrete nyglent anion
is the (Te)® anion as present in the structure ok Taa Y. The cross-shaped @& anion

contains a square planar coordinated central Ta afdhe type AXE> carrying two negative
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charges. Each other terminal Te atom carries ogative charge resulting in six negative
charges for the whole anion.

Polytellurides expand the structural diversity aflyehalcogenides by the formation of
polymeric motifs. Due to the ability of forming eteon deficient multicenter bonds, Te can
occur as Iineaori Te]. These chains, with interatomic distances betwa6nA and 3.1 A, are
present in the structures of Cuff@, TITe®3 or Ca sK4Tes 4. In many cases, these chains
are subjected tBeierlsdistortion!®®. Thus, chains with alternating shorter (2.8 A) &oner
(3.5 A) bonds are formed as present §Té& ¢, eading to a more appropriate description as

(Te2)> dumbbells, which are connected wan-der-Waalsinteractions té Te,?]. Two
additional Te atoms connected to a lingafe’ ] chain lead to the formation gf T§;*] chains
as present in the structure of TIf2 beside the Iineaat T'] chains. However, there are more

complicated motifs possible than linear. Tj}néegf'] chains in TiTez [ are best described as
polymerized (Te* units with short and long Te-Te bonds of 2.83 A an3.04 A. In LiTe®®
(Tes)* units are interconnected via gJeaunits, as present in elemental tellurium, forming
(Te,*)(Tey)] chains.

Higher than one-dimensional polytelluride motifsrevalso identified. Layers built up of T-
shaped fragments dominate the two-dimensional mdtliese layers can either be planar as in
NbTe; 9 or corrugated as in Cs7€°. The layered structures can be seen as interg@ta)yj
units with Te-Te bond lengths varying between 28@&nd 3.40 A within a layer. Two
representatives of polytelluride frameworks arewnoThey are present in the structures of
CsiTexs 9 and [K(HO)e] Tese Sh2018 7.
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3.1.1 [Ln(NH3)g]2(Ss)3* 2NHs, with Ln = Eu or Sm

Figure 8: Crystal bulk of [Eu(NH)q]2(Ss)s - 2NHs (left) and a single crystal of [Sm(NH]2(Ss)s - 2NH;s
(right).

The crystals of [Eu(NE)9]2(Ss)3- 2NHz and [Sm(NH)9]2(Ss)3 - 2NHs are both transparent and
of orange-yellow color (Figure 8). The crystalstioé europium compound have a trapezoid
habitus und those of the samarium compound a paygtam-shaped appearance. Both crystal
structures are isotypic. They crystallize in thenainic space group2:/n with the lattice
constantsa = 10.9036(4) Ap = 15.0138(4) Ac = 13.5679(4) A an@ = 94.586(1) ° for the
europium compound and = 10.8879(3) Ab = 15.0272(4) Ac = 13.5817(4) A angh =
94.512(1) ° for the samarium compound. Both compsuwtecompose at room temperature due
to the loss of NEl The crystal structures contain homoleptic lanithi@ammine complexes and

(Ss5)? chains, of which one chain is disordered.
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Figure 9: A view of the unit cell of the structure of [EutM)s]2(Ss)s - 2NHs. The atoms are drawn as
spheres with arbitrary radii. The hydrogen atomsnioloto the N atoms of the ammonia ligands are
omitted for clarity. The transparent atoms repreaagisordering of 50%.

Samarium is insoluble in liquid ammonia at low t@rgiures. Solubility of elemental samarium
in ammonia is however, given under supercriticadiions. Hence, [Sm(N&Jo]2(Ss)3 - 2NH3

can only be synthesized at high temperatures usdpercritical conditions. In contrast,
[Eu(NHz)9]2(Ss)s - 2NH: can be synthesized at room temperature, at 55%C wnder

supercritical conditions due to of the high soliipibf europium in liquid ammonia even at
lower temperatures. The temperature seems to l@auglaence on the formed product since
the same product is formed at different temperatuféis statement holds only for the few

measured crystals, because for one experimentebdagponly one crystal could be analyzed.
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Figure 10 Coordination of E#f in the structure of [Eu(N#k]2(Ss)s- 2NHs. The displacement ellipsoids
represent a probability of 50 %. The hydrogen atbmsd to the N atoms of the ammonia ligands are
omitted for clarity.

Table 3 Results of the continuous shape measures ofule &d SmN polyhedra in the structures of
[EU(NHs)g]z(Ss)s'ZNHs and [Sm(NH)g]z(S5)3'2NH3.

\deal Shape CShM / % CShM / %
(EuNg polyhedron) | (SmNe polyhedron)

EP-9 37.470 37.433

OPY-9 22.400 22.375

HBPY-9 20.362 20.297

JTC-9 16.721 16.664
CCU-9 9.549 9.583
CSAPR-9 0.111 0.115
TCTPR-9 0.742 0.747

The metal ions Eii and Sm" are surrounded by nine ammonia molecules formargdieptic
ammine complexes. The coordination polyhedron wite coordination number 9 of
homoleptic ammine complexes can be typically dbsdrias distorted capped square-antiprism
(C4) or as distorted threefold-capped triangular pr{®) (Figure10). The deviation from
the ideal polyhedral shapes can be calculateddgtthod of continuous symmetry measures.
The deviation of the [Eu(N&]3* polyhedron from the ideal capped square-antipesich the
ideal threefold-capped triangular prism amoun3.1d.1 % and 0.742 % or 0.115 % and 0.747
% for the [Sm(NH)9]>* polyhedron, respectively (Table 3). Theé'NN distances range from
2.58 A to 2.64 A for [Eu(NB)g]®* and from 2.59 A to 2.65 A for [Sm(N§3]°*. The M"-N
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distances are according to their ionic radii (& 1.21 A and r(Sit) = 1.22 A) and therefore
following the lanthanoid contraction. The distateween the “capping” ammine ligand N1
and the metal ions is the longest present in therdoation polyhedron. For homoleptic
ammine complexes with Eu in the oxidation stateadlin [Eu(NH)g]l2, longer M-N bond
lengths ranging from 2.72-2.82 A are fouffd

The second building block in the structure is a/polfide chain. The @ chain has formally a
negative charge on each of the terminal sulfur atdrherefore the chain is twofold negatively
charged. The distances between the sulfur atonisnwtiie chain are similar to the distances
present in the 8molecules. The angles between the sulfur atomsbetween 108°-110°. One
of the two polysulfide chains shows a disorder (Feégll). The disorder and the inversion
centers located in the center of gravity of th@disred §chains are mutually dependent on
each other. In the structure refinement, the desocdn be solved by setting the site occupation
factor of S1 to 50%. In addition to the surroundegtal ions and the ¢pchains, there are free
ammonia molecules in the crystal structure. Thetipos of the hydrogen atoms of the free
ammonia molecules in both structures could nobbated from differencEourier maps. The

hydrogen atoms of the complexating ammonia molacwere placed on geometrically

sy

s1!

calculated positions and refined by a riding model.

Figure 11 S polysulfide chain (left) and the disordered polfide chain (right) in the structure of
[M(NH 3)o] 2(Ss)32NHs. Bond lengths are given in A. The displacemetpsdids represent a probability
of 50 %. The transparent atoms represent a disoglef 50%. The index indicates the following
symmetry operationx+1, y+1, z+2.

The disordered polysulfide chains are placed ogiappositions (%2, ¥2, 0 and 0, 0, %2) in the
unit cell with their centers of gravity. Accordiygkhey are placed on thWg#yckhofiposition D
with the site symmetryl. These chains on the special positions are sudexlirby six

[M(NH3)o]®>" complexes arranged in the form of distorted odaderigure 13 shows that these
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octahedra are interconnected via common edges #iengystallographia-axis. The formed
strands are linked via common edges forming a ttii@ensional network. Every ¥belongs

to three octahedra. The resulting composition cesckbed as @Mez. Therefore, the
disordered polysulfide chains and the europium amroomplexes build a Rutil-type structure.
Whereas, the not disordered polysulfide chainshatesurrounded by # in a certain shape,
thus they fill the voids in the crystal structuie aell as the free ammonia molecules in the
structure (Figure 12).

Figure 12 View of the unit of the structure of [M(NJ#]2(Ss)s- 2NHs cell along the crystallographée
axis. All atoms are drawn as spheres with arbitradyi. The ligating ammonia molecules are omitted
for clarity.
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Figure 13 The strands of Moctahedra running along the crystallograpdaixis in the structure of
[M(NH 3)q]2(Ss)3- 2NHs. The disordered €5 anions are located at the inversion centers inthehedra
made up of [M(NH)q]** units. The displacement ellipsoids show a prokigimf 50%.
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3.1.2 [LN(NH3)s]2(Ss)2(Ss) - 3NHs, with Ln = Er or Yb

Figure 14 Single crystal of [Er(Nk)s]2(Ss)2(Ss) - 3NHs.

The crystals with the composition [Er(N)g2(Ss)2(Ss)-3NHs or [Yb(NHz)s]2(Ss)2(Ss)- 3NHs

are both block shaped. Both crystals are of angar@&olor, but those of the erbium containing
compound are somewhat brighter in color than tlodgee ytterbium containing compound.
The compounds are isotypic and crystallize in tlenoclinic centrosymmetric space group
P24/c with the lattice parametees= 15.1004(3) Ap = 20.7552(5) Ac = 13.9943(3) A ang

= 110.0490(10) ° for [Er(Nb)s]2(Ss)2(Ss)-3NHs anda = 15.0942(4)A, b = 20.7195(9) Ac =
14.0036(4) A angs = 109.900(2)° for [Yb(NH)s]2(Ss)2(Ss)- 3NH, respectively. The unit cell
contains 4 formula units. Er and Yb are in the faroxidation state +IIl. The lanthanoid atoms
are surrounded by eight ammine ligands forming Hepter ammine complexes. There is no
homoleptic erbium ammine complex known except the presented in this work, whereas
homoleptic ammine complexes for ytterbium have l#escribed in the literature before. The
resulting coordination polyhedra of the homoletiomine complexes are best described as
square antiprisms. The deviation from a perfecasgantiprism shape was calculated with the
program SHAPE. A continuous shape measure of [Egf§Jfi showed small deviations from
the ideal square antiprisnb4g) amounting to 0.244 % for Er2 and 0.421 % for Hftr
[Yb(NH3)s]®* deviations amount to 0.237 % for the coordinapotyhedron of Yb1 and 0.353
% for Yb2 from the ideal square antiprisBuf) (Table 4). Compared to the cationic complexes
[Sm(NHs)o]3* and [Eu(NH)o]®*, the central atoms have the coordination numbgintewith
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M - N distances between 2.40 A and 2.54 A for Mad between 2.43 A and 2.50 A for
M=YDb, respectively. The different coordination nuenb can be explained by the differences
of the ionic radii of the respective lanthanoidsi§le 9 in chapter 3.1.3). £rand YB* have
smaller ionic radii than B or Sn¥*, thus the smaller coordination number is preferred
However, the Er-N distances cannot be compared digtances in the literature since
homoleptic erbium ammine complexes have not besarted so far. Though, the distances
are similar to those found for [Er(N}4]>* in the structure of [Er(Nks][Cu(S:)2] that will be
discussed later in this work. The Yb-N distances iarthe expected range for homoleptic
ytterbium ammine complexes with ytterbium in thedation state +lll. Similar Yb-N bond
lengths are found in the structure of [Yb(B)H[AQ(S4)2]- 2NHs [, The positions of the
hydrogen atoms of the ammine ligands were not faarthe difference~ourier map. They

were placed on geometrically calculated positions r@fined using the riding model.

N12

N14

Figure 15: Coordination polyhedra of Erl and Er2 in the duite of [Er(NH)s]2(Ss)2(Ss)- 3NHs. The
displacement ellipsoids represent a probabilitp@¥. The hydrogen atoms bound to the N atoms of
the ammonia ligands are omitted for clarity.
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Figure 16 Coordination polyhedra of Yb1 and Yb2 in the stune of [Yb(NH)s]2(Ss)2(Ss): 3NHs. The
displacement ellipsoids represent a probability@o. All hydrogen atoms bound to the N atoms of the
ammine ligands are omitted for clarity.

Table 4 Results of the continuous shape measure of tNe &rd YbN polyhedra in the structures of
[M(NH 3)g] 2(Ss)2(Se)- 3NHs, with M = Er or Yb.

\deal CShM / % CShM / % CShM / % CShM / %
Shape (Er(1)Ns (Er(2)Ns (Yb(1)Ns (Yb(2)Ns
polyhedron) polyhedron) polyhedron) polyhedron)
OP-8 30.276 29.357 29.354 30.180
HPY-8 22.802 23.137 23.301 22.795
HBPY-8 15.858 17.043 16.924 16.193
CuU-8 9.110 10.357 10.400 9.356
SAPR-8 0.421 0.244 0.237 0.353
TDD-8 1.667 2.164 2.279 1.809
BTPR-8 1.958 1.982 2.071 1.977

Beside two [M(NH)g]®>" cationic complexes the structure contains threeepeddent
polysulfide chains, two @EFchains and one §pchain (Figure 17 and Figure 18). The
asymmetric unit contains the full sum formula irtthg three free ammonia molecules, which

are not bound to the cations or the polysulfidaereharhe positions of the hydrogen atoms of

the free ammonia molecules were not found in tifferéinceFourier maps. Each of the three
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polysulfide chains carries two negative chargeatkat formally on the terminal sulfur atoms.

The polysulfides form spiral chains with interateri-S distances ranging from 2.04 to 2.07 A
in [Er(NHs)s]2(Ss)2(Se)-3NHs and from 2.04 to 2.09 A in [Yb(N$k]2(Ss)2(Se)- 3NHs (Table 5

and Table 6), which is similar to the interatomistances found ingSnolecules. S-S-S angles

within the chains ranging from 105 to 111 ° aredgpfor angles within polysulfide chains.

Csi
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Figure 17: The three independent polysulfide chains in thecture of [Er(NH)s]2(Ss)2(Ss)- 3NHs. The
displacement ellipsoids represent a probabilitg@o.

Table 5 Bond lengths of the three independent polysulfideains in the structure of
[Er(NHs)e]2(Ss)2(Se)- 3NH.

Atoms | Bondlength/ A| Atoms | Bondlength/A] Atoms | Bod length/ A

S1-52 2.042(3) S6-57 2.035(3) S12-513 2.049(2)

S2-S3 2.051(3) S7-S8 2.055(3) S13-S14 2.056(3)

S3-S4 2.061(3) S8-S9 2.074(2) S14-S15 2.067(3)

S4-S5 2.059(2) S9-S10 2.062(2) S15-S16 2.051(3)
S10-S11 2.044(2)
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Figure 18 All independent polysulfide chains in the struetwf [Yb(NH)s]2(Ss)2(Ss)- 3NHs. The
displacement ellipsoids represent a probabilitg@o.

Table 6 Bond lengths of the three different polysulfidems in the structure of [Yb(Ng#]2(Ss)2(Se)

-3NHs.

Atoms | Bondlength/ A|] Atoms | Bondlength/ Al  Atoms | Bod length/ A
S1-S2 2.064(3) S7-S8 2.077(3) S12-S13 2.078(3)
5253 2.080(3) S8-S9 2.072(3) S13-S14 2.066(3)
S3-S4 2.087(3) S9-S10 2.068(3) S14-S15 2.090(3)
S4-S5 2.069(3) S10-S11 2.048(3) S15-S16 2.092(3)
S5-S6 2.038(4)

In Figure 19 and Figure 20 the unit cell of [Er(B#k(Ss)2(Se)- 3NHs is exemplarily shown

from two different viewing directions. Neither thenthanide ammine complexes nor the

polysulfide chains are placed on special positiarthie unit cell. All atoms are placed on the

generalWyckhoffposition 4. The viewing direction along the crystallographiaxis shows

that the [M(NH)s]®** complexes are apparently positioned in layers quetigular to the
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crystallographi@-axis. Voids between the complexes are filled i polysulfide chains and
the free ammonia molecules. Hydrogen bonds betweeH atoms of the ammine ligands and
the S atoms of the polysulfide chains stabilizeaihire structure. All hydrogen bonds between
the hydrogen atoms and the donating sulfur atorowshn Figure 19 are bonds shorter than
2.90 A. Therefore, all drawn hydrogen bonds hanemaonable influence on the structure, since
all are shorter than the sum of tren-der-Waalsadii of hydrogen and sulfurgw(H) + raw(S)
=3.00 A)

Figure 19 A view of the extended unit cell of the structwfe[Er(NHs)s]2(Ss)2(Ss)- 3NHs along the
crystallographic-axis. All atoms are drawn as spheres with arhyitradii. Hydrogen bonds are drawn
with dashed lines.
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Figure 20 View of the extended unit cell of the structure[Br(NHs)s]2(Ss)2(Ss)- 3NH: along the
crystallographid-axis. All atoms are drawn as spheres with arlyitradii. All hydrogen atoms of the
ammonia molecules are omitted for clarity.
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3.1.3 [Yb(NHa)s]2(S5)2(Ss) - 4NHs

[Yb(NH3)g]2(S5)2(Ss) - 4NHsforms in bright yellow block shaped crystals. Theystallize in
the tetragonal space groW#:2:2 with the lattice parameteis = 9.6150(2) A andc =
43.6485(10) AP4,2:2 is an acentric space group implying enantiomaigms arrangements
with either a 4 screw axis or adscrew axis present in the structure. The analgrgstal only
consisted of the enantiomer with thesdérew axis, indicated by an absolute structurarpater
of 0.037(10), which is zero within the standardidggn. The unit cell contains 4 formula units
and the asymmetric unit contains one half of a tfdenunit. The image of thekDplane (Figure
21) shows clearly separated reflections alongtkexis, which legitimates the length of the

axis of more than 40 A.

[
L LTI

ff_::T b*

Figure 21 Reconstructed precession image of thd Plane of the investigated crystal of
[Yb(NH3)g]2(Ss)2(S)- 2NHs. The reciprocal unit cell is shown in red.
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The structure of [Yb(NB)g]2(Ss)2(Ss) - 4NHs contains 3 different building units. The first
building unit is a homoleptic ammine complex witletcentral atom Y. Ytterbium is
surrounded by 8 ammine ligands forming a polyhedfigure 22) that can be described as
triangular dodecahedromi4s). A continuous shape measure gives a very smalatien of
0.139 % from an ideal triangular dodecahediDs) (Table 7). The positions of the hydrogen
atoms of the ammine ligands were not found in iferénceFourier map. They were placed
on geometrically calculated positions and refingdulsing the riding model. The YbN
distances range from 2.43 to 2.48 A. This is sigaiftly shorter as found for ¥bin the
structure of [Yb(NH)g]l2, where the YB-N distances range from 2.61 to 2.75A

Figure 22 Coordination of YB" in the structure of [Yb(NbJs]2(Ss)2(Ss)-4NHs. The displacement
ellipsoids represent a probability of 50%. The loggm atoms are drawn with arbitrary radii. Intenato
distances are given in A.
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Table 7. Result of the continuous shape measure of thegYjppdlyhedron in the structure of
[YB(NH23)s]2(Ss)2(Ss)*4NHs.

Ideal Shape CShM /%
(YbNs polyhedron)
OP-8 33.051
HPY-8 24.327
HBPY-8 14.716
CuU-8 7.878
SAPR-8 2.604
TDD-8 0.139
BTPR-8 2.336

The other building units in the structure are poliide chains (Figure 23) of two different
lengths, ($) chains and (§ chains. Both chains are twofold negatively chdrgeath the
negative charges are located on the terminal sathms. The polysulfides can be described as
spiral chains with S-S-S angles the chain of 118r&f 111.2° for the €& and 111.4° for the
(S4)? chain. Interatomic distances between the sulfamatare in the expected region between
2.04 and 2.10 A. Hence, the bond lengths are caabjeto the ones in the structures presented
above. Within the (§2 chain the torsion angle is close to rectanguldramounts to 89.5 °.

sS4
o1 S5 S7
/’ \ \ S7!
S2
—{ s3

Figure 23 The two independent polysulfide chains in thacttre of [Yb(NH)s]2(Ss)2(Ss)- 4NHs. The
displacement ellipsoids represent a probabilitp@P6. The index indicates the following symmetry
operation: 1%, -1+y, 1z
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Figure 24 View of the unit cell of the structure or [Yb(NH2(Ss)2(Ss) - 4NH along the
crystallographic-axis. All atoms are drawn as spheres with arhitradii. The hydrogen atoms bound
to the N atoms of the ammonia ligands are omittedlarity.

The (S)% chains run along the crystallographiaxis. With their torsion angles of roughly 90°,
they form rectangular channels running along theczew axes at the cell edges and in the
middle of the cell. Neither cationic complexes free ammonia molecules are placed in these
channels. The €% anions and the [Yb(N)]®* cationic complexes form stacks along ¥z 0,
and 0, ¥2z. Within the stacks, anions and cationic complexesalternating and they are linked
via N-H- - - S hydrogen bonds. In Figure 25 the caotmreia hydrogen bonds within the stacks
is shown. The shown N-H---S hydrogen bonds haveSHistances ranging between 2.54 A
and 2.91 A. These bond lengths are significantlyrteln than the sum of thean-der-Waals
radii of sulfur and hydrogenJ(H)+raw(S) = 3.00 A7), The corresponding N-H- - - S angles
range between 141.8° and 176.1°. Beside the cdonaga hydrogen bonds, Figure 25 allows
for the explanation for the very lorgaxis of 43.65 A. The stacks of alternating){Sanions
and the [Yb(NH)g]®* cationic complexes run along astrew axis. Therefore, 4 units of anions

and 4 units of cationic complexes are necessarg fall repeating unit.
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43.65 A

Figure 25: Chain formation vidN-H- - S hydrogerbonds witlin the structure of [Yb(Nk)s]2(Ss)2(Ss)- ANHs. The chain
of connected cations and anions parallel to the crystallographgaxis. All atoms are drawn with arbitrary radii.



3.1.4 [Yb(NH3)7($03)]2(Ss)- NH3

During an attempt to reproduce the synthesis of (IN)s]2(Ss)2(Ss)-4NHs the reaction
ampoule contained accidentally traces of oxygen randture. The formed product was a
different polysulfide, namely [Yb(N7(S20s)]2(Ss)-NHs . It crystallizes in the acentric
monoclinic space groupc with the lattice parametess= 15.0761(8) Ab = 22.7055(12) A¢

= 12.4593(6) A ang@ = 126.880(2)°. The crystal structure consistsSef( polysulfide chains,
ytterbium ammine complexes with one ammine ligantasstuted by a thiosulfate ligand and a
free ammonia molecule. In the complex [Yb(HS:0s)]", thiosulfate coordinates the

ytterbium ion as monodentate ligand via one obxXggen atoms (Figure 26).

N3

N9

Figure 26 Coordination of the two independent 3%b ions in the structure of
[Yb(NH3)7(S203)]2(Se)- NHs. The displacement ellipsoids represent a proltaiifi50 %. The atoms O6
and O6A are drawn with arbitrary radii. The hydnogdgoms bound to the N atoms of the ammonia
ligands are omitted for clarity.

Each Ytterbium is located on a general site asdigounded by seven ammine ligands and one
thiosulfate ligand. The positions of the hydrogémnas of the ammine ligands were not found
in the differenca~ourier map. They were placed on geometrically calculgtesitions and
refined by using the riding moddlhe resulting coordination polyhedra can be bestmiged

as square antiprismB4g). The deviation from the ideal shape was calcdlatea continuous
shape measure to 0.223 % for Yb1l and 0.337 % f@, Ydspectively (Table 8). The Yb-N
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bond lengths, ranging between 2.43A-2.49A in Yb{ONand 2.40A-2.47A in Yb(2)D,
respectively, legitimate to assume Yb in the oxatastate +IIl. For Yb-N bond lengths with
Yb in the oxidation state +II longer bond lengtiie expected (2.61A-2.77A). The observed
bond lengths within the thiosulfate ligand are $amio those found for non-coordinating
thiosulfate ions (Figure 27). Since the thiosulfigtéwvo-fold negatively charged and Yb is in

the oxidation state +lll, the whole [Yb(NH(S203)]* complex gains one positive charge.

Table 8 Results of the continuous shape measures of indépendent YbRO polyhedra in the
structure of [Yb(NH)7(S:03)]2(Ss)- NHs.

CShM / % CShM / %
Ideal Shape
(Yb(2)N7O polyhedron) | (Yb(2)N7O polyhedron)
OP-8 29.304 30.210
HPY-8 23.081 22.338
HBPY-8 16.962 17.061
CuU-8 10.201 10.112
SAPR-8 0.223 0.337
TDD-8 2.580 2.403
BTPR-8 2.396 2.126
S2
&
3 201 pm
S1
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Figure 27: The thiosulfate ion in the structure of [Yb(BHS:0s)]2(Ss)- NHs with bond lengths given
in A (left) and the Lewis formula of a free thiofaik ion with typical bond lengths (rigf). The
displacement ellipsoids represent a probabilitg@fo.
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The ($)? polysulfide chain is helically shaped (Figure a8yl two-fold negatively charged. S-
S bond lengths are on an average of 2.07A. Heheg,adre in the expected range for S-S bond
lengths in polysulfides and comparable to the olexkrbond lengths in the polysulfides
presented in the previous chapters.

Within the unit cell all atoms are located on gahesites. Therefore, the asymmetric unit
contains the full sum formula. In Figure 29 the tucell is shown from two different
perspectives. Hydrogen bonds stabilize the stractihe N-H'S hy drogen bonds ranging
between 2.56 A - 3.01 A, with N-+6 angles ranging between 125.6° - 176.1°. For N3H
hydrogen bonds HO distances between 2.05 A — 2.63 A with N® angles ranging from
141.8° to 176.6° were observed. A table with alllimgen bonds listed can be found in the

appendix.
s S6 s5
10 w
k, S8
Y

Figure 28 The (3)* polysulfide chains in the structure of [Yb(WHS:Os)]2(Ss)-NHs. The
displacement ellipsoids represent a probabilit@o.

Figure 29 A view of the unit cell of [Yb(NH)7(S:03)]2(Ss)- NHs along the crystallographi&axis (left)
and along the crystallographieaxis (right). All atoms are drawn with arbitragdii. Hydrogen bonds
are drawn with dashed lines.
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Table 9 lonic radii of selected lanthanoid ions for the coordinatiambers 8 and 9.

lon  Coordination Number Radius / A

. 8 1.219
sn 9 1.272
. 8 1.206
Ew 9 1.260
. 8 1.144
Er 9 1.202
8 1.125

3+
Yb 9 1.182

In Table 9 the ionic radii of the lanthanoid iorsed in course of this work are listed. The two
smaller ions BY and YB™ preferred in their homoleptic ammine complexesdberdination
number 8 in comparison to Euand Sm* with coordination number 9. Elemental europium
and ytterbium are soluble in liquid ammonia similarthe alkaline earth metals due to the
formation of bivalent metal ions and solvated elmts!’>! (Equation 2). Gradual removal of
ammonia leds to the formation of a solid soluticostaining hexaammoniates [M(N)d] (with

M = Eu or Yb)["®. The results of this work presented so far shoat the intermediary
[M(NH3)r]?" complexes in the liquid phase probably contain enammine ligands than

expected from their solid solutions.

I|q NH3 24 _
M) —— Mn,) + 2 €, for M =Euor Yb

Equation 2: Dissolution of Eu or Yb in liquid ammonia.

In all experiments, a dark blue solution was forroadlissolution of the metal. The blue color
originates from the solvated electrons and is alesed by the main species formed by the
dissolution of sulfur in liquid ammonia, they Sradical’”). The reaction sequence for the
formation of S~ radicals in liquid ammonia is schematically shawirigure 30. Starting with

a nucleophilic cleavage of the cyclig, $he intermediate #NSg” will be degraded to8l" and

H>S. The hydrogen sulfide reacts with ammonia anflisédrming ammonium polysulfides.
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In the last step the polysulfides form the &dical by dissociation or disproportionation. §hi
reaction scheme is based on different spectrosco@thods and describes one possible

pathway.

H,N +Sg — H,NSg — S;N"+H,S HSe (NHy),S, — ;-

l

SN +3S

Figure 30 Forming mechanism scheme for the @dical in liquid ammonia. The scheme is takemfro
the literaturé’® and slightly modified.

The resulting reaction products presented in tlaptehs 3.1.1-4 show that the $adicals are
capable to oxidize Etiand YI3* to the oxidation state +I1l while being reducectpolysulfide
with two negative charges. Whether the formation [&M(NHs)9]2(Ss)s-2NH: and
[Er(NHz3)s]2(S5)2(Ss)- 3NH: follows the same pathway as described for [Eu{bE{(Ss)s- 2NHs
and [Yb(NH)9]2(Ss)2(S4)- 4NHs is not known. No literature exists dealing witle tissolution

of Er and Sm in ammonia under supercritical condsi
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3.1.5 [Eu(NH)s]2(Se)(Se)

The compound [Eu(Nko]2(Se)2(Se) is of dark-red color and forms rod-shaped crgstdl
crystallizes in the centric space grdeh/c with the lattice parameters aae 15.2468(3) Ab

= 15.8655(3) A,c= 13.7139(3) A angt = 101.8530(10) °. The crystal structure contains
homoleptic europium ammine complexes with the ewrapcoordinated by nine ammine
ligands. The positions of the hydrogen atoms ofahenine ligands were not found in the
differenceFourier map. They were placed on geometrically calculptesitions and refined by
using the riding model. The EyNMoordination polyhedron can be described as cappedre
antiprism Cav) or as tricapped trigonal prisnD4,). A calculation of the continuous shape
measure with the program SHAPE gives a deviatiomfan ideal capped square antiprism of
0.107 % and a deviation of 1.101 % from an idaehpped trigonal prism (Table 10). So the
capped square antiprism is the best choice to itbesttre coordination polyhedron. The Eu-N
distances in the [Eu(N$b]3* complex range between 2.55 A and 2.67 A. Thiomsmarable

to the [Eu(NH)g]** complex in the polysulfide structure discussethia chapter 3.1.1 above.

In the crystal structure, two different polyselesgdare present.

Figure 31 Coordination polyhedron of Elin the structure of [Eu(Nbk]2(Se)2(Se). Displacement
ellipsoids represent a probability of 50 %. Hydnoggéoms bound to the N atoms of the ammonia ligands
are omitted for clarity.
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Table 10 Result of the continuous shape measure calcuolatieghe EuN polyhedron in the structure
of [EU(N H3)9]2(SQ)2(SQ).

Ideal Shape CShM /%
(EuNg polyhedron)

EP-9 37.429

OPY-9 22.400
HBPY-9 19.396

JTC-9 16.372
CCU-9 9.523
CSAPR-9 0.107
TCTPR-9 1.101

One of the present polyselenide anions in this tatystructure has the simplest
polychalcogenide motif, a dumbbell unit of §Be The (Se)? unit is isoelectronic to Biwith

14 valence electrons. Therefore, theof8embbell has two negative charges. The lengtheof
Se-Se bond in the dumbbell amounts to 2.38 A. iBhise same Se-Se bond length as observed
in NaxSe". The second polyselenide motif present in thiscstire is a (S9? unit. The angle

in this bent chain is 110.1 ° and therefore clastheé expected angle of 109.5 ° according to
the VSEPR model. The Se-Se bonds of 2.34 A and R.8& normal Se-Se bonds (2s¢=

2.34 A4, There are no interactions between the polysgéedhains in this crystal structure.
The nearest Se---Se contact (4.47 A) is much Iahgertwice thevan-der-Waalgadius of
selenium (2kw = 3.80 A).

Se2
Se5

Se7
Se3
‘b’ Seb
Sel Se4

Figure 32 The three independent polyselenides in the stracbf [Eu(NH)q2(Se)x(Se). The
displacement ellipsoids represent a probabilitg@o.

There are some short N-H---Se contacts with H-dissances below 2.9 A in the crystal

structure indicating the presence of hydrogen bundh the structure. The hydrogen bonds
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stabilize the polyselenide ions and connect thetheacationic ammine complexes. In Figure
33 the unit cell is shown in projections alongcthgstallographi@-axis and the crystallographic
c-axis. The hydrogen bonds are depicted as thireddittes. The [Eu(NEg]®* complexes are
arranged in rods that are running parallel to thgstallographica-axis. These rods are
connected via hydrogen bonds to the polysulfidermiocated in between the cationic rods.

Figure 33 View of the unit cell of the structure of [Eu(Md2(Se)2(Se) along the crystallographa
axis (left) and along the crystallograplti@xis (right). All atoms are drawn as spheres \aithitrary
radii.

Table 11 Interatomic distances within the [Eu(Mb]®>" complexes and within the polyselenides in the
structure of [Eu(Nh)q]2(Se)(Se).

Atoms Bond length/ A Atoms Bond length/ A
Eu(l) - N(3) 2.575(9) Eu(l) - N(7) 2.634(9)
Eu(l) - N(9) 2.586(9) Eu(l) - N(5) 2.634(9)
Eu(l) - N(1) 2.587(9) Se(1) - Se(2) 2.3604(17)
Eu(l) - N(4) 2.605(9) Se(2) - Se(3) 2.3411(16)
Eu(l) - N(2) 2.605(10) Se(4) - Se(5) 2.3786(15)
Eu(l) - N(8) 2.618(9) Se(6) - Se(7) 2.3834(15)
Eu(l) - N(6) 2.628(9)
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3.1.6 [Sr(en)](Tes)

Crystals with the composition [Sr(af(les) have a needle-shaped habitus and are of dark red
appearance (Figure 34). The compound crystallizéla monoclinic space grolg2:/n with

the lattice parametess= 9.0927(6) Ab = 13.5636(9) Ac = 17.7260(8) A anft = 95.569(4) °.

The structure of consists of cationic strontiumykghediamine complexes and anionic {jfe

units in the ratio 1:1.

20 um

Figure 34: Image of a crystal with the composition [SrifT)es) immersed in perfluorinated oil.

Strontium is surrounded by four ethylenediaminearids forming a SriN coordination
polyhedron which is best described as twofold-cdppiggonal prism Co) (Figure 35). A
continuous shape measure calculation gives a daviat 1.545 % from the ideal shape (Table
12). The positions of the hydrogen atoms of thglettediamine ligands were not found in the
differenceFourier map. They were placed on geometrically calculptesitions and refined by
using the riding model. The bond lengths betweéi &1d the coordinating N atoms range
between 2.69 A and 2.77 A. Hence, they are simtidaBr-N bond lengths found in other

strontium amine complexes, as in the structur&satiid)(triethylenetetraminelf}”.
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Figure 35 Coordination polyhedron of Brin the structure of [Sr(eg{Tes). The displacement
ellipsoids represent a probability of 50 %. All hgden atoms are omitted for clarity.

Table 12 Result of the continuous shape measure of thes $lyhedron in the structure of
[Sr(en)](Tes).

Ideal Shape CShM /%
(SrNs polyhedron)
OP-8 32.987
HPY-8 23.461
HBPY-8 15.133
CuU-8 10.263
SAPR-8 2.718
TDD-8 2.212
BTPR-8 1.545

The anion in the presented structure is a polyidbucomposed of three tellurium atoms
(Figure 36). The (T# unit is twofold negatively charged with each tarah tellurium atom
formally carrying one negative charge. Accordinghte VSEPR theory, Te2 is an AB type
atom, where A represents the central atoms, X@mndihg electron pairs and E are free electron
pairs located on the central atom A. Therefore, blent (T€) unit in the structure of
[Sr(en)]Tes follows the expectation with a Te-Te-Te angle A0b°. The interatomic
distances Tel-Te2 and Te2-Te3 are well comparaitietwice the covalent single bond radius
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of tellurium (2e = 2.74 A). The smallest intermolecular distancevieen two (T€)? units
amounts to 5.80 A and is therefore longer thanewevander-Waalsradius of tellurium.
Interactions between neighboring gFeions have not to be considered.

Te2

T
Tel e3

Figure 36 The Te? ion in the structure of [Sr(es)jTes). Bond lengths are given in A. The displacement
ellipsoids represent a probability of 50 %.

In Figure 37 the unit cell of the crystal structigelepicted. The unit cell contains four formula
units. All atoms are placed on a general site withWyckhoffposition 4. The structure can

not be derived from a simple salt structure type.

Figure 37: A view of the unit cell of the structure [Sr(6}iTes) (left) and a view on the unit cell along
the crystallographie-axis. All atoms are drawn as spheres with arlyitradii. Hydrogen atoms bound
to the C and N atoms of the ethylenediamine ligamdsomitted for clarity.
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3.1.7 [Eu(NHB)o]2(Tes)s, [Ba(NH3)s](Tes) and [Ca(en)](Tes)-0.5en

[Eu(NHs)g]2(Tes)s crystallizes in the triclinic space grold with the lattice parametees=
10.6034(3) Ap = 13.3138(2) Ac = 16.5630(5) Ap = 90.265(2)°p = 104.4930(10)° ang=
90.493(2)°. The lattice parameters show that thecttre is close to the monoclinic crystal
system. The platelet-shaped crystals are of argarkppearance. [Ba(N}H](Tes) crystallizes

in the monoclinic space group 2i/c with the lattice parameters = 11.3006(4) Ab =
25.5827(10) Ac = 13.5640(5) A ang = 90.023(2)°. Crystals of [Ba(N§t](Tes) have a platy
crystal habit and are of black metallic appearambe.investigated crystal of [Ba(N)d](Teas)
was a twin with one domain rotated by 180° arouneddrystallographic-axis. The ratio of the
twinned domains was refined to 73.4 : 26.6. Like thystals of [Ba(Nk)s](Tes), crystals of
[Ca(en)](Tes)-0.5en have a platy crystal habit and are of blawtallic appearance.
[Ca(en)](Tes)-0.5en crystallizes in the orthorhombic space gré&dbca with the lattice
parametera = 16.7867(4) Ab = 17.0564(7) A and = 17.1660(7) A. All three compounds are
not stable against exposition to air and can ndtdmelled at room temperature.

All three crystal structures have 4Tjgolytelluride chains as the common structural maéts
cations in the structures, divalent or trivalems@oordinated by solvent molecules of ammonia
or ethylenediamine are present. Eu and Ba are twtedl by ammonia forming homoleptic
ammine complexes. Eu is surrounded by nine ammuooiacules whereas Ba is surrounded
by eight ammonia molecules. The coordination palya®f the two independent Eu complexes
can best be described as capped square antip&sA continuous shape measure shows a
deviation from the ideal shape amounting to 0.258rfkb 0.394 % respectively (Table 13). In
Figure 38, the coordination of both independenatums and the coordination polyhedron of
Eul is exemplarily shown. The coordination polyleedof Eu2 is not shown since it is almost
identical to the one of Eul. The Eu-N bond lengtirge from 2.56 A to 2.66 A. These bond
lengths are typical for europium ammine complexéh wuropium in oxidation state +Ill. A
continuous shape measure of the coordination pdhghef both Bal polyhedra (Figure 39)
results in different ideal shapes as the respebiat description. The Ba(1)N8 polyhedron is
best described as twfold-capped trigonal pri€y)(with a deviation from the ideal shape
amounting to 1.330 %. For the Ba(2)pblyhedron a triangular dodecahedrbadj is the best
description with a deviation amounting to 1.361T™be interatomic distances between Ba and
N within the ammine complexes range from 2.82 2@9 A. The displacement ellipsoid of
N6 came out as very small and not spherically sthafie explanation could be falsified data
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because of absorption effects. Due to the twinnihg, absorption correction could not be
carried out in a satisfying way.

In [Ca(en)](Tes)-0.5en, Ca is surrounded by 4 en ligands andheasdordination number 8.
The resulting coordination polyhedron can be bestdbed as triangular dodecahedrpy)

for all four possibilities resulting from the dislar. The deviations from the ideal shape, which
were calculated via a continuous shape measuresagd between 0.786 % and 1.186 %. The
Ca-N bond lengths are between 2.46 A and 2.66 Atyamieal for bond lengths in calcium
ethylene diamine complexes. Two of the en ligamdslasordered. The occupation factors were
refined to 61.4 : 38.6 (C2B/N2B:C2A/N2A) and 71728.3 (C4A/N4A:C4B/N4B).

In all three crystal structures, the positionshaf hydrogen atoms of the ammine ligands or the
ethylene diamine ligands, respectively, were nointbin the differencé&ourier map. They

were placed on geometrically calculated positions r@fined by using the riding model.

N16
N18
le‘l- N15
X

N13

N1
N8
N2
~ f}‘
ul

E

N4

N12

Figure 38 Coordination of Eul and Eu2 and the respectivardination polyhedron of Eul in the
structure of [Eu(NH)o]2(Tes)s. The displacement ellipsoids represent a prolabif 50 %. The
hydrogen atoms bound to the N atoms of the amnima@ads are omitted for clarity.
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Figure 39 Coordination of B in the structure of [Ba(Nk](Tes). The displacement ellipsoids
represent a probability of 50 %. The hydrogen atbmsd to the N atoms of the ammonia ligands are
omitted for clarity.

Figure 40. Coordination of C# in the structure of [Ca(ef)jTes)-0.5en. The displacement ellipsoids
represent a probability of 50%. Atoms N2A/C2A andBXC4B are drawn in transparent mode and
represent a disordering of 38.6% and 28.3%, resedct The hydrogen atoms bound to the C and N
atoms of the ethylene diamine ligands are omitbeatarity.

58



Table 13 Results of the continuous shape measures of thé polyhedra in the structure of
[EU(NHg)g]z(T&)g.

Ideal Shape CShM /% CShM / %
(Eu(1)Ns polyhedron) | (Eu(2)Ns polyhedron)

EP-9 37.205 36.933

OPY-9 22.313 22 611
HBPY-9 20.106 19.739

JTC-9 16.085 15.799
CCU-9 8.830 9.103
CSAPR-9 0.250 0.394
TCTPR-9 0.565 0.508

Table 14 Results of the continuous shape measures of tids Polyhedra in the structure of
[Ba(NHs)g](Tes) and of the Cablpolyhedron in the structure of [Ca(g)es)- 0.5en.

\deal Shape CShM /% CShM / % CShM /%
(Ba(1)Ns polyhedron) | (Ba(2)Ns polyhedron) | (Ca(1)Ns polyhedron)

OP-8 31.665 32.857 33.055

HPY-8 23.007 22.363 23.943

HBPY-8 13.904 14.170 16.650

CU-8 9.583 9.408 11.551

SAPR-8 1.589 1.671 2.953
TDD-8 1.448 1.361 0.786
BTPR-8 1.330 1.559 2.495

The anionic part in these three crystal structanes (Te)> units. All (Te)? units can be
described as oligomeric zigzag chains that aredldafiegatively charged. Figure 41, Figure
42 and Figure 43 show the independent polytelluciteins of the structures. In the structure
of [Eu(NHs)o]2(Tes)s, all Te-Te bond lengths are between 2.73 A and A.76hese distances
compare well with twice the covalent radius of Zee = 2.74 A. The dihedral angles within
the polytelluride chains in [Eu(N$b]2(Tes)s are all between 83.1 and 86.9°. Therefore, they
indicate the gauche conformation of these aniohs.closest intermolecular Te--- Te distance
amounts to 3.751 A. Therefore, this and other mtéecular distances (3.762 A — 3.824 A) are
shorter than twice theran-der-Waalsradius of Te, 2wiw(Te) = 4.12 A. Taking these
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interactions into account would lead to a threeeatisional polytelluride network. The resulting
polytelluride did not show any similarities to othpiblished polytellurides and would contain
very small Te-Te-Te angles of 64.75 ° and 67.1faf &re chemically not reasonable. However,
the consideration as isolated gFeunits led to a crystallographic and chemical reabte
result.

In contrast to the isolated (#€& units in the structure of [Eu(Nb]2(Tes)s, intermolecular
interactions have to be considered in the strustutd [Ca(en](Tes)-0.5en and
[Ba(NHs)s](Tes). The present intermolecular Te- - - Te distancesiatio 3.55 A and 3.56 A in
[Ba(NHs)s](Tes) and to only 3.28 A in [Ca(es]{Tes)- 0.5en, respectively. These noncovalent
interactions lead to chain formations in both swiues (Figure 44 and Figure 45). The Te7-
Te8-Te3 and Te3-Te4-Ted@ngles in [Ba(NB)s](Tes) as well as the Te2-Tel-Tedngle in
[Ca(en)](Tes)-0.5en are close to linearity, ranging from 168170°. Hence, Te8 and Te4 in
[Ba(NH3)g](Tes) and Tel in [Ca(en)(Tes)-0.5en are partially hypervalent. Beside the bond
length between Tel and Te2 (2.84 A) in the cryattalcture of [Ca(en)(Tes)-0.5en, all Te-Te
bond lengths within the covalently bound {feunits are between 2.72 A and 2.76 A. The
slightly elongated bond length is caused by a bumnditeraction between Tel and Te4 of the
adjacent polytelluride chain. The dihedral anglébiw the polytelluride chains in the structure
of [Ca(en)](Tes)-0.5en and [Ba(NkJs](Tes) range between 97.6 and 100°. Hence, they are in
gauche conformation.

In 2013Kysliak published the non isotypic crystal structure oh{MHs)e]Tes 8 containing a
(Tes)? unit that is very similar to those found in [CaX@fTes)-0.5en. The (T4% unit in
[Mn(NH3)e](Tes) also has one slightly elongated bond length withe chain of 2.87 A beside
two typical Te-Te bond lengths of 2.76 A and 2.75TAe torsion angle of 99.9 ° indicates
gauche conformation and a noncovalent intermoledotaraction amounting to 3.25 A leads
to chain formation.

In the described crystal structures the size of ¢hBonic complex correlates with the
intermolecular Te---Te distances in inverse prapar{Therefore, in Figure 49 a spherical
approximation to the size of the cationic complagseshown. Although the structures described
here support the thesis that the intermolecular-Te- distances are adjustable with the size of
the cationic complexes, the structure of [Mn@HH{Tes) shows that there have to be additional
reasons as well e.g. packing effects.

60



Tel Te8
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Te2
Te5
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Te9

TelZ
Tel0
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Figure 41: The three independent polytelluride chains in ttrecture of [Eu(NH)o]2(Tes)s. The
displacement ellipsoids represent a probabilitg@o.

Table 15 Bond lengths within the polytelluride chains retstructure of [Eu(NEJo](Tes)s.

Atoms | Bondlength/ A| Atoms | Bondlength/A] Atoms | Bod length/ A
Tel-Te2 2.746(1) Te5-Te6 2.731(2) Te9-TellO 2.743(2)
Te2-Te3 2.757(1) Te6-Te7 2.751(2) |  TelO-Tell 2.754(1)
Te3-Te4 2.747(2) Te7-Te§ 2.732(2) | Tell-Tel2 2.742(1)
Te5
Ted 5 749 Te3 Tel

Te7

Figure 42 The two independent polytelluride chains in tracture of [Ba(NH)s|(Tes). Bond lengths
are given in A. The displacement ellipsoids repmesgprobability of 50%.

Te4

Figure 43 The polytelluride chain in the structure of [Qa¥§(Tes)- 0.5en. Bond lengths are given in
A. The displacement ellipsoids represent a prolglaif 50%.
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v, Te2!

Figure 44 The chain formation between individual g¥e anions in the structure of
[Ca(en)](Tes)-0.5en. The displacement ellipsoids represenblagmility of 50 %. The indicesndicate
the following symmetry operations) 8/2-x, -/2+y, z (i) 3/>-x, Y=+y, z

Te5

Figure 45 The chain formation of individual (Bg anions in the structure of [Ba(NJd|Tes. The
displacement ellipsoids represent a probability@f46. The index indicates the following symmetry
operation: -1%,y, z

Figure 46, Figure 47 and Figure 48 show extenddédcelis of the three polytellurides bearing
crystal structures. None of these crystal strustaes be straightforward derived from a simple
salt structure. The polytelluride units are arrahgea way that they can surround the cationic
complexes in all three structures. For the strectiffCa(eny](Tes)- 0.5en can be seen that the
infinite polytelluride chains run along the crysdagraphic b-axis. In the structure of

[Ba(NHs)s](Tes) the chains run along the crystallograpiaxis.

62



e © © ®
Figure 46 A view of the extended unit cell of [Ca(gli)es)-0.5en along the crystallograplaexis

(left) and along the crystallograpHieaxis (right). All atoms are drawn as spheres \&ithitrary radii.
The free en molecules, the bridging C atoms ofetiidigands and all hydrogen atoms are omitted for

clarity. Hypervalent Te-Te interactions are drawithwiashed lines.

k5

"

Figure 47: A view of the extended unit cell of [Eu(NH]2(Tes)s along the crystallograph&axis (left)
and along the crystallographieaxis (right). All atoms are drawn as spheres \aitbitrary radii. The
hydrogen atoms bound to the N atoms of the amnigaads are omitted for clarity.

G Eu
®N
@Te
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Figure 48 A view on the extended unit cell of [Ba(M)|(Tes) along the crystallograph&-axis (left)
and along the crystallographieaxis (right). All atoms are drawn as spheres \aithitrary radii. The
hydrogen atoms bound to the N atoms of the amngaeads are omitted for clarity. Hypervalent Te-Te
interactions are drawn with dashed lines.

@t

~3.84 ~334 ~294 284

Figure 49 Sherical approximation of the different cationdomplexes in the structures of
[Ca(en)](Tes)-0.5en, [Ba(NH)g](Tes), [Eu(NHs)o]2(Tes)s and [Mn(NH)e)](Tes). The approximated
spherical radii are shown below the respective dexap
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3.1.8 [Yb(NHz)s]a(Tez0)(Tes)2: 2NH3

The compound with the composition [Yb(Mel4(Tex)(Tes)2:2NHs crystallizes in the
monoclinic space group2i/c with the lattice parametess= 14.8371(4) Ap = 20.2111(6) A,

c = 14.6159(4) A an@ = 87.547(2)°. The crystals have a platy crystalithand are of black
metallic appearance. Crystals of [Yb(BJE4(Tex0)(Tes)2-2NHs are not stable against
exposition to air and they can not be handled @anrtemperature.

There are two independent ytterbium atoms in thgnagetric unit (Figure 50). Each is
surrounded by eight ammine ligands forming polyaethat can be best described as square
antiprisms. A continuous shape measure shows attmvifrom the ideal square antiprism
(D4g) that amounts to 0.482 % for the polyhedron of ntl 0.492 % for the polyhedron of
Yb2, respectively (Table 16). Both ytterbium atcens in the oxidation state +l1I. The ¥&N
distances verify the oxidation state +I11 with thieingths ranging between 2.40-2.49 A. Hence,
they are much shorter than those found in ammimeptexes with Yb in the oxidation state
+1, d(Yb?*-N) = 2.61-2.75 A", The positions of the hydrogen atoms of the amrtigaads
were not found in the differendéurier map. They were placed on geometrically calculated
positions and refined by using the riding model.

N4 N3 N5

N7

Yb2

N13 N8

N12 N2 N6 1
Figure 50 Coordination of YB' in the structure of [Yb(NJs]4(Tex)(Tes)2- 2NHs. The displacement

ellipsoids represent a probability of 50 %. Therdoggn atoms bound to the N atoms of the ammonia
ligands are omitted for clarity.
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Table 16 Results of the continuous shape measures of thds Yolyhedra in the structure of
[YDb(NH3)g]a(Tez0)(Tes)2- 2NHs.

Ideal Shape CShM 7% CShM /%
(Yb(1)Ns polyhedron) | (Yb(2)Ns polyhedron)

OP-8 30.482 30483
HPY-8 23.091 23.697

HBPY-8 16.010 16.356
CuU-8 8.905 9.540
SAPR-8 0.482 0.492
TDD-8 1.344 1.481
BTPR-8 2.021 1.592

Beside the ytterbium ammine complexes, the compaiordains two different oligomeric
polytellurides. One of them is a simple §fechain (Figure 52), which is bent with an angle of
106.3°. Within the (T§% chain, Te atoms are covalently bound with interatodistances
amounting to 2.75 A and 2.73 A.

The second oligomeric polytelluride in the cryss&ducture is a (T®) unit with an overall
charge of -8. The molecular shaped polytelluriddudt up of a centrosymmetric twelve-
membered ring, which has two additional {JTehains that are in opposite to each other (Figure
51). The average Te-Te bond length within thex{Tenit amounts to 2.86 A, which is about
0.1 A longer than the normal Te-Te single bond tlerand indicating that not all bonds are
classical Te-Te single bonds. Each of the termmaind atoms Tel0 and TéI@rries one
negative charge. All other charges are locatedamaovalently bound Te atoms. The atoms
Te4 and Tedare almost linear coordinated by Tefd Te5 with an angle of 173.2°. According
to the VSEPR model for an AKz system, a linear coordination is expected. Theeefid is
formally hypervalently bound in a three center f@lectron (4-3e) bond and carries two
negative charges. Ideally, the bonds on the hypamtig bound Te4 are of same length. The
found bond lengths between Te4 - Te5 and Te4 -amdunt to 2.86 A or 3.22 A, respectively.
Therefore, they are not symmetrically bound. Sunokymmetrical hypervalent bonds are
present in the anion [AgTE", with hypervalent Te-Te bonds of 2.87 A and 3.28'A The
common polyanionsl, which is isoelectronic to (B¢, has unsymmetrical hypervalent bonds
as found in the structure of Gswith I-I bond lengths that amount 2.84 A and 320821,
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The other formally hypervalently bound atoms arg Bad the symmetry generated Te7
According to the VSEPR model, it is an A% system for which a T-shaped coordination is
expected. The angles around Te7 of 95.1°, 87.31d@Ab° show the T-shaped coordination to
be well fulfilled. In the given environment, Te7shane negative charge. Therefore, the whole
molecule gains eight negative charges. All bondgdiszussed here are presented in Table 17.
If one half of the central ring is neglected (T@®9, Te4 TeB and Te§, the shape of the
remaining (Tes) chain shows large similarities to the (& anion in the structure of
[Zn(NHz3)s]2(Ters) published byKysliak in 201318, The main difference is the arrangement
around the respective linear gJeaunit. In [Zn(NH)s]2(Teis) a perfect cis configuration is
present whereas in [Yb(Nd#]4(Texo)(Tes)2: 2NHs a configuration between cis and trans is
present, indicated by a dihedral angle of 108.1°.

Te5 Te4d

Te4!

Te9

Figure 51 The (Teg® unit in the structure of [Yb(NkJs]4(Tex)(Tes)2- 2NHs. The displacement
ellipsoids represent a probability of 50 %. Theeixidindicates the following symmetry operationx,1-
-y, 22

Table 17 Bond lengths within the (t§% polytelluride in the structure of
[YDb(NH3)s]a(Te20)(Te€3)2: 2NHs.

Atoms | Bondlength/ A| Atoms | Bondlength/ Al Atoms | Bod length/ A
Tel-Te2 2.753(1) Te5-Te§ 2.827(1) Te8-Te9 2.801(1)
Te2-Te3 2.732(1) Te6-Te7 2.897(1) | TelO-Teéll 2.795(1)
Te4-Te5 2.863(1) Te7-Te8 2.751(1) Tell-Tel2 2.825(1)
Te4-Ted 3.223(1) Te7-Tel3 3.085(1) Tel2-Tel3 2.718(1)
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Figure 52 The (Te)? unit in the structure of [Yb(Nks]4(Tex)(Tes)2- 2NHs. Bond lengths are given in
A. The displacement ellipsoids represent a protiglaif 50 %.

Within the unit cell, the (T)® molecules are placed with their centers of gravithe middle

of four cell edges and one @B¥ molecule is placed in the middle of the unit c&he rings

of the molecules form channels that run parallghéocrystallographic-axis (Figure 53). These
channels are not filled by cations. Only the freensnia molecules are placed in those
channels. The (B¢ polytellurides and the cationic ammine complexisife voids between

the (Teo) molecules.

Figure 53 View on the unit cell of [Yb(NB)s]4(Texo)(Tes)2- 2NHs along the crystallographieaxis. All
atoms are drawn as spheres with arbitrary radidrbilyen atoms are omitted for clarity.
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3.1.9 [Eu(en)]Tes

The compound with the composition [Eu(gmgs crystallizes in the monoclinic space group
C2/c with the lattice parametess= 11.4252(3) Ap = 28.7635(9) Ac = 9.5547(3) A ang =
127.350(1)°. The crystals of [Eu(e[T)es have a platy crystal habit and are of black appeara
Figure 54 shows two reciprocal lattice images af analyzed crystal. The image of thi@
plane shows the crystal to consist of multiple dmsia-urthermore, the image of thk8 plane
shows a stacking disorder or a modulation presetig crystal structure. These problems were
present in all analyzed crystals and lead to problen the structure refinement, such as non
satisfactory quality factors and high residual &tat density. However, the crystal structure
could be solved. The Eu to Te ratio of 1:6 was icordd by EDX analysis (Table 18).

Figure 54: Two detailed parts of reconstructed precessiages of thén0l plane (left) and of thbk3
plane (right) of the analyzed crystal with the casifion [Eu(enj]Tes. The unit cell is drawn in red.
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Table 18 Results of the EDX analysis of a crystal of [E) es.

Measurement Eu / Atomic % Te / Atomic %
1 85.1 14.9
2 86.5 13.5
Average 85.8 14.2
Normalized 1.00 6.04

The cation in the crystal structure is an europietimylenediamine complex. Europium is
surrounded by four en ligands and is in the formatlation state +ll. The positions of the
hydrogen atoms of the ethylenediamine ligands wetdound in the differencEourier map.
They were placed on geometrically calculated pas#tiand refined by using the riding model.
The coordination polyhedron can be best descrikesl square antiprisnDg). A continuous
shape measure gives a deviation from an ideal scuatiprism of 0.804%. The other ideal
coordination polyhedra show larger deviations (€dll). Eu is placed on théyckhoffposition

4e with the site symmetry 2. The Eu-N bond lengthes guite uniform in the range between
2.52 and 2.59 A,

Figure 55 Coordination and coordination polyhedron of’Eim the structure of [Eu(esjYes. The
displacement ellipsoids represent a probability@o. All hydrogen atoms bound to the N and C atoms
of the en ligands are omitted for clarity. The ndéndicates the following symmetry operationx,iy,

Yoz
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Table 19 Result of the continuous shape measure of thegEadWhedron in the structure of
[Eu(en)]Tes.

Ideal Shape CShM /%
(EuNs polyhedron)

OP-8 28.517

HPY-8 22.779

HBPY-8 15.621
CuU-8 8.012
SAPR-8 0.804
TDD-8 1.735
BTPR-8 2.512

The other building block in the crystal structuf¢u(eny]Tes is a two-dimensional polymeric
polytelluride that forming layers in the a-c plasfehe crystals (Figure 56). These layers consist
of fused 14-membered rings and are stacked pemdadito the crystallographib-axis.
Within the layers, Te atoms of normal valence alaglypervalency are present. In Figure 57, a
detailed part of a layer with all different tellumh atoms is shown. According to the VSEPR
model, the hypervalent atoms Tel and Te4 areEAXystems. Therefore, linear bonding is
expected. The angles Te2-Tel-TE279.2°) and Te3-Te4-TeRL63.0°) are close to 180° and
show the expected linear bonding. The bond lenahsunt to 3.05 and 3.24 A, respectively,
and are in a typical range for this kind of hypéewdly bound tellurium atoms. Each linear
bonded tellurium carries two negative charges. itexatomic distance between Te2 and Te3
amounts to 2.70 A. This bond length indicates aatmw bonding between Te2 and Te3. Te2
does not carry any charges. According to the VSERel, Te3 is an AXE system carrying
one positive charge. For AK systems, atoms in a trigonal pyramidal coordametvith angles

at the central atom around 100° are expected. ahigkes at Te3 of 101.2°, 96.5° and 151.9°,

however, show a strong deviation from trigonal pyidal coordination.
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Figure 56. Section of one layer in the structure of [Eugfrge in a view along the crystallograptie
axis. The displacement ellipsoids represent a fmitityaof 50%. The hydrogen atoms bound to the N
and C atoms of the en ligands are omitted fortglari
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Figure 57: A detailed view of a section of the anionic layerthe structure of [Eu(egjfes. The
displacement ellipsoids represent a probabilits@¥. The index indicates the symmetry operation:
1%, Y, %>z

Figure 58 View of the unit cell of [Eu(en)Tes along the crystallograph@zaxis. All atoms are drawn
as spheres with arbitrary radii. The coordinatindigands are omitted for clarity.
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Each 14-membered ring of the anionic layer is twbifoegatively charged. In the viewing
direction along the crystallographieaxis, every ring contains an europium ethylenediam
complex in its center for charge balancing withimredayer (Figure 56). The rings of different
layers are shifted against each other. Therefarehannels running along the crystallographic
b-axis are formed.

In Figure 58 the closest distance between therdiffdayers is shown. The distance of 4.43 A
is significantly longer than twice th&an-der-Waalgadius of tellurium. Therefore, the energy
barrier for shifting or rotating single layers augti each other can expected to be low, which
might be the cause for the notorious disorder lirexéhmined crystals. The only interactions
between the layers are weak hydrogen bonds betthedmydrogen atoms of the coordinating

en ligands and the tellurium atoms.

Figure 59 Extended unit cell of [Eu(efjTes along the crystallographic-axis (left) and along the
crystallographi@-axis (right). All atoms are drawn as spheres witbitrary radii.
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3.2 Compounds containing Chalcogenidoarsenates

Chalcogenidoarsenates gained high interest folagtelecades because of their rich structural
variety, demonstrated by several review arti€&484 [ published in this field of research.
Most of the known chalcogenidoarsenates are symtrtb$n fluxest®®! or via solvothermal
syntheses in polar fluids such as ethylene diafitheammonid®®l, acetonitrilel® or water
[88]_

The main building unit of the investigated chalangearsenates is th&-tetrahedral As@
unit. Therefore, the basic structural motif is aQ¥)* anion e.g. in the structure of MsSs

[ or TIAsSe Y. No literature reports on discrete (As)feanions could be found. These
AsQs units are prone to condensation by forming dipydat(AsQs)* ions (with Q = $°2 or
Sel®) or to cyclic anions. The (AQs)® anion (with Q = %3 or Sel®¥) and the (AsSey)* 197!
anion are known as representatives for cyclic anwithout homonuclear bond formation. For
Q = S or Se, cyclic anions with homonuclear Q-Qdtmrmation are known. There are six-
membered rings with either one exo-cyclic chalcigeatom e.g. (QAsE) 617 or (QASQ)
(9811991 (with Q = S or Se) or two exo-cyclic chalcogenédems e.g. (A%es)? (with Q = S0

or Se 0 The six-membered rings are all in chair confdioma with the exo-cyclic
chalcogenide atoms placed in equatorial positiéis. tellurium, only cyclic anions with
homonuclear As-As bond formation are known. Thst fpublished telluridoarsenate of the
formula type (AsQs)* was [Ba(eny2(AssTes) by EisenmanrandZanglerin 1987192, puilt

up of a six-membered ABe>-ring and four exo-cyclic tellurium atoms. Therenis cyclic
selenidoarsenate of the formula type 4889* known, which shows the same structural motif
as the above mentioned (Ass)* ion. The only known (A&s) anion, with Q = S or Se, is
present in [K(2.2.2-crypt){AssSes) 1% or (pipHR[AsaSs] %4 with an As-As bond forming
two five-membered rings with an exocyclic seleniatom on each ring. The fact that there are
many molecular telluridoarsenates with one or ndg-éAs bonds in their structures but only a
few selenidoarsenates or thioarsenates with Asoksl® is due to the weakness of the Te-As
bond in comparison to a S/Se-As bond. The 4s dshieAs and the more diffuse 5p orbitals
of Te show a poor overlap and the difference irctebmegativity between As and Te is
negligible.

Beside the molecular chalcogenidoarsenates, poigmaralcogenidoarsenates are also
reported in the literature. The most simple polymerotif is aj) AsQ, ] chain, formed by the

condensation of (As£€) units. This structural motif was first found in the struet of NaAs$S
by Pallazi andJaulmesin 19771%! and in the structure of NaAsSé&"® by Eisenmanrand
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Schaferin 1979. In 1988heldrickand Hausler published the structures of the compounds
KAsSe, RbAsSe and CsAsSg%7), all containing the structural motif of polymerjfAsSe ]

selenidoarsenate chains. The difference betweese ttoains is the lengths of their repeating
units (Figure 60). In NaAsS@and CsAsSezweierchains and in KAsSeand RbAsSgvierer

chains are present. FQrAs[SZ'] a second example was published in the dissentafiblausler
in 1987 108 RbAsS. During hydrothermal reaction of alkali carbonateith As;Se; the
formation of ' [AsSe] chains with homonuclear Se-Se bond formation whaserved*.

Some chalcogenidoarsenates chains are built uparf@&membered rings, which are linked to

infinite chains e.g. in G&ssSe 1% or in [Mn(tren)](AsS7) M. The only telluridoarsenate
chain published is th¢ AE,Tes*] anion in the structure of [RY]z(As:Tes) 12 Higher-

dimensional chalcogenidoarsenates are not knompexlcej 3388132'] anion in the structure
of CAssS:3 1131,

T
~ O XX

" e

/ ¢
VATNAT \/Y/lv{\/% Q\J/%

Figure 60 Selected chalcogenidoarsenate ions. All atomsl@wen with arbitrary radii. a) (As{¥, b)
(As2Qe)%, C) (AsiQe)*, d) (AsQe)%, €) L AsQ,’] zweierchain, f) ! AsQ,] vierer chain, g)} As;Q;”].
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3.2.1 [M(en)]2(AssQs) with M = Ca, Srand Q = Te or M = Eu and Q = Se

The compounds [Ca(eft)(AssTes) 1, [Sr(en)]2(AssTes) 2 and [Eu(en2(AssSes) 3 are all
isotypic. All three compounds crystallize in thehmrhombic space groupbca The lattice
parameters = 17.1043(5) Ap = 16.4652(6) A and = 17.3352(5) A forl, a = 17.2116(2) A,

b =16.3773(3) A and = 17.6420(3) A fo2 anda = 16.7021(2) Ap = 15.7063(2) A and =
17.2826(2) A foB, show pseudo-cubic cells for all three structufés crystals of the tellurium
containing compounds are of dark red appearanceeabehe crystals of [Eu(afp(AsiSe&)
have an orange color.

The compound4, 2 and3 are composed of (AQs)* molecules and divalent cations that are
each surrounded by four ethylene diamine ligand® dnionic molecules form ABe: Six-
membered rings in chair conformation. The rings farened by two As-As groups that are
bridged via chalcogen atoms. Each As atom is bdanah exocyclic chalcogen atom. The
exocyclic atoms are located in equatorial positiith respect to the plane of the&s ring.

All exocyclic atoms carry a negative charge givihg entire molecule four negative charges.
A general Lewis formula for the (AQe)* ion is shown in Figure 61. It is the first timeattan
anion of this type containing selenium has beeth&gized and characterized. In the Pe)*
anion, As is in the formal oxidation state +Il. Theidation state of Se is —II for both, the
endocyclic and exocyclic selenium atoms. If attiidmu of the oxidation states is strictly
performed following the respective electronegatgit As takes the uncommon oxidation state
—II, the endocyclic Te atoms the oxidation stateafid the exocyclic Te the oxidation state O,
based on the higher electronegativity of As compénele. TheAllred-Rochowscale shows a
electronegativity difference of 0.19 and faulingscale a difference of 0.48%. Due to this
negligible difference in electronegativity and doethe fact that (Ades)* shows the same
crystallographic properties as (/8&)*, it is not reasonable to put oxidation statesherstoms

of this telluridoarsenate anion.

.5® Q- 59
. I"’////'A\S/ \AS\\\\\\\‘ ee *

A

Figure 61 Lewis formula of the (A€)* anion.
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Figure 62 The (AsQs)* anions of the compounds 2 and3. The displacement ellipsoids represent a
probability of 50 %. The bond lengths are giverAinThe indexi indicates the following symmetry
operation: 1%, 1y, 1z

All ring atoms have ¥-tetrahedral or #?-tetrahedral coordination. As atoms can be desgribe
as AXE-type atoms and the endocyclic Se/Te atoms a&EAlpe atoms. For thé- and¥?-
tetrahedral structures an ideal angle of 109.58xisected, based on electrostatic repulsion
according to the VSEPR model. For the many molecaiel especially molecules with heavier
atoms further influences have to be taken into aetd he actual bond angles of the As atoms
in structuresl and2 of 89.8 — 100.2° differ significantly from the idetrahedral angle. With
bond angles of 102.9° ihand 103.2° ir2 on the Te atoms, these angles are smaller than the
ideal tetrahedral angle. The As-As bonds of 2.4& R.43 A, respectively, are comparable to
the covalent bond lengths in the element struaitigrey arsenic. The As-Te bonds within the
ring correspond to the sum of the covalence rddie terminal bond lengths are slightly

shortened. 118 the bond angles on the As atoms range from 98.9819° and the bond angle
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between As1-Se2-As2 amounts to 104.7°. The ratibbeobond lengths between the endocyclic
and terminal As-Se bonds with respect to the smadtius of Se compared Te are the same as
found in1 or 2. In the crystal, the anions occupy W& ckhoffpositions4a and4b with site
symmetry 1In the idealized form, a (ASe&)* anion has the point symmetryn2/Therefore,
the symmetry of the anions in the crystal is lothan the highest symmetried point group these
molecules can achieve.

For additional analysis of the compositions, enatippersive X-ray spectroscopy was used.
Therefore, the crystals that were used for X-rdfyatition were placed on a sample carrier for
EDX analysis. This was done at room temperaturewgmter not oxygen-free conditions. In
Table 20 the compositions are shown in atomic prages. FoB the EDX analysis shows a
smaller Se content than for the expected ratidzaf. 2As:3Se. The low content of selenium in
the crystals may origin from partial decompositduring exposure of the crystals to air and
the evolution of HSe. This gas was generated on handling the crystafsen air and could be
detected by its specific smell. However, the EDXlgsis shows that selenium was present in
the measured crystal. This is important for thecttre solution since Se and As are not
distinguishable by X-ray diffraction. Fdr the amount of Ca is lower than expected. The
emission lines for Ca and Te are on similar lewelthe EDX spectrum (Figure 63), which
makes an accurate determination difficult. Howetleg, spectrum shows that Ca is present in
the analyzed crystal since only with Ca and Tegpectrum could be fitted well. The fit is
depicted as blue line in the spectrum. The redaltshe amount of As il and2 are small
compared to the values found for tellurium becahsecrystals lost arsine after exposition to

air and handling the crystals at room temperature.

Table 20 Results of the EDX analysis for the crystald.d? and3.

Compound M / Atomic % As / Atomic % Q / Atomic %
1 7.94 29.46 62.70
Normalized 1.00 3.71 7.90
2 23.81 19.05 57.14
Normalized 1.00 0.80 2.40
3 18.80 41.30 39.90
Normalized 1.00 2.20 2.12
Expected 1.00 2.00 3.00
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Figure 63 EDX spectrum of the analyzed crystallof

The counterions G4 SF* and E@* are each coordinated by four ethylene diaminentiga
(Figure 64). Positions of the hydrogen atoms ofetinylene diamine ligands were not found in
the differencd-ourier map. They were placed on geometrically calculptesitions and refined
by a riding model. The coordination of the catiomghe structured, 2 and3 can be best
described as trigonal dodecahedig). The deviation from the ideal polyhedron was
calculated by a continuous shape evaluation with liblp of the program SHAPE. The
deviation from an ideal triangular dodecahedmpy) amounts to 0.854 % ih 1.280 % in2
and 1.526 % irB. A table with continuous shape measurements foeropolyhedra with

coordination number 8 can be found in Table 21.
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Figure 64 The coordination of Ca (1), SP*(2) and E&*(3) by the ethylene diamine molecules in the
structures of [Ca(erlp(AsaTes) 1, [Sr(en)]2(AssTes) 2 and [Eu(en)2(As:Se) 3. The displacement
ellipsoids represent a probability of 50 %. The rogen atoms bound to the C and N atoms of the
ethylenediamine ligands are omitted for clarity.

The interatomic distances between the central atodithe ligands are according to their ionic
radii. The M*-N distances range between 2.57 — 2.63 Af@.70 — 2.76 A foR and between
2.69 —2.75 A foB.
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Figure 65: A perspective view of the unit cell of [Sr(elajAssTes) as a representative for the structure
type [M(en)]2(As:«Qe). The unit cell without the [Sr(ef}" complexes is shown on the left and with the
complexes on the right. The hydrogen atdmsind to the ethylenediamine ligands are omitted fo
improved clarity.

In Figure 65 the unit cell d? is exemplarily shown as representation of thectines ofl, 2
and3. The chalcogenido arsenate ions are placed watih ¢tkenters of gravity on the positions
(*2,0,0), (0,%2,0), (0,0,%2) and (¥2,%2,%2). The stricttan be derived from the crystal structure
of Li»0O, the anti-fluorspar-type (Figure 66). The chakado arsenate ions build a slightly
distorted cubic closest packing according to the@ions in LyO with the cationic complexes
occupying all tetrahedral voids.

h

i

Figure 66. Perspective view of the unit cell ®fs representation for the structure type [M{e(s4Qs)
with centers of gravity of the anions shown as blggheres (left), unit cell with all tetrahedralid®
and one exemplarily filled void (middle) and uréflovith all tetrahedral voids filled (right
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Table 21 Results of the continuous shape measures of thids @alyhedron in the structure of
[Ca(en)]2(AssTes), of the SrN polyhedron in the structure of [Sr(ehajAssTes) and of the Eub

polyhedron in the structure of [Eu(eajAssSe;).

\deal Shape CShM / % CShM / % CShM / %
(CaNs polyhedron) | (SrNs polyhedron) | (EuNs polyhedron)

OP-8 33.851 34.762 34.278
HPY-8 23.852 22.919 23.427
HBPY-8 16.252 16.064 14.987
CuU-8 11.565 12.141 12.211
SAPR-8 3.124 3.581 3.694

TDD-8 0.854 1.280 1.526
BTPR-8 2.413 2.647 2.656
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3.2.2 [Ca(en)](As:Sa)

The salt-like compound [Ca(ef(As2Se;) crystallizes in the monoclinic space grat@/c. The
crystals of [Ca(en)(As-Se;) are orange and transparent and contain the aecochZintl

ion (As:Se)?, which was already found in structures with bulkgunterions such as
[M(dien)s]?* (M = Co or Ni)**5! (EuN)* 9 or (PhP)" (116, The compound presented here is
the first one with an alkaline earth metal contagncomplex as counterion and it is not
isostructural to one of the structures named before

The results of thenergy dispersive X-ray spectrum are shown in T2RleTherefore, the
crystals used for X-ray diffraction were placedaosample carrier for EDX analysis. This was
done at room temperature and under not oxygenefaditions. The EDX analysis shows a
smaller As and Se content than expected for the odtCa:2As:6Se. Se as well as As are
expected to leave the crystal by evolution of hgero selenide or arsine, respectively, on
exposure to air.

The (AsSe&)? ion is located at an inversion center in the aeategravity inside the ASe
ring resulting in the site symmetry Therefore, the site symmetry is lower than trghbst
symmetry the (AsSe)? ion could achieve (). The ion made up of two pyramidal AsSe
units joined via two Se-Se bonds. The anion consifan AsSe-ring in chair conformation
with two homonuclear Se-Se bonds and an exocyeliatdm bound to each As atom (Figure
67). The exocyclic Se atoms are located in equatpasitions with respect to the plane of the
As;Se ring. The two negative charges are located foyrail the exocyclic selenium atoms.
Both As atoms are in their typical oxidation stali. The oxidation states for the Se atoms are

—I for the Se within the ring and —II for the exobiy Se.

Table 22 Result of the EDX analysis for the crystal of tbempound with the composition
[Ca(en)](As:Se;).

Ca As Se
Atomic % 17.74 24.19 58.06
Normalized 1.00 1.36 3.27
Expected 1.00 2.00 6.00
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Figure 67: Lewis formula of the (AsSe;)? ion (left) and the (AsSe;)? ion as present in the structure of
[Ca(en)](As:Se) (right). Bond lengths are given in A. The disgaent ellipsoids represent a
probability of 50 %. The indeixindicates the following symmetry operatiort+1/2, y+3/2, z+1.

The terminal As1-Se3 bond length of 2.292 A is s#rathan those of the bridging ones As1-
Sel (2.434 A) and As1-Se2 (2.416 A). The bond leSgtl-Se2 of 2.356 A is in agreement of
twice the covalent radius of selenium (2.34 A).

The bulky counterion in this presented structurehis cationic ethylenediamine complex
[Ca(en)]?*. The position of the hydrogen atoms of the ethgtiamine ligands were not found
in the differenca~ourier map. They were placed on geometrically calculgtesitions and
refined by a riding model. Calcium has the coortioranumber 8 and is surrounded by four
ethylenediamine ligands (Figure 68). For the besgcdption of the CaiNpolyhedron, a
continuous shape evaluation was performed. A squargrism Daqg) with a deviation of 0.818
% of the ideal shape is the best polyhedron toriesthe [Ca(en]?* complex. For other
possible shapes of coordination number 8, for exaragriangular dodecahedrobD2f) or a
twofold capped triangular prismC4,), the continuous shape evaluation yielded higher
deviations from their ideal shapes of 1.481 % aB8& %, respectively. The Ca-N bond lengths
range from 2.57 to 2.62 A and are nearly the sasrtbase found in [Ca(ef}(AsaTe).
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Figure 68 The coordination of Ca by the ethylenediamine molecules in the structofe
[Ca(en)](As:Se). The displacement ellipsoids represent a proipaluf 50 %. The hydrogen atoms
bound to the C and N atoms of the ethylenediamgaatls are omitted for clarity.

Table 23 Result of a continuous shape measure of thesQailyhedron in the structure of
[Ca(en)](As:Se).

Ideal Shape CShM /%
(CaNs polyhedron)

OP-8 31.041

HPY-8 22.630

HBPY-8 16.602
CuU-8 8.995
SAPR-8 0.818
TDD-8 1.481
BTPR-8 2.366

In Figure 69 (left) the unit cell along the crystgraphicb-axis is shown. The compound shows
a structure where an alternating pattern of catems anions running perpendicular to the
crystallographiac-axis is present. Connections between the$43> molecules and the Ca-

complexes are present in form of N-H- - - Se con{&agsire 69, right). For the shown N-H- - - Se
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contacts only contacts with N-H- - - Se bond lengtraller than 2.9 A and N-H-Se angles larger
than 135 ° were used. These contacts may be asdoméaly a reasonable role in connecting
(As2Ses)> molecules and the Ca-complexes inside the lafsty anion is connected to six

complexes via hydrogen contacts.

Figure 69 On the left a view on the extended unit cell gldme crystallographib-axis is shown. All
atoms are shown with arbitrary radii. On the rititet coordination of an (ASe&;)? ion by [Ca(en)?*
complexes via hydrogen bonds is shown. The displané ellipsoids represent a probability of 50 %.
The hydrogen atoms are drawn with arbitrary radii.

As it was shown in the chapter before, also #ir#tl compound can be derived from the
structure type of a simple salt, in this case ftbemCsCl structure type. The €éons build up
a lattice of slightly distorted cubes. Every culaiid is filled with an (AsSes)? ion to reach the
ratio of 1:1. In Figure 70, the cubic network founey the Ca atoms is shown with black lines
and the original unit cell is shown with red lin€me exemplary filled cubic void is shown in

orange with an (AfSe)* ion inside.
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Figure 70. The distorted cubic network of Ca atoms with aereplarily filled void (orange) in the
structure of [Ca(en)(As.Se;). All atoms are drawn with arbitrary radii. Thewel crystallographic unit
cell is drawn with red lines.
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3.2.3 [Ca(en)]2(As2Se0)

Figure 71 Microscopic image of the red crystal with the gasition [Ca(en]2(As:SeO) on the
goniometer head of the diffractometer.

[Ca(en)]2(As:SeO) crystallizes in the acentric orthorhombic spge®iplba2 with the lattice
parameters = 16.6561(3) Ap = 31.2220(5) A and = 16.5018(3) A. The absolute structure
factor of roughly 0.52(3) shows that the crystabvaa inversion twin and both enantiomers
were present in the investigated crystal. Crysif[€a(en)]2(As:SeO) are of red appearance
and are not stable on exposition to air and humidievertheless, they are stable at room
temperature for some hours under inert gas comditio

The structure is built up of cationic complexes padially oxidizedZintl ions. The cations are
three independent calcium ethylene diamine compgleiach Ca atom is surrounded by four
ethylene diamine ligands forming cationic [Caff)complexes (Figure 72). The positions of
the hydrogen atoms of the ethylene diamine ligamei® not found in the differendeourier
map. They were placed on geometrically calculatesitipns and refined by using the riding
model. Cal and Ca3 are placed on special positonswvofold axes, with th&Vyckhoff
positions 4 and 4, respectively, giving the [Ca(ef)" complexes €symmetry. Ca2 occupies
a general position inside the unit cell. Hence, dsgmmetric unit contains one complete
calcium ethylene diamine complex and two half cawrpk. For the description of the
coordination polyhedra of Cal, Ca2 and Ca3 a coatia shape measurement was performed.
The evaluation shows a triangular dodecahedipg) o be the best description for all three
coordination polyhedra. The deviation from the Iddepe of a triangular dodecahedrbaq]
was calculated to 1.679 % for Cal, 0.961 % for @a@ 1.211 % for Ca3. Other calculated

deviations from ideal shapes can be found in TableCa-N bond lengths ranging from 2.55 A

89



to 2.65 A in [Ca(1)(en)?" and [Ca(2)(en)?* and from 2.50 to 2.84 A in [Ca(3)(ef?). With
exception of the Ca3-N15 distance, the bond lengtbsimilar to that found in the structures
of [Ca(en)]As2Se and [Ca(en)2AssTes. The elongated Ca3-N15 bond length is a resuhef
diffuse position of N15 shown by its elongated thspment ellipsoid (Figure 72). The origin
of the cigar-shaped ellipsoid of the N atom iscleair. An actual strong vibration amplitude is
physically dubious since N15 is coordinated to @daB2mpts to refine the position of N15 with
two closely neighbored split positions were notcassful.

Figure 72 Coordination polyhedra of the three independemt* Gons in the structure of
[Ca(en)]2(As:Se0). The displacement ellipsoids represent a praibabf 50 %. The hydrogen atoms
of the ethylenediamine ligands are omitted forigtaihe indices indicate the following symmetry
operations:ij 1x, 1+, z (i) 2%, 1v, z
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The partially oxidizedZintl ion (A$SeO)* is found as the anion in the presented structure.
This Zintl ion is built of two Ask pyramids linked by a (Seunit. One terminal position within

an Ask pyramid is occupied by an oxygen atom. Overak, éimion is fourfold negatively
charged. Formally, each terminal atom bound toakses one negative charge and both arsenic
atoms carry one positive charge. Arsenic is inakidation state +V, the terminal atoms are in
the oxidation state -1l and the bridging Se atonesia the oxidation state -I. The Se-Se bond
length of 2.33 A is slightly shortened with resptectypical (Se)> dumbbells (2.38 A — 2.47
A)). The inter-atomic distances between As andé¢hminal Se or O atoms are similar to the

sum of their covalent bond radii. Hence, the bandke anionic substructure are significantly

Se2 01
/ As? Se8
i Sel As1 ‘
Z\M/LSES Se7

Figure 73 (As:SeO)* anion in the structure of [Ca(ap)As:Se0). The displacement ellipsoids
represent a probability of 50 %.

covalent.
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Table 24 Bond lengths and angles within the §8&0)* ion in the structure of [Ca(ei)(As:Se0).

Atoms Bond length / A Atoms Angle /°
Asl — Se2 2.264(2) Se2—-As1-Se3 113.73(8)
Asl — Se3 2.282(2) Se2_Asl-Sel 114.28(7)
Asl - Sel 2.286(2) Se3-Asl-Sel 113.24(8)
Asl - Se4 2.405(2) Se2-As1-Se4 110.65(8)
As2 - 01 1.879(2) Se3-As1-Se4 107.34(7)
As2 — Se7 2.311(2) Sel-As]_Sed 95.96(8)
As2 — Se8 2.344(2) O1-As2-Se7 120.2(3)
As2 — Se5 2.439(2) 01-As2-Se8 108.8(3)
Se4 — Se5 2.327(2) Se7-As2-Se8 106.27(9)

Se8-As2-Se5 88.84(8)
Se5-Se4—Asl 105.69(7)
Se4-Se5-As2 103.57(7)

Within the crystal structure, the [Ca(éld) complexes build up a lattice of distorted cubes.
Since every second cubic void is filled with onef@eO)* anion with its elongated shape, the
cubic voids are distorted. Thus the crystal stmgcaf [Ca(en)]2(As:Se0) can be derived from
the antifluorite structure type of 40. In Figure 74, the kO type related structure of

[Ca(en)]2(As:Se0) is shown. The actual crystallographic unit eelyes are shown in red.
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Figure 74 View of the unit cell of [Ca(enr]x(As:SeO) along the crystallographizaxis. The actual
crystallographic unit cell edges are drawn in ®de exemplarily filled cubic void is shown (left).
Every second cubic void is filled (right). All atéenradii are drawn with arbitrary radii. The
ethylenediamine ligands coordinated to the Ca ammm®mitted for improved clarity.

Table 25 Results of the continuous shape measures of #i& @olyhedra in the structure of
[Ca(en)]2(As:Se0).

\deal Shape CShM / % CShM / % CShM / %
(Ca(1)Ns polyhedron) | (Ca(2)Ns polyhedron) | (Ca(3)Ns polyhedron)

OP-8 33.405 33.572 33.503
HPY-8 24.186 23.207 23.107
HBPY-8 13.114 15.353 15.939
CuU-8 9.514 11.882 10.987
SAPR-8 2.504 2.601 1.843

TDD-8 1.679 0.961 1.211
BTPR-8 2.579 2.496 2.415
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3.2.4 [M(en}k(H20)2]As.Se, M = Ca or Sr

The compounds [Ca(esiH20):]As2Se; and [Sr(eny(H20)2]As.Se: crystallize isotypically in
the acentric hexagonal space gr®@22 with the lattice parameteas= b = 9.8708(3) A and

c = 40.2274(12) A for [Ca(es(H20):]As:Se anda = b = 9.9512(3) A and = 40.1420(11) A
for [Sr(en}(H20).]As2Se;, respectively. Each of the five examined crystdlboth structures
shows only the space gro®p:22 with absolute structure parameters that amaudi Hence,
crystals of the enantiomorphous space grB6g22 were not found so far. The crystals are
yellow-orange hexagonal, transparent rods. A gogsital quality made it possible to resolve
the reflections along thedirection. An image of the0l plane of one investigated crystal is
shown in Figure 75. In addition to the sufficientgparated reflexions, this simulated
precession image shows the only extinction prasehe reciprocal space, the serial extinction
00 : 1 =6n.
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Figure 75 Reconstructed precession image ofhibleplane of a crystal of [Ca(eiiH20):]As:Se..
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The anions of the structure are infinite [Asheselenidoarsenate(lll) chains (Figure 76). These
chains are built up o¥*-tetrahedral AsSeunits connected via common corners. Each AsSe
unit contains two bridging Se atoms and one terhfioand Se atom that is negatively charged.
This structural motif was first found in the struiet of NaAsSg!*%® by EisenmanrandSchéfer

in 1979. In 1988SheldrickandH&ausler published the structures of the compounds KAsSe
RbAsSe and CsAsSe %/ all containing the structural motif of polymerfdsSe]n
selenidoarsenate(lll) chains. The difference betwg®se chains is their repeating units
(Figure 78). In NaAsSaand CsAsSezweierchains and in KAsSeand RbAsSgvierer chains
are present. The chains found in the structuresepted in this work represeawdlferchains.

This is a new conformation in the field of polynteselenidoarsenate(lll) anions.

Se1

[AsSe ,Se; nl'}

Figure 76. A section of the polymeric selenidoarsenate(lithain in the structure of
[Ca(en}(H20),]As;Ser and the respectivliggli formula. The displacement ellipsoids represent a
probability of 50 %.

Within oneW!-tetrahedral AsSeunit, the angles range between 104°-107°. As itsitypical
oxidation state +IlIl and both types of Se atoms iaréghe oxidation state —Il. Interatomic
distances between As1 and the bridging Se atomai&k3e3 amount to 2.436 A and 2.431 A,
respectively. These bond lengths are comparabkecendocyclic As-Se bond lengths in
discrete cyclic anions like ASe* or AgSe&?. The bond between Asl and Sel of 2.310 A is
significantly shorter than those to the bridginggBEms. This short bond length implies distinct
multiple-bond character between Asl and Sel. Thezesome intramolecular interactions
present within the chain. The distance between &R Se3 amounts to 3.369 A which is
significantly shorter than twice then-der-Waalgadius of Se (2sw(Se)= 3.80 A) and much
shorter than the intramolecular Se- - - Se distanbesifisSe; amounting to 3.72 &7, This is
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the shortest intramolecular Se-Se distance pras#éme simple polymeric selenidoarsenate(lll)
chains so far. The intramolecular Se---Se distaooelates with the repeating unit of the
respective chain. In the zweier chains of NaAsBe CsAsSethe Se- - - Se distance amount to
3.68 A and 3.66 A, respectively. In the vierer dsadbf KAsSe and RbAsSgintramolecular
Se---Se distances of 3.44 A and 3.49 A, respegtiaet present. Since the present very short
distances Se2-Se3 and Asl1-Sel, it is reasonallestone interactions between them leading
to an infinite Se-chain and an As-Se-dumbbell. iguFe 77, the Lewis formulas of both
possible descriptions are shown. Interactions batweeighboring chains in the crystal

structure are not present.

e As O As©
G N TS Ky K

Figure 77. Resonance between two contributing forms in thigmpetaselenoarsenite anion.

T

@ © @ @ [

Figure 78 The different conformations of Assehains: &) vierer chains in the structure of KAsSe
(b) zweierchains in the structure of CsAs$€) zwolferchains in the structure of [M(ex120).]As2Se;,
M = Ca or Sr.

The counterions in the crystal structures are naticomplexes with alkaline earth metal

cations as central atoms, namelyQar SF*. Each metal ion is surrounded by three en ligands
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and two aqua ligands, forming complexes with therdmation number 8 (Figure 79). The
coordination polyhedron of [Ca(ex®l.0).]*>* as well as the coordination polyhedron of
[Sr(enk(H20)2]?" can be best described as trigonal dodecahdd. (A continuous shape
measure gives a deviation from the ideal trigomalettahedron},q) of 1.082 % for the CadN
polyhedron and 1.037 % for the Srigolyhedron. Two of the three en ligands contain a
disordering of the CEgroups of the ethylene bridge between the N atdine.disorder was
refined to occupation factors of the positionshaf € atoms of 40.5 : 59.5. Because of the good
single crystal quality, the positions of the hydsngatoms on the aqua ligands were found in
the differencd-ourier map. The hydrogen atoms of the en ligands werzgdlan geometrically
calculated positions and refined by a riding modéie interatomic distances between the
central atom and the coordinating N atoms rangedssi 2.70-2.72 A for 3-N and between
2.58-2.61 A for C&-N. These bond lengths are roughly the same fouitiod ethylenediamine

complexes reported in the chapters before.
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Figure 79 Coordination of C# in the structure of [Ca(esfH20):]As.Se. The displacement ellipsoids
represent a probability of 50 %. All hydrogen atcene drawn with arbitrary radii. The transparency
represents a disordering of 40.5 %. The indexlicates the symmetry operationd+x-y, '/e-z.
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Table 26 Results of the continuous shape measures of #i @olyhedron in the structure of
[Ca(en)]As.Se and of the Srilpolyhedron in the structure of [Sr(elfs.Se..

Ideal Shape CShM 7% CShM /%
(CaNs polyhedron) | (SrNs polyhedron)
OP-8 30.965 31.466
HPY-8 24.457 23.839
HBPY-8 14.454 15.086
CU-8 10.954 12.013
SAPR-8 1.894 2 589
TDD-8 1.082 1.037
BTPR-8 2.104 2 438

In Figure 80 the position of the polymeric aniorthin the unit cell is shown. The chain runs
along the crystallographic-axis and coils around the edge of the unit cdtisTigure also
shows the reason for the length of thaxis. Because of the 6crew axis along theaxis and

a twofold rotation axis orthogonal to thexis, twelve AsSeunits are needed to complete the
translational unit. On the right side of Figure @&h be seen that the negatively charged and
terminal bound Se atoms are pointing away fromctagis. This orientation allows structure

directing hydrogen bonds between cations and thar@wic anion in the crystal structure.

¢

RN

‘v

Figure 80 A view of the unit cell of [M(en(H-0);]JAs.Se,, M = Ca or Sr, along the crystallographic
a-axis(left) and along the crystallograpli@xis (right). Only one polymeric [Asge unit is shown
exemplarily. The displacement ellipsoids represemtobability of 50 %.
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The three most important hydrogen bonds are depictEigure 81. Two of the three hydrogen
bonds have the atom N2 as donor. For N2 as doeatdhor-hydrogen-acceptor angle amounts
to 169° or 144°, respectively and the hydrogen blemgths amounts to 3.09 A or 2.92 A,
respectively. The most significant hydrogen borttiésone with O1 as donor, since the position
of this hydrogen atom could be found in the differeFourier map. The angle O1-H-Se differs
not much from linearity and amounts to 171°. Furiae, the hydrogen bond length is
relatively short, g1.1...s= 2.58 A.

A filled unit cell of the structure is depictedfigure 82. The anionic chains run parallel to the
c-axis along all four cell edges. The cationic cterps fill the voids between the chains

connecting them via hydrogen bonds.

N2

Figure 81 View on the structure directing hydrogen bondamglthe crystallographic-axis (left) and
a zoom (right).

Figure 82 View of the extended unit cell of [M(eiiH-0).]As.Ses, M = Ca or Sr, along the
crystallographica-axis (left) and the crystallographesaxis (right). Hydrogen atoms are omitted for
clarity.
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EDX analyses of the examined crystals gave M:Asr8gos of 1.00:1.72:2.00 for
[Ca(en}(H20):]As2Se (

Table 27) and 1.00:1.30:1.65 for [Sr(exi120):]As2Se; (Table 28), respectively. The expected
ratio is 1.00:2:00:4.00. The low content of selem@and arsenic in the crystals may origin from
partial decomposition during exposure to air aredetwolution of HSe and arsine. These gases
were generated on handling the crystals and warthigim up to room temperature. They were
detected by their specific odors. The most impdaitaiormation given by these EDX analyses

is that all elements according to the respectivenida are actually present in the crystals.

Table 27: Result of the EDX analysis for the crystal of thempound with the composition
[Ca(en}(H20).]As,Se.

Ca As Se
Atomic % 21.2 36.5 42.3
Normalized 1.00 1.72 2.00
Expected 1 2 4

Table 28 Result of the EDX analysis for the crystal of tbempound with the composition

[Sr(en)(H20)]As:Se..
Sr As Se
Atomic % 25.3 32.9 41.8
Normalized 1.00 1.30 1.65
Expected 1 2 4
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3.3 Compounds containing coinage metal chalcogengle

Coinage metal chalcogenides are of interest beazfubkeir properties. In most cases, they are
small band gap semiconductors and they often hatereisting thermoelectric properties.
Thermoelectric compounds show semiconducting behavith a small band gap and a large
Seebeclkcoefficient [118l, Beside the properties, compounds containing geinaetals and
chalcogenides show a rich structural variety. baanecting chain-like polychalcogenides with
coinage metals can lead either to molecular strestar to one or more dimensional structural
motifs. The known coinage metal chalcogenides masththesized at high temperatures in
classical solid-state reactio#¥), in fluxes of molten alkaline metat€® or via electrochemical
synthesisi*?Y, These syntheses were performed starting frometements or from some
precursor compounds such agQAwith A = Na-Cd'?2l,

The biggest problem during the implementation ohage metals in compounds via chemical
synthesis is their low reactivity. To increase tbactivity ammonothermal synthesis was used
in the course of this thesis work. It is known tgatd can be dissolved in liquid ammonia in
presence of a alkaline metal as auride &5 Since alkaline earth metals and the lanthanoids
europium and ytterbium forming blue colored elagrisolution during their dissolution in
liquid ammonia it could be possible to bring gaitbi solution.

Ammonothermal synthesis led to the observatiorheffirst homoleptic lanthanide ammine
complexes [Yb(NH)g]®* and [La(NH)q]®* ["3l. As counterions thiometallates of the type
[M(S2)2]*(M = Cu or Ag) were formed. Chalcogenidocupratescbalcogenidoargentates
commonly form low-dimensional motifs as found i or g-KCuS; 24 and in
[(PhuP)AgSe]n 12,

In 1985 Haushalter observed the molecular ring-shaped J[Aey]* anion in
[PruPL[K 2AusTes(en)] 128 by extraction from a KAuTe alloy. A few years laia 1993
Warren and Haushalter described another possibility to synthesize telhaurates. By
electrochemically dissolution of an Awleathode in a tetrabutylammonium iodide solution,
the molecular telluridometallate [ATies]* in the structure of (TBA)JAusTes] M2 was formed.
Discrete anionic complexes are also present withfursuand selenium, e.g. in
(PPh)2[Auz(Se)2(Se)] 127, LizAuS, 2% or in NaAuSe, 128,

Simple AuQ (Q =S, Se or Te) zig-zag chains with linear cowatkd gold(l) are present in the
structures of MAuTe (M = Rb or C8§f2, MAuSe and MAuUS (M = K, Rb or C$¥%. At

40 kbar a high pressure modification of RbAuTe &xighere the chains are pushed together

forming hexagonal layers with coordination numbefo8 gold and telluriumi*3°. More
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complex one-dimensional chalcogenidoaurates agAh8e;) or the coiled “chicken-wire”-
like (AuS) anions were found in the structures of CsAUSE or NaAuS*3?, respectively.
Higher-dimensional chalcogenidoaurates are onlydnfor selenium and tellurium. Layered
chalcogenidoaurates were observed in the struatdiféaAuSe!*3® and CrAuTe 3. In both
structures, gold is in the oxidation state +III estgliare planar coordinated by the respective

chalcogen atoms.

102



3.3.1 [Ln(NH3)s][Cu(Sa4)2]- NH3 with Ln = Eu or Er

The compounds [Eu(N$E][Cu(Ss)2]- NHz and [Er(NH)s][Cu(Ss)2]- NHs crystallize isotypic in
the tetragonal space grolpwith the lattice parametess= 10.0716(1) A¢c = 9.8677(2) A for
Ln = Eu anda = 10.0096(3) Ac = 9.8212(3) A for Ln = Er, respectively. Crystatgh with

Ln = Eu are of orange and crystals with with Ln =dge of yellow color. The crystals are
transparent and block-shaped. An EDX analysis @al#9) of a crystal of
[Er(NHz3)s][Cu(&)2]- NH3 verifies the ratio Er:Cu:S of 1:1:8. For the sture solution and
refinement, the examined crystal of [Eu(B${Cu(S4)2]- NHz was treated as a merohedral twin.
Figure 83 shows images of th&ékO planes of the investigated crystals of
[Eu(NH3)s][Cu(S4)2]- NHs (right) and [Er(NH)s][Cu(Ss)2]- NHs (left). The intensities of the
reflections show for Ln = Er diLauesymmetry, while the crystal with Ln = Eu seembaoe
4/mmmLaue symmetry. In Figure 83, some reflections are exanip marked for better
comparability. Equation 3 shows the used twin lawthe structure solution and refinement.
The twin law defines a 180° rotation about the [1di@ection. Another proof for the existing
twinning gave the quality factoRn:. The quality factoRin: on averaging symmetry equivalent
reflections in theLaue class 4hmmamounted to 9.3 % for [Eu(NJ3][Cu(S)2]- NHz but to
31.1 % for [Er(NH)s][Cu(Ss)2]-NH3. The crystal structures, however, belong to the lo

symmetric tetragondlaueclass 4.

Table 29 Result of an EDX analysis of a crystal of [Er(B#{Cu(Ss)2]- NHs.

Er Cu S
Atomic % 9.90 10.30 79.80
Normalized 1.00 1.04 8.06
Expected 1 1 8
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Figure 83 Reconstructed precession images ofittieplanes with exemplarily marked reflections (red)
of the analyzed crystals of [Er(N}H][Cu(&)2]- NHs (left) and of [Eu(NH)g][Cu(&:)2]- NHs (right).

h? 0 1 0\/n
K> =<1 0 0) k!
12 0 0 -1/ \(!

Equation 3: Twin law used for structure refinement of [Eu(N${Cu(Ss)2]- NHa.

The crystal structure contains three differentdiog blocks, a cationic homoleptic ammine
complex, a sulfido metallate and a free ammoniaemdé. In the homoleptic ammine
complexes, the trivalent lanthanides®Eand E?* are surrounded by eight ammine ligands
(Figure 84). The position of the hydrogen atomsenest found in the differendéourier map.
They were placed on geometrically calculated pmsstiand refined by a riding model. The
formed coordination polyhedra can be best descrédmedriangular dodecahedr®zf). A
continuous shape measure gives small deviatioms fre ideal shape amounting to 0.261 %
and 0.218 %, respectively. The Eu-N bond lengthz. 54 and 2.55 A are comparable to other
homoleptic ammine complexes of EuEu-N bond lengths in homoleptic ammine complexes
with divalent EG* are in general significantly longer (2.72 — 2.89). Interatomic distances
within the homoleptic erbium ammine complex, 2.48 .49 A, are roughly the same as they
can be found in the structure of [Er(B)E]2(Se)2(S7)- 3NHs (see chapter 3.1.2).
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The free ammonia molecules are symmetrically des@d. They are located on the Wyckhoff
position 4 with the site symmetry Z%). The site of the N atom of the free ammonia makec
was only refined with an isotropic displacementdacThe position of the hydrogen atoms of

the free ammonia were not found in the differeRoarier map.

Figure 84: Coordination of the lanthanide ions in the stuoetof [Ln(NH)s][Cu(Ss)2]-NHs. The
displacement ellipsoids represent a probability@o. All hydrogen atoms bound to the N atoms of the
ammine ligands are omitted for clarity. The indiceglicate the following symmetry operationg: 1~

X, 1y, z, (i) 1y, x, 1z (i) y, 1x, 1z

Table 30 Results of the continuous shape measures of thd Bolyhedron in the structure of
[Eu(NHs)g][Cu(S4)2]- NHs and of the Erblpolyhedron in the structure of [Er(NH|[Cu(Ss)2]- NHs.

Ideal Shape CShM 7% CShM /%
(EuNs polyhedron) | (ErNe polyhedron)

OP-8 33.911 33.836
HPY-8 25.283 25281

HBPY-8 13.474 13.737
CuU-8 5.545 5.832
SAPR-8 3.153 3.093
TDD-8 0.261 0.218
BTPR-8 3.434 3.332
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The anion [Cu(92]* was first reported byKohlis et al.in 1996 in the structure of
[Yb(NH3)s][Cu(Ss)2]- NHs [, which is isotypic to the crystal structure presdrhere. Copper
is in the formal oxidation state +| and is coordéthby two chelating (¥ units forming two
Cu& five-membered rings with a distorted tetrahednai®nment on central atom. The angles
within the coordination of Cul amount to 99.9° ddd.5°. The Cul-S1 bond length of 2.320
A is similar to that of [Yb(NH)s][Cu(Ss)2]- NHz (2.316 A). Within the chelating 85 units the
interatomic distances amount to 2.064 A and 2.08FHese bonds are consistent with bond
lengths in known polysulfides and therihgs of elemental sulfur. The S-S-S angle amotmts
103.9°. Cul is located on a special position withgite symmetry, S1 and S2 are placed on
general positions. Hence, the anionic molecule ©8S:) symmetry and therefore its point
group and the crystal class are coincident.

2.064 g1ii

Szii

Ca
szﬁ~“-\~\‘ ?
Sliii
S1!

Figure 85 [Cu(Sy)2]* anion in the structure of [Er(NJ#][Cu(Ss)2]- NHs. Bond lengths are given in A.
The displacement ellipsoids represent a probabilftys0%. The indices indicate the following
symmetry operationsi)(2, 1+, z; (i) Y2y, %-x, Y2z (iii) /-y, -Yo#x, Yoz,

()
\c\
580'C

Szii

The lanthanide complexes are placed on all cormisin the center of the pseudo cubic unit
cell forming a pseudo body-centered cubic cell.réfure, they adopt the tungsten structure
type. There are compressed octahedral voids presesdch cell edge, in which the [Cu)F
anions are placed with their centers of gravityinit cell faces in the position {1,'/). Hence,

each anion is surrounded by eight lanthanide coxepleThe resulting coordination polyhedron
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can be described as two compressed interpenet@tiagedra (Figure 86). The free ammonia

molecules occupy voids on four cell edges and telbfaces. In each case the position of the

free ammonia molecules is slightly shifted from temter of the respective cell edge or cell

face along the crystallographseaxis.

Figure 86 Coordination of the [Cu(®]®> anions in the structure of [Ln(NM][Cu(Ss)2]- NHs. The
whole coordination polyhedron is shown in blue;diféeerent compressed octahedra are shown in green
and yellow. The displacement ellipsoids represgmbbability of 50%. The ammonia molecules of the
ammine complexes are omitted for clarity.

Figure 87: A perspective view on the unit cell (right) andiaw along the crystallograph@zaxis of
the structure [Er(Nb)s][Cu(Ss)2]- NHs. All atoms are drawn with arbitrary radii. Hydregatoms are
omitted for clarity.
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3.3.2 [Eu(NH)s][Ag(Ses)s]- 2NHs

The structure of the crystals with the composifien(NHs)o][Ag(Ses)2]- 2NHs is not isotypic

to the crystal structure of [Ln(NH]J[Cu(Ss)2]-NH3 presented in the previous chapter.
[Eu(NH3)q][Ag(Ses)2]- 2NHs crystallizes in the acentric tetragonal space ie4n2 with the
lattice parametera = 15.2120(7) A and = 11.2754(6) A. The quality factordron averaging
symmetry equivalent reflections amounted to 20.09d shows the limited quality of the
dataset. The highiR value originates from some crystalline adhesianssed by the crystal
preparation on the goniometer head. An EDX analgsithe crystal showed a composition
Eu:Ag:Se of 1:1:6.6 (Table 32), which differs slighfrom the expected composition of 1:1:8.
The low content of selenium in the crystal may iorifom partial decomposition during
exposure of the crystal to air and the evolutiokig8e. This gas was generated on handling the
crystals und detected by its specific odour.

A homoleptic europium ammine complex is preserta®n in this compound. In contrast to
the europium ammine complex in the structure of NEts)s][Cu(S4)2]- NHs, this complex bears
nine ammine ligands. Europium is in the formal atidn state +lll. The coordination
polyhedron of Eu can be best described as cappeares@ntiprism D4d) (Figure 88). A
continuous shape measure gives a very small deniftom the ideal polyhedron of 0.233 %
(Table 31). N3 is located on theyckhoffposition 4 with the site symmetry 2. Therefore, the
hydrogen atoms bound to N3 are disordered and $isezeccupancy factors of 0.5. The Eu-N
bond lengths within the ammine complex range fraB02A to 2.65 A. Hence, they are in
average (2.58 A) slightly longer than that founderopium ammine complexes with the
coordination number 8 (2.55 A). The positions @& tiydrogen atoms of the ammine ligands
were not found in the differendéurier map. They were placed on geometrically calculated

positions and refined using the riding model.
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Figure 88 Left: Coordination of E®f in the structure of [Eu(N¥k][Ag(Ses)s]- 2NHs. The displacement
ellipsoids represent a probability of 50%. The mdedicates the following symmetry operation: ¥4+
Yo4X, ?l5-z. Right: Coordination polyhedron of Euin the structure of [Eu(N&k][Ag(Ses)2]- 2NHs.
Hydrogen atoms are omitted for clarity.

Table 31 Result of a continuous shape measure of theoBudyhedron in the structure of
[Eu(NHs)o][Ag(Ses)2]- 2NHs.

Ideal Shape CShM /%
(EuNg polyhedron)

EP-9 37.645

OPY-9 21.255
HBPY-9 19.772

JTC-9 16.709
CCU-9 8.042
CSAPR-9 0.233
TCTPR-9 0.892

The anion of the compound, a selenido argentatmamias not reported before. However, an
isostructural anion with the lighter homologue sulfs known”®l. The [Ag(Se)2]* anion is

built up by two chelating (S¥ units that form two five-membered chelate ringshvthe
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central silver ion. Silver is in the formal oxidaui state +I. Hence, the anion is threefold
negatively charged. The two chelating {Senits form a strongly distorted tetrahedral
coordination of the silver ion with Se-Ag-Se angtaaging from 98.6 ° to 129.4 °. Angles
within the chelating (S¢ units amount to 102.34 ° and 102.39 °. The bendths Sel-Se2 and
Se3-Se4 of 2.345 A and 2.341 A are similar to tvieecovalent radius of Se (2s2.34 A).
The slightly elongated bond length between Se2Seflis comparable to bond lengths found
in other polyselenides, such as in43én NaSe, (dse-s=2.35 A and 2.36 A¥®l. Ag-Se bond
lengths of 2.68 A and 2.66 A are typical for suondbs and can be found in other cluster anions
like [Ag(Sey)]4*1*%8L. Agl is located in a special position with the siymmetry 2. Therefore,
the symmetry of the point group of the moleculanarCy) is lower than the symmetry of the
crystal classzqg).

Se2l Set!

Se3! Se4! Sel Se2

Figure 89 The [Ag(Se)2]* ion in the structure of [Eu(NHB][Ag(Ses)2]- 2NHs. Bond lengths are given
in A. The displacement ellipsoids represent a podityaof 50 %. The index indicates the following
symmetry operation:  -W+YLtx, Yoz

Table 32 Result of the EDX analysis of a crystal of [Eu(BdHAQ(Ses)2]- 2NHs.

Eu Ag Se
Atomic % 11.6 11.7 76.7
Normalized 1.00 1.01 6.61
Expected 1.00 1.00 8.00
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Figure 90 Coordination of the [Ag(S$]* anion by E& (left) and the coordination of [Eu(Njd]3* by
[Ag(Se)s]* (right) in the structure of [Eu(Ndb][Ag(Ses)s]-2NHs. The displacement ellipsoids
represent a probability of 50%. The hydrogen atbmend to the N atoms of the ammine ligands were
omitted for clarity.

In Figure 90, the coordination environments of ittves [Ag(Se)2]® and [Eu(NH)g]** in the
crystal structure is shown. Each [AggaF anion is surrounded by six [Eu(M)d]®* cationic
complexes and vice versa. The formed coordinatmghgdra can be described as distorted
octahedra. The structure of [Eu(B)b[AQ(Ses)2]- 2NHz can be derived from the rock salt
structure type. The anions form a pseudo cubieslgsacking as chloride ions in the rock salt
structure. All octahedral voids in the pseudo cubasest packing of [Ag(Qe]® ions are
occupied by [Eu(NK)g]" ions. In Figure 91, the pseudo cubic closest pagké shown with
the anions and cations reduced to their centerasfity. In the case of the [Ag(9e]® ion, the
center of gravity was approximately placed in tlosifpon of the silver atoms and for the
[Eu(NHs)o]®* ions, the position of the europium ions was apimaxely used as center of
gravity. The free ammonia fill in half of the tetedral voids in the crystal structure (Figure
92). Each filled tetrahedral void contains two fesemonia molecules. Therefore, the overall
ratio between the anions, cations and free amnmonolacules is 1:1:2.

In Figure 93 the actual tetragonal unit cell isv@hoThe short crystallographgzaxis in this
pseudo cubic structure can be explained by theesbhihe anions, which lie perpendicular to

the crystallographic-axis with their flat sites.
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Figure 91 The pseudo rock salt structure like lattice ia gtructure of [Eu(NEJo][Ag(Ses)2]- 2NHs.
All atoms are drawn with arbitrary radii. The arsand cations were reduced to their center of tyravi
The free ammonia molecules are omitted for clafitye actual crystallographic unit cell edges are

drawn in red.

Figure 92 The pseudo rock salt structure like lattice ia sitructure of [Eu(NEJo][AQ(Ses)2]- 2NHs.
All atoms are drawn with arbitrary radii. The arsand cations were reduced to their center of tyravi
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Figure 93 A view of the actual crystallographic unit cefi [izu(NHs)q][Ag(S&s)2]- 2NHs along the
crystallographic-axis (left) and along the crystallographiaxis.. All atoms are drawn with arbitrary
radii. All hydrogen atoms are omitted for clarity.
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3.3.3 [Yb(NHs)s](AuSesSy)- NHs

[Yb(NH3)s]2(AuSeaoSi4)-2NHs is a compound with a polymeric, mixed-chalcogen
gold(lll)chalcogenido complex in its crystal strut. The compound crystallizes in the
centrosymmetric triclinic space groufl with the lattice parameters = 9.1610(3),b =
9.5272(2),c = 15.4891(5) = 87.445(2)°f = 84.318(1)° and = 67.723(2)°. Crystals of
[Yb(NH3)s](AuSeSy)-NHz are of black metallic appearance (Figure 94) dral thave a
columnar crystal habit. The crystals are not stableoom temperature due to the loss of

ammonia.

Figure 94: Image of the analyzed crystal with the composiff/db(NH:)s](AuSeS;)- NHs. The image
was directly taken with a video microscope after thystal was placed outside the cooling system of
the single crystal x-ray diffractometer.

Besides the named chalcogenidoaurate(lll), thetalrystructure contains free ammonia
molecules and ytterbium ethylene diamine compleeeging as counterions. The positions of
the hydrogen atoms of the free ammonia moleculetla@mmine ligands were not found in
the differencd~ourier map. All hydrogen atoms bound to the N atoms efaimmine ligands
were placed on geometrically calculated positiards r@fined by using a riding model. For the
free ammonia molecule only the N atoms without bgén atoms was refined. In the complex,
Yb is in the oxidation state +lIl. It is surroundeyg eight ammine ligands forming a distorted
square antiprisnsq). A continuous shape measure with the program SHdies a deviation
from the ideal square antiprisrD4y) that amounts to 0.504%. Deviations to all otltkyai
polyhedra are entirely larger (Table 33). The bterdjths between Y& and the N atoms of
the ammine ligands range between 2.40 A and 2.4hAcefore, they are in a typical range of
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Yb-N bond lengths and they verify the oxidatiorntetalll of Yb. For Yb in the oxidation state
+l1, the Yb-N bond lengths were significantly lomgeanging between 2.61 A and 2.75 A.

N
oN

Figure 95 Coordination polyhedron of ¥bin two different representations in the structofe
[Yb(NH3)s](AuSesSy)- NHs. The displacement ellipsoids represent a proltqtufi 50%. All hydrogen
atoms bound to the N atoms of the ammine liganel®anitted for clarity.

Table 33 Result of a continuous shape measure calculafitimce YbN; polyhedron in the structure of
[Yb(NH3)g](AuSesSy)- NHs.

Ideal Shape CShM /%
(YbNs polyhedron)

OP-8 30.133

HPY-8 23.783

HBPY-8 16.761

CuU-8 10.437
SAPR-8 0.504
TDD-8 1.513
BTPR-8 1.475

The anion consists of square planar coordinated gtims, which are connected to a one
dimensional, infinite chain by diselenide bridg&erpendicular to the chain, five-atomic
chalcogenide chains are terminally bound to thel gddbms. These chains are of mixed S/Se
composition, mainly (Se$ and (SeSs). There are anions known with A connected via
selenides e.g. in NaAug#&*. In contrast to the anion presented here, thenanidlaAuSe is
two-dimensional infinite.
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Each gold atom in the polyanionic chain is coortidaby four Se atoms in almost perfectly
square planar fashion. Therefore, Au is in the atkah state +lll. The Se-Au-Se angles with
symmetry equivalent Se atoms all amount to 18@%esthe gold atoms are located on special
positions with symmetry.1All other Se-Au-Se angles range between 88.5°&n6°. The
average interatomic distance between Au and Se misido 2.455 A. Therefore, it is
comparable to that found in other selenoaurat@s{ly. in KAuSeas (2.475 A)*71 All bond
lengths can be found in Table 35. The bond lengtfwéen the Se atoms within the gold
connecting (S&-dumbbell amounts to 2.28 A. Hence, it is sligtshorter than expected for a
(Se) covalent single bond. The S-S bond lengths amoniiverage to 2.09 A, which is in the
range of typical S-S bond lengths. The interatodigtances between Se4-S1 and Se5-S5
amount to 2.17 A and 2.13 A, respectively.

The short distances between Se5-S5 and Se4-Silnimeciion with the big displacement
ellipsoids of Se4 and Se5 indicate a probably mstedcomprising of Se and S on the positions
of Seb and Se4. Furthermore, the small displaceglgpdoids of the atoms S1 and S2 indicate
a possible S/Se mixed site on these positions. Merven the course of the structure solution,
mixed sites on the four named positions could retrdéfined. Either the refinement gave
chemically not reasonable structure solutions omatwere refined with non positive defined
displacement factors.

An EDX analysis of the crystal also gave a slightigher sulfur content than the presented
structure solution contains (Table 34). The EDXcspan (Figure 96) shows that the Auand

the SK lines as well as the YWl and the Sé& lines are overlapping. Therefore, the results of
the EDX analysis were not exact. However, excepthefpossible mixed site the structure
solution is plausible and the charges are balafmrethe found structure solution. For charge
balancing a breakdown of the anion into ionic partsseful. Therefore, the sum formula can
be divided into [Yb(NH)g]** [Au*(Se)?(SeS)* (SeS)*]>.

Table 34 Result of an EDX analysis of a crystal of [Yb(R§AuSeS)- NHs.

S Se Yb Au
Atomic % 60.3 26.9 6.5 6.3
Normalized 9.30 4.10 1.00 0.97
Expected 7.00 5.00 1.00 1.00
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Figure 96. EDX spectrum of a crystal of [Yb(NJ$](AuSeS;)- NHs.
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Figure 97. A detailed view of a section the polymeric anian the structure of
[Yb(NH3)s](AuSeSy)- NHs. The displacement ellipsoids represent a proliplifi 50%. The indices
indicate the following symmetry operationg: 1, 1y, 1z (i) 2%, -y, 1z
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Table 35 Bond lengths of the anion in the structure [YbE¥HAUSES?)- NHs.

Atoms | Bondlength/ A| Atoms | Bondlength/A] Atoms | Bod length/ A
Aul-Se4 2.411(2) Sel-Se2 2.286(2) S3-S 2.053(5)
Aul-Se2 2.484(2) Se3-Seh 2.279(3) Seb5-35 2.133(5)
Au2-Sel 2.457(2) Se4-S1 2.165(4) S5-S 2.068(5)
Au2-Se3 2.470(2) S1-S2 2.177(4) S6-S 2.070(5)

S2-53 2.104(4)

Figure 98 Extended unit cell of [Yb(NkJs](AuSe&Sy)-NHs in a view along the <1-10> direction. All
atoms are drawn with arbitrary radii.

The infinite anionic chains run diagonal througle tmit cell along in the <1-10> direction
(Figure 98). The [Yb(NH)s]*>" complexes are located in between the chains. Tixedn

polychalcogenide residues of the anionic chainsptaeed in a way that they surround the
cationic complexes. Free ammonia molecules fihanremaining voids of the crystal structure.
The unit cell is shown from two different siteskigure 99 for a deeper insight of the crystal

structure.
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Figure 99 View on the extended unit cell of [Yb(N}d|(AuSeSy)- NHz along the crystallographie
axis (left) and along the crystallographbiaxis (right). All atoms are drawn with arbitradii.
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3.3.4 [Yb(NHz)s](AuS4Se)

The compound with the composition [Yb(NE(AuSsSe) crystallizes in the monoclinic
acentric space group2 with the lattice parameter = 15.9560(7) Ab = 9.7517(3) Ac =
15.7527(7) A angp = 115.597(2)°. The absolute structure parametevuas to 0.49(3).
Therefore, both domains of an inversion twin arespnt in equal amounts. Crystals of
[Yb(NH3)s](AuSsSe;) are of dark-red to black color and have rhombicimnar crystal habits
(Figure 100). Like the compound described in theptér before, this compound also contains
a homoleptic ytterbium ammine complex and a polymemixed-chalcogen
gold(lll)chalcogenido complex in its crystal strut. The crystals are not stable at room

temperature due to the loss of ammonia.

SU3800 15.0kV 10.6mm X1.20k SE

Figure 100 Image of the analyzed crystal with the structfr€Yb(NHs)s](AuSsSe). The image was
taken with a scanning electron microscope (SU3B@achi).

Both independent ytterbium atoms are in the formadlation state +Ill. Each ytterbium is
surrounded by eight ammine ligands forming homategghmine complexes (Figure 101). The
resulting polyhedra Yb(1)Nand Yb(2)N can be best described as square antipriBzag (The
deviation from the ideal square antiprisbu{) was calculated by a continuous shape measure
and amounts to 0.251% for Yb(19ldnd to 0.385% for Yb(2)# respectively. The deviations
from all other ideal shapes are higher (Table 38 positions of the hydrogen atoms of the
ammine ligands were not found in the differerféeurier map. They were placed on
geometrically calculated positions and refined bing a riding model. Both ytterbium atoms
lie on special positions, Yb1 on thiéyckhoffposition D and Yb2 on th&Vyckhoffposition 2.
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Therefore, a two-fold rotation axis runs troughtegiterbium atom and only half of the ammine
ligands were symmetrically independent. The Yb-Mddengths range between 2.45 A and
2.55 A for Yb1 and between 2.44 and 2.53 A for YB2ese bond lengths are in a typical range
for ytterbium ammine complexes with ytterbium i txidation state +IIl and are comparable
to the YB'-N bond lengths presented in the previous chap¥sN bond lengths, where
ytterbium is in the formal oxidation state +lI, wdube significantly longer (2.61 A and
2.75 Al72)),

Figure 101 The coordination of the two independent¥ions by ammonia molecules in the structure
of [Yb(NH3)s](AuSsSes). The displacement ellipsoids represent a proialnf 50%. All hydrogen
atoms bound to the N atoms of the ammine ligand<aiitted for clarity. The indicasindicate the
following symmetry operationsi)(-X, y, 1z (i) 2%, y, 2z

Table 36 Results of continuous shape measures of botlperent YbN polyhedra in the structure
of [Yb(NH3)s](AuSsSe).

Ideal Shape CShM /% CShM / %
(Yb(1)Ne polyhedron) | (Yb(2)Ns polyhedron)

OP-8 28.834 29285
HPY-8 23.877 23.752
HBPY-8 17.050 16.375

CuU-8 10.520 10.221
SAPR-8 0.251 0.385
008 1.909 1.708
BTPR-8 1.698 1.500
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The anion in this compound is a polymeric mixedicbgen gold(lll)chalcogenido complex,
in form of infinite chains (Figure 102). Each gatbm, Aul and AuZ2, is coordinated by four
selenium atoms in a slightly distorted square pléashion. The gold atoms are connected via
(Se)? units to an infinite chain. Perpendicular to thaia, three-atomic chalcogenide chains
are terminally bound to the gold atoms. These teaityi bound chains are of mixed S/Se
composition, namely (Se}5 units. For each Au the formal oxidation state -$llassumed
because of the square planar coordination. Fogehaalancing a breakdown of the anion into
ionic parts is useful. Therefore, the sum formwa be divided into [Yb(NBs]3' [Aus*(Sey)?*
((SeS)?)7]*. The Se-Au-Se angles between two symmetry equiv&le atoms and Au range
between 173.8 and 177.3°. All other Se-Au-Se anglege between 89.5 and 90.3°. Therefore,
each gold atom is coordinated in an almost pexfacplare planar fashion. The average Au-Se
bond length amounts to 2.464 A and is thereforeeinveen the Au-Se bond lengths found in
[Yb(NH3)s](AuSesS7)- NHs (2.455 A) and in KAuSes (2.475 A). Interatomic distances within
the connecting (S§¥ unit are between 2.31 A and 2.33 A with Se-Se+8ges amounting to
105.6 and 101.3°. The Se-S bond lengths amoun®A for Se5-S1 and to 2.22 A for Se6-
S4. The S-S bond lengths of 2.13 A and 2.18 A@mger than expected for a S-S single bond.
These elongated bonds, the small displacementseitlp of the sulfur atoms, the big
displacement ellipsoids of Se5 and Se6 and thespberical shaped ellipsoids of the Au atoms
indicate some problems with the structure refinemeéhere is a possible S/Se mixed site on
every position within the terminally bound chalcogke chains. In Figure 103, a probable
disordering of the anion is shown. The residuattete densities are labeled withand their
positions were found in the difference Fourier maépe mixed sites in connection with the
disordering led to no satisfactory structure rafieat. Either the refinement gave chemically
not reasonable structure parameters or atoms wedfieed with non positive defined
displacements. For these reasons, the structure refased without implementation of
disordering and mixed sites. The described problarase in all examined crystals with this
composition. However, the structure could be solsestsonable. In Table 37 the result of an
energy dispersive X-ray spectroscopy analysis mwsh The EDX analysis results in a
composition, which is similar to the expected oa Hasis of the structure refinement. The
slightly smaller content of selenium and sulfur neaigin from partial decomposition during
the exposure of the crystals to air and the evahudif HS and HSe. The gases were generated

on handling the crystals in open air and could étected by their specific odour.
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Figure 102 Part of the polymeric anion in the structure Wb(NH3)s](AuSsSe;). The displacement
ellipsoids represent a probability of 50%. The dedi indicate the following symmetry operations: (
1x,y, 2z (i) =%, Yy, 1z
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Figure 103 Positions labeled witk) show residual electron density, found in the défeeFourier
map. All atoms are drawn with arbitrary radii. Tihdicesi indicate the following symmetry operations:
(i) 1xy, 2z (i) X vy, 1z
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Table 37 Results of the EDX analysis of a crystal of [YIb{}k](AuSsSe).

Yb/ Au/ Se/ S/
Atomic % Atomic % Atomic % Atomic %
Spot (1) 9.17 10.05 51.35 29.43
Spot (2) 10.01 10.59 51.28 28.11
Spot (3) 10.55 11.90 49.00 28.54
Spot (4) 9.71 8.89 52.76 28.64
Spot (5) 9.76 11.95 48.27 30.02
Spot (6) 10.91 10.96 47.27 30.86
] 10.02 10.72 49.99 29.27
Normalized 1.00 1.07 4.99 2.92
Expected 1.00 1.00 6.00 4.00

Figure 104 shows thoé[Au(Se4)(SeSZ)z]3' chains running along the <101> direction within

the crystal structure. There is only one inter rhateraction present in the crystal structure
between the terminal sulfur atom S5 and the brglgielenium atom Se5. The inter atomic
distance amounts to 3.44 A, which is smaller tha&sum of the respectivan-der-Waalsadii

(3.70 A). The Au and the Yb atoms are stacked abacit other parallel to the crystallographic
b-axis. The terminal and bridging chalcogenide chaire arranged in a way, that they can

surround the [Yb(NB)s]** complexes.

b
®Au
¢S
c J‘ a ¢Se
@Yb
®N

Ll T

Figure 104 View of the extended unit cell of [Yb(NJ#](AuSsSe) along the <101> direction. All
atoms are drawn with arbitrary radii. Hydrogen admund to the N atoms of the ammine ligands are
omitted for clarity.
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Figure 105 A view of the extended unit cell of [Yb(N}3](AuSsSe;) along the crystallographizaxis
(left) and along the crystallographieaxis (right). All atoms are drawn with arbitrargdii. The
hydrogen atoms bound to the N atoms of the amngaads are omitted for clarity.
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3.3.5 [Ca(en)](AuTes)

The compound with the composition [Ca(@(uTes): crystallizes in the triclinic space group
P1 with the lattice parametem = 9.4108(7) Ab = 9.4927(7) Ac = 19.7263(13) Ap =
87.035(5)°,p = 77.389(4)° and = 77.790(3)°. Crystals of [Ca(af(AuTes), have a platy
crystal habit and are of black metallic appearafbe. crystals are stable at room temperature
for some hours under oil. It was tried to washdtystals with ethanol. After drying the washed
crystals a powder diffraction analysis was donesid®the two phases Audand Te in the
powder diffractogram, no [Ca(eifjAuTes)> was observed. The powder diffractograms is
shown in the appendix. The analyzed crystals af ¢bmpound all show a highly disordered
layer of the polyanion. Figure 106 shows a simalg@iecession image of the diffraction pattern
of an analyzed crystal of [Ca(elfAuTes).. It can be seen that the reflections alongahe
direction are not well separated, but rather fotreaks along c* which is indicative of the
disordering.

The composition of [Ca(esffAuTes). was confirmed by an EDX analysis (Figure 109)e Th
quantification results are presented in Table 3Batdmic percentages fit very well, except the
one for tellurium. The content of Te is overestiedhin this case. A reason for this may be the

overlapping C& and Tel EDX lines.

Figure 106 Reconstructed precession image of tkide8/er of an analyzed crystal with the composition
[Ca(en)](AuTes),.
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A calcium ethylenediamine complex is the catiorthis compound (Figure 107). The entire
complex is twofold positively charged. Ca is sumded by four en ligands. The resulting
coordination polyhedron of Ca with the coordinatimmmber eight can be best described as
triangular dodecahedroi4g). A continuous shape measure gives a deviatian fiee ideal
triangular dodecahedroi4q) of 0.601%. The deviation from other ideal polyteedf the
coordination number eight is higher (Table 38). $hes of the C and N atoms of the ethylene
diamine ligands could not be refined anisotropjcdlleside the disordering in the crystal, bad
data due to high absorption effects could be ateegtion. A satisfactory absorption correction
for the thin and platy crystal was not possiblesduse it was treated and measured under oil.
Positions of the hydrogen atoms of the en liganelewot found in the differené®urier map.
They were placed on geometrically calculated passtiand refined by a riding model. The Ca-
N bond lengths range between 2.55 and 2.64 A. Toverethey are in the expected range for
Ca-N bond lengths in such amine complexes anddhegimilar to those found in the structure

of [Ca(en)]2(AssTes) presented in chapter 3.2.1 of this work.

Figure 107 Coordination of C# in the structure of [Ca(efjAuTes). in two different representations.
The displacement ellipsoid of the Ca atoms reptss&iprobability of 50%. The N and C atoms are
drawn with arbitrary radii. All hydrogen atoms amaitted for clarity.
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Table 38 Result of a continuous shape measure of thesQailyhedron in the structure of
[Ca(en}](AuTes),.

Ideal Shape CShM /%
(CaNs polyhedron)
OP-8 32.954
HPY-8 24.478
HBPY-8 16.955
CU-8 9.995
SAPR-8 3.259
TDD-8 0.601
BTPR-8 2.560

The anion in this compound is a polymeric telluncede(lll). The anion forms corrugated layers
perpendicular to the crystallographteaxis. Within a layer, gold is coordinated by four
tellurium atoms in a square planar fashion, typfoalgold in the oxidation state +Ill. A
different layered anion where gold is square plaoardinated by tellurium atoms can be found
in the structure of AuT# from Rabenau et dl3. In the structure of AuTéonly (Te)
dumbbells interconnecting the gold atoms are pteserthe structure of [Ca(efjjAuTes)2,
also (Te) units are present (Figure 108). (Agfean be separated into ions, namelys(Te
units, (Te)? units and Ad" ions. The Te-Te bonds within the polytelluridetamange between
2.75 and 2.76 A. Therefore, all tellurium atoms a@valently bound. There are no
hypervalently bound tellurium atoms present in tlisicture. The Te2-Tel-Té€angle of
101.5° confirms that Tel is bound by two covalan@bonds. The Au-Te bond lengths range
between 2.64 and 2.69 A, in line to those founduTezl (2.67 A) or in the (AgTeisXn)®™*
(2.69 A) cation, which was described By Landvogin his PhD thesi§. The Au-Te bond
lengths show substantial covalent bond charactdrinvihe Au-Te interactions. There are no
Au-Au interactions present in the structure. Thertdst found Au---Au distance amounts to
5.34 A and it is therefore much longer than twitevan-der-Waalsadius of Au (2kw(Au)=
3.40 A", All angles between symmetry equivalent Te atams Au are 180° because the
gold atoms are placed on special positions wittsiteesymmetry 1All other Te-Au-Te angles
within the square planar coordination of Au rangengen 88.4 and 91.6°. Therefore, the gold
atoms are almost perfectly square planar coordindte/o (Te) units and two (T9 units

interconnect four Au atoms to 14-membered rings farened within the layers. Two
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independent layers of the polymeric anion are pmtese the crystal structure. One non

disordered, layer A, (Figure 110) and one highbodilered layer, layer B. Figure 111 shows
the highly disordered layer B with all found resaflelectron densities shown as tellurium
atoms. It was possible to refine all found residelakttron densities to three different layers
taking part of the disordering shown in Figure 1TRe disordering between the blue part and
the green/pink part was refined to 75:25. The dreelet part has a second, symmetry
dependent disordering because of the inversiorecentherefore, all site occupancy factors

for atoms of these parts were set to 0.5.

» Te2'! .
- Te5"
P Te1ll
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Te2!
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Figure 108 A detailed view of a polyanionic layer A in thé&wture of [Ca(en](AuTes).. The
displacement ellipsoids represent a probabilitp@¥. The indices indicate the following symmetry
operations:if 1%, 2, 1z (i) x, 1+, z (iii) =X, 2, 1z (iv) -1+, 1+y, z (V) -1+X, Y, Z; (Vi) 2%, 2+,
1z
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Figure 109 EDX spectrum of the analyzed crystal of [CafEAuTes)-.
Table 32 Result of the EDX analysis of a crystal of [C{HAuTes)..
Au Ca Te
Atomic % 13.29 6.29 80.42
Normalized 2.00 0.94 12.10
Expected 2.00 1.00 10.00
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QAU
@®Te

Figure 110 A view of the non disordered polyanionic layerirAthe structure of [Ca(efjjAuTes)2
along the crystallographicaxis (left) and along the crystallograpt@xis (right). The displacement
ellipsoids represent a probability of 50%.

®Au
®Te

Figure 111 A view of the different domains of the disordetager B along the crystallographieaxis
in the structure of [Ca(es}jAuTes).. All atoms are drawn with arbitrary radi.
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12.5%

Figure 112 A view of the three disordered part of the secamtkpendent anionic layer B in the
structure of [Ca(en)(AuTes), along the crystallographic-axis. All atoms are drawn with arbitrary
radii. The percentages under each disordered partheir refined occupancies. The indic@sdicate
the following symmetry operations) (L+x, -1+y, z (i) 1+x,y, z (iii) X, -14y, z (iv) 1%, -y, -z (v) 1,
1y, -z, (Vi) 2, 1y, -z (vii) 2%, 2y, -z, (viii) X, 14y, Z (iX) x+1, 14, Z, (X) -1+X, Y, Z, (Xi) -1+, -14y,

Z, (Xii) 1+x, 14y, z

In Figure 113 and Figure 114 extended unit cel[€afen)](AuTes)2 are shown. It can be seen
that the anionic layers are stacked along the altggraphicc-axis with a stacking order
ABABAB.., where the layeré& and B are twisted against each other by 90° around the
crystallographie-axis. In between the anionic layers the cationimplexes are placed. There
are no interactions between the independent layérs.smallest inter layer Te-Te distance
amounts to 5.53 A.
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Figure 113 A view of the extended unit cell of [Ca(gltAuTes). along the crystallograph&axis. All
atoms are drawn with arbitrary radii.
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Figure 114 A view of the extended unit cell of [Ca(e}iAuTes)2 along the crystallographizaxis. All
atoms are drawn with arbitrary radii.
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3.3.6 [Yb(NHs)g](AuSes)s

Crystals with the composition [Yb(N](AuSes)s are of black appearance with a golden
metallic luster. The crystal habitus is isomeffioce compound crystallizes in the trigonal space
groupR3 with the lattice parameteas= 15.9319(4) A and = 8.7617(2) A. The crystal structure
of [Yb(NH3)g](AuSes)s contains beside a homoleptic ytterbium ammine derphe first
selenidoaurate(lll) forming a three-dimensionawak. Only an oxoaurate(lll) byansen et

al. with a three dimensional network of a gold(lll)ideyenide has been mentior&d..

Figure 115 A view of the coordination of Y& by ammine ligands (left) and a view along the NitY

N1 axis parallel to the crystallographieaxis (right) in the structure of [Yb(N§](AuSe)s. The
displacement ellipsoids represent a probability@o. All hydrogen atoms bound to the N atoms of the
ammine ligands are omitted for clarity. The indice=licate the following symmetry operationi§:*(s-

X, 23y, %13z, (i) Yst+y, Zs-X, °l3-Z (i) Ys+xy, YHat+x, sz (V) 14x+y, 1%, Z (V) 1y, x-y, z
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Table 40 Result of a continuous shape measure of the sYpdlyhedron in the structure of
[Yb(NH3)s](AuSe)s.

Ideal Shape CShM /%
(YbNs polyhedron)
OP-8 36.984
HPY-8 29.045
HBPY-8 6.486
CU-8 0.133
SAPR-8 11.108
TDD-8 8.075
BTPR-8 12.677

The crystal structure contains two different builgliblocks, [Yb(NH)s]** complexes and a
three-dimensional network of connected [AgSanits. The ytterbium ion is coordinated by
eight ammine ligands. The positions of the hydrogeams of the ammine ligands were not
found in the differenc&ourier map. They were placed on geometrically calculgiesitions
and refined by using the riding model. Its coortdimrapolyhedron can be described as a cube
(On). A continuous shape measure gives a deviatioruatitg to 0.133 % from an ideal cube
(On) (Table 40). Ytterbium is in the oxidation statdl,+for which typically square antiprisms
or twofold-capped trigonal prisms as coordinatiatypedra are found. Ytterbium is located
on the special positioBa with the site symmetry.3Therefore, a three-fold inversion axis,
parallel to thec-axis, runs through the space diagonal of the ¢grbbe. The coordination
polyhedron is shown in Figure 115. In Figure 115tbae right side, the coordination of
ytterbium with the view along the crystallograplei@xis is shown. It can be seen that the
displacement ellipsoids of N1 and Ndhich are located on the threefold axis withWckhoff
position &, are almost spherical. The displacement ellipsoidfie six symmetry generated
N2 atoms are in contrast elongated perpendiculéinedhreefold axis. Apparently, the entire
[Yb(NH3)s]®* complex ion performs a libration vibration in them of a rotary oscillation
around the threefold axis. The interatomic distanda-N1 and Yb-N2 are identical, amounting
to 2.447 A for Yb-N2 and to 2.450 A for Yb-N1, respively. These bond lengths are typical
for ytterbium ammine complexes with ytterbium ie thxidation state +IIl. The N-Yb-N angles

differ minimally from the ideal angles in a cubiovironment, amounting from 68.2° to 72.94°
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(ideal: 70.5°), from 107.1° to 111.8° (ideal: 109.8nd to 180° (ideal: 180°). These small
deviations reflect the symmetry decrease f@o Dsg and finally toCsi (¥/m3 %/m t03 %m to
3). The loss of the mirror planes and the fourfohdl awofold axes allows for the angular

distortions. A table with all individual N-Yb-N ates is shown in the appendix.

/Seliii

Seziii

Se2

Figure 116 A section of the (AuS§™ polyanion in the structure of [Yb(NH3](AuSe:)s. Bond lengths
are given in A. The displacement ellipsoids repneseprobability of 50%. The indicésndicate the
following symmetry operationst)(®/s-x, %/3-y, Y3z, (i) Ys+x-y, Ys+X, 3-z (i) Hs-x+y, %5-X, Ys+z

The second building block in the crystal structfrfY b(NH3)s](AuSes)s is a three-dimensional
network of (AuSe)” units. The central building block of the polyanisrshown in Figure 116.
Au is in the oxidation state +III. Its coordinatibg selenium is almost perfectly square planar.
Both angles, Sel-Au-Seand Se2Aul-Se?', amount to 180°. The other Se-Au-Se angles
within the square planar coordination are 89.87°@M13°. The Au-Se bond lengths of 2.47 A
and 2.49 A are comparable to those found in teedlitire for Au-Se bond lengths in a square
planar coordination, e.g. in the structures ofMNSe > 1?8 or NaAuSe!**3. The homonuclear
Sel-Se2 bond lengths amount to 2.34 A. Therefbesgetbond lengths are similar to twice the
covalent bond radius of selenium and slightly strort comparison to the Se-Se bond lengths
found in (Se)?> dumbbells (2.38 A*l). There are some interactions within four pairs of
symmetry equivalent Se atoms e.g. Sel and.Séfese inter atomic distances within those
pairs ranging between 3.37 A and 3.45 A. Therefitvey are shorter than twice thian-der-
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Waalsradius of Se (26w(Se) = 3.80 A). The three-dimensional network whilformed by
the polyanion is shown in Figure 117. Channels inmparallel to the crystallographeeaxis
are formed. In these channels the ytterbium ammmoneplexes are placed as shown in Figure
119. The displacement ellipsoids of the nitrogemet N2 of the ammine ligands show that the
complexes can perform a rotational libration movemi@ these channels parallel to the
crystallographicc-axis. Every [Yb(NH)s]** complex is surrounded by six (AuSeunits
forming a distorted octahedron as coordination ipaetyon (Figure 120). Every (Augeunit

belongs to two different ytterbium ammine complex@herefore, the ratio between

[Yb(NH3)g]3* complexes and (Au%g units is 1:3.
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Figure 117 Two different views on the three-dimensional natwof the polyanion in the structure of
[Yb(NH3)s](AuSe)s along the crystallographieaxis (left) and along the crystallographbiexis (right).
All atoms are drawn with arbitrary radii.
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An EDX analysis of the crystal showed that the @eta that were used for the structure
refinement are all present the crystal. Insteath@®®expected Au : Yb : Se ratio of 1.00 : 0.33 :
4.00 the analysis gave a ratio of 1.00 : 0.48 8 {Table 41). The EDX spectrum (Figure 118)
shows that the Sk and YbM lines are completely overlapping. Therefore, theividual
content of these two elements cannot be deterngradtly. The YlL line was not taken for
the quantitative analysis because the excitati@mggnshould be 2-3 times the energy of the
observed lines in the spectrum. This criterionas valid for the YbL lines because the used

excitation energy was 15kV.
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Figure 118 EDX spectrum of the analyzed crystal of [Yb(N#{AuSe)s.
Table 41 Result of the EDX analysis of a crystal of [Yb(N§KAuSe)s.
Au Yb Se
Atomic % 16.0 7.6 76.4
Normalized 1.00 0.48 4.78
Expected 1.00 0.33 4.00
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Figure 119 Extended unit cell of [Yb(NEJs](AuSes)s in a view along the crystallograptgeaxis. The
displacement ellipsoids represent a probabilitp@P6. The hydrogen atoms bound to the N atoms of
the ammine ligands are omitted for clarity

: @®Au
| i ©Se
¢ @Yb

Figure 120 Coordination of YB" by (AuSe) units from two different perspectives in the strue of
[Yb(NH3)s](AuSe)s. The displacement ellipsoids represent a proligluifi50%. The ammine ligands
of the YB** ions are omitted for clarity.
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3.3.6a Classification of the cubic Yblcoordination polyhedron

The almost perfect cubic YBNcoordination polyhedron in the crystal structuré o
[Yb(NH3)s](AuSes)s is a rarely occurring coordination polyhedron. Tree best of our
knowledge only one other example for an almost c@biordination polyhedron formed by
monodentate ligands is present, [UNg&)**2. The complex ion [U(NCS)* is present in
the crystal structure [EM]4U(NCS)] with the weakly coordinating cations 48t as
counterions. There are other examples for a cubi@@ment, for example the coordination
of Pa in NaPaks [!*3, but they are all ionic solids and therefore nmmparable to the cubic
coordination present in the complex ions ion [UNS and [Yb(NH)s]®*. For the
coordination number 8, square antiprisni¥g) or triangular dodecahedrd4y) are the
frequently found coordination polyhedra. Both anergetically preferred in comparison to
cubic coordination polyhedra since there is legsilsgon between the ligands. There are no
cubic complexes with d-block elements known. In@d@dulsonandLesterfirst described the
participation of f orbitals in hybridization durirtge formation of complexé¥*l. Later on the
requirement of an f orbital in cubic hybridizatisndescribed*®.. For cubic hybridization, the
square planar hybridization dsp supplemented with a set of fparbitalsi**®l. The set of fptl
orbitals result from multiplying the polynomials tife square planar hybrid orbitals with

Therefore, f,4°p’ hybrid metal orbitals result in a cubic coordipati

Table 42 Results of continuous shape measures of thegYpdyhedron in the structure of
[Yb(NH3)s](AuSe)s, the UN polyhedron in the structure of JE.JU(NCS)].

Ideal Shape CShM /7% CShM /%
(YbNe polyhedron) | (UNs polyhedron)

OP-8 36.984 38128

HPY-8 29.045 30.524
HBPY-8 6.486 8.397
Cu-8 0.133 0.002

SAPR-8 11.108 10.972
TDD-8 8.075 7.930

BTPR-8 12.677 12.845
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Figure 121 Shape map in the cube—square antiprism spacepdihés indicate the positions of the
respective ideal polyhedra in this map. The desetiare given in percent. The picture was takem fro
reference®® and slightly modified. The coordination polyhedraf Yb in the structure of
[Yb(NH3)s](AuSe)s is inserted as a red dot.

In Table 42 the results of continuous shape measafehe above named almost cubic
coordination polyhedra are shown. The lg¢dlyhedron shows a higher but still very small
deviation from an ideal cubic coordination (0.1338mpared to the U\Npolyhedron with a
deviation amounting to 0.002 %. However, the démet to all other ideal shapes is
significantly higher. For a better classificatioh the deviations some deviations of ideal
polyhedra are shown in a shape map depicted iréiRd. The higher deviation from the ideal
cubic shape present in YbIgolyhedron compared to the Nolyhedron could be due to the
fact that Yb in the oxidation state +Il is & fon. A fd®sp® hybridization of YB* leads to a
capacity for 15 electrons, but a capacity of 16eiuired for the eight ammine ligands. One
additional d orbital has to be taken into accoaontlie hybridization, which leads to a distortion
of the ideal cubic shape. Uranium in JE}4JU(NCS)| is in the oxidation state +IV and
therefore a¥ion. Compared to thé¥configuration of YB*, U** have the full required capacity

of 16 electrons in a fdp’ hybridization.
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4. Summary and Outlook

Within the scope of this work, 27 compounds wemstliy synthesized and structurally

characterized via single crystal X-ray diffractighlist with all compounds is shown in the

following table.

Compounds containing
oligomeric Qn?" units or
polymeric chalcogenides

Compounds containing
chalcogenidoarsenates

Compounds containing
chalcogenido-cuprates(l); -
argentates(l) or -
aurates(l1l)

[EU(NH3)9]2(Ss)3- 2NHs [Ca(en)]2(AsaTes) [Eu(NHzg)g][Cu(Sa)2]- NH3
[SM(NHs)9]2(Ss)3: 2NHs [Sr(en}]2(AsaTes) [Er(NHs3)s][Cu(Ss)2]- NHs
[Er(NH3)g]2(Ss)2(Se)- 3NHs [Eu(en)]2(AssSe) [Eu(NHs)o][Ag(Se&s)2]- 2NHs
[YBb(NH23)g]2(S5)2(Se)- 3NHs [Ca(en)](As:Ses) [Yb(NH3)g](AuSeSy)- NHs
[Yb(NH2)g]2(Ss5)2(Ss)- 4NHs [Ca(en)]2(As:Se0) [Yb(NHa)s](AuSsSe)
[Yb(NH3)7(S203)]2(Ss)- NH3 [Ca(en}(H20):]As2Se [Ca(en)](AuTes)2
[Eu(NH3)q2(Se)2(Ses) [Sr(enk(H20):]AsSey [Yb(NH3)s](AuSe)s
[Sr(en)](Tes)

[Eu(NHs)o]2(Tes)s

[Ba(NHz)s](Tes)

[Ca(en)](Tes)-0.5en
[Yb(NH3)g]a(Tex)(Tes)2: 2NHs
[Eu(en)]Tes

Despite the great interest in solvothermal synthase especially in ammonothermal syntheses
for decades, the outcome of this work showed tiexttis still a lot to discover in the subjects
Zintl phases and polychalcogenides. Synthesis approacla@smonia and ethylene diamine
turned out to be suitable even for the work withneténtal coinage metals as educts and the
single crystal manipulations at very low temperasumade it possible to characterize actually
very temperature and air sensitive compounds. mirast to these advantages, it seemed to be
impossible to synthesize phase pure products byisked synthetic methods. The notorious
multiphase products in combination with the verghhtemperature and air sensitivity of the
target compounds, hampered any further analysishgéical properties like magnetism or

electrical conductivity.
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The coordination number of the bi- and trivaleniiares varies between eight and nine. For
ethylene diamine complexes only coordination nunmdight was observed with triangular
dodecahedral polyhedra as dominating shape in m#tecanalyzed complex cations. With
exception of europium, in ethylene diamine nonethdd used lanthanides reacted under
formation of suitable single crystals. Coordinatimmmber eight is mainly observed for the
ammine complexes. For the smaller lanthanides YbEmexclusively coordination number
eight was observed. For ammine complexes of tlygefdanthanides Eu and Sm, coordination
numbers eight and nine were observed. The mostidreégpolyhedral shape of the ammine
complexes is the square antiprism or the cappears@ntiprism, respectively.

The very small differences in the compositions &nel polysulfide chain lengths of the
compounds [Ln(NH)g]2(Ss)3-2NHs (Ln = Eu or Sm), [Er(NH)g2(Ss)2(Ss)-3NH: and
[Yb(NH3)s]2(S5)2(S4)- 4NHs allow for the presumption that the compositionhihygdepends on
filling degree of the ampoules with ammonia. Theidoradii are all very close to each other
and the weighed ratios were the same in all syathemly the filling degree was not exactly
manageable. Usage of different reaction approdondise synthesis of [Eu(Nd)b]2(Ss)s- 2NHs
gave no differences for the resulting productsepehdent if the synthesis was performed under
ambient conditions or under supercritical condsioihall educts were soluble in ammonia.
Syntheses of chalcogenidoarsenate(lll) anionshylene diamine led to the first observation
of a cyclic (AsSe;)* anion. Beside the (AS&;)* anion, (AsTes)* anions could be synthesized
in two isotypic structures. All crystal structunegesented in this thesis containing molecular
chalcogenidoarsenate(lll) anions could be deriveohfsimple salt structures. Structures of the
compounds [M(en)2(AssQs) (M = Ca, Sr and Q = Te or M = Eu and Q = Se) and
[Ca(en)](As2Ses) adopt the anti-fluorite structure typexQi and [Ca(en](As2Se0) the CsCl
structure type. The polymeric chalcogenidoarsetfte( anions present in
[M(en)3(H20),]As2Se; (M = Ca or Sr) are representatives anidlfer chains, a new chain
conformation in the field of polymeric chalcogeradsenate(lll) anions. Beside the new
conformation, the chains show interesting intecangtileading to a plausible description of an
almost linear selenium chain with As-Se dumbbetlschied next to it. Theoretical calculations
should be made to quantify these interactions &eddbuble bond character of the As-Se
dumbbell.

With the syntheses of [Ln(Ng}][Cu(Ss)2]- NH3, with Ln = Eu or Er, two representatives were
structurally analyzed being isotypic to the knownusture of [Ln(NH)s][Cu(S4)2]- NHs. Their
crystal structures can be derived from the tungstarcture type. Introduction of the heavier

homologues silver and selenium, led to the fornmatf [Eu(NHs)o][Ag(Ses)2]- NHs,
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crystallizing in a different structure type. Thigpé of isolated metallates with Ag or Cu as
central atoms are very uncommon, they typicallyf@olynuclear clusters or low dimensional
infinite motifs. All attempts to synthesize compdsncontaining tellurometallates of the
described type only led to the formation of politetle containing compounds.

Two one-dimensional infinite chalcogenidoauratés(lhamely [Yb(NH)s](AuSeSy)- NHs
and [Yb(NH)s](AuSsSe), were successfully synthesized. Within the chatihe gold atoms
are connected via polyselenides. The chains différe length of the connecting polyselenide
and they show differently bound terminal polychaglenides. Crystals of both compounds made
problems in their structure refinements due tortieed sulfur/selenium sites present in the
terminally bound polychalcogenides. EDX analysethefcompounds gave only a rough hint
for the S/Se ratio due to partial decompositiorihef crystals during exposure to air and the
following probable loss of % and HSe, respectively. [Yb(NkJs](AuSsSes) additionally show

a disordering within the coordination of the gotdras. The problems of S/Se mixed sites and
especially the disordering were are intrinsic peofd and were present in all analyzed crystals.
It was not possible to obtain one of these chalemgaurates(lll) only with sulfur or selenium,
respectively. Nevertheless, suitable and chemiaaasonable structure solutions could be
made for both compounds.

With calcium, tellurium and gold in ethylene diamjfCa(en)(AuTes)2 which contains a two-
dimensional telluridoaurate(lll) anion could be #sized. The layered structure contains two
independent telluridoaurate(lll) layers of whicheds highly disordered. It is exceptional that
only one of the independent layers show a disandehereas the other does not. Within the
layers, the gold atoms are connected via bridginguad tritellurides. The same synthetical
approach with the heavier homologues of calciumgnsium and barium did not lead to
formation of suitable single crystals.

Beside the one- and two-dimensional chalcogenidaa(lil) anions, a three-dimensional
selenidoaurate(lll) was successfully synthesizdx dompound [Yb(NE)s](AuSe&s)s shows a
three-dimensional network of gold atoms that weterconnected via selenium dumbbells. The
ytterbium ammine complex shows a very particulardmation polyhedron, an almost perfect
cube. Such a cubic coordination for a complex hag been described for [U(SCH} in
literature. According to literaturex,fd®sp® hybrid metal orbitals are necessary for cubic
coordination. Generally, a square antiprism wowdddvored as coordination polyhedron for
coordination number eight, so cation-anion intecast or packing effects might be present to
stabilize the cubic environment. One assumptiotinésstabilizing effect of the six (Aufpe

units coordinating to [Yb(NE)s]®>* perpendicular to the cubic faces. It is necessady further
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research on the origin of the cubic coordinatiolylpedron e.g. theoretical calculations on the
stabilization effects of the (Augeunits.

The syntheses of the four chalcogenidoaurate(hipra containing compounds show the
capability of solvothermal syntheses in liquid anmacand ethylene diamine, to enhance the
reactivity of gold. The same syntheses as soliek seactions would lead to the formation of
binary alkaline earth or lanthanide chalcogenidempounds and elemental gold. It was not
possible to synthesize thioaurates(lll). A reasounla be the very fast formation of binary
polysulfides.

The structural variety of polychalcogenides andrtbennection possibilities with arsenic or
coinage metals is presented in this work. It wasamghthat ammonothermal synthesis or the
solvothermal synthesis in ethylene diamine are ablet synthetic methods to obtain
polychalcogenides andintl phases. With the structural investigation of 2ystal structures,
this work provides the basis for further reseanctire bonding behavior of chalcogens within

polychalcogenides or their interactions with arsearicoinage metals.
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Appendix
A.1 Single crystal data

A.1.1 [Eu(NH3)9]2(Ss)s - 2NHs

Table A.1 Crystal data and structure refinement for [EUgNIASs)3- 2NHs.

Empirical formula Eb Heo N2o S5
Formula weight /g/mol 1159.56
Temperature K 123(2)

Crystal system; Space group Monocliri@:/n
Lattice constants A a=10.9036(4)

b = 15.0138(4)8 = 94.5860(10)°
c = 13.5679(4)

Volume /A3 2214.01(12)

Z; F(000); calc. density g/cn? 4,1172,1.739

Wavelength /A 0.71073

Crystal size /mm 0.058x% 0.055% 0.045

Theta range for data collection®/ 3.012 to 27.494

Limiting indices -14<h<14,-18< k<19, -17<1 <17
Reflections collected / unique 26350 /5048

Completeness td = 25.242 99.3 %

Rint 6.80 %

Absorption coefficient /mm? 3.546

Refinement method Full-matrix least-squares &n F
Data / restrains / parameters 5048/0/191

R indices (all datalr; ; wR 0.0450; 0.1139

R indices [ > 40(1)] Ry ; WR: 0.0599; 0.1222 (for 4088 reflections)
Godness-of-fit foiF2 1.048

Largest diff. peak and hole & /A3 3.889 and -1.607
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Table A.2 Fractional coordinates (- 9Gnd equivalent isotropic displacement paramgter
(A2 1) for the independent atoms in the structure of[[k)o]2(Ss)s- 2NHa.

Wyck. X y z 8}
Eu(1) V2] 5127(1) 8364(1) 7601(1) 21(2)
N(8) de 4013(5) 7664(3) 6033(3) 28(1)
N(4) de 4438(5) 8954(3) 9305(4) 30(2)
N(1) de 6032(6) 6787(4) 7192(4) 40(1)
N(6) de 4726(5) 9632(3) 6323(4) 34(1)
N(3) de 6816(5) 7938(4) 8966(4) 34(1)
N(5) de 6285(5) 9833(3) 8143(4) 30(2)
N(7) de 7091(5) 8490(3) 6625(4) 31(2)
N(9) de 2861(5) 8891(4) 7509(4) 39(2)
N(2) de 3906(6) 7110(4) 8378(4) 46(2)
S(2) 2] 6562(2) 4949(2) 10287(2) 56(1)
S(1) V2] 5040(4) 4243(3) 9596(3) 52(1)
S(3) V2] 7525(2) 5687(1) 9288(1) 41(1)
S(8) 2] 6591(2) 8884(1) 1469(1) 32(1)
S(7) 2] 5565(2) 7772(1) 1681(1) 40(1)
S(5) 2] 5832(2) 8085(1) 4113(1) 40(1)
S(4) V2] 6402(2) 6848(1) 4602(1) 38(2)
S(6) V2] 4592(2) 7988(1) 2905(1) 43(1)
N(10) 4e 8565(7) 9594(5) 9686(6) 60(2)
N(11) 4e 5016(9) 4890(8) 7388(9) 113(4)

Table A.3: Anisotropic displacement parameteks/ A2 - 16 for the independent atoms in the structure
of [Eu(NHs)g]2(Ss)s - 2NH.

U1 U2 Uss Uzs Uis Uiz
Eu(l) 28(1) 18(1) 18(1) 1(1) 3(1) -2(1)
N@8) 36(3) 283) 21(2) 0@ 612  -3(2)
N@4) 35(3) 27(3) 26(2) -42) 0@2) 02
N(1) 62(4) 29(3)  28(3) -2(2) -4(3) 12(3)
N(6) 34(3) 27(3) 38(3) 11(2) -7(2) -7(2)
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N@E)  47(3)
NG)  34(3)
N(7)  36(3)
N©)  37(3)
NQ2)  63(4)
S@2)  43(1)
S(1)  40(2)
S@3)  49(1)
S@8)  38(1)
S(7)  59(1)
S(5)  56(1)
S@)  45(1)
S6)  32(1)
N(10)  55(4)
N(11)  95(8)

30(3)
28(3)
29(3)
55(4)
38(4)
80(2)
41(2)
33(1)
32(1)
27(1)
34(1)
40(1)
43(1)
56(4)
102(9)

24(2)
28(2)
30(3)
26(3)
37(3)
44(1)
75(3)
38(1)
29(1)
32(1)
30(1)
30(1)
53(1)
69(5)
146(1)

0(2) 0(2)
0(2) 2(2)
-1(2) 6(2)
-4(2) 4(2)
3(3)  18(3)
3(1) 0(1)
27(2)  5(2)
6(1)  -10(1)
2(1)  8(1)
o)  -8(1)
31) 12(1)
31)  12(1)
18(1)  5(1)
16(4)  -3(4)
34(7)  47(7)

11(2)
-3(2)
2(2)
4(3)

-17(3)

6(1)
-3(2)
11(1)
7(1)
-1(1)
7(1)
13(1)
2(1)

-15(3)

-48(6)

Table A.4: Selected bond lengths for of [Eu(B)b2(Ss)z: 2NHs. Symmetry transformations used to

generate equivalent atoms: #a+1, y+1, z+2.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Eu(1)-N(2) 2.579(5) S(2)-S(3) 2.097(3)
Eu(1)-N(3) 2.586(5) S(2)-S(1) 2.123(4)
Eu(1)-N(8) 2.587(5) S(2)-S(L)#1 2.143(4)
Eu(1)-N(9) 2.588(6) S(1)-S(2)#1 2.143(4)
Eu(1)-N(6) 2.589(5) S(1)-S(1)#1 2.527(7)
Eu(1)-N(7) 2.613(5) S(8)-S(7) 2.042(2)
Eu(1)-N(5) 2.618(5) S(7)-S(6) 2.067(3)
Eu(1)-N(4) 2.641(5) S(5)-S(6) 2.044(3)
Eu(1)-N(1) 2.641(5) S(5)-S(4) 2.052(2)
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Table A.5 Selected bond angles for of [Eu(BJb)z(Ss)s- 2NHs. Symmetry transformations used to

generate equivalent atoms: #a+1, y+1, z+2.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
S(3)-S(2)-S(1) 113.14(16) S(2)#1-S(1)-S(1)#1 53L8Y(
S(3)-S(2)-S(1)#1 101.69(17) S(8)-S(7)-S(6) 107.8y(1
S(1)-S(2)-S(1)#1 72.66(17) S(6)-S(5)-S(4) 110.99(11
S(2)-S(1)-S(2)#1 107.34(17) S(5)-S(6)-S(7) 107.8p(1
S(2)-S(1)-S(1)#1 54.03(15)
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A.1.2 [SM(NHs)o]2(Ss)s - 2NHs

Table A.6: Crystal data and structure refinement for [SM{NIASs)s - 2NHa.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group
Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

SmHeo N2o Si5
1156.34
123(2)
Monoclirfi@/n
a=10.8879(3)
b=15.0272(4)p = 94.5120(10)°
c=13.5817(4)
2215.28(11)
4;1168; 1.734
0.71073
0.061x 0.045x 0.053
3.009 to 27.502
-14<h<14,-18<k<19, -17<1 <17
22521 / 4958
98.3 %
9.13%
3.363
Full-matrix least-squares &n F
4958 /0/191
0.0459; 0.1062
0.0743; 0.1172 (for 3633 reflections)
1.051
2.694 and -1.291
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Table A.7: Fractional coordinates (- 9@nd equivalent isotropic displacement paramgter
(A2 1) for the independent atoms in the structure of (;$if3)o]2(Ss)3- 2NHa.

Wyck. X y z k4
Sm(1) & 4879(1) 1637(1) 2399(1) 19(1)
N(9) de 6004(4) 2341(3) 3971(4) 26(1)
N(2) de 3710(5) 173(3) 1855(4) 28(1)
N(5) de 5573(5) 1046(3) 690(4) 29(1)
N(6) de 3970(5) 3212(3) 2820(4) 36(1)
N(4) de 3188(5) 2067(3) 1029(4) 30(2)
N(3) de 5280(5) 361(3) 3685(4) 31(2)
N(7) de 6112(6) 2909(4) 1622(4) 41(2)
N(1) de 2900(5) 1509(3) 3380(4) 30(1)
N(8) de 7162(4) 1106(4) 2497(4) 35(1)
S(5) 2] 3426(2) 1115(1) 8528(1) 30(1)
S(1) Vi3] 3620(2) 3153(1) 5402(1) 36(1)
S(2) Vi3] 4190(2) 1913(1) 5886(1) 38(1)
S(4) i3] 4455(2) 2225(1) 8316(1) 38(1)
S(3) 2] 5428(2) 2009(1) 7093(2) 39(1)
S(6) 2] 2491(2) 4321(1) 706(1) 36(1)
S(7) Vi3] 3446(2) 5052(2) -293(2) 49(1)
S(8) Vi3] 4947(3) 5749(3) 415(3) 45(1)
N(10) de 1441(6) 401(5) 308(6) 60(2)
N(11) de 4976(9) 5124(8) 2621(8) 120(4)

Table A.8: Anisotropic displacement parameteks/ A? - 16 for the independent atoms in the structure
of [SM(NHs)g]2(Ss)3 - 2NHs.

U1 U2 Uss Uzs Uis Uiz
Sm(1) 23(1) 18(1) 17(1) 1(1) -1(1) -1(1)
N@©)  29(3) 24(3) 233) -2(2) -1(2) -1(2)
N(2) 28(3) 313) 26(3) 52 -12)  3(2)
N(5) 29(3) 30(3)  26(3) 0(2) 0(2) 2(2)
N(6) 52(4) 28(3) 26(3) -2(2)  -10(3) 5(3)
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N@4) 40(3) 27(3) 23(3) 02 -32) 8@
N@E) 27(3) 30B) 36(3) 72 -6(2) -6(2)
N(7) 58(4) 36(3) 31(3) -3(3) 16(3) -13(3)
N(1) 30(3) 26(3) 333 220 52 202
N@©) 25(3) 57(4) 24(3) 230 02 13
S(5) 32(1) 30(1) 29(1) 3(1) 5(1)  6(1)
S(1)  40(1) 40(1) 29(1) 2(1) 10(1) 12(1)
S@2) 51(1) 34(1) 29(1) 3(1)  91) 61
S@) 50(1) 28(1) 32(1) -1(1) -10(1)  O(1)
S@3) 27(1) 40(1) 51(1) 16(1)  4(1)  2(1)
S6)  40(1) 31(1) 341 -3(1) -9(1)  6(1)
S(7) 35(1) 67(1) 43(1) 41 41  2Q1)
S@) 31(2) 392 66(3) -22(2) 5@2) @ -5(2)
N(10) 50(4) 59(55) 68(5) 14(4) -11(4) -11(4)
N(11) 94(8) 109(9) 162(1) -19(7) 33(8) -55(6)

Table A.9: Selected bond lengths for of [Sm(§JE2(Ss)z- 2NHs. Symmetry transformations used to
generate equivalent atoms: #4+1, y+1, =z

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Sm(1)-N(4) 2.595(5) S(5)-S(4) 2.044(2)
Sm(1)-N(9) 2.600(5) S(1)-S(2) 2.056(2)
Sm(1)-N(8) 2.605(5) S(2)-S(3) 2.044(3)
Sm(1)-N(7) 2.606(5) S(4)-S(3) 2.064(3)
Sm(1)-N(3) 2.607(5) S(6)-S(7) 2.085(3)
Sm(1)-N(2) 2.619(5) S(7)-S(8) 2.109(4)
Sm(1)-N(1) 2.628(5) S(7)-S(8)#1 2.141(4)
Sm(1)-N(6) 2.645(5) S(8)-S(7)#1 2.141(4)
Sm(1)-N(5) 2.651(5) S(8)-S(8)#1 2.523(7)
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Table A.10 Selected bond lengths for of [Sm(BJE)2(Ss)s- 2NHs. Symmetry transformations used to
generate equivalent atoms: #4+1, y+1, =z

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
S(3)-S(2)-S(1) 110.82(12) S(8)-S(7)-S(8)#1 72.8p(17
S(5)-S(4)-S(3) 107.86(10) S(7)-S(8)-S(7)#1 107.65(1
S(2)-S(3)-S(4) 108.00(10) S(7)-S(8)-S(8)#1 54.15(14
S(6)-S(7)-S(8) 111.92(16) S(7)#1-S(8)-S(8)#1 5218%(
S(6)-S(7)-S(8)#1 101.92(15)
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A.1.3 [Er(NHz)g]2(S5)2(Ss) - 3NH3

Table A.11 Crystal data and structure refinement for [ErgNH(Ss)2(Ss) - 3NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group
Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

EfHasN19S16
1162.05

123(2)

Monoclirfic2s/c

a=15.0988(2)
b=20.7571(4)p = 110.0460(10)
c=13.9957(3)
4120.62(13)
4 ;2292 ;1.873
0.71073
0.082x 0.110x% 0.092
2.926 to 27.529

-19<h<19, -27< k< 27,-18<1<18

30239/ 8992
96.4 %
14.75 %
4.884
Full-matrix least-squares &n F
8992 /0/ 336
0.0675; 0.1310

0.0512; 0.1216 (for 7169 reflections)

1.020
1.324 and -2.326
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Table A.12 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2- 15)
for the independent atoms in the structure of [E{} 2(Ss)2(Se) - 3NHs.

Wyck. X y z ()
S(1) % -124(1) 5773(1) 3426(1) 27(1)
S(2) s 885(1) 5640(1) 2777(2) 28(1)
S(3) s 265(1) 5478(1) 1246(1) 25(1)
S(4) iz 14(1) 6349(1) 494(1) 25(1)
S(5) fe 1276(1) 6677(1) 421(1) 21(1)
S(6) s 3266(1) 9672(1) 3189(1) 24(1)
S(7) s 3627(1) 8851(1) 2615(1) 24(1)
S(8) s 3954(1) 9041(1) 1334(12) 26(1)
S(9) s 2733(1) 9064(1) 68(1) 21(2)
S(10) & 2324(1) 8114(1) -194(1) 22(1)
S(11) & 3338(1) 7623(1) -560(1) 25(1)
S(12) & 6836(1) 9476(1) 1098(1) 20(1)
S(13) & 6484(1) 8541(1) 1273(2) 23(1)
S(14) % 6162(1) 8418(1) 2575(1) 23(1)
S(15) & 7393(1) 8158(1) 3720(1) 23(1)
S(16) & 7799(1) 7280(1) 3337(1) 24(1)
Er(2) de 31(1) 6493(1) 6781(1) 14(1)
N(1) de 1058(4) 5863(3) 8251(4) 20(1)
N(2) de 965(4) 5688(3) 6189(4) 20(1)
N(3) de -1098(4) 5740(3) 5578(4) 23(1)
N(4) de -993(4) 6102(3) 7719(4) 21(1)
N(5) de 102(4) 7365(3) 8027(4) 21(2)
N(6) de -1421(4) 7198(3) 6076(5) 28(1)
N(7) de 2(4) 6934(3) 5145(4) 19(1)
N(8) de 1551(4) 7063(3) 7164(4) 20(1)
Er(2) de 4602(1) 6276(1) 2521(1) 14(1)
N(9) de 4503(4) 5125(3) 2151(4) 23(1)
N(10) de 4698(4) 5833(3) 4205(4) 24(1)
N(11) de 3000(4) 6022(3) 2530(4) 23(1)
N(12) 4e 3648(5) 7266(3) 2057(4) 27(2)
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N(13) de 5421(4) 7125(3) 3806(4) 24(1)
N(14) Je 5446(4) 6858(3) 1550(4) 21(1)
N(15) e 6286(4) 5905(3) 3245(4) 23(1)
N(16) e 3692(4) 6128(3) 675(4) 21(1)
N(17) e 2381(5) 4876(4) 677(5) 34(2)
N(18) e 5629(5) 5908(4) -38(5) 36(2)
N(19) e 7813(6) 6087(5) 1296(7) 54(2)

Table A.13 Anisotropic displacement parametédg / A2 - 1F for the independent atoms in the
structure of [Er(NH)s]2(Ss)2(Ss) - 3NHs.

U1 U2 Uss Uzs Uis Uiz

S(1) 33(1) 28(1) 24(1) -5(1) 14(1) -4(1)
S(2)  241) 38(1) 23(1) 7(1) 81  -2(1)
S(3)  33(1) 21(1) 26(1) -2(1) 15(1)  -5(1)
S(4) 20(1) 30(1) 24(1) 5(1) 7(1) 2(1)

S(5) 20(1) 20(1) 21(1) 2(1) 6(1) 1(2)

S(6)  26(1) 27(1) 25(1) -2(1) 14(1)  -3(1)
S(7)  26(1) 22(1) 23(1) -11) 7)) -3(1)
S(8) 20(1) 35(1) 24(1) -9(1) 10(2) -7(2)
S(9) 20(1) 23(1) 22(1) 0(1) 10(2) 1(1)
S(10) 19(1) 23(1) 23(1) O0@Q)  7(1)  -5(1)
S(11) 32(1) 231) 20(1) 1) 11() 4@
S(12) 17(1) 201) 241 1) @ 7(1)  1(1)
S(13) 26(1) 18(1) 21(2) 0(1) 4(1) 2(1)
S(14) 20(1) 18(1) 33(1) 4(2) 12(1) 2(1)
S(15) 26(1) 24(1) 19(1) 0OQ)  7(1)  -4QQ)
S(16) 18(1) 25(1) 26(1) 2(1)  5(1)  2(1)
Er(1) 13(1) 16(1)  14(1) 0(1) 6(1) 0(1)

N(1) 16(3) 22(3) 20(3) -5(2) 5(2) 0(2)

N(2) 16(3) 21(3) 26(3) -3(2) 92 -1
N(B) 26(3) 243) 21(3) -5(2) 92  -3(2)
N(4) 18(3) 25(3)  20(3) 3(2) 8(2) -3(2)
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N(B)  20(3) 21(3) 233) -3(2) 92  0(2)
N(6) 24(3) 39(4) 25(3) 10(3) 12(3) 10(3)
N(7)  17(3) 213) 213) 20 92  -1(2)
N@8)  18(3) 233) 21(3) -3(2) 812 -4
Er2) 141 14(1) 15(1) 1(1) 61 11
N@©) 25(3) 22(3) 213) -12) 6(2)  3(2)
N(10) 18(3) 25(3) 28(3) 5(2) 92  0(2)
N(11) 18(3) 31(3) 20(3) 3(2) 6(2)  4(2)
N(12) 36(3) 28(3) 18(3) 4(2) 8(3)  11(3)
N(13) 26(3) 25(3) 20(3) -2(2) 6(2)  -4(3)
N(14) 25(3) 21(3) 20(3) -12) 10Q2) -2(2)
N(15) 25(3) 21(3) 26(3) -12) 12(2) 1(2)
N(16) 20(3) 24(3) 20(3) 2(2) 92 32
N(17) 33(1) 28(1) 24(1) -5(1) 14(1)  -4(1)
N(18) 24(1) 38(1) 23(1) 7() 81  -2(1)
N(19) 33(1) 21(1) 26(1) -2(1) 15(1)  -5(1)
Table A.14 Selected bond lengths for [Er(Mg] 2(Ss)2(Ss)-3NHs.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
S(1)-S(2) 2.042(3) Er(1)-N(8) 2.472(5)
S(2)-S(3) 2.051(3) Er(1)-N(1) 2.482(6)
S(3)-S(4) 2.061(3) Er(1)-N(4) 2.482(5)
S(4)-S(5) 2.059(2) Er(1)-N(5) 2.490(6)
S(6)-S(7) 2.035(3) Er(1)-N(3) 2.493(6)
S(7)-S(8) 2.055(3) Er(1)-N(2) 2.504(5)
S(8)-S(9) 2.074(2) Er(1)-N(6) 2.538(6)
S(9)-S(10) 2.062(2) Er(2)-N(9) 2.439(6)
S(10)-S(11) 2.044(2) Er(2)-N(12) 2.466(6)
S(12)-S(13) 2.049(2) Er(2)-N(14) 2.474(5)
S(13)-S(14) 2.056(3) Er(2)-N(11) 2.479(6)
S(14)-S(15) 2.067(3) Er(2)-N(10) 2.487(6)
S(15)-S(16) 2.051(3) Er(2)-N(16) 2.495(6)
Er(1)-N(7) 2.453(5) Er(2)-N(15) 2.515(6)
Er(2)-N(13) 2.518(6)
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Table A.15 Selected bond angles for [Er(ME]2(Ss)2(Ss)-3NHs.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
S(1)-S(2)-S(3) 110.09(11) S(10)-S(9)-S(8) 108.4y(10
S(2)-S(3)-S(4) 109.14(11) S(11)-S(10)-S(9) 111.9%(1
S(5)-S(4)-S(3) 107.71(11) S(12)-S(13)-S(14) 10710%(
S(6)-S(7)-S(8) 111.13(11) S(13)-S(14)-S(15) 10710%(
S(7)-S(8)-S(9) 109.91(10)
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A.1.4 [Yb(NH3)g]2(S5)2(Ss) - 3NH3

Table A.16 Crystal data and structure refinement for [Yo@¥H(Ss)2(Ss) - 3NHs.

Empirical formula H7 N1o S16 Yb2
Formula weight /g/mol 1182.68
Temperature K 123(2)

Crystal system; Space group Monoclirfic2:/c
Lattice constants A a=15.0942(4)

b= 20.7195(9)4 = 109.900(2)°
c = 14.0036(4)

Volume /A3 4118.0(2)

Z; F(000); calc. density g/cn? 4; 2344, 1.908

Wavelength /A 0.71073

Crystal size /mm 0.180x 0.160% 0.110

Theta range for data collection®/ 2.92810 27.471

Limiting indices -1<h<17,-25< k<21,-18<1<16
Reflections collected / unique 13532 /7161

Completeness t@ = 25.242 78.3 %

Rint 5.87 %

Absorption coefficient /mm?* 5.354

Refinement method Full-matrix least-squares on F
Data / restrains / parameters 7161/0/351

R indices (all datalr; ; wR 0.0838 ; 0.0974

R indices [ > 4o(1)] Ry ; WR 0.0453 ; 0.0861 (for 4844 reflections)
Godness-of-fit foiF2 0.953

Largest diff. peak and hole & /A3 1.188 and -1.752
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Table A.17: Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2- 15)
for the independent atoms in the structure of [N 2(Ss)2(Ses) - 3NHs.

Wyck. X y z 8}
Yb(1) de 4596(1) 3727(1) 7516(1) 14(1)
N(1) de 4678(4) 4161(4) 9181(4) 18(2)
N(2) de 6259(4) 4098(4) 8221(5) 27(2)
N(3) de 5403(4) 2877(4) 8765(5) 22(2)
N(4) de 5425(4) 3157(4) 6548(5) 22(2)
N(5) de 3650(4) 2765(4) 7055(5) 27(2)
N(6) de 3705(4) 3877(4) 5697(5) 19(2)
N(7) de 3011(4) 3980(4) 7521(5) 21(2)
N(8) de 4498(4) 4883(4) 7173(5) 23(2)
Yb(2) de 33(2) 3503(1) 1773(1) 14(2)
N(9) de 107(4) 2642(4) 3021(5) 24(2)
N(10) de 1031(4) 4117(4) 3233(5) 24(2)
N(11) 4e 1536(4) 2931(4) 2137(5) 25(2)
N(12) 4e 964(4) 4306(4) 1190(5) 23(2)
N(13) de 2(4) 3067(4) 151(4) 18(2)
N(14) de -1077(4) 4245(4) 574(5) 18(2)
N(15) 4e -1406(5) 2815(4) 1087(5) 29(2)
N(16) 4e -977(4) 3911(4) 2699(5) 21(2)
S(1) 2] 3331(2) 2390(1) 4433(2) 20(1)
S(2) 2] 2309(1) 1888(1) 4799(1) 16(1)
S(3) V2] 2732(1) 929(1) 5059(2) 19(1)
S(4) 22 3959(1) 954(1) 6329(2) 22(1)
S(5) 2] 3625(1) 1151(2) 7615(2) 23(1)
S(6) 2] 3263(1) 329(1) 8192(2) 23(1)
S(7) V2 1278(1) 3330(2) 5412(2) 19(1)
S(8) V2] 0(2) 3658(1) 5476(2) 18(1)
S(9) 2] 263(2) 4533(1) 6239(2) 23(1)
S(10) & 884(1) 4355(1) 7777(2) 24(1)
S(11) Vi -135(2) 4225(1) 8420(2) 25(1)
S(12) Vi 6835(1) 4482(1) 11076(1) 14(1)
S(13) & 6485(1) 3531(1) 11257(2) 21(1)
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S(14) & 6154(1) 3419(1) 12562(2) 23(1)
S(15) & 7395(1) 3161(1) 13723(2) 21(1)
S(16) & 7811(1) 2266(1) 13327(1) 15(1)
N(17) e 2366(5) 5130(5) 5674(6) 32(2)
N(18) e 5624(5) 4102(5) 4967(5) 43(3)
N(19) e 7816(5) 3913(5) 6288(6) 47(3)

Table A. 18 Anisotropic displacement parametéds / A2 - 16 for the independent atoms in the
structure of [Yb(NH)s]2(Ss)2(Ss) - 3NHa.

U11 U2z Uss Uzs Uis Uiz

Yb(1) 14(1) 13(1) 141 1) 51 11
N(L) 15(4) 26(6) 93) 33 -2B3) 1(3)
N(2) 21(4)  37(7) 25(4) 0(4) 10(3) -3(4)
N(3) 20(4)  27(6) 19(4) -1(3) 5(3) -1(3)
N@4) 27(4) 21(6) 19(4) 23) 10(3) -1(3)
N(5)  23(4) 44(7) 15(4) 5(4) 7(3)  -13(4)
N(6) 29(4) 15(5) 15(4) 0(3) 11(3) 1(3)
N(7) 20(4)  22(6) 20(4) -1(3) 5(3) -8(3)
N(@8) 21(4) 20(6) 26(4) -4(3) 4(3) -8(3)
Yb(2) 13(1) 15(1) 13(1) O(1)  4(1)  0()
N(9) 21(4)  28(6) 27(4) 7(4) 11(3) 4(3)
N(10) 17(4) 34(6) 20(4) -1(4) 5(3) -2(3)
N(11) 21(4) 32(6) 17(4) -4(4) 1(3) 1(3)
N(12) 16(4) 36(6) 19(4) 6(4)  8(3)  -3(3)
N(13) 24(4) 13(5) 133) 1(3)  3(3)  3(3)
N(14) 17(4) 17(5) 20(4) -1(3) 6(3) 5(3)
N(15) 34(4) 35(7) 19(4) -4(4) 11(3) -9(4)
N(16) 13(4) 32(6) 14(4) -43) -13)  4(3)
S(1)  26(1) 20(2) 141) -3(1)  6(1)  -2(1)
S(2) 13(1) 18(2) 16(1) -1(1) 3(2) 5(1)
S(3) 19(2) 19(2) 19(1) 0(1) 8(1) -1(1)
S(4) 17(1)  29(2) 21(1) 100) 71)  7(1)
S(5)  24(1) 21(2) 221) 1)  3(1)  4(1)
S(6) 22(1) 24(2) 24(1) 0(1) 11(1) 3(1)
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S(7)  17(1) 18(2) 19(1) 0(1)  3(1) 0@
S@8) 14(1) 20(2) 19(1) -6(1) 5(1)  -2(1)
S(9)  33(1) 16(2) 24(1) 3(1)  14(1)  5(1)
S(10)  14(1) 412 17(1) -6(1)  3(1)  0O(1)
S(11) 32(1) 242 20(1) 5(1) @ 12(1)  3(1)
S(12) 101) 15(1) 16(1) 2(1) 21  2(1)
S(13)  23(1) 16(2) 20(1) -2(1) 21  2(1)
S(14) 22(1) 1720 30(1)  4Q)  11(1) 1)
S(15) 23(1) 202 16(1) 1(1)  3(1)  -3(1)
s(16)  9(1)  17(1) 14(1) 21  -1(1)  0Q)
N(17) 20(4) 33(7) 40(5) 5(@) 5@3) -1(4)
N(18) 27(4) 72(9) 26(4) 21(5) 5(3)  -9(4)
N(19) 39(5) 55(8) 44(5) 3(5) 10(4) 18(5)
Table A.19 Selected bond lengths for [Yb(N)g2(Ss)2(Se)-3NHs.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Yb(1)-N(5) 2.408(8) Yb(2)-N(15) 2.499(7)
Yb(1)-N(8) 2.437(8) S(1)-S(2) 2.064(3)
Yb(1)-N(4) 2.438(7) S(2)-5(3) 2.080(3)
Yb(1)-N(7) 2.453(6) S(3)-S(4) 2.087(3)
Yb(1)-N(6) 2.462(6) S(4)-S(5) 2.069(3)
Yb(1)-N(1) 2.463(6) S(5)-S(6) 2.038(4)
Yb(1)-N(2) 2.486(6) S(7)-S(8) 2.077(3)
Yb(1)-N(3) 2.489(7) S(8)-S(9) 2.072(3)
Yb(2)-N(13) 2.430(6) S(9)-S(10) 2.068(3)
Yb(2)-N(10) 2.444(7) S(10)-S(11) 2.048(3)
Yb(2)-N(11) 2.453(7) S(12)-S(13) 2.078(3)
Yb(2)-N(16) 2.463(6) S(13)-S(14) 2.066(3)
Yb(2)-N(14) 2.466(6) S(14)-S(15) 2.090(3)
Yb(2)-N(9) 2.472(7) S(15)-S(16) 2.092(3)
Yb(2)-N(12) 2.489(7)
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Table A.20 Selected bond angles for [Yb(Mg] 2(Ss)2(Ss)-3NHs.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
S(1)-S(2)-S(3) 108.28(12) S(10)-S(9)-S(8) 108.65H(15
S(2)-S(3)-S(4) 104.87(14) S(11)-S(10)-S(9) 109.8%(1
S(5)-S(4)-S(3) 109.75(12) S(14)-S(13)-S(12) 1118%(
S(6)-S(5)-S(4) 110.96(15) S(13)-S(14)-S(15) 107123(
S(9)-S(8)-S(7) 106.90(12) S(14)-S(15)-S(16) 106L9)(
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A.1.5 [Yb(NH3)g]2(S5)2(S4) - 4NH3

Table A.21 Crystal data and structure refinement for [Yo@N¥H(Ss)2(Ss) - 4NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness td = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

HaN10S7Yb
561.75
123(2)

TetragoRad;212

a=9.6150(2)
C = 43.6485(10)
4035.23(19)
8 ;2208 ; 1.849
0.71073

2.996 to 27.501

-11<h<11,-12< k<12, -56<1<43
20785/ 4614

99.0 %

8.88 %

5.360
Full-matrix least-squares &n F

4614 /0/172

0.0527 ; 0.0822

0.0379; 0.0777 (for 3909 reflections)

1.032

1.399 and -0.898
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Table A.22 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2- 15)
for the independent atoms in the structure of [YB{N] 2(Ss)2(Ss) - 4NHs.

Wyck. X y z 8}
Yb(1) & -814(1) 4006(1) 4453(1) 16(1)
N(1) & -2307(7) 2227(7) 4672(2) 26(2)
N(2) & 218(7) 2458(8) 4073(2) 29(2)
N(3) & 623(7) 2365(7) 4740(2) 22(2)
N(4) & 1495(7) 5007(7) 4392(2) 31(2)
N(5) & -270(8) 5153(8) 4940(2) 30(2)
N(6) & -869(8) 6080(7) 4116(2) 29(2)
N(7) & -2844(8) 5340(8) 4617(2) 43(3)
N(8) & -2595(9) 3524(8) 4064(2) 38(2)
S(1) & 7276(3) -16(3) 3877(1) 33(2)
S(2) & 6104(3) -502(3) 4251(1) 32(1)
S(3) & 4070(3) 136(3) 4196(1) 40(1)
S(4) & 3999(3) 2280(3) 4221(1) 41(1)
S(5) & 4190(2) 2938(2) 4668(1) 30(2)
S(6) & 8836(3) -1247(3) 4760(1) 45(1)
S(7) & 10882(3) -1267(2) 4603(1) 33(2)
N(9) & -4026(10) 6273(8) 3790(2) 48(3)
N(10) & -5814(8) 6977(8) 4676(2) 36(2)

Table A.23 Anisotropic displacement parametddg / A2 - 1F for the independent atoms in the
structure of [Yb (NH)g]2(S5)2(Ss) - 4NHa.

U11 U2z Uss Uzs Uis Uiz
Yb(1) 15(2) 17(2) 16(1) -1(2) -2(1) 0(1)
N(1) 24(4) 18(4)  37(5) -1(4) -2(4) -2(3)
N(2) 22(4)  33(4)  31(5) -9(4) -2(4) 3(4)
N(3) 20(4) 18(4) 27(5) 1(3) 0(3) -1(3)
N(4) 22(4) 30(4) 41(5) 8(4) -4(4) -3(3)
N(5) 36(5) 36(5) 17(4) -4(4) 2(4) 7(4)
N(6) 33(4) 23(4) 30(4) 0(3) -9(4) -4(4)
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N7)  28(5)

N@8)  36(5)
s1)  31(1)
S@2)  39(1)
S@)  27(1)
S@) 3502
SG)  19(1)
S6)  29(1)
s(7)  37()
N©)  62(6)

N(10)  22(4)

34(5)
32(5)
35(1)
34(1)
64(2)
63(2)
34(1)
28(1)
31(1)
30(4)
42(5)

66(7)
47(7)
32(2)
24(1)
29(2)
24(2)
36(2)
79(2)
31(2)
54(7)
46(6)

-21(5)
-11(4)

-4(1)
-1(1)

-11(1)

14(2)
6(1)

-19(1)

-6(1)
1(4)
-8(4)

-3(5) 5(4)
20(4)  4(4)
-1(1) 0(1)
3(1)  3(1)
2(1)  -6(1)
51)  16(2)
21 2(1)
20(1)  7(1)
8(1)  1(1)
-36(5)  9(4)
-10(4)  1(4)

Table A.24 Selected bond lengths for [Yb (Ngl2(Ss)2(S4)-4NHs. Symmetry transformations used to
generate equivalent atoms: y1, x-1, z+1.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Yb(1)-N(1) 2.430(7) Yb(1)-N(6) 2.474(7)
Yb(1)-N(4) 2.435(7) S(1)-S(2) 2.037(4)
Yb(1)-N(2) 2.437(7) S(2)-5(3) 2.063(4)
Yb(1)-N(3) 2.444(7) S(3)-S(4) 2.067(4)
Yb(1)-N(7) 2.445(8) S(4)-S(5) 2.059(4)
Yb(1)-N(5) 2.452(8) S(6)-S(7) 2.086(4)
Yb(1)-N(8) 2.453(8) S(6)-S(6)#1 2.098(7)

Table A.25 Selected bond angles for [Yb (Mil2(Ss)2(Ss) - 4NHs. Symmetry transformations used to
generate equivalent atoms: y#1, x-1, z+1.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
S(1)-S(2)-S(3) 111.30(16) S(5)-S(4)-S(3) 110.77(16)
S(2)-S(3)-S(4) 108.74(17) S(7)-S(6)-S(6)#1 111.89(1
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A.1.6 [Yb(NH3)7($03)]2(Ss)- NH3

Table A. 26 Crystal data and structure refinement for [Yb@N5:03)]2(Ss)-NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume / A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3
Absolute structure parameter

H2 N1s Os Si0 Yb2
1015.16
123(2)
Monoclinfcg
a=15.0761(8)
b =22.7055(12)p = 126.880(2)°
c = 12.4593(6)
3411.5(3)
4;1980;1.977
0.71073
0.070x% 0.086x 0.040
1.912 to 27.485
- 15X h<19, -29< k<28, -1651<16
19567 / 7446
99.4 %
10.75 %
6.101
Full-matrix least-squares &n F
7446 /2 /308
0.0888; 0.1269
0.0544; 0.1133 (for 5438 reflections)
0.974
2.187 and -1.515
-0.050(14)
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Table A. 27 Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2- 1)

for the independent atoms in the structure of [V S05)]2(Ss):NHs.

Wyck. X y z 8}
Yb(1) 4a 5176(1) 1055(1) 6664(1) 22(1)
N(1) da 5671(15) 1068(8) 8930(17) 26(3)
N(2) da 3762(15) 1689(8) 6464(19) 26(3)
N(3) 4a 3519(15) 1062(8) 4288(18) 29(4)
N(4) 4a 5394(15) 113(8) 5920(20) 32(5)
N(5) 4a 7195(16) 832(9) 8160(20) 35(5)
N(6) 4a 5810(16) 1392(9) 5350(20) 38(5)
N(7) 4a 5998(16) 2051(9) 7490(20) 44(6)
Yb(2) 4a 6175(1) 3549(1) 3539(1) 23(2)
N(8) 4a 6960(20) 2543(9) 4140(20) 57(8)
N(9) 4a 6674(18) 3473(9) 5779(19) 34(5)
N(10) 4 5071(17) 4238(11) 3800(20) 43(6)
N(11) Vi) 4590(20) 3704(15) 1200(20) 75(10
N(12) Vi) 8190(16) 3716(9) 5120(20) 37(5)
N(13) 4a 6770(16) 3296(8) 2165(19) 27(4)
N(14) 4 6490(20) 4522(9) 3070(30) 49(6)
S(1) i1 3225(5) 222(2) 6862(6) 26(1)
S(2) i1 1774(5) 559(3) 5337(6) 36(2)
0(1) 4 3110(14) -407(7) 6882(17) 36(4)
0(2) 4a 3544(13) 495(7) 8128(15) 29(4)
0(3) 4 4053(12) 361(6) 6617(15) 24(3)
S(3) i1 3907(4) 2689(2) 3038(6) 24(1)
S(4) A 3989(5) 2893(3) 4664(6) 34(1)
O(4) 4a 3947(18) 2054(8) 2942(18) 65(7)
O(5) Vi) 2898(17) 2928(12) 1862(19) 73(8)
0(6) Vi) 4893(18) 2913(12) 3210(20) 80(9)
S(5) A 2775(6) 4993(4) 1082(8) 57(2)
S(6) A 3338(7) 5466(3) 2877(7) 52(2)
S(7) i1 2461(5) 6224(3) 2442(7) 39(2)
S(8) i1 3133(6) 6829(3) 1851(7) 46(2)
S(9) i1 4699(6) 7011(3) 3500(7) 42(2)
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S(10) & 4647(5) 7665(3) 4591(7) 39(2)
N(15) a 5150(30) 5776(13) 1700(40) 86(9)

Table A. 28 Anisotropic displacement parametéds / A2 - 16 for the independent atoms in the
structure of [Yb(NH)7(S:03)]2(Ss)-NHs.

U11 U2z Uss Uzs Uis Uiz
Yb1)  191)  21(1) 240 1) 120 11
N(1)  25(7) 29(7) 24(7) 2(6) 16(6) -8(6)
N(2) 25(7) 29(7) 24(7) 2(6) 16(6) -8(6)
N(3) 25(10) 30(10) 20(9)  -14(9) 6(8) -4(9)
N(4)  22(10) 35(11) 40(12) -7(9) 18(9)  -1(9)
N(5)  27(11) 28(10) 41(12) 2(10) 15(10)  -3(9)
N(6) 25(10) 45(13) 47(13) 1(11) 23(10) -6(10)
N(7)  21(10) 27(11) 57(14) 7(10)  9(10)  1(9)
Yb2)  19(1)  26(1) 23(1) O@1) 12(1)  -2(1)
N(8) 100(20) 19(11) 33(13) -5(10) 27(14) -5(12)
N@©)  41(12) 37(12) 26(11) -5(9) 21(10) 10(10)
N(10) 32(11) 77(17) 25(11) 24(11) 20(10) 25(12)
N(11) 46(15) 150(30) 35(13) 8(16) 29(12) 38(17)
N(12) 27(10) 31(10) 37(12) -17(10) 10(10) -12(9)
N(13) 27(10) 23(10) 27(11) 3(8)  14(9)  6(8)
N(14) 82(18) 24(11) 86(18) 0(11) 75(17) 5(11)
S(1) 29(3) 22(3) 31(3) -5(2) 20(3) -5(2)
S(2)  27()  47(4) 24(3) -33) 11(3) 5(3)
O(l) 52(11) 31(9) 49(11) -10(8) 44(10) -12(8)
0(2) 25(8) 39(9) 17(8) -3(7) 9(7) -5(7)
O(3) 29(8) 15(7) 37(9) -1(7) 25(8) -6(6)
S(3)  20B) 24(3) 26(3) 2(2) 12(2) -3(2)
S(4)  25Q3)  49(4) 26(3) -2(3) 15(3) 0(3)
O4) 88(17) 27(9) 31(10)  -6(9) 9(11) 11(11)
0O(5) 43(12) 120(20) 25(10) 2(11) 2(9) 49(13)
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O(6)  73(15) 130(20) 69(14)
S(5)  44(4)  60(5)  59(5)

-68(15) 61(13) -92(16)
26(4)  28(4)  11(4)

S(6) 64(5) 41(4) 38(4) 19(3) 23(4) 15(4)

S(7) 38(4) 39(3) 35(4) -5(3) 20(3) -1(3)

S(8) 59(4) 36(4) 32(4) 7(3) 20(3) 2(3)

S(9) 42(4) 43(4) 48(4) 14(3) 30(3) 6(3)

S(10) 35(3) 40(4) 40(4) 7(3) 21(3) 4(3)

N(15) 78(19) 90(20) 100(20)-20(20) 65(18) 10(20)
Table A.29 Selected bond lengths for [Yb(NH(S203)]2(Ss)-NHs.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Yb(1)-O(3) 2.289(13) Yb(2)-N(8) 2.47(2)
Yb(1)-N(4) 2.430(18) S(1)-0(2) 1.440(17)
Yb(1)-N(1) 2.449(17) S(1)-0(2) 1.480(16)
Yb(1)-N(6) 2.46(2) S(1)-0(3) 1.486(15)
Yb(1)-N(2) 2.457(19) S(1)-S(2) 1.999(8)
Yb(1)-N(3) 2.476(17) S(3)-0(5) 1.443(19)
Yb(1)-N(7) 2.48(2) S(3)-0(4) 1.450(18)
Yb(1)-N(5) 2.487(19) S(3)-0(6) 1.457(17)
Yb(2)-O(6) 2.247(17) S(3)-S(4) 2.008(8)
Yb(2)-N(14) 2.40(2) S(5)-S(6) 2.144(12)
Yb(2)-N(9) 2.422(19) S(6)-S(7) 2.036(10)
Yb(2)-N(13) 2.430(19) S(7)-S(8) 2.086(10)
Yb(2)-N(10) 2.44(2) S(8)-S(9) 2.036(10)
Yb(2)-N(11) 2.45(2) S(9)-S(10) 2.047(10)
Yb(2)-N(12) 2.464(19)

Table A.30 Selected bond angles for [Yb(MHS203)]2(Ss)-NHa.
Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
0O(1)-S(2)-0(2) 111.3(10) 0(4)-S(3)-0(6) 105.7(15)
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0(1)-S(1)-0(3) 109.8(9) 0(5)-S(3)-S(4) 109.1(9)
0(2)-S(1)-0(3) 110.7(9) 0(4)-S(3)-S(4) 109.4(10)
0(1)-S(1)-S(2) 108.8(8) 0(6)-S(3)-S(4) 109.1(8)
0(2)-S(1)-S(2) 108.9(7) S(3)-0(6)-Yb(2) 160.2(18)
0(3)-S(1)-S(2) 107.3(7) S(7)-S(6)-S(5) 111.0(4)
S(1)-0(3)-Yb(1) 147.2(9) S(6)-S(7)-S(8) 105.9(4)
0(5)-S(3)-0(4) 111.1(13) S(9)-S(8)-S(7) 107.0(4)
0(5)-S(3)-0(6) 112.3(16) S(8)-S(9)-S(10) 109.5(4)

Table A.31 Selected hydrogen bond lengths and angles fo(NMB)7(S:0s)]2(Ss):‘NHs. Symmetry
transformations used to generate equivalent atsfins: -y+1, z+Y, #2x+Y,, y-5, z+1 #3X, -y, -/, #4
X+o, y+o, z4+Y5 #5 X+, y+io, Z#E X, y+1, Z-Yo #7 X+ 2, y-Ya, Z #8 x+Y2, y+12, 21>,

D-H---A dD-H)/A| dH---A) /A dD---A)/A < (DHA)/°
N(1)-H(1A)...S(1) 0.91 2.87 3.539(18) 131.1
N(1)-H(1A)...0(2) 0.91 2.16 3.02(2) 158.5
N(1)-H(1B)...S(10)#1 0.91 2.81 3.59(2) 143.6
N(1)-H(1C)...S(5)#2 0.91 2.74 3.60(2) 158.3
N(2)-H(2A)...S(1) 0.91 2.93 3.533(19) 125.5
N(2)-H(2A)...S(2) 0.91 2.66 3.533(19) 160.6
N(2)-H(2B)...S(4) 0.91 2.85 3.679(19 152.8
N(2)-H(2C)...S(9)#1 0.91 2.84 3.58(2) 140.5
N(2)-H(2C)...S(10)#1 0.91 2.68 3.59(2) 172.3
N(3)-H(3A)...0(1)#3 0.91 2.23 3.06(2) 151.7
N(3)-H(3B)...O(4) 0.91 2.33 3.10(3) 142.7
N(3)-H(3C)...S(2) 0.91 2.91 3.75(2) 154.3
N(4)-H(4B)...S(5)#4 0.91 2.58 3.48(2) 170.6
N(4)-H(4C)...0(2)#3 0.91 2.32 3.19(2) 158.8
N(5)-H(5A)...S(5)#2 0.91 2.82 3.72(2) 170.9
N(5)-H(5B)...S(4)#4 0.91 2.72 3.62(2) 172.2
N(5)-H(5C)...S(5)#4 0.91 2.79 3.70(2) 172.8
N(5)-H(5C)...S(6)#4 0.91 2.85 3.54(2) 133.1
N(6)-H(6B)...O(5)#4 0.91 2.05 2.95(3) 169.5
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N(6)-H(6C)...O0(4)

N(7)-H(7A)...S(4)

N(7)-H(7B)...S(4)#4
N(7)-H(7B)...O(5)#4
N(7)-H(7C)...S(9)#1
N(8)-H(8A)...S(3)#4
N(8)-H(8A)...O(5)#4
N(9)-H(9A)...S(4)

N(9)-H(9B)...O(1)#5
N(9)-H(9C)...S(3)#4
N(9)-H(9C)...O(4)#4

N(10)-H(10A)...
N(10)-H(10A)..
N(10)-H(10B)...
N(11)-H(11A)...
N(12)-H(12A)...
N(12)-H(12B)..
N(12)-H(12C)...
N(13)-H(13A)...
N(13)-H(13B)...
N(13)-H(13C)..
N(14)-H(14A)...
N(14)-H(14B)...
N(14)-H(14B)...
N(14)-H(14C)..

S(5)

S(6)

S(2)#5
S(10)#6
S(10)#7

O(L)#5

O(2)#8
S(10)#7
S(2)#8

.S(10)#6

N(15)
S(1)#8
O(2)#8

S(2)#5

0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91
0.91

2.10
2.64
2.77
2.63
2.90
3.01
2.16
2.78
2.28
2.95
2.21
2.65
2.95
2.84
2.86
3.03
2.14
2.50
2.88
2.56
2.71
2.67
2.90
2.17
2.61

3.01(3)
3.52(2)
3.61(2)
3.39(3)
3.60(2)
3.92(2)
2.98(3)
3.65(2)
3.08(3)
3.85(2)
3.06(3)
3.51(2)
3.51(2)
3.65(3)
3.73(3)
3.56(2)
3.02(3)
3.36(3)
3.777(19
3.46(2)
3.60(2)
3.31(4)
3.77(2)
3.06(3)
3.50(2)

176.6
164.0
154.7
141.8
134.2
176.1
149.9
160.2
145.4
170.5
155.2
158.4
121.0
150.3
160.2
119.6
161.7
157.1
170.3
170.5
165.2
128.1
159.8
167.5
164.2
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A.1.7 [Eu(NH3)q]2(Se).(Se)

Table A.32 Crystal data and structure refinement for [EugNH(Se)(Se).

Empirical formula
Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

HsNis Elx Se
1163.25
123(2)
Monoclinke;2:/c
a=15.2468(3)
b =15.8655(3)5 = 101.8530(10)°
c=13.7139(3)
3246.63(11)
4; 2176; 2.380
0.71073
0.160x 0.034% 0.034
2.983t0 27.504
-19<h<19, -20< k<20, -17<1<17
66375/ 7454
99.9 %
016.14 %
11.699
Full-matrix least-squares dn F
745410/ 263
0.0747; 0.1486
0.0533; 0.1400 (for 5726 reflections)
1.139
3.252 and -2.882
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Table A.33 Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2- 15)
for the independent atoms in the structure of [EHHR] 2(Se)(Se).

Wyck. X y z k4
Eu(1) Vi3] 1018(1) 6564(1) 2761(1) 17(2)
N(1) de 671(6) 5155(6) 1809(8) 24(2)
N(2) de 1749(7) 6635(6) 1205(8) 30(2)
N(3) de 2393(6) 5583(6) 3110(8) 28(2)
N(4) de 1357(6) 6095(6) 4621(7) 21(2)
N(5) de 2414(6) 7446(6) 3661(7) 25(2)
N(6) de 1029(6) 8116(6) 2097(7) 22(2)
N(7) de 109(6) 7612(6) 3666(7) 26(2)
N(8) de -295(6) 5704(6) 3246(7) 25(2)
N(9) de -383(6) 6755(6) 1354(7) 24(2)
Eu(2) 2] 6094(1) 6396(1) 2802(1) 16(1)
N(10) de 6006(6) 4993(5) 1756(7) 19(2)
N(11) de 4830(6) 5416(6) 3137(7) 23(2)
N(12) de 4817(6) 6517(6) 1220(7) 22(2)
N(13) de 5044(6) 7374(6) 3532(7) 21(2)
N(14) de 6023(6) 7969(6) 2088(7) 21(2)
N(15) de 7400(6) 7325(6) 3764(7) 25(2)
N(16) de 6293(6) 6056(6) 4711(7) 22(2)
N(17) de 7104(6) 6537(6) 1542(7) 20(2)
N(18) de 7396(5) 5367(6) 3432(7) 21(2)
Se(1) ] 1720(1) 5305(1) -1043(1) 23(1)
Se(2) ] 2211(2) 4541(1) 446(1) 25(1)
Se(3) ] 3772(1) 4401(1) 772(1) 25(1)
Se(4) ] 3333(2) 8227(1) 1542(1) 23(1)
Se(5) ] 4049(1) 8788(1) 298(1) 21(2)
Se(6) ] -1700(1) 6539(1) 6711(1) 24(1)
Se(7) ] -892(1) 6131(1) 5472(1) 22(1)
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Table A.34 Anisotropic displacement parametadg / A> - 1F for the independent atoms in the
structure of [EU(NH)o]2(Se)(Se).

U1 U2 Uss Uzs Uis Uiz
Eu(l) 13(1) 20(1) 18(1) 0(1) 4(1) 0(1)
N(1) 12(4) 22(5) 40(6) -2(4) 14(4) -1(3)
N(2) 33(5) 26(5) 36(6) -8(4) 16(5) -13(4)
N(3) 18(5) 24(5) 37(6) -4(4) -1(4) 2(4)
N(4) 14(4) 28(5) 22(5) -1(4) 3(4) -2(4)
N(5) 26(5) 21(5) 27(5) -1(4) 6(4) -2(4)
N(6) 18(4) 24(5) 25(5) -3(4) 4(4) -4(4)
N(7) 20(5) 36(6) 23(5) 1(4) 5(4) 3(4)
N(8) 18(4)  34(6) 24(5) 0(4) 5(4) -3(4)
N(9) 18(4) 28(5) 27(5) 2(4) 8(4) 3(4)
Eu(2) 12(1) 19(2) 17(2) -1(2) 5(1) 0(1)
N(10) 16(4) 16(4) 26(5) 0(4) 7(4) 2(3)
N(11) 19(4) 22(5) 27(5) -1(4) 4(4) 4(4)
N(12) 13(4) 26(5) 24(5) 2(4) -2(4) 2(3)
N(13) 14(4) 26(5) 20(5) -3(4) 1(3) -5(4)
N(14) 19(4) 19(5) 24(5) -3(4) 3(4) -2(3)
N(15) 21(5) 27(5) 27(5) 3(4) 2(4) -6(4)
N(16) 15(4) 21(5) 28(5) 2(4) 4(4) -1(3)
N(17) 16(4) 22(5) 22(5) -3(4) 4(4) 2(3)
N(18) 13(4) 21(5) 30(5) -5(4) 8(4)  -5(3)
Se(1) 18(1) 23(1) 28(1) -1(2) 3(1) 2(1)
Se(2) 25(1) 25(1) 28(1) 2(1) 14(1) 4(1)
Se(3) 23(1) 26(1) 25(1) 2(1)  0(1)  -3Q1)
Se(4) 18(1) 25(1) 27(1) 2(1)  8(1)  1(1)
Se(5) 18(1) 26(1) 22(1) 0(1) 7(1) -1(1)
Se(6) 19(1) 23(1) 32(1) -1(2) 10(2) 1(2)
Se(7) 19(1) 25(1) 22(1) -3(1)  5(1)  -2(1)
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Table A.35 Selected bond lengths for [Eu(Mb2(Se)(Se).

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Eu(1)-N(3) 2.575(9) Eu(2)-N(18) 2.579(9)
Eu(1)-N(9) 2.586(9) Eu(2)-N(11) 2.589(9)
Eu(1)-N(2) 2.587(9) Eu(2)-N(15) 2.607(9)
Eu(1)-N(4) 2.605(9) Eu(2)-N(12) 2.608(9)
Eu(1)-N(2) 2.605(10 Eu(2)-N(16) 2.630(9)
Eu(1)-N(8) 2.618(9) Eu(2)-N(10) 2.636(9)
Eu(1)-N(6) 2.628(9) Eu(2)-N(14) 2.674(9)
Eu(1)-N(7) 2.634(9) Se(1)-Se(2) 2.3604(17)
Eu(1)-N(5) 2.634(9) Se(2)-Se(3) 2.3411(16)
Eu(2)-N(17) 2.549(9) Se(4)-Se(5) 2.3786(15)
Eu(2)-N(13) 2.575(9) Se(6)-Se(7) 2.3834(15)

Table A.36 Selected bond angles for [Eu(Bb)z(Se)(Se).
Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(3)-Se(2)-Se(1) 110.07(6)
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A.1.8 [Sr(en)](Tes)

Table A.37: Crystal data and structure refinement for [Sr{|éhgs).

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

G Hs2Ns Sr Te
710.83
123(3)
Monoclink;2:/n
a=9.0927(6)
b= 13.5636(9)p = 95.569(4)°
c=17.7260(8)
2175.8(2)
4; 1320; 2.170
0.71073
0.370x 0.024x 0.022
3.004 to 27.499
-11<h<11, -17< k< 17,-23<1 <22
24733/ 4930
99.1 %
11.48 %
6.425
Full-matrix least-squares &n F
4930/0/182
0.1006; 0.0808
0.0422; 0.0691 (for 3011 reflections)
1.000
0.869 and -1.022
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Table A.38 Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2- 15)
for the independent atoms in the structure of Q5[ es).

Wyck. X y z k4
Te(1) V2] 4563(1) 1411(1) 6345(1) 32(1)
Te(2) 2] 5384(1) 3175(1) 7004(1) 27(1)
Te(3) 2] 7454(1) 4085(1) 6222(1) 27(1)
Sr(1) 22 5818(1) 2743(1) 3499(1) 22(1)
N(1) de 7442(6) 1049(4) 3342(3) 31(2)
N(2) de 7028(6) 1960(4) 4813(3) 31(2)
N(3) de 8658(6) 3447(5) 3431(3) 33(2)
N(4) de 6429(6) 4555(4) 4110(3) 27(1)
N(5) de 3734(6) 3087(4) 4477(3) 28(1)
N(6) de 3680(6) 1335(4) 3481(3) 29(1)
N(7) de 5846(6) 2540(4) 1973(3) 30(2)
N(8) de 3719(6) 3746(4) 2644(3) 28(1)
C(1) 4e 8381(8) 824(6) 4048(4) 38(2)
C(2) 4e 7526(8) 921(5) 4722(4) 32(2)
C(3) 4e 9031(7) 4189(5) 4020(4) 28(2)
C@4) 4e 7873(7) 4986(5) 3988(4) 32(2)
C(5) 4e 2418(8) 2515(5) 4252(4) 35(2)
C(6) 4e 2780(8) 1456(5) 4119(4) 32(2)
C(7) 4e 4937(8) 3278(5) 1517(4) 32(2)
C(8) 4e 4510(8) 4116(5) 2021(4) 29(2)
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Table A.39 Anisotropic displacement parametadg / A? - 1F for the independent atoms in the
structure of [Sr(en)(Tes).

U1 U2 Uss Uzs Uis Uiz

Te(1) 38(1) 31(1) 27(1) -3(2) 8(1) -7(2)
Te(2) 28(1) 29(1) 24(1) -2(1) 5(1) -1(2)
Te(3) 27(1) 27(1) 29(1) 1(2) 6(1) 1(2)
Sr(1) 21(1) 25(1) 20(1) 0(1) 1(2) 0(1)
N(1) 33(3) 32(4) 28(4) 2(3) 5(3) -3(3)
N(2) 30(3) 34(4) 28(4) 1(3) 4(3) 0(3)

N(3) 25(3) 41(4) 34(4) 0(3) 2(3) -2(3)
N(4) 24(3) 34(4) 23(4) -2(3) -2(3) 2(3)

N(5) 23(3) 36(4) 26(4) -3(3) 3(3) 4(3)

N(6) 29(3) 29(3) 26(4) -10(3) -2(3) -2(3)
N(7) 27(3) 36(4) 25(4) -8(3) -2(3) -3(3)
N(8) 33(3) 31(4) 20(3) 4(3) 2(3) 3(3)

C@) 46(5) 28(5) 39(5) -1(4) 4(4) 9(4)
C(2) 42(5) 29(4) 24(4) 6(3) -1(3) 5(4)
C(3) 28(4) 22(4) 34(5) -1(3) 5(3) -9(3)
C@) 34(4) 32(5) 31(5) -3(4) 2(3) -5(4)
C(5) 33(4) 37(5) 34(5) 0(4) 6(3) -5(3)
C(6) 35(4) 25(4) 35(5) 1(3) 3(4) -5(3)
C(7) 50(5) 23(4) 23(5) 7(3) 4(4) -3(3)
C(8) 30(4) 28(4) 26(4) 3(3) -7(3) -4(3)
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Table A.4Q Selected bond lengths for [Sr(g(i) es).

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Te(1)-Te(2) 2.7346(7) N(2)-C(2) 1.493(9)
Te(2)-Te(3) 2.7377(7) N(3)-C(3) 1.466(9)
Sr(1)-N(8) 2.687(5) N(4)-C(4) 1.473(8)
Sr(1)-N(2) 2.697(6) N(5)-C(5) 1.449(8)
Sr(1)-N(7) 2.721(5) N(6)-C(6) 1.468(9)
Sr(1)-N(4) 2.721(5) N(7)-C(7) 1.486(9)
Sr(1)-N(6) 2.724(5) N(8)-C(8) 1.465(8)
Sr(1)-N(5) 2.730(5) C(1)-C(2) 1.495(10)
Sr(1)-N(1) 2.760(6) C(3)-C(4) 1.507(10)
Sr(1)-N(3) 2.766(5) C(5)-C(6) 1.497(10)
Sr(1)-C(8) 3.337(7) C(7)-C(8) 1.519(10)
N(1)-C(1) 1.477(9)

Table A.41 Selected bond angles for [Sr(g(Wes).

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Te(1)-Te(2)-Te(3) 110.52(2) N(2)-C(2)-C(1) 110.9(6)
C(1)-N(2)-Sr(1) 111.0(4) N(3)-C(3)-C(4) 110.7(6)
C(2)-N(2)-Sr(1) 112.4(4) N(4)-C(4)-C(3) 109.8(6)
C(3)-N(3)-Sr(1) 111.0(4) N(5)-C(5)-C(6) 111.6(6)
C(4)-N(4)-Sr(1) 116.8(4) N(6)-C(6)-C(5) 112.1(6)
C(5)-N(5)-Sr(2) 109.9(4) N(7)-C(7)-C(8) 110.2(6)
C(6)-N(6)-Sr(1) 111.3(4) N(8)-C(8)-C(7) 111.1(6)
C(7)-N(7)-Sr(1) 114.4(4) N(8)-C(8)-Sr(1) 51.7(3)
C(8)-N(8)-Sr(1) 103.0(4) C(7)-C(8)-Sr(1) 87.3(4)
N(1)-C(1)-C(2) 110.9(6)
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A.1.9 [Eu(NH3)g]2(Tes)s

Table A.42 Crystal data and structure refinement for [EUNH(Tes)s.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

Ebl Hs4 Nig Ter2
2141.73

123(3)
Triclinic; P 1
a = 10.6034(3)a = 90.256(2)°
b = 13.3138(2) = 104.4930(10)°
¢ = 16.5630(5)y = 90.493(2)°
2263.68(10)
2; 1860 ;3.142
0.71073
0.086x% 0.054x 0.016
2.957 to 27.550
-13<h<13,-17<k< 16, -21<1<21

36702 /10341

99.6 %
11.89 %

10.347

Full-matrix least-squares dn F
10341 /0/309

0.1063; 0.1487

0.0569; 0.1264 (for 6672 reflections)

0.989
3.060 and -2.807
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Table A.43 Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2- 15)
for the independent atoms in the structure of [EHH 2(Tes)s.

Wyck. X y z k4
Eu(1) 4 2547(1) 10116(1) 2529(1) 20(2)
Eu(2) | 2373(1) 5029(1) 7451(1) 20(1)
N(1) 2 2447(12) 8124(8) 2412(9) 34(3)
N(2) 2 3125(12) 9396(9) 4017(8) 33(3)
N(3) 2 4725(11) 9338(8) 2382(8) 28(3)
N(4) 2 4453(12) 11173(10) 3511(8) 34(3)
N(5) 2 3618(11) 11411(8) 1714(8) 26(3)
N(6) 2 1597(12) 11348(9) 3455(8) 29(3)
N(7) 2 799(10) 11321(9) 1639(8) 28(3)
N(8) 2 346(10) 9396(8) 2649(8) 23(3)
N(9) 2 1945(12) 9520(9) 988(8) 29(3)
N(10) 2 482(14) 6070(12) 6488(10) 53(4)
N(11) 2 1378(11) 6357(9) 8272(9) 33(3)
N(12) 2 3335(12) 6300(8) 6602(8) 30(3)
N(13) 2 4193(12) 6206(9) 8395(8) 33(3)
N(14) 2 4566(11) 4304(8) 7366(8) 26(3)
N(15) 2 2989(11) 4401(8) 8964(8) 26(3)
N(16) 2 2331(13) 3040(9) 7426(9) 37(3)
N(17) 2 1859(13) 4347(9) 5945(8) 35(3)
N(18) 2 194(11) 4270(8) 7595(9) 30(3)
Te(1) | 6156(1) 2915(1) 9378(1) 28(1)
Te(2) | 8441(1) 3900(1) 9377(1) 29(1)
Te(3) 4 7980(1) 5893(1) 8971(1) 27(1)
Te(4) | 7253(1) 6142(1) 7272(1) 25(1)
Te(5) | 6413(1) 8147(1) 4351(1) 41(1)
Te(6) | 5401(1) 6554(1) 5022(1) 47(1)
Te(7) | 2906(1) 6133(1) 4107(1) 41(1)
Te(8) 4 1088(1) 7320(1) 4541(1) 37(1)
Te(9) | 2299(1) 8836(1) 7183(1) 31(2)
Te(10) 2 2963(1) 9094(1) 8882(1) 30(2)
Te(11) 2 3427(1) 11085(1) 9325(1) 30(2)
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Te(12) 2 1162(1) 12033(1) 9379(1) 27(1)

Table A.44 Anisotropic displacement parametddg / A2 - 1F for the independent atoms in the
structure of [EU(NR)o]2(Tes)s.

U1 U2z Uss Uzs Uis Uiz
Eu(1) 19(1) 20(1) 24(1) 1(1) 9(1) 1(1)
Eu(2) 20(1) 22(1) 22(1) 2(1) 10(1) 2(1)
N(L) 33(7) 32(7) 40(9) -1(6) 16(7) -4(6)
N(2) 25(7) 35(7) 40(9) 0(6) 12(6) 1(5)
N(3) 30(7) 24(6) 35(8) 8(5) 17(6) 7(5)
N(4) 25(7) 52(8) 30(8) -8(6) 13(6) -10(6)
N(5) 28(7) 13(6) 39(8) -2(5) 11(6) -3(5)
N(6) 34(7) 36(7) 17(7) -1(5) 7(6) 3(5)
N(7) 15(6) 35(7) 36(8) 9(6) 12(6) 8(5)
N(8) 16(6) 29(6) 23(7) -6(5) 4(5) 3(5)
N(9) 34(7) 29(7) 29(8) -2(5) 16(6) -8(5)
N(10) 41(9) 85(12) 41(10) 21(9) 23(8) 23(8)
N(11) 18(6) 34(7) 47(9) 2(6) 11(6) 8(5)
N(12) 28(7) 26(7) 32(8) 8(5) 3(6) 6(5)
N(13) 33(7) 36(7) 28(8) 0(6) 7(6) -4(5)
N(14) 22(6) 24(6) 33(8) 1(5) 9(6) -3(5)
N(15) 24(6) 20(6) 34(8) 9(5) 6(6) 1(5)
N(16) 39(8) 35(7) 43(9) -11(6) 21(7) -4(6)
N(L7) 44(8) 34(7) 24(8) 3(6) 6(6) -11(6)
N(18) 27(7) 29(7) 35(8) 2(6) 12(6) 4(5)
Te(1) 30(1) 27(1) 30(1) 4(1) 13(1) 7(1)
Te(2) 25(1) 32(1) 32(1) 3(1) 9(1) 7(1)
Te(3) 26(1) 26(1) 29(1) 5(1) 9(1) “1(1)
Te(4) 25(1) 23(1) 31(1) 0(1) 12(1) 0(1)
Te(5) 41(1) 50(1) 30(1) -5(1) 5(1) 17(2)
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Te(6) 47(1) 64(1) 33(2) 12(1) 16(1) 26(1)

Te(7) 64(1) 29(1) 32(1) 0(1) 13(2) 1(2)

Te(8) 35(2) 41(1) 36(1) 9(1) 8(1) -8(2)

Te(9) 24(1) 27(2) 44(1) -3(1) 14(1) 0(2)

Te(10) 26(1) 27(1) 40(1) 6(1) 13(1) 5(2)

Te(11) 25(1) 34(1) 32(1) -4(1) 11(2) -5(2)

Te(12) 30(1) 25(1) 28(1) -2(1) 13(2) -4(1)

Table A.45 Selected bond lengths for [Eu(Mb]2(Tes)s.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Eu(1)-N(8) 2.569(11) Eu(2)-N(11) 2.612(12)
Eu(1)-N(2) 2.578(13) Eu(2)-N(10) 2.637(14)
Eu(1)-N(9) 2.590(12) Eu(2)-N(16) 2.649(12)
Eu(1)-N(3) 2.604(11) Eu(2)-N(13) 2.653(12)
Eu(1)-N(6) 2.615(12) Te(1)-Te(2) 2.7460(14)
Eu(1)-N(5) 2.615(11) Te(2)-Te(3) 2.7574(13)
Eu(1)-N(7) 2.624(11) Te(3)-Te(4) 2.7470(15)
Eu(1)-N(4) 2.644(12) Te(5)-Te(6) 2.7317(18)
Eu(1)-N(2) 2.658(11) Te(6)-Te(7) 2.7511(18)
Eu(2)-N(14) 2.561(11) Te(7)-Te(8) 2.7324(16)
Eu(2)-N(12) 2.566(11) Te(9)-Te(10) 2.7432(16)
Eu(2)-N(15) 2.573(12) Te(10)-Te(11) 2.7548(14)
Eu(2)-N(17) 2.575(13) Te(11)-Te(12) 2.7429(14)
Eu(2)-N(18) 2.581(11)

Table A.46 Selected bond angles for [Eu(Bb)2(Tes)s.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Te(1)-Te(2)-Te(3) 110.55(4) Te(8)-Te(7)-Te(6) 11725)
Te(4)-Te(3)-Te(2) 111.13(4) Te(9)-Te(10)-Te(11) IrnLs)
Te(5)-Te(6)-Te(7) 110.32(5) Te(12)-Te(11)-Te(10) 0BB(4)
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A.1.10 [Ba(NHs)g](Tea)

Table A. 47 Crystal data and structure refinement for [BagNKiTes).

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group
Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

BaHas Nis Tes
1568.02
123(3)
Monoclinke;2:/c
a=11.3006(4)
b =25.5827(10)8 = 90.023(2)°
¢ = 13.5640(5)
3921.4(3)
4; 2752; 2.656
0.71073
0.296x 0.134x 0.024
2.993 to 27.619
-14<h<14,-33<k<33,-17<1 <17
16341 /8727
96.4 %
577 %
7.847
Full-matrix least-squares &n F
872710/ 253
0.1063; 0.1963
0.0678; 0.1743 (for 6053 reflections)
1.027
4.902 and -1.678

185



Table A. 48 Fractional coordinates (- 90and equivalent isotropic displacement parameter
Ueq (A% 10°) for the independent atoms in the structurfBatNHs)s](Tes).

Wyck. X y z )
Ba(1) % 7479(1) 6281(1) 5164(1) 28(1)
N(1) de 7532(18) 6812(6) 7058(13) 42(4)
N(2) de 9122(17) 5488(7) 5953(14) 44(5)
N(3) de 9864(16) 6754(7) 5207(17) 49(5)
N(4) de 8764(15) 5781(7) 3579(14) 38(4)
N(5) de 7457(17) 7198(6) 4014(12) 39(4)
N(6) de 5828(14) 5780(7) 3833(14) 34(4)
N(7) de 5151(15) 6788(8) 5352(14) 40(5)
N(8) de 6062(15) 5511(7) 6199(14) 37(4)
Ba(2) s 2479(1) 8759(1) 4270(1) 27(1)
N(9) de 2489(18) 8248(6) 2358(12) 39(4)
N(10) 4e 2535(13) 7826(5) 5389(11) 26(3)
N(11) de 124(18) 8239(7) 4069(14) 44(5)
N(12) de 813(16) 9278(7) 5616(16) 45(5)
N(13) de 1081(16) 9518(8) 3130(15) 48(5)
N(14) de 3788(16) 9232(7) 5884(14) 40(5)
N(15) de 4094(13) 9501(7) 3305(16) 43(5)
N(16) de 4871(15) 8268(7) 4263(13) 37(5)
Te(1) s 2621(1) 5650(1) 5499(1) 29(1)
Te(2) % 2240(1) 5852(1) 3552(1) 32(1)
Te(3) s 2567(1) 6894(1) 3225(1) 30(2)
Te(4) s 4802(1) 6989(1) 2447(1) 28(1)
Te(5) s 7642(1) 5646(1) -1149(1) 34(1)
Te(6) s 7295(1) 5812(1) 809(1) 36(1)
Te(7) s 7568(1) 6853(1) 1211(1) 33(2)
Te(8) s 9805(1) 6969(1) 1989(1) 28(1)
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Table A.49 Anisotropic displacement parametddg / A2 - 1F for the independent atoms in the
structure of [Ba(NH)g](Tea).

U11 U2z Uss Uzs Uis Uiz
Ba(1) 21(1) 31(1) 30(1) 0(1) 2(1) 2(1)
N(1) 45(11) 35(9) 45(11) 0(8) -11(10) 0(9)
N(2) 53(13) 45(11) 34(11) -3(9) -14(9) 4(10)
N(3) 26(10)  39(10)  82(16)  -11(10)  -11(10) 9(8)
N(4) 29(10)  46(11)  39(11) -8(9) -3(8) 0(8)
N(5) 39(11) 50(10) 27(9) 6(7) -3(8) 17(10)
N(6) 16(8) 40(10) 46(11) -4(8) -4(7) 4(7)
N(7) 18(9) 58(12)  43(11)  -14(9) -3(8) 10(8)
N(8) 32(10)  44(11)  35(11) 8(8) 7(8) 12(8)
Ba(2) 22(1) 32(1) 28(1) 0(1) -4(1) 1(1)
N(9) 50(12) 36(8) 31(10) -1(7) 1(10) 0(9)
N(10) 19(8) 29(7) 29(9) 5(6) -16(7) -9(7)
N(11) 61(13)  41(10)  30(10) 3(8) -20(10) 3(10)
N(12) 28(10)  43(11)  63(14)  -18(10) _4(9) -12(8)
N(13) 36(11)  58(13)  48(13)  17(10) -12(9) 5(10)
N(14) 43(11) 33(10) 44(12) -1(8) -19(9) -5(8)
N(15) 7(8) 43(11)  80(16) 7(10) 11(8) 1(7)
N(16) 29(10)  49(11)  33(10)  -28(8) _4(8) 25(8)
Te(1) 28(1) 30(1) 28(1) 1(1) -1(1) -2(1)
Te(2) 32(1) 35(1) 29(1) 2(1) -2(1) -9(1)
Te(3) 26(1) 33(1) 30(1) 5(1) 1(1) 1(1)
Te(4) 25(1) 33(1) 26(1) 2(1) -3(1) 5(1)
Te(5) 29(1) 33(1) 40(1) -1(1) -2(1) -1(2)
Te(6) 33(1) 41(1) 35(1) 8(1) -5(1) -8(1)
Te(7) 26(1) 46(1) 28(1) 5(1) 5(1) 4(1)
Te(8) 23(1) 34(1) 27(1) 1(1) 3(1) -3(1)
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Table A.50 Selected bond lengths for [Ba(ME](Tes).

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Ba(1)-N(5) 2.816(16) Ba(2)-N(12) 2.940(19)
Ba(1)-N(4) 2.893(18) Ba(2)-N(15) 2.940(17)
Ba(1)-N(6) 2.895(16) Ba(2)-N(13) 2.941(17)
Ba(1)-N(8) 2.901(18) Ba(2)-N(16) 2.981(15)
Ba(1)-N(1) 2.906(17) Ba(2)-N(11) 2.99(2)
Ba(1)-N(7) 2.944(16) Te(1)-Te(2) 2.7260(19)
Ba(1)-N(2) 2.951(18) Te(2)-Te(3) 2.7279(17)
Ba(1)-N(3) 2.956(18) Te(3)-Te(4) 2.7490(19)
Ba(2)-N(10) 2.829(13) Te(5)-Te(6) 2.718(2)
Ba(2)-N(9) 2.904(16) Te(6)-Te(7) 2.7347(19)
Ba(2)-N(14) 2.906(17) Te(7)-Te(8) 2.7552(19)

Table A.51 Selected bond angles for [Ba(ik)(Tes).
Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Te(1)-Te(2)-Te(3) 108.75(6) Te(5)-Te(6)-Te(7) 1046
Te(2)-Te(3)-Te(4) 105.84(6) Te(6)-Te(7)-Te(8) 10%5H
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A.1.11 [Ca(en)](Tes)-0.5en

Table A.52 Crystal data and structure refinement for [Ca{€mg.)- 0.5en.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group
Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

GHxCaN Ta
816.91

123(3)

Orthorhombtica
a=16.7867(4)
b= 17.0564(7)
c=17.1660(7)
4915.0(3)
8; 3016;2.208
0.71073
0.066x% 0.054x 0.030
2.921 to 27.435
-21<h<21,-22<k<22,-22<1<22
10437 / 5568
99.6 %
7.21%
4.920
Full-matrix least-squares dn F
5568 /0/ 223

0.1153; 0.0976
0.0438; 0.0803 (for 3094 reflections)
0.966

1.557 and -1.268
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Table A.53 Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2- 15)
for the independent atoms in the structure of [GR|@ es)- 0.5en.

Wyck. X y z k4
Te(1) & 8187(1) 5758(1) 5664(1) 33(2)
Te(2) & 8574(1) 7280(1) 5116(1) 34(1)
Te(3) & 8360(1) 8245(1) 6387(1) 43(1)
Te(4) & 6928(1) 8996(1) 6422(1) 35(1)
Ca(l1) & 6324(1) 6381(1) 8310(1) 21(1)
N(1) & 5480(4) 5328(4) 9067(4) 36(2)
N(2A) 8c 6290(30) 5090(20) 7660(20) 28(4)
C(2A) & 6072(16) 4427(14) 8180(13) 46(8)
N(2B) & 6052(15) 5117(15) 7491(13) 28(4)
C(2B) & 5377(9) 4663(7) 7815(7) 31(4)
N(3) & 7348(4) 5864(4) 9255(4) 33(2)
N(5) & 4897(4) 6809(4) 7963(4) 37(2)
N(6) & 6200(4) 6875(4) 6872(3) 33(2)
N(7) & 6824(4) 7807(4) 8454(4) 37(2)
N(8) & 5873(4) 7045(4) 9599(4) 34(2)
C(1) & 5434(6) 4581(5) 8641(5) 49(3)
C(3) & 8007(6) 5513(8) 8831(7) 75(4)
N(4A) 8c 7780(6) 6344(7) 7706(6) 33(2)
C(4A) & 8369(7) 5995(9) 8237(7) 45(4)
N(4B) & 7590(17) 6001(17) 7677(16) 33(2)
C(4B) & 8040(20) 5430(20) 8163(19) 45(4)
C(5) & 4932(7) 7321(8) 7268(6) 89(5)
C(6) & 5400(5) 7074(6) 6657(5) 51(3)
C(7) & 6259(5) 8266(5) 8929(5) 41(2)
C(8) & 6137(5) 7867(5) 9704(5) 39(2)
N(9) & 5855(4) 5248(4) 5695(4) 41(2)
C(9) & 5029(5) 5189(5) 5408(5) 39(2)
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Table A.54 Anisotropic displacement parametddg / A2 - 1F for the independent atoms in the
structure of [Ca(en)(Tes)- 0.5en.

U11 U2z Uss Uzs Uis Uiz
Te(1) 29(1) 35(1) 33(1) 11(0) 10 100)
Te(2) 31(1) 33(1) 38(1) 3(2) -2(1) 3(2)
Te(3) 44(1) 32(1) 52(1) -9(1) -19(2) 6(1)
Te(4) 41(1) 32(1) 32(1) 1(1) 2(1) 1(1)
ca(l) 24(1) 25(1) 16(1) 0(1) 1(1) 6(1)
N(1) 29(4) 49(5) 29(4) -2(3) -1(3) -4(3)
N(2A) 43(15) 34(5) 7(9) -3(6) -12(6) 5(9)
C(2A) 60(20)  45(16)  35(14)  -11(11) 14(13) -20(13)
N(2B) 43(15) 34(5) 7(9) -3(6) -12(6) 5(9)
C(2B) 37(10) 17(7) 38(9) -4(6) 1(7) -9(6)
N(3) 31(3) 38(4) 29(3) 8(3) 3(2) 0(3)
N(5) 38(5) 50(5) 24(4) 6(3) 5(3) 15(4)
N(6) 32(4) 44(5) 23(4) -8(3) -2(3) 5(3)
N(7) 44(5) 44(5) 24(4) -1(3) 14(3) -15(4)
N(8) 30(4) 38(4) 34(4) 2(3) 2(3) 4(3)
C(1) 60(7) 44(6) 43(6) 1(5) -6(5) -23(5)
C(3) 38(7) 112(10) 75(8) 51(7) 17(6) 32(6)
N(4A) 31(3) 38(4) 29(3) 8(3) 3(2) 0(3)
C(4A) 21(8) 73(11) 41(7) 13(7) 11(5) 2(6)
N(4B) 31(3) 38(4) 29(3) 8(3) 3(2) 0(3)
C(4B) 21(8) 73(11) 41(7) 13(7) 11(5) 2(6)
c(5) 69(8)  143(12)  55(7) 28(8) 13(6) 66(8)
C(6) 37(6) 80(8) 35(5) 30(5) 0(4) -8(5)
C(7) 43(6) 27(5) 52(6) -6(4) 0(4) -2(4)
c(8) 37(5) 50(6) 31(5) -11(4) 3(4) 0(4)
N(9) 39(5) 56(5) 28(4) 7(4) -10(3) 4(4)
C(9) 33(5) 52(6) 32(5) -7(4) -9(4) 2(4)
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Table A.55 Selected bond lengths for [Ca(d(i]es)- 0.5en. Symmetry transformations used to generate
equivalent atoms: #k+1, y+1, z+1.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Te(1)-Te(?) 2.8374(8) N(2B)-C(2B) 1.48(3)
Te(2)-Te(3) 2.7565(8) C(2B)-C(1) 1.428(15)
Te(3)-Te(4) 2.7249(8) N(3)-C(3) 1.453(11)
Ca(1)-N(2A) 2.46(4) N(5)-C(5) 1.479(12)
Ca(1)-N(4B) 2.47(3) N(6)-C(6) 1.434(11)
Ca(1)-N(3) 2.523(6) N(7)-C(7) 1.476(10)
Ca(1)-N(5) 2.574(7) N(8)-C(8) 1.482(10)
Ca(1)-N(7) 2.583(7) C(3)-C(4B) 1.16(3)
Ca(1)-N(8) 2.599(7) C(3)-C(4A) 1.444(15)
Ca(1)-N(2B) 2.61(2) N(4A)-C(4A) 1.471(15)
Ca(1)-N(6) 2.616(6) N(4B)-C(4B) 1.49(4)
Ca(1)-N(1) 2.632(7) C(5)-C(6) 1.376(12)
Ca(1)-N(4A) 2.654(11) C(7)-C(8) 1.508(12)
N(1)-C(1) 1.471(11) N(9)-C(9) 1.475(10)
N(2A)-C(2A) 1.49(5) C(9)-C(9)#1 1.547(15)
C(2A)-C(1) 1.36(2)

Table A.56 Selected bond angles for [Ca(é(W)es)- 0.5en. Symmetry transformations used to generate
equivalent atoms: #k+1, y+1, z+1.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Te(3)-Te(2)-Te(1) 104.71(2) C(2B)-C(1)-N(1) 1141009
Te(4)-Te(3)-Te(2) 114.39(3) C(4B)-C(3)-N(3) 12541
C(1)-N(1)-Ca(1) 112.0(5) C(4A)-C(3)-N(3) 116.1(10)
C(2A)-N(2A)-Ca(1) 115(2) C(4A)-N(4A)-Ca(1) 112.8(7)
C(1)-C(2A)-N(2A) 113(3) C(3)-C(4A)-N(4A) 112.6(10)
C(2B)-N(2B)-Ca(1) 111.3(15) C(4B)-N(4B)-Ca(1) 11(19)
C(1)-C(2B)-N(2B) 111.9(11) C(3)-C(4B)-N(4B) 117(3)
C(3)-N(3)-Ca(1) 109.9(5) C(6)-C(5)-N(5) 117.2(9)
C(5)-N(5)-Ca(1) 108.5(6) C(5)-C(6)-N(6) 114.2(8)
C(6)-N(6)-Ca(1) 113.2(5) N(7)-C(7)-C(8) 109.6(7)
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C(7)-N(7)-Ca(1) 110.1(5) N(8)-C(8)-C(7) 111.2(7)
C(8)-N(8)-Ca(1) 115.4(5) N(9)-C(9)-C(9)#1 112.9(9)
C(2A)-C(1)-N(1) 114.6(12)
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A.1.12 [Yb(NH3)s]a(Te20)(Tes)2: 4ANHz

Table A.57 Crystal data and structure refinement for [Yb@NH(Tex)(Tes)2: 4NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group
Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

YhTeisNigHsa
2311.49

123

Monoclinke 2:/c

a=14.8371(4)
b= 20.2111(6) § = 87.547(2)
¢ = 14.6159(4)
4378.9(2)
6; 5.259
0.71073
0.075%x 0.043%x 0.014
2.927 t0 27.441

-19<h<19; -265 k< 26; -18<1<18

58471 | 9833
99.3 %
11.40 %
19.137
Full-matrix least-squares6én
9833 /03 31
0.0696 ; 0.1230

0.0475; 0.1121 (for 7425 reflections)

1.005
2.167 and -4.314
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Table A.58 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2- 15)
for the independent atoms in the structure of [N 4(Tex0)(Tes)2- ANH.

Wyck. X y z 8}
Yb(1) de 559(1) 6749(1) 7692(1) 17(1)
N(9) de 1594(6) 5816(4) 7605(6) 22(2)
N(10) 4e 197(6) 6088(4) 6355(6) 24(2)
N(11) 4e 775(6) 7417(4) 6314(6) 24(2)
N(12) 4e -1029(6) 7041(5) 7506(6) 25(2)
N(13) 4e 289(6) 7889(4) 8274(7) 30(2)
N(14) de 832(5) 6747(4) 9320(6) 23(2)
N(15) 4e 2092(5) 7207(4) 7730(7) 25(2)
N(16) 4e -308(6) 5827(4) 8425(6) 23(2)
Yb(2) de 5502(1) 8759(1) 7859(1) 17(2)
N(1) de 5531(6) 8154(4) 6400(7) 26(2)
N(2) de 6910(5) 8108(4) 7729(6) 24(2)
N(3) de 6486(6) 9515(4) 6948(7) 27(2)
N(4) de 6480(6) 9325(4) 8964(7) 27(2)
N(5) de 4554(5) 9479(4) 8835(7) 25(2)
N(6) de 5464(6) 8002(5) 9180(6) 28(2)
N(7) de 4551(6) 9418(4) 6854(7) 28(2)
N(8) de 4093(6) 8122(4) 7846(7) 24(2)
Te(1) 2] 1688(1) 1847(1) 10074(1) 24(1)
Te(2) V2] 2144(1) 3167(1) 10081(1) 27(1)
Te(3) V2] 1072(1) 3772(1) 8858(1) 29(1)
Te(4) V2] 6247(1) 1218(1) 8816(1) 21(2)
Te(5) 2] 4947(1) 1300(2) 7427(1) 22(1)
Te(6) 2] 3412(1) 1509(1) 8603(1) 22(1)
Te(7) V2] 2506(1) 380(2) 7837(1) 20(2)
Te(8) V2] 1670(1) -7(1) 9467(1) 24(1)
Te(9) 2] 2263(1) -1314(1) 9650(1) 21(1)
Te(10) & 3319(1) -2292(1) 5333(1) 22(1)
Te(11) Vi 3321(2) -1060(1) 4465(1) 22(1)
Te(12) Vi 1934(1) -304(1) 5338(1) 24(1)
Te(13) & 1789(1) -908(1) 6999(1) 27(1)

195



N(17) e 523(7) 4557(5) 6747(7) 31(2)
N(18) de 5829(6) 9330(4) 4907(6) 26(2)

Table A.59 Anisotropic displacement parametadg / A> - 1F for the independent atoms in the
structure of [Yb(NH)sg]a(Tex)(Tes)2: ANHs.

U11 U2z Uss Uzs Uis Uiz
Yb(1) 11(2) 22(1) 18(1) 0(1) 10 0(1)
N(9) 17(4) 29(5) 19(5) -8(4) 3(3) -4(4)
N(10) 20(5) 28(5) 25(5) -4(4) 4(4) -5(4)
N(11) 22(5) 28(5) 21(5) -1(4) 5(4) 0(4)
N(12) 19(5) 38(5) 18(5) 4(4) “1(4) 2(4)
N(13) 20(5) 30(5) 41(6) -5(4) -6(4) -3(4)
N(14) 13(4) 30(5) 25(5) 0(4) -2(4) 0(3)
N(15) 15(4) 29(5) 31(6) 2(4) 3(4) 2(3)
N(16) 16(4) 24(4) 28(6) _4(4) 5(4) -3(3)
Yb(2) 12(1) 22(1) 19(1) 1(1) -2(1) 0(1)
N(1) 16(4) 32(5) 30(6) -8(4) -3(4) 1(4)
N(2) 15(4) 33(5) 25(5) 5(4) 2(4) 5(3)
N(3) 27(5) 24(4) 29(6) 3(4) 7(4) 0(4)
N(4) 25(5) 31(5) 24(5) -6(4) -3(4) -5(4)
N(5) 11(4) 32(5) 30(6) -3(4) 3(4) 4(3)
N(6) 17(5) 43(5) 24(6) 5(4) -5(4) -3(4)
N(7) 25(5) 33(5) 26(6) 4(4) -7(4) -2(4)
N(8) 17(4) 26(5) 29(6) 0(4) 3(4) -1(3)
Te(1) 17(1) 35(1) 22(1) 1(1) -2(1) -1(2)
Te(2) 18(1) 36(1) 27(1) -3(1) -1(1) -4(1)
Te(3) 24(1) 32(1) 32(1) -3(2) -5(2) 0(1)
Te(4) 17(2) 23(1) 23(1) 0(1) 2(1) -1(2)
Te(5) 19(1) 29(1) 19(1) 0(1) 0(2) -3(1)
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Te(6) 18(1) 25(1) 23(1) 0(1) -3(1) -2(1)

Te(7) 15(1) 24(1) 22(1) 0(1) -2(1) 1(1)
Te(8) 20(1) 28(1) 24(1) 1(1) 0(1) 3(1)
Te(9) 14(1) 28(1) 22(1) 0(1) -1(1) -2(1)
Te(10) 14(1) 29(1) 23(1) -3(1) 0(1) -1(1)
Te(11) 17(1) 26(1) 23(1) 0(1) -1(1) -1(1)
Te(12) 20(1) 27(1) 26(1) -3(1) ~1(1) 2(1)
Te(13) 28(1) 27(1) 27(1) -4(1) 6(1) -7(1)
N(17) 34(5) 33(5) 25(6) 4(4) -4(4) -6(4)
N(18) 29(5) 30(5) 19(5) 1(4) -2(4) -2(4)

Table A.60: Selected bond lengths for [Yb(NJdl4(Tex)(Tes)2: 4ANHs. Symmetry transformations used
to generate equivalent ator#id: x+1, y, -z+2.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Yb(1)-N(9) 2.430(8) Yb(2)-N(4) 2.494(9)
Yb(1)-N(14) 2.430(9) Te(1)-Te(2) 2.7526(10)
Yb(1)-N(11) 2.434(9) Te(2)-Te(3) 2.7318(11)
Yb(1)-N(10) 2.445(9) Te(4)-Te(5) 2.8634(10)
Yb(1)-N(12) 2.456(9) Te(4)-Te(9)#1 3.2226(10)
Yb(1)-N(15) 2.458(8) Te(5)-Te(6) 2.8267(10)
Yb(1)-N(16) 2.480(8) Te(6)-Te(7) 2.8973(9)
Yb(1)-N(13) 2.484(9) Te(7)-Te(8) 2.7512(10)
Yb(2)-N(5) 2.440(8) Te(7)-Te(13) 3.0849(10)
Yb(2)-N(8) 2.457(8) Te(8)-Te(9) 2.8012(9)
Yb(2)-N(1) 2.458(9) Te(9)-Te(4)#1 3.2226(10)
Yb(2)-N(6) 2.462(9) Te(10)-Te(11) 2.7949(10)
Yb(2)-N(3) 2.464(9) Te(11)-Te(12) 2.8245(9)
Yb(2)-N(7) 2.470(9) Te(12)-Te(13) 2.7180(11)
Yb(2)-N(2) 2.470(8)
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Table A.61 Selected bond angles for [Yb(Ml4(Tex)(Tes)2: 4ANHs. Symmetry transformations used
to generate equivalent atord: x+1, vy, -z+2.

Atoms 1, 2, 3

Angle / °

Atoms 1, 2, 3

Angle / °

Te(3)-Te(2)-Te(1)
Te(5)-Te(4)-Te(9)#1
Te(6)-Te(5)-Te(4)
Te(5)-Te(6)-Te(7)
Te(8)-Te(7)-Te(6)
Te(8)-Te(7)-Te(13)

106.33(3)
173.20(3)
97.29(3)
91.25(3)
95.09(3)
87.34(3)

Te(6)-Te(7)-Te(13)
Te(7)-Te(8)-Te(9)
Te(8)-Te(9)-Te(4)#1
Te(10)-Te(11)-Te(12)
Te(13)-Te(12)-Te(11)
Te(12)-Te(13)-Te(7)

¥EL3)
BH3)
13)
BI¢3)
BIE3)
BY3)
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A.1.13 [Eu(en)]Tes

Table A.62 Crystal data and structure refinement for [Eu{die}.

Empirical formula GHxEuNs Tes

Formula weight /g/mol 1157.97

Temperature K 123(3)

Crystal system; Space group Monoclin{c2/c

Lattice constants A a=11.4252(3)
b =28.7635(9)p = 127.350(1)°
c =9.5547(3)

Volume /A3 2496.08(13)

Z; F(000); calc. density g/cn? 4; 2044 ;3.081

Wavelength /A 0.71073

Crystal size /mm 0.176x 0.086x% 0.024

Theta range for data collection®/ 3.033 to 29.938

Limiting indices -16<ch<15, -40<k<40, -13<1<13

Reflections collected / unique 13988 / 3543

Completeness td = 25.242 98.6 %

Rint 9.70 %

Absorption coefficient /mm?* 9.395

Refinement method Full-matrix least-squares on F

Data / restrains / parameters 3543/0/107

R indices (all datalr; ; wR 0.1101; 0.2965

R indices [ > 4o(1)] Ry ; WR 0.0962; 0.2858 (for 2952 reflections)

Godness-of-fit foiF2 1.093

Largest diff. peak and hole & /A3 6.233 and -8.871
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Table A.63 Fractional coordinates (- 9@nd equivalent isotropic displacement paramidigfA2- 15)
for the independent atoms in the structure of [Eu[€es.

Wyck. X y z 8}

Eu(l) V2] 5000 3740(1) 2500 19(1)
Te(1) 2] 5000 4230(1) 7500 23(1)
Te(2) g 1661(1) 4238(1) 5398(2) 22(1)
Te(3) g 565(2) 3366(1) 4598(4) 57(2)
Te(4) V2] 0 3200(1) 7500 53(2)

N(2) & 6020(20) 3410(6) 5490(30) 28(4)
N(4) & 6980(20) 4073(7) 2370(20) 27(4)
N(3) & 6360(20) 4428(7) 4610(20) 28(4)
N(1) & 3510(20) 3030(6) 2310(20) 29(4)
C(4) g 7560(20) 4525(7) 3280(30) 25(4)
C(3) g 7800(20) 4509(7) 5020(30) 25(4)
C(2) g 5410(30) 2961(7) 5460(30) 31(5)
C(1) g 3760(30) 2964(9) 3970(30) 37(5)

Table A.64 Anisotropic displacement parametadg / A> - 1 for the independent atoms in the
structure of [Eu(en)Tes.

U1 U2 Uss Uzs Uis Uiz
Eu(1) 26(1) 16(1) 15(1) 0 12(1) 0
Te(1) 32(1) 22(1) 19(1) 0 18(1) 0
Te(2) 21(1) 24(1) 21(1) 1(1) 12(1) 1(1)
Te(3) 32(1) 24(1) 114(2) -18(1) 44(1) -9(1)
Te(4) 49(2) 21(1) 28(1) 0 -8(1) 0
N(2) 37(10) 17(7) 34(9) -8(7) 23(8) -1(7)
N(4) 29(9) 34(9) 13(7) 2(6) 10(7) 5(7)
N(3) 40(10) 34(9) 19(7) -4(7) 23(8) -1(8)
N(1) 33(9) 17(7) 26(8) -4(6) 13(8) -2(7)
C(4) 29(10) 17(8) 33(10) -1(7) 21(9) 1(7)
c@3) 24(9) 18(8) 23(9) 0(7) 9(8) -6(7)
c2) 38(12) 23(9) 14(8) 9(7) 6(8) 0(8)
C(2) 37(13) 36(12) 36(12) 7(10) 21(11) -7(10)
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Table A.65 Selected bond lengths for [Eu(giies. Symmetry transformations used to generate

equivalent atoms: #Xx+1,y, -+, #2 x+1,y, -z+%/>.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Eu(1)-N(4) 2.52(2) Te(1)-Te(2) 3.0483(13)
Eu(L)-N(4)#1 2.52(2) Te(2)-Te(3) 2.696(2)
Eu(1)-N(2)#1 2.527(19) N(2)-C(2) 1.46(3)
Eu(1)-N(2) 2.527(19) N(4)-C(4) 1.48(3)
Eu(1)-N(3)#1 2.569(18) N(3)-C(3) 1.46(3)
Eu(1)-N(3) 2.569(18) N(1)-C(1) 1.45(3)
Eu(1)-N(1) 2.590(19) C(4)-C(3) 1.52(3)
Eu(1)-N(1)#1 2.590(19) C(2)-C(1) 1.53(3)
Te(1)-Te(2)#2 3.0483(13)

Table A.66. Selected bond angles for [Eu(dies. Symmetry transformations used to generate

equivalent atoms: #X&+1,y, -2+, #2 x+1,y, -z+3/-.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Te(2)#2-Te(1)-Te(2) 179.16(8) C(1)-N(2)-Eu(1) 1103)
Te(3)-Te(2)-Te(1) 111.11(7) N(4)-C(4)-C(3) 109.5(16
C(2)-N(2)-Eu(1) 114.9(13) N(3)-C(3)-C(4) 106.9(16)
C(4)-N(4)-Eu(1) 113.7(13) N(2)-C(2)-C(2) 108.5(17)
C(3)-N(3)-Eu(2) 112.2(12) N(1)-C(1)-C(2) 109(2)
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A.1.14 [Ca(en)]2(AsaTes)

Table A.67: Crystal data and structure refinement for [CafeffsiTes).

Empirical formula
Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

GHs2As; CaNs Tes

813.13
123(2)

Orthorhombtica
a=17.1043(5)
b = 16.4652(6)
c = 17.3352(5)
4882.0(3)
8; 3024 ; 2.213
0.71073
0.070x% 0.056x 0.052
2.930 to 27.510
-22<h<22,-21<k<21,-22<1<22

10566 / 5590
99.7 %
8.93 %
6.469

Full-matrix least-squares dn F

5590/0/ 200

0.1207; 0.0817
0.0421; 0.0657 (for 2913 reflections)
0.922
0.975 and -1.171
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Table A.68 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2 15)
for the independent atoms in the structure of [GR[€ASJTes).

Wyck. X y z 8}
Te(1) & 4238(1) 5545(1) 4061(1) 24(1)
Te(2) & 2540(1) 5602(1) 5493(1) 28(1)
Te(3) & 4302(1) 5032(1) 7437(1) 26(1)
As(1) & 4009(1) 5882(1) 5524(1) 24(1)
As(2) & 4232(1) 4533(1) 6039(1) 23(2)
Ca(1) & 3031(2) 2258(1) 8180(1) 23(1)
N(1) & 4099(4) 2754(4) 7239(4) 36(2)
N(2) & 3643(4) 1099(4) 7332(3) 29(2)
N(3) & 2461(4) 3628(4) 7649(3) 31(2)
N(4) & 1940(3) 2064(4) 7168(3) 29(2)
N(5) & 3706(3) 3443(4) 8936(3) 28(2)
N(6) & 4049(4) 1759(4) 9173(4) 38(2)
N(7) & 2026(4) 2516(4) 9257(4) 29(2)
N(8) & 2334(3) 928(4) 8669(4) 29(2)
C(2) & 4629(4) 2101(5) 6979(5) 30(2)
C(2) & 4139(4) 1403(5) 6703(4) 28(2)
C(3) & 1998(5) 3521(6) 6935(5) 36(2)
C(4) & 1476(5) 2808(5) 7025(5) 36(2)
C(5) & 4393(4) 3174(5) 9394(5) 33(2)
C(6) & 4231(5) 2371(5) 9764(4) 35(2)
C(7) & 1806(5) 1792(6) 9686(4) 36(2)
C(8) & 1618(4) 1094(6) 9132(4) 33(2)
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Table A. 69 Anisotropic displacement parametéds / A2 - 16 for the independent atoms in the
structure of [Ca(en)(AssTes).

U11 U2z Uss Uzs Uis Uiz
Te(1) 26(1) 25(1) 22(1) 1) o)  4(1)
Te(2) 23(1) 34(1) 26(1) 21 1) 21
Te(3) 32(1) 24(1) 22(1) -2(1) 3(2) -2(1)
As(l) 25(1) 24(1) 22(1) -1(2) 2(1) 2(1)
As(2)  27(1) 22() 21(1) -2() 1) O
ca(l) 25(1) 21(1) 22(1) 0@1) -1(1) 1V
N(1) 47(5)  23(4) 37(4) 5(4) 4(3) 4(4)
N(2) 31(4) 25(4) 30(4) 7(3) -5(3) -3(3)
N(3) 34(4)  28(4) 30(4) -2(4) 1(3) -5(4)
N(4) 35(4) 27(4) 24(3) -3(3) 0(3) -2(3)
N(5) 27(4) 39(5) 17(3) 6(3) 1(3) 2(3)
N(6) 42(4)  34(5) 38(4) -2(4) -14(3) -1(4)
N(7) 30(4) 22(4) 35(4) -2(3) 4(3) -6(3)
N(8) 32(4) 22(4) 33(4) 5(3) -7(3) 3(3)
C(2) 26(4) 30(6) 32(5) -3(4) 4(4) 3(4)
C(2) 29(5) 34(5) 21(4) 4(4) -3(4) 4(4)
C(3) 32(5) 34(6)  44(5) 13(5) -19(4) -3(4)
C@4) 26(5) 38(6) 44(5) 11(5) -11(4) 7(4)
C(5) 29(4) 34(6) 35(5) -11(5) -54) -1(4)
C(6) 45(5) 35(6) 26(4) -8(4)  -14(4) 8(5)
C(7) 44(5)  41(6) 25(4) -4(5) 10(4) -6(5)
C(8) 26(4) 40(6) 3155) 7(5) 3(4)  -4(4)
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Table A.70 Selected bond lengts for [Ca(gajAssTes). Symmetry transformations used to generate

equivalent atomsgtl x+1, y+1, z+1.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Te(1)-As(1) 2.6256(9) N(1)-C(1) 1.476(10)
Te(1)-As(2)#1 2.6266(9) N(2)-C(2) 1.470(9)
Te(2)-As(1) 2 5553(9) N(3)-C(3) 1.479(9)
Te(3)-As(2) 2.5614(9) N(4)-C(4) 1.480(10)
As(1)-As(2) 2.4234(12) N(5)-C(5) 1.487(9)
Ca(1)-N(7) 2.573(6) N(6)-C(6) 1.469(10)
Ca(1)-N(4) 2.580(6) N(7)-C(7) 1.454(10)
Ca(1)-N(1) 2.582(6) N(8)-C(8) 1.489(9)
Ca(1)-N(6) 2.584(6) C(1)-C(2) 1.501(11)
Ca(1)-N(5) 2.617(7) C(3)-C(4) 1.483(11)
ca(1)-N(3) 2.624(7) C(5)-C(6) 1.496(11)
Ca(1)-N(2) 2.627(7) C(7)-C(8) 1.531(11)
Ca(1)-N(8) 2.634(7)

Table A.71 Selected bond lengts for [Ca(gajAssTes). Symmetry transformations used to generate
equivalent atomsgtl x+1, y+1, z+1.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
As(1)-Te(1)-As(2)#1 102.87(3) C(6)-N(6)-Ca(1) 113P
As(2)-As(1)-Te(2) 89.83(3) C(7)-N(7)-Ca(1) 114.0(5)
As(2)-As(1)-Te(1) 98.02(4) C(8)-N(8)-Ca(1) 113.2(5)
Te(2)-As(1)-Te(1) 95.10(3) N(1)-C(2)-C(2) 108.2(6)
As(1)-As(2)-Te(3) 93.60(4) N(2)-C(2)-C(1) 110.3(6)
As(1)-As(2)-Te(1)#1 100.21(3) N(3)-C(3)-C(4) 1091 (
Te(3)-As(2)-Te(1)#1 91.78(3) N(4)-C(4)-C(3) 110.p(6
C(1)-N(1)-Ca(1) 113.4(5) N(5)-C(5)-C(6) 110.2(6)
C(2)-N(2)-Ca(1) 113.4(5) N(6)-C(6)-C(5) 110.3(6)
C(3)-N(3)-Ca(1) 112.9(5) N(7)-C(7)-C(8) 110.5(6)
C(4)-N(4)-Ca(1) 113.5(5) N(8)-C(8)-C(7) 107.6(6)
C(5)-N(5)-Ca(1) 113.2(5)
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A.1.15 [Sr(en)]2(AssTes)

Table A.72 Crystal data and structure refinement for [Sifle(saTes).

Empirical formula
Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

G Hs2 As; SrNs Tes

860.67
123(2)

Orthorhombtica
a=17.2116(2)
b =16.3773(3)
c =17.6420(3)
4972.92(14)
8; 3168 ;2.299
0.71073
0.244% 0.120x 0.062
2.069 to 30.083
-23<h<24,-23<k<23,-24<1<24

56562 / 7302
99.9 %
13.44 %
8.267

Full-matrix least-squares dn F

7302 /0/200

0.0555; 0.1212
0.0448; 0.1143 (for 6025 reflections)
1.044
2.480 and -2.299
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Table A.73 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2 15)
for the independent atoms in the structure of [Q5[&AsaTes).

Wyck. X y z 8}
Te(1) & 4241(1) 5543(1) 4086(1) 20(2)
Te(2) & 2555(1) 5626(1) 5494(1) 24(1)
Te(3) & 4315(1) 4993(1) 7410(1) 21(1)
As(1) & 4018(1) 5879(1) 5524(1) 19(1)
As(2) & 4239(1) 4520(1) 6028(1) 19(1)
Sr(1) & 2999(1) 2221(1) 8171(1) 19(2)
N(1) & 4125(3) 2723(3) 7189(3) 33(2)
N(2) & 3657(2) 1018(2) 7287(2) 26(1)
N(3) & 2397(2) 3650(2) 7595(2) 27(2)
N(4) & 1847(3) 2050(3) 7139(2) 29(1)
N(5) & 3701(2) 3467(2) 8938(2) 26(1)
N(6) & 4043(3) 1778(3) 9238(3) 38(2)
N(7) & 1948(2) 2472(3) 9294(2) 27(2)
N(8) & 2257(2) 845(2) 8699(2) 24(1)
C(1) & 4632(3) 2057(3) 6953(3) 28(1)
C(2) & 4157(3) 1348(3) 6678(3) 27(1)
C(3) & 1962(3) 3522(3) 6898(3) 38(2)
C(4) & 1414(3) 2803(3) 6983(3) 36(1)
C(5) & 4366(3) 3213(4) 9395(3) 35(2)
C(6) & 4208(4) 2426(4) 9802(3) 41(1)
C(7) & 1732(3) 1711(3) 9702(3) 30(2)
C(8) & 1558(3) 1034(3) 9150(3) 29(1)
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Table A.74 Anisotropic displacement parametédg / A2 - 1F for the independent atoms in the
structure of [Sr(en)z(AssTes).

U11 U2z Uss Uzs Uis Uiz
Te(1) 21(1) 19(1) 201) o) o)  4(1)
Te(2) 19(1) 27(1) 25(1) 1) 1) 201
Te(3) 27(1) 17(1) 20(1) -2(1) 3(2) -3(1)
As(l) 20(1) 15(1) 21(1) -1(2) 1(1) 1(1)
As(2) 22(1) 15(1) 20(1) -11) 1) O
sr1)  21(1) 15(1) 20(1) 0@)  -1(1)  O(1)
N(1) 38(2) 22(2) 39(2) 2(2) 7(2) 0(2)
N(2) 32(2) 19(2) 27(2) -1(2) 0(2) -3(2)
N(3) 26(2) 17(2) 38(2) -3(2) 0(2) -2(2)
N@4) 34(2) 202 332 -12) -62) -2(2)
N(B)  35(2) 17(2) 2512 1) 02  -2(2)
N(6) 44(3) 25(2) 46(3) -2(2) -21(2) 6(2)
N(7) 31(2) 20(2) 32(2) -4(2) 2(2) 1(2)
N@B) 27(2) 1720 28(2) OQ1) -6(2) -2(2)
Cl) 232 22(2) 383) -12) 42 -1(2)
C(2) 33(3) 23(2) 26(2) -4(2) -1(2) 0(2)
C(3) 42(3) 31(3)  40(3) 12(2) -16(2) -7(2)
C(4) 333) 26(2) 473) 102) -82) -4(2)
C(5) 33(3) 32(3) 413) 62 -6(2) -7(2)
C(6) 54(4) 30(3) 37(3) -12) -23(3) 3(2)
C(7) 37(3) 27(2) 26(2) 2(2) 4(2) 2(2)
C(8) 333) 21(2) 322) 0@2) 22 -12)
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Table A.75 Selected bond lengths for [Sr(galAssTes). Symmetry transformations used to generate
equivalent atomgtl x+1, y+1, z+1.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Te(1)-As(1) 2.6244(5) N(1)-C(2) 1.453(6)
Te(1)-As(2)#1 2.6251(5) N(2)-C(2) 1.480(6)
Te(2)-As(1) 2.5530(5) N(3)-C(3) 1.456(6)
Te(3)-As(2) 2.5618(5) N(4)-C(4) 1.468(7)
As(1)-As(2) 2.4257(6) N(5)-C(5) 1.461(7)
Sr1-N(6) 2.701(4) N(6)-C(6) 1.482(7)
Sr1-N(4) 2.707(4) N(7)-C(7) 1.488(6)
Sr1-N(7) 2.714(4) N(8)-C(8) 1.475(7)
Sr1-N(1) 2.727(4) C(1)-C(2) 1.500(7)
Sr1-N(5) 2.731(4) C(3)-C(4) 1.516(7)
Sr1-N(8) 2.752(4) C(5)-C(6) 1.500(8)
Sr1-N(3) 2.754(4) C(7)-C(8) 1.506(7)
Sr1-N(2) 2.756(4)

Table A.76 Selected bond angles for [Sr(gda)AssTes). Symmetry transformations used to generate

equivalent atomstl x+1, y+1, z+1.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
As(1)-Te(1)-As(2)#1 103.181(17) C(6)-N(6)- Sr1 18(3)
As(2)-As(1)-Te(2) 90.78(2) C(7)-N(7)- sr1 113.2(3)
As(2)-As(1)-Te(1) 97.973(19) C(8)-N(8)- sr1 112.9(3
Te(2)-As(1)-Te(1) 95.182(17) N(1)-C(1)-C(2) 110p(4
As(1)-As(2)-Te(3) 94.565(19) N(2)-C(2)-C(1) 111.%(4
As(1)-As(2)-Te(1)#1 99.44(2) N(3)-C(3)-C(4) 110.%(4
Te(3)-As(2)-Te(1)#1 91.949(17) N(4)-C(4)-C(3) 1168
C(1)-N(1)- Sr1 112.4(3) N(5)-C(5)-C(6) 111.5(4)
C(2)-N(2)- sr1 112.9(3) N(6)-C(6)-C(5) 109.1(4)
C(3)-N(3)- sr1 112.5(3) N(7)-C(7)-C(8) 110.7(4)
C(4)-N(4)- sr1 114.3(3) N(8)-C(8)-C(7) 110.0(4)
C(5)-N(5)- sr1 114.0(3)
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A.1.16 [Eu(en)]2(As:Se)

Table A.77. Crystal data and structure refinement for [Eufle(AssSe)).

Empirical formula
Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

G H32As: Eu Ns Se

779.09
123(2)

Orthorhombtica
a=16.7023(2)
b =15.7065(2)
c =17.2823(2)
4533.75(10)
8; 2936 ;2.283
0.71073
0.120x% 0.080x 0.070
2.954 to 27.492
-21<h<21,-20< k<20, -22<1< 22

9867 / 5196
99.7 %
2.78 %
10.488

Full-matrix least-squares dn F

5196 /0/ 327

0.0436; 0.0549
0.0263; 0.0510 (for 4064 reflections)
0.999
0.758 and -0.975
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Table A.78 Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2 15)
for the independent atoms in the structure of [BU[€ASiSe;).

Wyck. X y z 8}
Se(1) & 5714(1) 4942(1) 7321(1) 20(2)
As(1) & 5711(1) 4508(1) 6029(1) 17(2)
Se(2) & 4257(1) 4495(1) 5900(1) 19(2)
As(2) & 4016(1) 4108(1) 4556(1) 17(1)
Se(3) & 2634(1) 4314(1) 4556(1) 22(1)
Eu(1) & 7051(1) 2184(1) 8149(1) 17(2)
N(1) & 7773(2) 731(2) 8693(2) 22(1)
N(2) & 8143(2) 2433(2) 9284(2) 26(1)
N(3) & 8223(2) 1989(2) 7100(2) 25(1)
N(4) & 7648(2) 3667(2) 7545(2) 23(1)
N(5) & 5896(2) 2652(2) 7148(2) 26(1)
N(6) & 6390(2) 893(2) 7288(2) 23(1)
N(7) & 6370(2) 3531(2) 8898(2) 22(1)
N(8) & 5974(3) 1784(2) 9254(2) 32(2)
C(1) & 8499(2) 916(3) 9151(2) 23(1)
C(2) & 8329(3) 1649(3) 9702(2) 28(1)
C(3) & 8666(3) 2782(3) 6923(3) 30(2)
C(4) & 8095(3) 3509(3) 6820(2) 29(1)
C(5) & 5370(2) 1944(3) 6929(2) 25(1)
C(6) & 5864(2) 1192(3) 6660(2) 23(1)
C(7) & 5680(3) 3306(3) 9386(3) 27(2)
C(8) & 5840(3) 2478(3) 9807(3) 30(2)
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Table A.79 Anisotropic displacement parametédg / A2 - 1F for the independent atoms in the
structure of [Eu(en)z(AssSe).

U11 U2z Uss Uzs Uis Uiz
Se(l) 25(1) 20(1) 15(1) 11 -3 1D
As(l) 20(1) 17(1) 15(1) -11)  -1(1)  1(D)
Se(2) 19(1) 23(1) 16(1) 0(1) 0(1) -4(1)
As(2) 16(1) 18(1) 16(1) -1(1) -11)  -1(1)
Se(3) 16(1) 30(1) 21(1) 1(1) O@1)  -1(1)
Eu(l) 18(2) 17(1) 15(1) 0(2) 1(1) 0(1)
N(1) 24(2)  24(2) 20(2) -1(2) 2(2) -2(2)
N(R) 30(2) 22(2) 27(2) -4(2) -42) 0(2)
N@B)  28(2) 212 2720 -1(2) 5(2)  2(2)
N(4) 26(2) 23(2) 21(2) -4(2) 0(2) 3(2)
N(5) 28(2) 18(2)  32(2) 2(2) -5(2) -2(2)
N(6) 27(2) 18(2)  25(2) 2(2) 2(2) -1(2)
N(Z) 22(2) 242 18(2) 22 220  1(2)
N@B)  43(2) 20(2) 34(2) 02 14(2)  -4(2)
Cl) 202 21(2) 28(2) 202 -32) 0@
C(2) 30(2) 32(3) 21(2) 0(2) -6(2) -1(2)
C(3) 2512 26(2) 373) 4(2) 122) -1
C(4) 352 27(3) 24(2) 102) 112 0@
C(5) 23(2) 23(2) 28(2) 3(2) -2(2) -3(2)
C(6) 23(2) 20(2) 25(2) -5(2) -2(2) -1(2)
C(7) 242 29(3) 28(2) -32) 502 12
C(8) 36(3) 23(2) 30(2) -12) 122 -5(2)
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Table A.80 Selected bond lengths for [Eu(dajAssSes). Symmetry transformations used to generate

equivalent atomsgtl x+1, y+1, z+1.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Se(1)-As(1) 2.3349(5) N(1)-C(1) 1.479(5)
As(1)-Se(2) 2.4402(5) N(2)-C(2) 1.459(6)
As(1)-As(2)#1 2.4407(5) N(3)-C(3) 1.480(5)
Se(2)-As(2) 2.4335(5) N(4)-C(4) 1.478(5)
As(2)-Se(3) 2.3307(5) N(5)-C(5) 1.468(5)
Eu(1)-N(3) 2.686(4) N(6)-C(6) 1.473(5)
Eu(1)-N(5) 2.693(3) N(7)-C(7) 1.472(5)
Eu(1)-N(8) 2.696(4) N(8)-C(8) 1.466(6)
Eu(1)-N(2) 2.707(3) C(1)-C(2) 1.520(6)
Eu(1)-N(7) 2.727(3) C(3)-C(4) 1.496(6)
Eu(1)-N(4) 2.740(4) C(5)-C(6) 1.511(6)
Eu(1)-N(1) 2.747(3) C(7)-C(8) 1.513(6)
Eu(1)-N(6) 2.748(3)

Table A.81 Selected bond angles for [Eu(gs)AssSe). Symmetry transformations used to generate

equivalent atomsgtl x+1, y+1, z+1.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(1)-As(1)-Se(2) 95.269(18) C(6)-N(6)-Eu(1) 113)7(
Se(1)-As(1)-As(2)#1 97.806(18) C(7)-N(7)-Eu(1) 13(3)
Se(2)-As(1)-As(2)#1 98.931(18) C(8)-N(8)-Eu(1) 0(3)
As(2)-Se(2)-As(1) 104.706(18) N(1)-C(1)-C(2) 103P(
Se(3)-As(2)-Se(2) 97.431(18) N(2)-C(2)-C(1) 111)7(3
Se(3)-As(2)-As(1)#1 93.512(18) N(3)-C(3)-C(4) 1i@ay
Se(2)-As(2)-As(1)#1 98.215(18) N(4)-C(4)-C(3) 1184
C(1)-N(2)-Eu(1) 112.3(2) N(5)-C(5)-C(6) 110.2(3)
C(2)-N(2)-Eu(1) 112.3(3) N(6)-C(6)-C(5) 110.4(3)
C(3)-N(3)-Eu(1) 114.1(3) N(7)-C(7)-C(8) 110.1(3)
C(4)-N(4)-Eu(1) 111.3(3) N(8)-C(8)-C(7) 110.7(4)
C(5)-N(5)-Eu(1) 112.8(2)
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A.1.17 [Ca(en)](As.Sa)

Table A.82 Crystal data and structure refinement for [Ca{éA$.Se).

Empirical formula
Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

GH32As: Ca N;s Se
904.09

123(2)

Monoclinfc;2/c

a=22.6915(8)

b =10.0484(3p = 128.281(2)
¢ = 14.3506(5)
2568.56(16)

4;1704 ; 2.338
0.71073
0.156x 0.086x 0.070
3.354 to 27.502

-28<h<29,-13<k<12,-18<1<18

4361 /2682
93.4 %
4.50 %
11.315
Full-matrix least-squares &n F
2682 /0/ 115
0.0550; 0.1163

0.0429; 0.1104 (for 2186 reflections)

1.052
1.029 and -0.976
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Table A.83 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2- 15)
for the independent atoms in the structure of [Ga[@\s2Se).

Wyck. X y z 8}
Se(1) 8 1463(1) 8343(1) 4491(1) 20(2)
Se(2) 3 2615(1) 9116(1) 6217(1) 20(1)
Se(3) 8 4439(1) 7700(1) 8373(1) 21(1)
As(1) g 3248(1) 6989(1) 6867(1) 20(2)
Ca(l1) & 5000 2150(2) 7500 16(1)
N(4) & 4380(3) 4078(5) 7804(5) 31(2)
N(3) & 4413(3) 1405(5) 8484(4) 20(1)
N(1) & 4163(3) 200(5) 6170(4) 26(1)
N(2) & 3909(3) 2883(5) 5322(5) 29(1)
C(3) g 3785(4) 2296(6) 8104(6) 29(1)
C(4) g 4063(4) 3719(6) 8410(6) 29(1)
C(2) g 3304(4) 1853(7) 4695(6) 33(2)
C(1) g 3644(3) 503(6) 4890(5) 28(1)

Table A.84 Anisotropic displacement parametadg / A? - 1 for the independent atoms in the
structure of [Ca(en)As.Se).

U1 U2 Uss Uzs Uis Uiz
Se(1) 17(1) 19(1) 18(1) 0(1) 8(1) 1(1)
Se(2) 19(1) 21(1) 18(1) -3(2) 10(2) -2(1)
Se(3) 19(1) 22(1) 15(1) -1(1) 7(1)  -2Q1)
As(l) 18(1) 19(1) 16(1) 1(1)  8Q1)  -2(1)
Ca(l) 18(1) 14(1)  15(1) 0 11(1) 0
N(4) 51(4) 21(3) 25(3) 9(2) 25(3) 13(2)
N(3) 25(3) 15(2) 24(3) 02 18(2)  3(2)
N(1) 30(3) 24(3) 23(3) -12) 16(2) -4(2)
N(2) 34(3) 25(3) 23(3) 5(2) 16(3) 12(2)
C(3) 27(3) 31(4) 33(4) 3(3) 21(3) 6(3)
C(4) 39(4) 28(3) 26(3) 7(3) 23(3) 14(3)
C2) 16(3) 52(4) 22(3) 1(3) 8(3)  6(3)
C(1) 24(3) 36(4) 24(3) -14(3) 16(3) -11(3)
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Table A.85 Selected bond lengths for [Ca(d()\s.Se). Symmetry transformations used to generate

equivalent atomstl x+Y,, y+3/5, -z+1 #2 x+1,y, -z+%-.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Se(1)-Se(2) 2.3557(8) Ca(1)-N(@)#2 2.585(5)
Se(1)-As(1)#1 2.4343(8) Ca(1)-N(2)#2 2.618(5)
Se(2)-As(1) 2.4162(8) Ca(1)-N(2) 2.618(5)
Se(3)-As(L) 2.2916(8) N(4)-C(4) 1.477(8)
Ca(1)-N(1) 2.569(5) N(3)-C(3) 1.471(7)
Ca(1)-N(1)#2 2.569(5) N(1)-C(1) 1.474(7)
Ca(l)-N(3)#2 2.582(5) N(2)-C(2) 1.495(8)
ca(1)-N(3) 2.582(5) C(3)-C(4) 1.514(9)
Ca(1)-N(4) 2.585(5) C(2)-C(1) 1.499(9)

Table A.86 Selected bond angles for [Ca(@(s.Se&). Symmetry transformations used to generate
equivalent atomstl x+Y,, y+3/,, -z+1 #2 x+1,y, -z+3/.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(2)-Se(1)-As(1)#1 102.33(3) C(1)-N(1)-Ca(1) 11409
Se(1)-Se(2)-As(1) 96.96(3) C(2)-N(2)-Ca(1) 111.1(4)
Se(3)-As(1)-Se(2) 99.22(3) N(3)-C(3)-C(4) 109.5(5)
Se(3)-As(1)-Se(1)#1 92.98(3) N(4)-C(4)-C(3) 109)1(5
Se(2)-As(1)-Se(1)#1 101.70(3) N(2)-C(2)-C(1) 108)9(
C(4)-N(4)-Ca(1) 115.5(3) N(1)-C(1)-C(2) 109.9(5)
C(3)-N(3)-Ca(1) 109.3(3)
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A.1.18 [Ca(en)]2(As:Se0)

Table A.87: Crystal data and structure refinement for [Ca{effs.Se0).

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group
Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3
Absolute structure parameter

@s Hea As Car N1s O Se
1279.55
123(3)
Orthorhomthe?
a=16.6561(3)
b =31.2220(5)
c =16.5018(3)
8581.5(3)
8; 4992; 1.981
0.71073
0.290x% 0.150x% 0.084
3.135 to 27.500
-21<h<21,-21<k<21,-40<1<40
27266 | 7787
99.7 %
12.62 %
7.771
Full-matrix least-squares dn F
7787 /1/399
0.0640; 0.1480
0.0546; 0.1438 (for 8405 reflections)
1.097
2.327 and -1.897
0.52(3)
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Table A.88 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2 15)
for the independent atoms in the structure of [GR[£AS,SeO).

Wyck. X y z )
As(1) & 6343(1) 3831(1) 2901(1) 24(1)
As(2) & 8428(1) 3967(1) 5126(1) 34(1)
Se(1) & 5006(1) 3783(1) 3199(1) 34(1)
Se(2) & 6855(1) 4500(1) 3002(1) 33(1)
Se(3) & 6685(1) 3487(1) 1731(1) 28(1)
Se(4) & 6794(1) 3392(1) 4009(1) 32(2)
Se(5) & 8185(1) 3459(1) 4030(1) 35(1)
Se(7) & 8270(1) 3592(1) 6324(1) 45(1)
Se(8) & 9801(1) 3943(1) 4818(1) 46(1)
0(2) & 8072(6) 4536(3) 5046(6) 28(2)
Ca(1) ) 5000 5000 5464(2) 21(2)
N(1) 8c 6165(8) 5520(5) 5771(8) 40(3)
N(2) 8c 5732(7) 5255(4) 4172(8) 31(3)
N(3) & 5871(7) 4349(4) 5142(7) 28(2)
N(4) 8c 5693(8) 4673(4) 6769(7) 30(3)
C(1) & 6404(10) 5773(6) 5003(11) 45(4)
C(2) & 6469(10) 5504(6) 4324(12) 44(4)
C(3) & 6062(9) 4097(5) 5851(9) 30(3)
C(4) & 6323(10) 4374(5) 6549(10) 36(3)
Ca(2) & 5766(2) 2420(1) 6487(2) 25(1)
N(5) 8c 4752(7) 2668(4) 7575(8) 31(3)
N(6) 8c 5144(8) 1778(4) 7326(8) 32(3)
N(7) 8c 6281(8) 1706(4) 5842(7) 32(3)
N(8) 8c 6843(8) 2541(4) 5391(8) 33(3)
N(9) 8c 5114(8) 3052(4) 5706(8) 34(3)
N(10) & 4671(7) 2167(4) 5523(9) 37(3)
N(11) & 6418(7) 3125(4) 7069(8) 28(2)
N(12) & 6902(7) 2279(4) 7498(8) 32(3)
C(5) & 4672(11) 2343(5) 8242(10) 40(4)
C(6) & 4541(10) 1908(5) 7920(12) 44(4)
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C(7) & 6659(9) 1787(5) 5048(9) 36(3)
C(8) & 7241(9) 2131(5) 5086(10) 36(3)
C(9) & 4559(8) 2921(5) 5061(9) 31(3)
C(10) & 4126(9) 2526(5) 5293(10) 36(3)
C(11) & 6890(9) 3044(5) 7804(10) 37(3)
C(12) & 7407(9) 2649(5) 7661(10) 34(3)
Ca(3) b 10000 5000 2425(3) 28(1)
N(13) & 9001(10) 4776(6) 3467(11) 59(5)
N(14) & 9223(11) 5661(5) 2990(12) 62(4)
N(15) & 10847(18) 5717(8) 1806(14) 119(12)
N(16) & 11000(12) 4799(6) 1284(12) 70(5)
C(13) & 8840(17) 5160(7) 3975(14) 73(7)
C(14) & 8559(10) 5536(6) 3501(12) 44(4)
C(15) & 11402(10) 5551(6) 1214(13) 46(4)
C(16) & 11686(13) 5111(7) 1260(15) 63(6)

Table A.89 Anisotropic displacement parametadg / A2 - 1F for the independent atoms in the
structure of [Ca(en)(As:Se0).

U1 U2z Uss Uzs Uis Uiz

As(1) 27(1) 26(1) 20(1) -3(2) -3(2) 5(1)
As(2) 36(1) 37(1) 30(1) 0(1) -3(1) -9(1)
Se(1) 28(1) 37(1) 39(1) “12(1) 0(1) 3(1)
Se(2) 42(1) 25(1) 33(1) -3(1) 1(1) 2(1)
Se(3) 34(1) 28(1) 24(1) -7(2) 1(2) 4(1)
Se(4) 37(1) 32(1) 26(1) 2(1) -6(1) -2(1)
Se(5) 35(1) 40(1) 31(1) 7(1) 7(1) 10(1)
Se(7) 32(1) 72(1) 31(1) 17(1) 6(1) 12(1)
Se(8) 32(1) 57(1) 49(1) 16(1) -2(1) -12(1)
o) 29(5) 23(5) 31(6) 7(4) 0(4) 1(4)
ca(l) 24(2) 17(2) 22(2) 0 0 1(1)
N(L) 42(7) 51(8) 26(7) 4(6) -8(6) -8(6)
N(2) 27(6) 35(6) 30(7) 2(5) 2(5) 2(5)
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N(3)
N(4)
C(1)
C(2)
C(3)
C(4)
Ca(2)
N(5)
N(6)
N(7)
N(8)
N(9)
N(10)
N(11)
N(12)
C(5)
C(6)
C(7)
C(8)
C(9)
C(10)
C(112)
C(12)
Ca(3)
N(13)
N(14)
N(15)
N(16)
C(13)
C(14)
C(15)
C(16)

31(6)
44(7)
32(8)
36(9)
35(7)
37(8)
23(1)
30(6)
30(6)
32(6)
32(7)
41(7)
32(6)
28(6)
32(6)
50(9)
49(9)
35(8)
29(7)
31(7)
34(8)
37(8)
33(7)
28(2)
53(9)
80(12)
170(30)
78(13)
112(19)
29(8)
37(9)
60(12)

34(6)
32(6)
56(10)
53(10)
31(7)
45(9)
29(1)
36(7)
39(7)
35(6)
35(7)
34(6)
35(7)
26(6)
34(6)
38(8)
43(9)
53(9)
51(9)
36(8)
34(7)
41(8)
35(8)
21(2)
60(10)
48(9)
106(18)
69(12)
55(12)
48(10)
46(10)
70(14)

19(6)
16(5)
47(11)
44(10)
25(7)
28(8)
23(1)
27(6)
25(6)
27(7)
32(7)
27(6)
43(8)
31(6)
31(7)
33(8)
40(9)
19(7)
28(8)
25(8)
40(9)
33(9)
33(8)
35(2)
66(11)
58(10)
76(15)
63(12)
51(12)
55(11)
56(12)
60(14)

-2(5)
1(5)
2(8)
20(8)
3(6)
3(6)
3(1)
3(5)
1(5)

-4(5)

10(5)

-1(5)
-2(6)
3(5)
2(5)
-1(7)
-6(8)
8(6)
8(7)

-4(6)
-6(6)
0(7)
5(6)

0

24(8)
-5(8)

57(14)

-8(10)
-27(10)
-17(8)

-6(8)
6(11)

2(5)
-1(5)
3(7)
-5(7)
-7(6)
-8(6)
2(1)
4(5)
6(5)
-5(5)
-3(5)
-7(6)
-7(6)
-2(5)
-2(5)
4(7)
7(8)
-3(6)
-5(6)

-10(6)
-15(6)

-6(7)
-2(6)
0
15(8)
6(10)
71(17)
11(10)
-30(13)
0(7)
-3(8)
-2(10)

5(5)
-3(5)
-10(7)
-10(7)
2(6)
3(6)
0(1)
4(5)
2(5)
6(5)
4(5)
7(5)
2(5)
2(5)
8(5)
-8(7)
-1(7)
10(7)
5(7)
3(6)
12(6)
2(6)
-2(6)
-2(2)
2(8)
-8(8)
90(18)
-9(10)
37(12)
-3(7)
7(7)

-21(10)
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Table A.90 Selected bond lengths for [Ca(de(As:Se0). Symmetry transformations used to generate
equivalent atoms: #k+1, y+1,z#2 x+2, y+1,z

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
As(1)-Se(2) 2.2644(19) Ca(2)-N(11) 2.634(12)
As(1)-Se(3) 2.2820(19) Ca(2)-N(6) 2.647(13)
As(1)-Se(1) 2.286(2) N(5)-C(5) 1.50(2)
As(1)-Se(4) 2.405(2) N(6)-C(6) 1.46(2)
As(2)-0(1) 1.879(9) N(7)-C(7) 1.48(2)
As(2)-Se(7) 2.311(2) N(8)-C(8) 1.53(2)
As(2)-Se(8) 2.344(2) N(9)-C(9) 1.467(19)
As(2)-Se(5) 2.439(2) N(10)-C(10) 1.492(18)
Se(4)-Se(5) 2.327(2) N(11)-C(11) 1.47(2)
Ca(1)-N(3) 2.554(11) N(12)-C(12) 1.45(2)
Ca(1)-N(3)#1 2.554(11) C(5)-C(6) 1.48(2)
Ca(1)-N(1)#1 2.580(13) C(7)-C(8) 1.45(2)
Ca(1)-N(1) 2.580(13) C(9)-C(10) 1.48(2)
Ca(1)-N(2) 2.582(12) C(11)-C(12) 1.52(2)
Ca(1)-N(2)#1 2.582(12) Ca(3)-N(13)#2 2.493(16)
Ca(1)-N(4)#1 2.648(12) Ca(3)-N(13) 2.493(16)
Ca(1)-N(4) 2.648(12) Ca(3)-N(16)#2 2.590(19)
N(1)-C(1) 1.54(2) Ca(3)-N(16) 2.590(19)
N(2)-C(2) 1.47(2) Ca(3)-N(14) 2.610(17)
N(3)-C(3) 1.447(18) Ca(3)-N(14)#2 2.610(17)
N(4)-C(4) 1.45(2) Ca(3)-N(15)#2 2.84(3)
C(1)-C(2) 1.40(3) Ca(3)-N(15) 2.84(3)
C(3)-C(4) 1.50(2) N(13)-C(13) 1.49(3)
Ca(2)-N(10) 2.546(13) N(14)-C(14) 1.44(2)
Ca(2)-N(12) 2.560(13) N(15)-C(15) 1.44(3)
Ca(2)-N(8) 2.575(13) N(16)-C(16) 1.50(3)
Ca(2)-N(5) 2.582(12) C(13)-C(14) 1.49(3)
Ca(2)-N(9) 2.596(12) C(15)-C(16) 1.45(3)
ca(2)-N(7) 2.615(12)
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Table A.91 Selected bond angles for [Ca(8s(As:SeO).

Atoms 1, 2, 3

Angle / °

Atoms 1, 2, 3

Angle / °

Se(2)-As(1)-Se(3)
Se(2)-As(1)-Se(1)
Se(3)-As(1)-Se(1)
Se(2)-As(1)-Se(4)
Se(3)-As(1)-Se(4)
Se(1)-As(1)-Se(4)
0(1)-As(2)-Se(7)
0(1)-As(2)-Se(8)
Se(7)-As(2)-Se(8)
0O(1)-As(2)-Se(5)
Se(7)-As(2)-Se(5)
Se(8)-As(2)-Se(5)
Se(5)-Se(4)-As(1)
Se(4)-Se(5)-As(2)
C(1)-N(2)-Ca(1)
C(2)-N(2)-Ca(1)
C(3)-N(3)-Ca(1)
C(4)-N(4)-Ca(1)
C(2)-C(1)-N(2)
C(1)-C(2)-N(2)
N(3)-C(3)-C(4)
N(4)-C(4)-C(3)
C(5)-N(5)-Ca(2)

113.73(8)
114.28(7)
113.24(8)
110.65(8)
107.34(7)
95.96(8)
120.2(3)
108.8(3)
106.27(9)
120.7(3)
106.63(9)
88.84(8)
105.69(7)
103.57(7)
110.8(9)
114.6(10)
112.9(9)
111.0(9)
111.7(15)
112.7(15)
111.7(12)
110.7(12)
111.5(9)

C(6)-N(6)-Ca(2)
C(7)-N(7)-Ca(2)
C(8)-N(8)-Ca(2)
C(9)-N(9)-Ca(2)
C(10)-N(10)-Ca(2)
C(11)-N(11)-Ca(2)
C(12)-N(12)-Ca(2)
C(6)-C(5)-N(5)
N(6)-C(6)-C(5)
C(8)-C(7)-N(7)
C(7)-C(8)-N(8)
N(9)-C(9)-C(10)
C(9)-C(10)-N(10)
N(11)-C(11)-C(12)
N(12)-C(12)-C(11)
C(13)-N(13)-Ca(3)
C(14)-N(14)-Ca(3)
C(15)-N(15)-Ca(3)
C(16)-N(16)-Ca(3)
C(14)-C(13)-N(13)
N(14)-C(14)-C(13)
N(15)-C(15)-C(16)
C(15)-C(16)-N(16)

11409(1
110)9(9
114)3(9
114)3(9
1(9)2
119)2(
114)3(9

111.7(14)

113.3(14

111.9(14)
110.9(12
110.6(13

1133)(

1083
110.2(12
10651
111.9(11
106.3(15
110.6(14
113.3(17
106.3(17
120.9(19
111.4(18
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A.1.19 [Ca(en}(H20)2]As:Se

Table A.92 Single crystal data and refinement for [Caf@hO).]As.Se.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3
Absolute structure parameter

GHxsAs; CaN O2 Se
722.10
123(3)
HexagoR&h22
a=9.8708(3)
c=40.2274(12)
3394.4(2)
6; 2064; 2.120
0.71073
0.170x 0.114x 0.100
3.128 to 34.945
-15<h<15,-13<k<13, -49<1 <64
10538 / 4300
91.3%
5.67 %
9.623
Full-matrix least-squares &n F
4300/0/111
0.0584; 0.0741
0.0376; 0.0689 (for 3378 reflections)
0.963
0.671 and -0.716
0.03(2)
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Table A.93 Fractional coordinates (- 9@nd equivalent isotropic displacement paramgigfA2- 15)
for the independent atoms in the structure of [@B(H20):]As.Se:.

Wyck. X y z 8}
As(1) 1z 2694(1) 1733(1) 6270(1) 16(1)
Se(3) & 552(1) 552(1) 6667 19(2)
Se(2) ® 771(2) 386(1) 5833 19(1)
Se(1) 12 4012(1) 354(1) 6308(1) 21(2)
Ca(1) ® -728(1) 4636(1) 5833 16(1)
N(3) 1 1816(5) 4714(5) 6037(1) 28(1)
0(1) 1z -1567(5) 2312(5) 6238(1) 49(1)
N(1) 1z -69(5) 6401(5) 6355(1) 26(1)
N(2) 1z -3172(5) 4522(5) 6093(1) 30(2)
C(2) 1z -1477(6) 6130(6) 6536(2) 30(2)
C(3) 1z 3235(6) 6276(6) 5999(2) 37(2)
C(2) 1z -2743(7) 5910(7) 6303(2) 32(2)
C(2A) 1 -2770(60) 4770(60) 6512(15) 32(2)

Table A.94 Anisotropic displacement parametadg / A? - 1F for the independent atoms in the
structure of [Ca(en{H20),]As2Se;.

U11 U2z Uss Uzs Uis U1z

As(1) 20(1) 16(2) 13(1) 0(1) 0(1) 10(1)
Se(3) 21(1) 21(1) 15(1) -2(1) 2(1) 11(1)
Se(2) 21(1) 23(1) 12(1) -1(1) 0 10(1)
Se(1) 22(1) 23(1) 23(1) 3(1) 3(1) 14(1)
ca(l) 16(1) 17(0) 14(1) 0(1) 0 8(1)

N(3) 33(2) 24(2) 31(3) -4(2) -8(2) 18(2)
0(1) 34(2) 45(2) 64(4) 17(2) 3(2) 18(2)
N(1) 24(2) 25(2) 22(3) 2(2) 2(2) 702)

N(2) 24(2) 31(2) 30(3) 5(2) 0(2) 11(2)
c(1) 28(2) 29(2) 30(4) -4(2) 8(2) 12(2)
C(3) 23(2) 31(3) 59(5) -17(3) -11(2) 16(2)
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C(2) 36(3)
C(2A) 36(3)

34(3) 32(4)
34(3) 32(4)

-9(3)
-9(3)

1(3) 23(3)
1(3) 23(3)

Table A.95 Selected bond lengths for [Ca(€i)O):]JAs.Se. Symmetry transformations used to
generate equivalent atoms: ¥x-y+1, z+'/c #2Y, X, z+3 #3X, X-y, -z+'/s.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
As(1)-Se(1) 2.3108(6) Ca(1)-N(3) 2.606(4)
As(1)-Se(3) 2.4312(6) Ca(1)-N(3)#1 2.606(4)
As(1)-Se(2) 2.4359(6) N(3)-C(3) 1.484(6)
Ca(1)-N(2) 2.580(4) N(1)-C(1) 1.470(6)
Ca(1)-N(2)#1 2.580(4) N(2)-C(2) 1.479(7)
Ca(1)-0(1) 2.589(5) N(2)-C(2A) 1.72(6)
Ca(1)-O(1)#1 2.589(5) C(1)-C(2A) 1.31(5)
Ca(1)-N(1) 2.594(4) C(1)-C(2) 1.489(8)
Ca(1)-N(1)#1 2.594(4) C(3)-C(3)#1 1.496(13)

Table A.96 Selected bond angles for [Ca(€h)O).]As.Se. Symmetry transformations used to
generate equivalent atoms: ¥x-y+1, z+'/c #2Y, X, -z+3 #3X, X-y, -z+'/s.

Atoms 1, 2, 3

Angle / °

Atoms 1, 2, 3

Angle /°

Se(1)-As(1)-Se(3)
Se(1)-As(1)-Se(2)
Se(3)-As(1)-Se(2)
As(1)#2-Se(3)-As(1)
As(1)#3-Se(2)-As(1)
C(3)-N(3)-Ca(1)
C(1)-N(1)-Ca(1)

106.57(2)
103.90(2)
87.594(19)
95.16(3)
95.11(3)
113.1(3)
112.5(3)

C(2)-N(2)-Ca(1)
C(2A)-N(2)-Ca(l)
C(2A)-C(1)-N(1)

N(1)-C(1)-C(2)

N(3)-C(3)-C(3)#1

N(2)-C(2)-C(1)

C(1)-C(2A)-N(2)

111)2(3
1047(
120(2)
111865
11@)3
109.0(4)
105(4)
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A.1.20 [Sr(en}(H20)2]As2Se

Table A.97: Single crystal data and refinement for [Sr¢@r)O),]As2Se;.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group
Lattice constants A

Volume /A3

Z; F(000); calc. density ¢/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 40(1)] Ry ; WR:
Godness-of-fit foilF2

Largest diff. peak and hole & /A3
Absolute structure parameter

GH2sAs2 SrNs Oz Sey
722.10
123(3)
HexagoR&h22
a=9.9512(3)
c=40.1420(11)
3442.6(2)
6; 2172; 2.227
0.71073
0.320% 0.114x 0.094
3.116 to 27.600
-12<h<12,-12< k<12, -52<| <52
22295 / 2644
99.6 %
9.20 %
11.564
Full-matrix least-squares &n F
2644 /0/ 111
0.0328; 0.0629
0.0273; 0.0610 (for 2402 reflections)
1.078
0.510 and -0.395
-0.03(2)
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Table A.98 Fractional coordinates (- 9@nd equivalent isotropic displacement paramigigfA2- 15)
for the independent atoms in the structure of [9s(El.0).]As2Se.

Wyck. X y z 8}

As(1) 1z -953(1) 1669(1) 3729(1) 21(2)
Se(1) 12 -3616(1) 303(2) 3692(1) 28(1)
Se(2) ® -366(1) 366(1) 4167 25(1)

Se(3) & 0 506(1) 3333 24(1)

Sr(1) o) 5370(1) 4630(1) 4167 21(2)
N(3) 1 2835(6) 4759(6) 3961(1) 35(2)
C(3) 1z 3018(8) 6316(8) 3998(2) 50(2)
0(1) 1z 7873(7) 6214(7) 4559(2) 57(1)
C(1) 1z 7664(8) 6173(9) 3445(2) 42(2)
N(1) 1 6545(7) 6433(6) 3620(1) 38(1)
N(2) 1 7685(7) 4426(7) 3867(1) 41(1)
C(2) 1z 8656(13) 5833(14) 3668(3) 43(2)
C(2) 1z 7550(20) 4680(20) 3479(4) 43(2)

Table A.99 Anisotropic displacement parametéts/ A2 - 1@ for the independent atoms in
the structure of [Sr(es(H20):]As.Ser.

U1 U2z Uss Uzs Uis Uiz

As(1) 21(1) 21(1) 18(1) 0(1) 1(1) 7(1)
Se(1) 20(1) 29(1) 33(1) -2(1) 1(1) 11(1)
Se(2) 30(1) 30(1) 17(0) 1(1) 1(1) 16(1)
Se(3) 23(1) 27(1) 20(1) 2(1) 3(1) 12(1)
Sr(1) 22(1) 22(1) 21(1) -2(1) -2(1) 11(1)
N(3) 26(2) 31(3) 43(3) 8(2) -4(2) 11(2)
C@3) 29(3) 45(4) 85(5) 24(4) 3(3) 24(3)
o) 60(3) 50(3) 65(4) “14(3) -19(3) 30(3)
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C(1) 46(4) 43(4) 42(4) 4(3) 14(3) 26(3)

N(1) 46(3) 39(3) 32(3) 6(2) 14(2) 25(3)
N(2) 38(3) 48(3) 51(3) 7(3) 6(3) 31(3)
C() 33(5) 40(5) 53(6) 10(5) 13(4) 16(4)
C() 33(5) 40(5) 53(6) 10(5) 13(4) 16(4)

Table A.10Q Selected bond lengths for [Sr(gif).0).]As2Se.. Symmetry transformations used to
generate equivalent atoms: #%1, x+1, z+%6 #2 y+2, x+2, Z+6 #3 X+2, x+y+1, 7+

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
As(1)-Se(2) 2.3078(11) Sr(1)-O(1)#1 2.716(7)
As(1)-Se(3) 2.4313(11) Sr(1)-N(3) 2.726(6)
As(1)-Se(1) 2.4353(11) Sr(1)-N(3)#1 2.727(6)
Sr(1)-N(2) 2.710(7) N(1)-C(1) 1.419(13)
Sr(1)-N(2)#1 2.710(7) N(2)-C(2) 1.446(13)
Sr(1)-N(1)#1 2.709(7) N(3)-C(3) 1.461(11)
Sr(1)-N(1) 2.709(7) C(1)-C(2) 1.514(16)
Sr(1)-0(1) 2.716(7) C(3)-C(3)#1 1.56(3)

Table A.101 Selected bond angles for [Sr(€iO):]As.Se. Symmetry transformations used to
generate equivalent atoms: #%1, x+1, z+%6 #2 y+2, x+2, Z+6 #3 X+2, x+y+1, 7+

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(2)-As(1)-Se(3) C(2)-N(2)-Sr(2)
Se(2)-As(1)-Se(1) C(3)-N(3)-Sr(2)
Se(3)-As(1)-Se(1) N(1)-C(1)-C(2)
As(1)-Se(1)-As(1)#2 N(2)-C(2)-C(1)
As(1)#3-Se(3)-As(1) N(3)-C(3)-C(3)#1
C(1)-N(21)-Sr(2)
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A.1.21 [Eu(NHs)s][Cu(S4)2]- NH3

Table A.102 Single crystal data and refinement for [Eu@NMHCU(S:)2]- NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

Absolute structure parameter

CUEUE No

636.25

123(3)
Tetragonalj4
a=10.0716(1)
c=9.8677(2)

1000.95(3)

2,628 ;2111

0.71073
0.146x% 0.100x 0.080
4.047 to 27.449
-13<h<12,-13<k<13,-12<1<12

9337 /1148

99.6 %
7.56 %

5.005

Full-matrix least-squares dn F
1148/0/52

0.0166; 0.0353

0.0166; 0.0353 (for 1147 reflections)
1.178

0.410 and -0.403

-0.02431
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Table A.103 Fractional coordinates (- 90and equivalent isotropic displacement paramétgr
(A2 10) for the independent atoms in the structure o{I[)s][Cu(Ss)2]- NHs.

Wyck. X y z k4

Eu(1) 2 5000 5000 5000 12(1)
N(1) 8 3942(5) 3739(5) 3047(4) 18(1)
N(2) 89 3493(4) 3202(5) 5971(4) 19(2)
Cu(1) z 0 5000 2500 17(1)

S(3) & -186(1) 3977(2) 5843(1) 19(1)
S(1) & 587(1) 3337(1) 4018(1) 18(1)
N(4) de 5000 5000 337(7) 24(2)

Table A.104 Anisotropic displacement parametéis/ A? - 16 for the independent atoms in the
structure of [EU(NH)s][Cu(S)2]- NHs.

U1 U2 Uss Uzs Uis Uiz

Eu(l) 12(1) 12(1) 11(2) 0 0 0
N(1) 21(3) 15(3) 17(2) 1(2) 1(2) 1(2)
N(2) 22(3) 16(2) 18(2) 0(2) 2(2) 0(2)
Cu(1) 19(1) 19(1) 12(1) 0 0 0
S(3) 20(1) 24(1) 13(2) 3(1) 1(1) 1(2)
S(1) 19(1) 19(1) 15(2) 1(1) 1(1) 2(1)
N(4) 34(10) 28(9) 9(5) 0 0 -16(9)

Table A.105 Selected bond lengths for [Eu(ME[Cu(Ss)2]- NHs. Symmetry transformations used to
generate equivalent atoms: #&1,x, z+1 #2y, -x+1, z+1 #3 x+1, y+1, z#4y-s, X+, -2+, #5 -
X, Y+1,Z#6 y+o, X+, -2+ #7y, x+1, Z

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Eu(1)-N(1) 2.542(4) Cu(1)-S(1) 2.3236(13)
Eu(1)-N(1)#1 2.542(4) Cu(1)-S(L)#4 2.3236(13)
Eu(1)-N(1)#2 2.542(4) Cu(L)-S(L)#5 2.3236(13)
Eu(1)-N(1)}#3 2.542(4) Cu(1)-S(L)#6 2.3236(13)
Eu(1)-N(2) 2.550(4) S(3)-S(1) 2.0650(16)
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Eu(1)-N(2)#3 2.550(4) S(3)-S(3)#5 2.094(3)
Eu(1)-N(2)#2 2.550(4) N(4)-N(4)#7 0.664(14)
Eu(1)-N(2)#1 2.550(4)

Table A.106: Selected bond angles for [Eu(®)B[Cu(Ss)2]- NHs. Symmetry transformations used to
generate equivalent atoms: #&1,x, z+1 #2y, -x+1, z+1 #3 x+1, y+1, z#4y-5, X+, -2+, #5 -
X, Y+1, Z#6 Y+, x+s, -2+, #7y, x+1, Z.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
S(1)-Cu(1)-S(1)#4 114.56(3) S(1)#4-Cu(1)-S(1)#6 790)
S(1)-Cu(1)-S(1)#5 99.72(6) S(1)#5-Cu(1)-S(1)#6 5643)
S(1)#4-Cu(1)-S(1)#5 114.56(3) S(1)-S(3)-S(3)#5 20®)
S(1)-Cu(1)-S(1)#6 114.56(3) S(3)-S(1)-Cu(1) 103696(

231



A.1.22 [Er(NH3)s][Cu(S4)2]- NH3

Table A.107 Single crystal data and refinement for [Er(YfHCu(Ss)2]- NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF2

Largest diff. peak and hole & /A3

Absolute structure parameter

CUErkrNg S
651.57
123(3)
Tetragonalj4
a = 10.0096(3)
c=9.8212(3)
984.01(7)
2,638 ;2111
0.71073
0.146x% 0.100x 0.080
4.072 to 27.498
-13<h<12,-12<k<12,-12<1<12
3611 /1083
99.4 %
15.92 %
6.168
Full-matrix least-squares dn F
1083/0/49
0.0465; 0.1219
0.0460; 0.1215 (for 1068 reflections)
1.178
1.468 and -1.406
-0.012(19)
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Table A.108 Fractional coordinates (- 90and equivalent isotropic displacement paraméter
(A2.10) for the independent atoms in the structure ofNIEK;)s][Cu(Ss)2]- NHs.

Wyck. X y z k4
Cu(l1) o 0 5000 7500 16(1)
S(1) & 605(3) 3331(3) 5980(3) 15(1)
S(2) & -181(3) 3971(3) 4151(3) 17(2)
Er(1) 2a 5000 5000 5000 10(1)
N(1) 8 3527(12) 3217(10) 4061(10) 17(2)
N(2) 8 6031(10) 6250(11) 6924(10) 17(2)
N(3) de 5000 5000 9620(20) 78(11)

Table A.109 Anisotropic displacement parametédg / A? - 1G for the independent atoms in the
structure of [Er(NH)g][Cu(Ss)2]- NHs.

U1 U2z Uss Uzs Uis Uiz

Cu(1) 21(1) 21(1) 7(1) 0 0 0
S(1) 18(1) 18(2) 11(1) 1(1) 1(1) 2(1)
S(2) 15(2) 26(2) 11(1) 2(1) 0(1) 0(1)
Er(1) 12(1) 12(1) 7(1) 0 0 0
N(1) 25(5) 11(4) 16(5) -4(4) 1(4) 0(4)
N(2) 13(5) 20(5) 17(5) 2(4) 7(4) 7(4)
N(3) 150(40)  34(16)  54(17) 0 0 10(20)

Table A.11Q Selected bond lengths for [Er(NE[Cu(Ss)2]- NHs. Symmetry transformations used to
generate equivalent atoms: #3Y, x+Y5, z+3, #2 X, y+1,z#3y-Ys, X+, -z+3, #4 y+1,X, -z+1 #5
Y, X+1, z+1 #6 x+1, y+1,z#7y, -x+1, Z+2.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Cu(D)-S(1) 2.321(3) Er(1)-NQ)#5 2.490(10)
Cu(1)-S(1)#1 2.321(3) Er(1)-N(2)#6 2.490(10)
Cu(1)-S(L)}#2 2.321(3) Er(1)-N(1) 2.492(11)
Cu(1)-S(1)}#3 2.321(3) Er(1)-N(L)#6 2.492(11)
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S(1)-S(2)
S(2)-S(2)#2
Er(1)-N(2)
Er(1)-N(2)#4

2.062(4)
2.092(7)
2.490(10)
2.490(10)

Er(1)-N(1)#4 2.492(11)
Er(1)-N(1)#5 2.492(11)
N(3)-N(3)#7 0.75(4)

Table A.111 Selected bond angles for [Er(B[Cu(S:)2]- NHs. Symmetry transformations used to
generate equivalent atoms: #Y,, x+Y,, -z+3, #2 X, -y+1, z#3y-15, X+Y5, -z+3, #4 y+1,X, -z+1 #5
Y, X+1, z+1 #6 x+1, y+1,z #7y, x+1, z+2.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
S(1)-Cu(1)-S(1)#1 114.45(8) S(1)#1-Cu(1)-S(1)#3 99014)
S(1)-Cu(1)-S(1)#2 99.92(14) S(1)#2-Cu(1)-S(1)#3 A5)
S(1)#1-Cu(1)-S(1)#2 114.45(8) S(2)-S(1)-Cu(1) 168LB)
S(1)-Cu(1)-S(1)#3 114.45(8) S(1)-S(2)-S(2)#2 10@L8y
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A.1.23 [Eu(NHs)o][Ag(S&s)2]- 2NH3

Table A.112 Single crystal data and refinement for [Eu@HAQ(Ses)2]- 2NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] Ry ; WR:
Godness-of-fit foiF2

Largest diff. peak and hole & /A3
Absolute structure parameter

Ag Eu Bt N11 Se
1078.88
123(3)
TetragonalP4n2
a=15.2120(7)
c =11.2754(6)
2609.2(3)
4; 1968; 2.746
0.71073
0.024x 0.028x 0.060
2.994 to 27.494
-1<h<19,-19<k<19,-14<1<13
27912/ 3003
99.7 %
20.00 %
14.300
Full-matrix least-squares dn F
3003/0/103
0.1364; 0.1583
0.0684; 0.1418 (for 2872 reflections)
1.072
2.051 and -1.235
0.02(3)
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Table A.113 Fractional coordinates (- 90and equivalent isotropic displacement paramétgr
(A2 10) for the independent atoms in the structure of[[i)o][Ag(Ses)z]- 2NHs.

Wyck. X y z k4
Eu(l) 4 2767(1) 7767(1) 7500 31(2)
N(1) 8 2880(20) 6176(13) 6710(20) 57(8)
N(2) 8 4207(15) 7171(16) 8350(20) 43(6)
N(3) 4 3929(13) 8929(13) 7500 28(7)
N(4) 8 2723(16) 8688(14) 9430(20) 40(6)
N(5) 8 2497(16) 6644(18) 9260(30) 52(7)
Ag(1) 49 2659(1) 7660(1) 2500 36(1)
Se(1) 8 2617(2) 6073(2) 3547(3) 33(2)
Se(2) 8 4107(2) 5682(2) 3456(3) 34(1)
Se(3) 8 4495(2) 6096(2) 1503(3) 36(1)
Se(4) 8 4252(2) 7615(2) 1523(3) 37(1)
N(6) 8 3990(20) 10331(18) 5960(30) 81(11)

Table A.114 Anisotropic displacement parametédg / A2 - 1C for the independent atoms in the
structure of [EU(NR)o][AQ(Ses)2]- 2NHs.

U1 U2 Uss Uzs Uis Uiz

Eu(l) 31(1) 31(1) 31(1) 1(2) 1(1) 11(2)
N(1) 120(20) 13(12) 39(16) -7(12) 4(17) -3(13)
N(2) 40(14) 56(16)  34(15) 15(14) 5(12) 18(12)
N(3) 35(10) 35(10)  15(14) 1(12) -1(12) -1(13)
N(4) 49(16) 26(13)  45(15) -2(12) 12(14) 3(11)
N(5) 38(15) 64(18) 55(18) -6(16) 5(13) -7(13)
Ag(1) 35(1) 35(1) 38(2) 1(1) 1(1) 13(1)
Se(1) 28(1) 30(1) 40(2) -3(2) 42) 6(1)
Se(2) 29(2) 30(2) 44(2) 2(2) -1(2) 5(1)
Se(3) 29(2) 37(2) 41(2) -3(2) 0(2) 4(1)
Se(4) 34(2) 31(2) 45(2) 6(2) 2(2) 5(1)
N(6) 100(30)  40(17)  100(30)  27(16) -40(20)  -41(17)
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Table A.115 Selected bond lengths for [Eu(BB[AQ(Ses)2]- 2NHs. Symmetry transformations used
to generate equivalent atoms: Wiy, X+, -z+32 #2y-Y5, x+Y5, -z+Y-.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Eu(1)-N(3) 2.50(3) Eu(1)-N(5) 2.65(3)
Eu(1)-N(2) 2.56(2) Ag(1)-Se(4) 2.662(3)
Eu(1)-N(2)#1 2.56(2) Ag(1)-Se(4)#2 2.662(3)
Eu(1)-N(1)#1 2.58(2) Ag(1)-Se(1)#2 2.687(3)
Eu(1)-N(1) 2.58(2) Ag(1)-Se(1) 2.687(3)
Eu(1)-N(4) 2.59(2) Se(1)-Se(2) 2.345(3)
Eu(L)-N(4)#1 2.59(2) Se(2)-Se(3) 2.365(4)
Eu(1)-N(5)#1 2.65(3) Se(3)-Se(4) 2.341(4)

Table A.116 Selected bond angles for [Eu(B[AQ(S&)2]- 2NHs. Symmetry transformations used
to generate equivalent atoms: Wiy, X+, -z+32 #2y-15, x+Y5, -z+Y-.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(4)-Ag(1)-Se(4)#2 102.54(16) Se(1)#2-Ag(1)-Pe(1 98.62(15)
Se(4)-Ag(1)-Se(1)#2 129.42(9) Se(2)-Se(1)-Ag(1) 100.69(13)
Se(4)#2-Ag(1)-Se(1)#2 100.41(8) Se(1)-Se(2)-Se(3) 102.39(15)
Se(4)-Ag(1)-Se(1) 100.41(8) Se(4)-Se(3)-Se(2) 102.34(15)
Se(4)#2-Ag(1)-Se(1) 129.42(9) Se(3)-Se(4)-Ag(1) 99.95(13)
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A.1.24 [Yb(NHz)s](AuSesSy)- NHs

Table A.117 Single crystal data and refinement for [Yb(BHAuS&S7)- NHs.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foilF2

Largest diff. peak and hole & /A3

Au H7No S Se Yb
1142.53
123(2)
Triclinic; 1
a=9.1610(3);x = 87.445(2)°
b=9.5272(2)f = 84.318(1)°
c=15.4891(5)y = 67.723(2)°
1244.79(7)
2;1042; 3.048
0.71073
0.246x 0.094x 0.080
3.052 to 27.537
-11<h<11, -12<k<12,-20<1<20
8805 /5245
93.3%
10.71 %
17.392
Full-matrix least-squares &n F
5245/0/ 220
0.0633; 0.1718
0.0588; 0.1681 (for 4787 reflections)
1.049
3.346 and -5.152
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Table A.118 Fractional coordinates (- 90and equivalent isotropic displacement paramétgr
(A2 10) for the independent atoms in the structure of(Ns)s](AuSeS;)- NH.

Wyck. X y z k4
Au(1) 1b 10000 0 5000 14(1)
Au(2) 1h 5000 5000 5000 15(1)
Se(1) 2 7543(2) 4221(2) 5639(1) 28(1)
Se(2) 2 9576(2) 2707(2) 4712(1) 24(1)
Se(3) 2 3587(2) 6425(2) 6322(1) 25(1)
Se(4) 2 7626(2) 830(2) 5981(1) 43(1)
S(1) | 7365(4) -1171(4) 6578(2) 12(2)
S(2) 4 9026(3) -1829(3) 7573(2) 8(1)
S(3) 4 7537(4) -1473(4) 8733(2) 20(1)
S(4) 4 6743(4) 721(4) 9162(2) 19(2)
Se(5) 2 5443(3) 6388(3) 7209(2) 56(1)
S(5) . 5290(4) 4942(4) 8277(3) 24(1)
S(6) 4 3825(4) 6280(4) 9274(2) 20(1)
S(7) 4 1498(4) 6896(4) 8996(2) 15(1)
Yb(1) 2 1489(1) 2176(1) 8054(1) 12(2)
N(1) 2 2053(16) 507(15) 6791(9) 27(3)
N(2) 2 3639(15) -202(14) 8416(9) 24(3)
N(3) 2 3915(14) 2443(14) 7356(8) 20(2)
N(4) 2 2665(13) 2925(13) 9214(7) 15(2)
N(5) 2 715(16) 4172(15) 6923(8) 25(3)
N(6) 2 -554(14) 4383(14) 8822(8) 21(2)
N(7) 2 -1052(14) 2131(14) 7682(8) 21(2)
N(8) 2 591(14) 874(13) 9223(7) 18(2)
N(9) 2 3709(17) 1912(17) 5345(9) 30(3)
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Table A.119 Anisotropic displacement parametédg / A? - 1G for the independent atoms in the
structure of [Yb(NH)s](AuSe;Sy)- NHs.

U1 U2 Uss Uzs Uis Uiz
Au(l) 14(1) 141) 13() o)  -3(1) -5
Au(2) 18(1) 13(1) 15(1) 0(1) 1(1) -7(2)
Se(1) 27(1) 26(1) 29(1) -1(2) -3(2) -7(2)
Se(2) 23(1) 21(1) 26(1) 11 -1 -7QQ)
Se(@) 27(1) 22(1) 25(1) -2(1) 1(1)  -8Q1)
Se(4) 41(1) 47(1) 41() 1)  -1(1)  -16(1)
S(@) 15(1)  14(1) 8(1) 2(1) -1(2) -6(1)
S(2)  131) 51)  5(1) 01  2Q) -3
S(3) 20(2) 20(2) 18(2) 5(1) OQ)  -7(1)
S(4) 14(1) 23(2) 20(2) 0(1) -1(2) -8(1)
Se(5) 59(1) 53(1) 59(1) -10(1) 8(1)  -28(1)
S(5) 15(2) 14(2) 42(2) -6(1) -3(2) -4(1)
S(6) 202 19(2) 23(2) 1) -6(1) -11(1)
S(7)  16(1) 10(1) 192) 2(1) -2(1)  -5(1)
Yb(1) 12(1) 10(1)  14(1) 0(1) 0(1) -5(1)
N(1) 28(7)  25(7) 29(7) -11(5) -2(5) -10(5)
N(2) 21(6) 14(6) 35(7) -4(5) -7(5) -4(5)
N(3) 20(6) 20(6) 22(6) -4(5) 3(5) -13(5)
N(4) 19(5) 13(5) 14(5) 0(4) -1(4) -7(4)
N(5) 27(6) 21(6) 27(6) 2(5) -2(5) -9(5)
N()  15(5) 21(6) 24(6) -4(5) -1(4)  -4(5)
N(7)  17(5) 18(6) 29(6) -2(5) -5(5) -8(5)
N(8) 23(6)  17(6) 17(5) 3(4) -1(4)  -10(5)
N(9) 32(7) 38(8) 29(7) 2(6) -4(6) -23(6)
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Table A.12Q Selected bond lengths for [Yb(NH(AuSeSr)- NHs. Symmetry transformations used to

generate equivalent atoms: #%2, v, -z+1 #2 x+1, y+1, z+1.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Au(1)-Se(d) 2.411(2) S(3)-5(4) 2.053(5)
Au(1)-Se(4)#1 2.411(2) Se(5)-S(5) 2.133(5)
Au(1)-Se(2)#1 2.4843(15) S(5)-S(6) 2.068(5)
Au(1)-Se(2) 2.4843(15) S(6)-S(7) 2.070(5)
Au(2)-Se(L)#2 2.4571(16) Yb(1)-N(8) 2.402(11)
Au(2)-Se(1) 2.4571(16) Yb(1)-N(4) 2.445(11)
Au(2)-Se(3)#2 2.4704(15) Yb(1)-N(2) 2.459(12)
Au(2)-Se(3) 2.4704(15) Yb(1)-N(1) 2.465(12)
Se(1)-Se(2) 2.286(2) Yb(1)-N(7) 2.469(12)
Se(3)-Se(5) 2.279(3) Yb(1)-N(3) 2.471(11)
Se(4)-S(1) 2.165(4) Yb(1)-N(5) 2.474(13)
S(1)-S(2) 2.177(4) Yb(1)-N(6) 2.477(12)
S(2)-S(3) 2.104(4)

Table A.121 Selected bond angles for [Yb(Mi|(AuSeSy)- NHs. Symmetry transformations used to

generate equivalent atoms: #%2, v, -z+1 #2 x+1, y+1, z+1.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(4)-Au(1)-Se(4)#1 180.0 Se(3)#2-Au(2)-Se(3) .80
Se(4)-Au(1)-Se(2)#1 91.53(6) Se(2)-Se(1)-Au(2) 111.15(8)
Se(4)#1-Au(1)-Se(2)#1 88.47(6) Se(1)-Se(2)-Au(l) 109.92(7)
Se(4)-Au(1)-Se(2) 88.47(6) Se(5)-Se(3)-Au(2) 107.64(9)
Se(4)#1-Au(1)-Se(2) 91.53(6) S(1)-Se(4)-Au(l) 107.68(12)
Se(2)#1-Au(1)-Se(2) 180.0 Se(4)-S(1)-S(2) .28416)
Se(1)#2-Au(2)-Se(1) 180.0 S(3)-S(2)-S(1) .108L7)
Se(1)#2-Au(2)-Se(3)#2 90.90(5) S(4)-S(3)-S(2) 112.9(2)
Se(1)-Au(2)-Se(3)#2 89.10(5) S(5)-Se(5)-Se(3) 106.32(15)
Se(1)#2-Au(2)-Se(3) 89.10(5) S(6)-S(5)-Se(5) 108.2(2)
Se(1)-Au(2)-Se(3) 90.90(5) S(5)-S(6)-S(7) 108.6(2)
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A.1.25 [Yb(NH3)s](AuSsSe)

Table A.122 Single crystal data and refinement for [Yb(RgHAuSsSe;).

Empirical formula Au HiNs & Se Yb
Formula weight /g/mol 1108.28
Temperature K 123(2)

Crystal system; Space group Monoclin€,2
Lattice constants A a=15.9560(7)

b=9.7517(3)p = 115.597(2)°
¢ = 15.7527(7)

Volume /A3 2210.53(16)

Z; F(000); calc. density g/cn? 4; 1988; 3.330

Wavelength /A 0.71073

Crystal size /mm 0.160x% 0.034% 0.014

Theta range for data collection®/ 3.037 to 27.472

Limiting indices -20h<20, -12<k<12,-20<1<20
Reflections collected / unique 11698 / 4487

Completeness t@ = 25.242 98.3 %

Rint 9.26 %

Absorption coefficient /mm?* 21.092

Refinement method Full-matrix least-squares &n F
Data / restrains / parameters 4487 /11175

R indices (all datalr; ; wR 0.0816; 0.1860

R indices [ > 40(1)] Ry ; WR: 0.0601; 0.1699 (for 3561 reflections)
Godness-of-fit foiF2 1.080

Largest diff. peak and hole & /A3 4.224 and -2.827

Absolute structure parameter 0.49(3)
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Table A.123 Fractional coordinates (- 90and equivalent isotropic displacement paramétgr

(A2 10) for the independent atoms in the structure of(Nfs)s](AuS.iSe).

Wyck. X y z 8}
Au(l) 2a 5000 6155(2) 10000 19(1)
S(1) &L 6283(4) 6105(7) 8522(4) 11(2)
S(2) &L 6783(4) 8150(7) 8595(4) 14(1)
Se(1) 4 3280(2) 6064(4) 9387(2) 25(1)
Se(5) 4 4849(3) 6096(5) 8376(2) 42(1)
Se(2) £ 2684(2) 5964(5) 7765(2) 40(1)
Au(2) 2 0 8106(2) 5000 25(1)
Se(3) 4 2313(3) 8198(5) 7250(2) 45(1)
Se(4) 4 706(2) 8195(4) 6746(2) 33(2)
Se(6) £ 1529(3) 8239(5) 5031(3) 56(1)
S(4) &L 1330(4) 7986(6) 3552(4) 10(1)
S(5) &L 1745(4) 5879(6) 3467(4) 10(2)
Yb(1) 2 0 3212(2) 5000 17(1)
N(1) 4c -913(17) 1910(30) 5728(17) 26(4)
N(2) 4c -1102(16) 1750(30) 3751(16) 25(4)
N(3) 4c -211(17) 4510(30) 3592(17) 25(4)
N(4) 4c 1420(17) 4590(30) 5450(17) 26(4)
Yb(2) 2a 10000 6204(2) 10000 19(1)
N(5) 4c 8509(17) 4980(30) 9514(17) 27(5)
N(6) 4c 9840(20) 4720(30) 8688(16) 32(6)
N(7) 4c 8916(17) 7620(30) 8716(15) 28(6)
N(8) 4c 10947(17) 7540(30) 9345(16) 26(5)

243



Table A.124 Anisotropic displacement parametédg / A2 - 1G for the independent atoms in the
structure of [Yb(NH)g](AuSsSe).

U1 U2 Uss Uzs Uis Uiz
Au(l) 24(1) 15(1) @ 18(1) 0 8(1) 0
S(1) 18(3) 4(3) 16(3) 1(2) 12(2) 0(3)
S(2) 16(3) 14(3) 15(3) 0(2) 1122  3(2)
Se(l) 26(2) 23(2) 25(1) -1(1) 11(1)  -2(1)
Se(5) 54(2) 36(2) 39(2) -4(2) 23(2) -3(2)
Se(2) 39(2) 44(2) 28(2) -7(2) 5(1) 2(2)
Au?) 341 141  19(1) 0 4(1) 0
Se(3) 50(2) 42(2) 28(2) 22 3(2) -18(2)
Se(4) 47(2) 19(2) 23(1) 1(1) 7(1) 0(2)
Se(6) 62(3) 48(2) 56(3) -4(2) 22(2) -5(2)
S(4) 16(2) 5(2) 10(2) 0(2) 8(2) -3(2)
S(5)  16(2) 52 10(2) 02 82  -3(2)
Yb(l) 22(1) 14(1)  18(1) 0 10(1) 0
N(1) 30(10) 32(11) 28(9) -1(8) 25(8) -1(8)
N(2) 27(9) 24(10) 30(9) 1(7) 16(8)  -10(7)
N(3)  27(9) 24(10) 30(9) 1(7) 16(8) -10(7)
N(4) 30(10) 32(11) 28(9) -1(8) 25(8) -1(8)
Yb(2) 25(1) 14(1) 17(2) 0 10(2) 0
N(5) 25(13) 27(14) 21(12) -5(10) 3(10) -2(11)
N(6) 64(19) 13(13) 21(13) -3(10) 20(13) 3(12)
N(7) 39(15) 34(15) 12(10) 10(10) 11(10) 11(11)
N(8) 38(14) 15(12) 22(12) -2(9) 10(11) -2(10)

Table A.125 Selected bond lengths for [Yb(NJ(AuS:Se). Symmetry transformations used to
generate equivalent atoms: #t1,y, -z+2 #2 X, y, -z+1 #3 x+2,y, -z+2.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Au(1)-Se(5)#1 2.465(3) Yb(1)-N(3) 2.45(2)
Au(1)-Se(5) 2.465(3) Yb(1)-N(2) 2.45(2)
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Au(1)-Se(1) 2.486(3) Yb(1)-N(2)#2 2.45(2)
Au(1)-Se(1)#1 2.486(3) Yb(1)-N(4)#2 2.46(2)
S(1)-S(2) 2.132(9) Yb(1)-N(4) 2.46(2)
S(1)-Se(5) 2.197(6) Yb(1)-N(1)#2 2.55(2)
Se(1)-Se(2) 2.312(4) Yb(1)-N(1) 2.55(2)
Se(2)-Se(3) 2.311(5) Yb(2)-N(6) 2.44(2)
Au(2)-Se(6) 2.423(5) Yb(2)-N(6)#3 2.44(2)
Au(2)-Se(6)#2 2.423(5) Yb(2)-N(7) 2.44(2)
Au(2)-Se(4)#2 2.482(3) Yb(2)-N(7)#3 2.44(2)
Au(2)-Se(4) 2.482(3) Yb(2)-N(5) 2.47(3)
Se(3)-Se(4) 2.334(5) Yb(2)-N(5)#3 2.47(3)
Se(6)-S(4) 2.224(7) Yb(2)-N(8) 2.53(2)
S(4)-S(5) 2.180(8) Yb(2)-N(8)#3 2.53(2)
Yb(1)-N(3)#2 2.45(2)

Table A.126 Selected bond angles for [Yb(ME(AuS:Se). Symmetry transformations used to
generate equivalent atoms: #t1,y, -z+2 #2 X, y, -z+1 #3 x+2,y, -z+2.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(5)#1-Au(1)-Se(5) 177.3(2) Se(6)-Au(2)-Se(6)#2 173.8(3)
Se(5)#1-Au(1)-Se(1) 89.93(11) Se(6)-Au(2)-Se(4)#2 89.50(13)
Se(5)-Au(1)-Se(1) 89.97(11) Se(6)#2-Au(2)-S&p4) 90.28(13)
Se(5)#1-Au(1)-Se(1)#1 89.97(11) Se(6)-Au(2)-Se(4) 90.28(13)
Se(5)-Au(1)-Se(1)#1 89.93(11) Se(6)#2-Au(2)-Se(4) 89.50(13)
Se(1)-Au(1)-Se(1)#1 175.89(19) Se(4)#2-Au(2)-3e(4 175.97(19)
S(2)-S(1)-Se(5) 111.0(3) Se(2)-Se(3)-Se(4) 101.29(19)
Se(2)-Se(1)-Au(1) 106.80(13) Se(3)-Se(4)-Au(2) 106.48(15)
S(1)-Se(5)-Au(1) 105.1(2) S(4)-Se(6)-Au(2) 106.6(2)
Se(3)-Se(2)-Se(1) 105.56(19) S(5)-S(4)-Se(6) 105.0(3)
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A.1.26 [Ca(en)](AuTes):

Table A.127 Single crystal data and refinement for [CafAlTes)s.

Empirical formula

Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foilF2

Largest diff. peak and hole & /A3

G Hs2 Auz Ca Ns Tero
1950.43
123(2)
Triclinic; 1
a=9.4108(7);x = 87.035(5)°
b=9.4927(7)p = 77.389(4)°
c=19.7263(13)y = 77.790(3)°
1680.8(2)
2; 1668; 3.854
0.71073
0.124x 0.064x 0.010
3.041 to 27.666
-12<h<12,-12<k<12,-25<1<25
17683 /7038
92.1 %
10.71 %
17.392
Full-matrix least-squares &n F
7038/0/ 248
0.1572; 0.2796
0.1194; 0.2640 (for 5027 reflections)
1.175
4.197 and -3.684
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Table A.128 Fractional coordinates (- 90and equivalent isotropic displacement paramétgr
(A2 1) for the independent atoms in the structure o{¢@](AuTes)..

Wyck. X y z ()

Au(l) If 5000 10000 5000 22(1)
Au(2) 19 10000 5000 5000 21(1)
Te(1) a 1987(3) 7476(3) 6167(1) 26(1)
Te(2) 2 4715(3) 7257(3) 5267(2) 27(1)
Te(3) 2 7644(3) 9012(3) 4207(1) 26(1)
Te(4) a 8108(3) 6039(3) 4201(1) 26(1)
Te(5) a 10110(3) 7721(3) 5257(2) 27(1)
Au(3) 1c 10000 5000 0 19(1)
Au(4) d 5000 0 0 19(1)
Te(6) 2 10842(4) 2852(3) 831(2) 21(2)
Te(8) a 7273(4) 2201(4) 1140(2) 21(1)
Te(7) a 7331(3) 4368(3) 160(2) 19(1)
Te(9) 2 7671(3) -159(3) 315(2) 20(2)
Te(10) 2 3862(3) 2409(3) 736(2) 20(1)
Au(5) 2 5481(11) 4933(12) -2(5) 15(2)
Au(6) 2 9539(11) 52(12) 4(6) 13(2)
Te(11) 2 7910(20) 2186(18) 822(10) 8(3)
Te(12) 2 5000(20) 2682(18) 748(9) 12(3)
Te(13) 2 8438(17) 4758(16) -345(8) 5(3)
Te(14) 2 7480(20) 4860(20) -321(11) 22(4)
Te(15) 2 11240(20) 2825(18) 1158(10) 10(3)
Te(16) 2 12180(30) 2690(20) 1147(11) 27(5)
Te(17) 2 7930(20) -658(18) -161(9) 11(3)
Te(18) 2 7010(20) -590(20) -142(11) 22(4)
Te(19) 2 8870(30) 2050(20) 823(11) 25(4)
Te(20) 2 5930(20) 2520(20) 721(10) 20(4)
Ca(1) 2 3586(10) 7567(9) 2507(4) 27(2)

N(1) 2 5880(40) 6960(40) 1470(20) 37(9)

N(2) 2 5930(50) 6320(50) 2930(20) 47(10)
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N(3)
N(4)
N(5)
N(6)
N(8)
C(5)
C(6)
C(7)
C(8)
N(7)
C(1)
C(2)
C@3)
C(4)

2590(40)
3360(50)
4680(40)
3230(50)
780(50)
4770(50)
2160(60)
970(60)
210(70)
2420(50)
7280(70)
7020(60)
2890(70)
3410(60)

5970(40)

9020(40)

9930(40)

5170(50)

8740(50)

10550(50)
4350(60)

8470(60)

9380(70)

8300(50)

6690(70)

5680(60)

4450(60)
10620(60)

3506(19)
3610(20)
2210(20)
2110(20)
2780(20)
2870(20)
2630(30)
1630(30)
2210(30)
1440(20)
1770(30)
2390(30)
3300(30)
3390(30)

33(8)

38(9)

37(9)

48(11)
43(10)
35(10)
47(12)
46(12)
61(16)
56(12)
60(15)
47(12)
58(15)
52(13)

Table A.129 Anisotropic displacement parametédg / A2 - 1G for the independent atoms in the

structure of [Ca(en)AuTes)..

U1 U2 Uss Uzs Uis Uiz
Au(l) 20(1) 17(1)) 29(1) 2(1) -7(2) -5(1)
Au(2) 18(1) 18(1) 29(1) -1(2) -6(1) -5(1)
Te(l) 30(1) 23(1) 29(1) 0@1) -6(1) -12(1)
Te(2) 231) 19(1) 41(2) 3(1) -9  -7(1)
Te(3d) 22(1) 23(1) 33(2) 20 -7(1)  -5Q)
Te(4) 25(1) 19(1) 33(2) -1(2) -9(1) -2(1)
Te(5) 24(1) 20(1) 39(2) -3(2) -7(2) -6(1)
Au(3) 13(1) 19(1) 25(1) -2(1)  -6(1)  -2(1)
Au(4) 13(1) 19(1) 25(1) 3(1)  -6(1)  -5(1)
Te(6) 11(2) 2020 31(2) 3(1) -4(1) -3(2)
Te(8) 17(2) 25(2) 25(2) 2(1) -8(2) -9(1)
Te(7) 11Q1) 192) 29(2) -11) -7(1)  -6(1)
Te(®) 15(2) 18(2) 30(2) 4(1)  10(1) -7(1)
Te(10) 14(2) 18(2) 28(2) 1(1) -8(1) -2(1)
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Au(s) 9(5) 23(6) 12(5) 0@) -1(5)  -4(5)
Au6) 12(5) 13(5) 17(5) -1(4) -8(55) -5(5)
Ca(l) 31(4) 26(4) 27(4) -1(3) -83) -10(3)

Table A.130Q Selected bond lengths for [Ca(g(uTes).. Symmetry transformations used to generate
equivalent atoms: #X+1, y+2, z+1 #2 x+2, y+1, z+1 #3x-1,y, z#4 x+2, y+1, z#5 x+1, y, -z#6
x+1,y, Z#7 x+1, y+1, z#8 x+2, ¥y, -z

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Au(1)-Te(3) 2.643(3) Te(11)-Te(12) 2.72(3)
Au(1)-Te(3)#1 2.643(3) Te(12)-Te(16)#3 2.60(3)
Au(1)-Te(2) 2.687(3) Te(13)-Te(15)44 2.76(2)
Au(l)-Te(2)#1 2.687(3) Te(13)-Te(16)#4 2.85(3)
Au(2)-Te(4)#2 2.637(3) Te(14)-Te(16)#4 2.80(3)
Au(2)-Te(4) 2.637(3) Te(14)-Te(15)#4 2.98(3)
Au(2)-Te(5) 2.685(3) Te(15)-Te(19) 2.71(3)
Au(2)-Te(5)#2 2.685(3) Te(15)-Te(17)48 2.79(2)
Te(1)-Te(5)#3 2.751(4) Te(15)-Te(18)#8 2.96(3)
Te(1)-Te(2) 2.758(4) Te(16)-Te(18)#8 2.75(3)
Te(3)-Te(4) 2.764(4) Te(16)-Te(17)48 2.84(3)
Au(3)-Te(6)#4 2.648(4) Te(19)-Te(20) 2.76(3)
Au(3)-Te(6) 2.648(4) Ca(1)-N(6) 2.55(4)
Au(3)-Te(7) 2.653(3) Ca(1)-N(3) 2.56(4)
Au(3)-Te(7)#4 2.653(3) Ca(1)-N(2) 2.56(4)
Au(4)-Te(10)45 2.667(3) Ca(1)-N(8) 2.59(4)
Au(4)-Te(10) 2.667(3) Ca(1)-N(4) 2.59(4)
Au(4)-Te(9)#5 2.691(3) Ca(1)-N(7) 2.58(5)
Au(4)-Te(9) 2.691(3) Ca(1)-N(1) 2.62(4)
Te(6)-Te(10)#6 2.750(4) Ca(1)-N(5) 2.64(4)
Te(8)-Te(9) 2.750(5) N(1)-C(1) 1.53(7)
Te(8)-Te(7) 2.751(5) N(2)-C(2) 1.38(6)
Au(5)-Te(12) 2.60(2) N(3)-C(3) 1.47(7)
Au(5)-Te(20) 2.64(2) N(4)-C(4) 1.56(6)
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Au(5)-Te(12)#7
Au(5)-Te(14)#7
Au(5)-Te(13)
Au(6)-Te(19)
Au(6)-Te(19)#8
Au(6)-Te(11)
Au(6)-Te(17)#8
Au(6)-Te(18)

2.65(2)
2.68(2)
2.687(19)
2.44(2)
2.62(2)
2.64(2)
2.65(2)
2.65(2)

N(5)-C(5)
N(6)-C(6)
N(8)-C(8)
C(5)-C(4)
C(6)-C(3)
C(7)-N(7)
C(7)-C(8)
C(1)-C(2)

1.48(6)
1.57(6)
1.41(7)
1.45(7)
1.63(8)
1.31(7)
1.43(8)
1.52(8)

Table A.131 Selected bond lengths for [Ca(g(uTes).. Symmetry transformations used to generate
equivalent atoms: #X+1, y+2, z+1 #2 x+2, y+1, z+1 #3x-1,y, z#4 x+2, y+1, z#5 x+1, y, -z#6
x+1,y, Z#7 x+1, y+1, z#8 x+2, ¥y, -z

Atoms 1, 2, 3 Angle /° Atoms 1, 2, 3 Angle /°
Te(3)-Au(1)-Te(3)#1 180.0 Au(6)#8-Au(6)-Te(19) 92.7(15)
Te(3)-Au(1)-Te(2) 88.41(8) Te(17)-Au(6)-Tef19 115.2(9)
Te(3)#1-Au(1)-Te(2) 91.59(8) Au(6)#8-Au(6)-Taj1 112.2(16)
Te(3)-Au(1)-Te(2)#1 91.59(8) Te(17)-Au(6)-Tej11 96.0(8)
Te(3)#1-Au(1)-Te(2)#1 88.41(8) Te(19)#8-Au(6)-T&) 179.1(8)
Te(2)-Au(1)-Te(2)#1 180.00(11) Au(6)#8-Au(6){18) 159.1(17)
Te(4)#2-Au(2)-Te(4) 180.0 Te(19)-Au(6)-Te(18) 106.9(8)
Te(4)#2-Au(2)-Te(5) 91.58(8) Te(19)#8-Au(6)-18) 91.8(7)
Te(4)-Au(2)-Te(5) 88.42(8) Te(11)-Au(6)-Te}18 87.6(7)
Te(4)#2-Au(2)-Te(5)#2 88.42(8) Te(17)#8-Au(6)-T&) 179.1(8)
Te(4)-Au(2)-Te(5)#2 91.58(8) Te(19)-Te(11)-T@)2 174(2)
Te(5)-Au(2)-Te(5)#2 180.0 Te(20)-Te(11)-Au(6) 109.8(10)
Te(5)#3-Te(1)-Te(2) 101.52(12) Te(19)-Te(11)1® 177(2)
Au(1)-Te(2)-Te(1) 104.46(10) Au(6)-Te(11)-12}) 112.0(7)
Au(1)-Te(3)-Te(4) 107.97(11) Te(20)-Te(12){Bu 83.8(18)
Au(2)-Te(4)-Te(3) 108.42(11) Te(16)#3-Te(1)(5) 112.0(9)
Au(2)-Te(5)-Te(1)#6 105.09(11) Te(16)#3-Te(T&(11) 157.7(10)
Te(6)#4-Au(3)-Te(6) 180.0 Au(b)-Te(12)-Te(11) 86.8(7)
Te(6)#4-Au(3)-Te(7) 88.40(10) Au(B)#7-Te(12)(I®) 106.2(7)
Te(6)-Au(3)-Te(7) 91.60(10) Te(13)-Te(14)-Al( 163(2)
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Te(6)#4-Au(3)-Te(7)#4
Te(6)-Au(3)-Te(7)#4
Te(7)-Au(3)-Te(7)#4
Te(10)#5-Au(4)-Te(10)
Te(10)#5-Au(4)-Te(9)#5
Te(10)-Au(4)-Te(9)#5
Te(10)#5-Au(4)-Te(9)
Te(10)-Au(4)-Te(9)
Te(9)#5-Au(4)-Te(9)
Au(3)-Te(6)-Te(10)#6
Te(9)-Te(8)-Te(7)
Au(3)-Te(7)-Te(8)
Au(4)-Te(9)-Te(8)
Au(4)-Te(10)-Te(6)#3
Au(5)#7-Au(5)-Te(14)
Au(5)#7-Au(5)-Te(12)
Te(14)-Au(5)-Te(12)
Au(5)#7-Au(5)-Te(20)
Te(14)-Au(5)-Te(20)
Te(12)-Au(5)-Te(20)
Au(5)#7-Au(5)-Te(13)
Te(12)-Au(5)-Te(13)
Te(20)-Au(5)-Te(13)
Te(12)#7-Au(5)-Te(13)
Te(14)#7-Au(5)-Te(13)
Au(5)#7-Au(5)-Te(20)#7
Te(14)-Au(5)-Te(20)#7
Te(12)-Au(5)-Te(20)#7
Te(20)-Au(5)-Te(20)#7
Te(14)#7-Au(5)-Te(20)#7
Te(13)-Au(5)-Te(20)#7
Au(6)#8-Au(6)-Te(17)

91.60(10)
88.40(10)
180.0
180.0
91.36(10)
88.64(10)
88.64(10)
91.36(10)
180.0
109.87(13)
100.88(15)
105.29(13)
104.37(13)
105.15(13)
160.2(18)
83.4(15)
111.5(9)
102.0(16)
93.2(9)
18.6(5)
165.7(16)
107.6(6)
89.1(6)
91.5(6)
179.0(8)
61.0(14)
103.5(9)
144.4(6)
163.0(4)
71.4(7)
107.7(6)
150.6(18)

Te(16)-Te(15)-Te
Te(18)-Te(17)-Blu(
Te(11)-Te(19)-Au(6)
Te(11)-Te(19)-Te(15)
Au(6)-Te(19)-Te)1
Au(6)#8-Te(19)(T®)
Au(6)-Te(19)-Te)2
Au(6)#8-Te(19)(Ze)
Te(15)-Te(19)-Te(20)
Te(12)-Te(20)-I®
Te(12)-Te(20)¢Bu
Te(11)-Te(20){Bu
Te(12)-Te(20)T®)
Au(5)-Te(20)-1T8)
C(1)-N(2)-Ca(1)
C(2)-N(2)-Ca(1)
C(3)-N(3)-Ca(1)
C(4)-N(4)-Ca(1)
C(5)-N(5)-Ca(1)
C(6)-N(6)-Ca(1)
C(8)-N(8)-Ca(1)
C(4)-C(5)-N(5)
N(6)-C(6)-C(3)
N(7)-C(7)-C(8)
N(7)-C(7)-Ca(1)
C(8)-C(7)-Ca(1)
N(8)-C(8)-C(7)
C(7)-N(7)-Ca(1)
C(2)-C(1)-N(2)
N(2)-C(2)-C(1)
N(3)-C(3)-C(6)
C(5)-C(4)-N(4)

151(2)
152(2)
93.3(19)
152(2)
113.9(10)
95.1(8)
91.3(8)
110.1(9)
153.5(10)
171(2)
77.6(18)
106.6(10)
172(2)
105.3(8)
108(3)
111(3)
112(3)
108(3)
108(3)
117(3)
115(3)
112(4)
96(4)
118(5)
48(3)
84(3)
106(5)
110(4)
107(5)
113(5)
109(4)
106(4)
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A.1.27 [Yb(NHa)s] (AuSes)s

Table A.132 Single crystal data and refinement for [Yb(BdHAuUSe)s.

Empirical formula
Formula weight /g/mol
Temperature K

Crystal system; Space group

Lattice constants A

Volume /A3

Z; F(000); calc. density g/cn?
Wavelength /A

Crystal size /mm

Theta range for data collection®/
Limiting indices

Reflections collected / unique
Completeness t@ = 25.242

Rint

Absorption coefficient /mm?*
Refinement method

Data / restrains / parameters
R indices (all datalr; ; wR

R indices [ > 45(1)] R1 ; WR
Godness-of-fit foiF?

Largest diff. peak and hole & /A3

A4 H24 Ng Sa2 Yb
1847.73
123
Trigonal; RB
a=15.9319(4)
c=28.7617(2)
1925.99(11)
3; 2385; 4.779
0.71073
0.068x% 0.046x 0.038
3.759 t0 27.514
-20ch<20; -20<k<20;-11<1<11
11992 / 989
99.7 %
7.44 %
37.709
Full-matrix least-squareson
989/01/42
0.0313; 0.0569
0.0243 ; 0.0549 (foB46 reflections)
1.107
1.290 and -1.716
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Table A.133 Fractional coordinates (- 90and equivalent isotropic displacement paramétgr
(A2-10) for the independent atoms in the structure of(NHs)s](AuSes)s.

Wyck. X y z k4
Au(l) od 8333 6667 1667 14(1)
Se(1) 18 7944(1) 5641(1) 3968(1) 18(2)
Se(2) 18 9294(1) 6056(1) 5523(1) 17(2)
Yb(1) D 6667 3333 8333 16(1)
N(1) 6c 6667 3333 5537(11) 28(2)
N(2) 18 6627(7) 4782(6) 7514(9) 60(3)

Table A.134 Anisotropic displacement parametédg / A2 - 1G for the independent atoms in the
structure of [Yb(NH)s](AuSey)s.

U11 U2z Uss Uzs Uis Uiz
Au(l) 14(2) 17(2) 13(1) 2(1) 1(0) 9(1)
Se(1) 17(1) 21(1) 17(1) 6(1) 2(1) 10(1)
Se(2) 20(1) 17(1) 15(1) 0(1) -2(1) 11(1)
Yb(1) 18(1) 18(1) 12(1) 0 0 9(1)
N(1) 29(4) 29(4) 25(5) 0 0 15(2)
N(2) 106(8) 46(5) 50(5) 0(4) 10(5) 55(5)

Table A.135 Selected bond lengths for [Yb(Nl|(AuSe)s. Symmetry transformations used to
generate equivalent atoms: #&%s, y+%3, -z+Y3 #2 x-y+Y3, X3, -z+%3 #3 X+y+3, X+°/3, -3 #4 X-
Y3, XYz, 2453 #5 Y+ 3, X+y+2 s, -z+%3 #6 x+y+1, X+1,Z#7 y+1, Xy, Z#8 x+3, y+%3, -z+°/3 #9 -
y+5/3, X-y+13, z+13.

Atoms 1, 2 Distance / A Atoms 1, 2 Distance / A
Au(1)-Se(1) 2.4717(6) Yb(1)-N(2)#6 2.447(7)
Au(1)-Se(1)#1 2.4718(6) Yb(1)-N(2)#7 2.447(8)
Au(1)-Se(2)#2 2.4900(6) Yb(1)-N(2) 2.447(7)
Au(1)-Se(2)#3 2.4901(6) Yb(1)-N(2)#8 2.448(7)
Se(1)-Se(2) 2.3441(9) Yb(1)-N(1) 2.450(10)
Yb(1)-N(2)#4 2.447(7) Yb(1)-N(1)#8 2.450(10)
Yb(1)-N(2)#5 2.447(8)
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Table A.136 Selected bond angles for [Yb(MiEl(AuSes)s. Symmetry transformations used to generate
equivalent atoms: #x+%/3, -y+%/s, -z+Y3 #2 x-y+3, X-U3, z+23 #3 X+y+¥3, X+°[3, 7213 #4 X-y+3, X-
Ys, -z4+55 #5 Y+ 3, X+y+2/3, -z+53 #6 X+y+1, X+1,Z#7 y+1,X-y, Z #8 X+%3, y+2/3, -2+ #9 y+5/3, x-

y+1/3, Z+l/3.

Atoms 1, 2, 3 Angle / ° Atoms 1, 2, 3 Angle / °
Se(1)-Au(1)-Se(1)#1 180.0 N(2)#4-Yb(1)-N(2)#8 I717(18)
Se(1)-Au(1)-Se(2)#2 89.87(2) N(2)#5-Yb(1)-N(2)#8 111.77(17)
Se(1)#1-Au(1)-Se(2)#2 90.13(2) N(2)#6-Yb(1)-N(2)#8 68.23(17)
Se(1)-Au(1)-Se(2)#3 90.13(2) N(2)#7-Yb(1)-N(2)#8 68.23(17)
Se(1)#1-Au(l)-Se(2)#3 89.87(2) N(2)-Yb(1)-N(2)#8 180.0
Se(2)#2-Au(1)-Se(2)#3 180.0 N(2)#4-Yb(1)-N(1) 0B(19)
Se(2)-Se(1)-Au(l) 113.31(3) N(2)#5-Yb(1)-N(1) 107.06(19)
Se(1)-Se(2)-Au(1)#9 111.30(3) N(2)#6-Yb(1)-N(2) 72.94(19)
N(2)#4-Yb(1)-N(2)#5 111.77(17) N(2)#7-Yb(1)-N(2) 72.94(19)
N(2)#4-Yb(1)-N(2)#6 180.0(4) N(2)-Yb(1)-N(1) 72.94(19)
N(2)#5-Yb(1)-N(2)#6 68.23(17) N(2)#8-Yb(1)-N(1) 107.06(19)
N(2)#4-Yb(1)-N(2)#7 68.23(18) N(2)#4-Yb(1)-N(1)#8 72.94(19)
N(2)#5-Yb(1)-N(2)#7 180.0 N(2)#5-Yb(1)-N(1)#8 92(19)
N(2)#6-Yb(1)-N(2)#7 111.77(17) N(2)#6-Yb(1)-N(B# 107.06(19)
N(2)#4-Yb(1)-N(2) 68.23(17) N(2)#7-Yb(1)-N(1)#8 107.06(19)
N(2)#5-Yb(1)-N(2) 68.23(17) N(2)-Yb(1)-N(1)#8 107.06(19)
N(2)#6-Yb(1)-N(2) 111.77(18) N(2)#8-Yb(1)-N(B# 72.94(19)
N(2)#7-Yb(1)-N(2) 111.77(17) N(1)-Yb(1)-N(1)#8 180.0
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A.2 Used computer programs

Software Function Programmer Year
_ Visualization of crystal
Diamond 4 Crystal Impact 2016
structures
) Data base for inorganic crystalFachinformationszentrum
Find It 2016
structures Karlsruhe
Microsoft Office Text editing Microsoft 2016
Program shell for programs
WinGX 2014.1 used for crystal structure L.J. Farrugia 2014
analysis
Solution and refinement of .
Shelx G.M. Sheldrick 1998
crystal structures
ChemDraw Chemical formula editing PerkinElmer Imhatics | 2017
Supporting program for crystal
Platon structure solution and A.L. Spek 2014
refinement
Paint Graphic editing Microsoft 2008
. Cambridge
Data base for organic crystal _
ConQuest Crystallographic Data | 2021

structures

Center
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A.3 EDX spectra

[Eu(en)]Tes
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Figure A.1: EDX spectrum (Spot 1) of a crystal of the compb{Bu(en)]Tes.

0.00 1.00 2.00 300 4.00 5.00 .00 7.00 800 00 keV

Figure A.2: EDX spectrum (Spot 2) of a crystal of the compb{Bu(en)]Tes.
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[Ca(en)]2AsaTes
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Figure A.3: EDX spectrum of a crystal of the compound [Ca{eA¥sTes.
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Figure A.4: EDX spectrum of a crystal of the compound [Sr{leAsT es.
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[Ca(enk]As2Ses
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Figure A.5: EDX spectrum of a crystal of the compound [Ca{épSes.
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Figure A.6: EDX spectrum of a crystal of the compound [Caf@h)O);]As.Se..
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[Sr(en)(H20)2]As2Se
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Figure A.7: EDX spectrum of a crystal of the compound [Sr{g)O).:]As.Se..

[Er(NH 3)s][Cu(Sa4)2]- NH3
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Figure A.8: EDX spectrum of a crystal of the compound [Er@éHCu(S)2]- NHs.
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[Eu(NH 3)9][Ag(Ses)2]- 2NHs3

Sel
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Eu Agl
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Figure A.9: EDX spectrum of a crystal of the compound [EugNHAG(Ses)2]- 2NHs.

[Yb(NH 3)s](AuSsSe;)

Sel

Yb L Aul
u
— —— - - - — & e T————
QLCC 1.C0 200 3.00 4.00 5.00 6.00 7.00 8.00 a0 keV

Figure A.10: EDX spectrum (Spot 1) of a crystal of the compb{lv¥ib(NH3)s](AuS:Se;).
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Figure A.11: EDX spectrum (Spot 2) of a crystal of the compb{i¥b(NHs)s](AuSsSe;).
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Figure A.12 EDX spectrum (Spot 3) of a crystal of the compo[¥i{NH3)s](AuSsSe;).
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Figure A.13: EDX spectrum (Spot 4) of a crystal of the compb{i¥b(NHs)s](AuSsSe;).
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Figure A.14: EDX spectrum (Spot 5) of a crystal of the compb{lv¥ib(NH3)s](AuS:Se;).
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A.4 Used chemicals

Chemical Producer Treatment before use
Europium smart-elements GmbH No further treatment
Samarium Stock of the working group No further timeant
Erbium Stock of the working group No further treatrh
Ytterbium Stock of the working group No furtheratment
Calcium Stock of the working group No further treant
Strontium Stock of the working group No furtheraiment
Barium Stock of the working group Mechanic removal of the
oxide layer
Sulfur Riedel de Haén No further treatment
Selenium Merck KGaA Sublimation
Tellurium Merck KGaA Sublimation
Arsenic Stock of the working group No further treant
Sodium Merck KGaA Mechanic removal of the
oxide layer
Ammonia Air Liquide Dried with sodium

Ethylene diamine
Copper

Silver

Gold

Stock of the working grou

Stock of the working group

Sigma-Aldrich
Gold containing scraps of
the working group

P

Distlllover Cakd
No further treain
No further treatment
Recylcing procedure
explained in chapter 2.1
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A.5 X-ray powder diffraction pattern
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Figure A.15: X-ray powder diffraction pattern of the used aisdefore (top) and after the purification
with ammonia solution. The marked reflections orége from AgOa.
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Figure A. 16 X-ray diffraction pattern of crystals with theroposition [Ca(en](AuTes), after they
were washed with ethanol and dried.
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